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INTRODUCAO



Introducao

A insuficiéncia cardiaca (IC) é uma das principais causas de morbidade
e mortalidade no mundo. A IC pode ser definida como sindrome clinica complexa
que resulta de anormalidades cardiacas estruturais e/ou funcionais, adquiridas ou
hereditarias, que comprometem a capacidade de enchimento e ejecdo ventricular
(1].

Aproximadamente 5,1 milhdes de americanos tém IC, e a cada ano
550.000 novos casos sdo diagnosticados nos Estados Unidos. As causas mais
comuns sdo a hipertensdo arterial sistémica, doenca arterial coronariana,
miocardiopatias e doenca valvar [2]. Apesar do avanco consideravel em seu
tratamento, principalmente nas ultimas décadas, a mortalidade por IC continua
elevada. Em pacientes em classes funcionais II e III, recebendo tratamento
otimizado, inclusive ressincronizador e desfibrilador implantavel, a mortalidade
por IC ainda é de aproximadamente 30 % em seis anos [3]. O mau prognéstico da
doenca mostra que mecanismos fisiopatoldgicos importantes ainda permanecem
inalterados pelas modalidades terapéuticas atuais.

Independentemente da etiologia da IC, apds a agressdo cardiaca
inicial, ocorrem alteracbes génicas, moleculares, celulares, intersticiais e funcionais,
que manifestam-se, clinicamente, como modificacdes no tamanho, forma e funcéo
do coracdo. Este processo é denominado remodelacdo cardiaca [4].

Atualmente, hd substancial evidéncia que aumento do estresse
oxidativo tenha papel importante na fisiopatologia da remodelacdo cardiaca e no
desenvolvimento da IC [5]. O estresse oxidativo ocorre quando a geracdo de
espécies reativas de oxigénio (EROs) supera a capacidade dos sistemas de defesa
antioxidante. No miocdrdio, o sistema de enzimas antioxidantes, composto pelas
enzimas superoxido dismutase (SOD), glutationa peroxidase (GPX) e catalase (Cat),
protege as células das acdes das EROs. Na IC, observa-se aumento do estresse
oxidativo tanto em nivel sistémico, como no miocardio. Potencialmente
importantes fontes de EROs na IC incluem a cadeia mitocondrial de transferéncia
de elétrons, a xantina oxidase (XO), oxido nitrico sintase endotelial (eNOS), e

NADPH oxidases [6].
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No miocdrdio insuficiente, a producdo de EROs é aumentada na
mitocondria. Aumento cronico na producdo de EROs mitocondrial gera declinio
funcional da atividade mitocondrial, geracdo de mais EROs, e lesdo celular. As EROs
prejudicam diretamente a funcdo contratil, modificando a atividade de proteinas
envolvidas no acoplamento excitacdo-contracgdo. Além disso, as EROs ativam fatores
de transcricdo e vias intracelulares envolvidas na inducdo de apoptose.
Adicionalmente, as EROs estimulam a proliferacdo de fibroblastos cardiacos e
ativam metaloproteinases da matriz. Os eventos celulares acima descritos estdo
envolvidos na disfuncdo do midcito e no desenvolvimento e progressao da
remodelacdo do miocardio e da matriz extracelular.

Uma importante fonte produtora de estresse oxidativo no coracédo é a
familia da nicotinamida adenina dinucleotideo fosfato (NADPH)-oxidase. Ela foi
inicialmente descoberta em fagécitos, com a caracterizacdo da isoforma NOX2,
também referida como gp91phox. Mais recentemente, seis outros membros da
familia codificados por genes distintos foram identificados: NOX1, NOX3, NOX4,
NOX5, dupla oxidase DUOX1 e DUOX2. As isoformas predominantemente expressas
nos cardiomidcitos sdao a NOX2 e NOX4 [5] [6] . Estas isoformas diferem entre si
quanto ao modo de ativagdo, a interacdo com a pequena proteina transmembrana
p22phox e a necessidade adicional de fatores de maturacdo e ativacdo. A NOX2
forma um complexo com a p22phox, cuja ativacdo depende da ligacdo com as
subunidades regulatérias citosdlicas, p47phox e p67phox. Diferentemente das
outras isoformas, a NOX4 é constitutivamente ativa e independente de proteinas
citosélicas regulatérias ou ativadoras. A funcdo das enzimas NADPH oxidase ¢é
catalisar a transferéncia de um elétron da NADPH para o oxigénio molecular,
gerando EROs [7].

Em condicdes fisioldgicas, a NADPH oxidase é quiescente. Entretanto,
quando se torna ativada durante a contracdo muscular ou por estimulos
infecciosos e pré-inflamatorios, a NADPH oxidase pode gerar grandes quantidades
do anion radical superdxido, que pode ser convertido em perdxido de hidrogénio
(H,0,) pela enzima antioxidante superoxido dismutase [8]. A atividade da NADPH-
oxidase pode ser exacerbada por vdrios estimulos geralmente presentes durante a

IC como, por exemplo, estiramento mecanico do midcito, angiotensina II e
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endotelina-1 [6] [8]. Estudos experimentais mostraram que a NOX4, localizada
principalmente na mitocondria de miodcitos cardiacos, é responsavel pela maior
producdo de EROs em situacdo de sobrecarga de pressdo e envelhecimento [6] [8].

Aumento da atividade e da expressdao da NADPH oxidase foi observado
na hipertrofia ventricular esquerda (HVE) por sobrecarga de pressado e no infarto
do miocdrdio. Aumento do estresse oxidativo tem efeitos diretos sobre as
estruturas e funcao cardiaca. O estresse oxidativo estimula a hipertrofia miocitdria
e a remodelacdo da matriz extracelular, e induz disfuncao celular.

Quanto as vias de sinalizacdo pelas quais o estresse oxidativo leva a
alteracdes miocardicas, ha evidéncias que as vias das proteinas quinases ativadas
por mitégeno (MAPKs) possam estar envolvidas [9]. As proteinas da via das MAPKs
como a ERK1/2, JNK e p38 MAPK estdo envolvidas no desenvolvimento de
hipertrofia miocdrdica e de IC [10]. As EROs podem, também, ativar as
metaloproteases (MMP), uma familia de enzimas proteoliticas, e induzir alteracdes
da matriz extracelular [6].

O exercicio fisico tem sido considerado importante estratégia
terapéutica nao farmacoldgica na prevencdo e reabilitacdo de muitas doencas
cardiovasculares incluindo a IC crénica [11]. De acordo com a III Diretriz Brasileira
de Insuficiéncia Cardiaca, exercicios fisicos devem ser prescritos para pacientes com
IC estdvel que sejam capazes de participar de programa de treinamento fisico [12].

Os efeitos benéficos do treinamento fisico no sistema cardiovascular
estdo associados a reducido de ativacdo neuro-humoral e inflamatoéria sistémica e
melhora da funcgéo vascular. O exercicio fisico pode afetar positivamente o consumo
maximo de oxigénio, a capacidade fisica, e a funcdo cardiaca e autonémica do
sistema nervoso, muscular esquelética e vascular periférica [11]. Embora sejam
evidentes os beneficios do exercicio, ainda ndo estdo completamente identificados
os mecanismos moleculares pelos quais o treinamento fisico melhora a funcéo
ventricular durante a IC.

Entre os efeitos benéficos do exercicio fisico, destaca-se sua acdo
antioxidante. O exercicio aumenta a expressdo de enzimas antioxidantes e reduz a
expressdo de enzimas proé-oxidantes. O aumento na atividade de enzimas

antioxidantes pode ser observado em varios tecidos, apds treinamento aerébio ou
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anaerébio [13] [14]. Os radicais livres produzidos durante a contracdo muscular
atuam como moléculas de sinalizacdo, estimulando a expressdo génica e
aumentando a atividade de enzimas antioxidantes. Adicionalmente, modulam vias
de protecdo ao estresse oxidativo promovendo, por exemplo, aumento de enzimas
reparadoras do DNA nos miocardio [15] [16] [17] [18]

Estudos experimentais mostraram que o treinamento fisico aumenta a
capacidade antioxidante do miocardio e a expressao de proteinas relacionadas ao
transito de célcio tanto em animais saudaveis como naqueles com IC. Em varios
estudos, foi observada a contribuicdo do treinamento fisico para a melhora da
expressao de marcadores da biogénese mitocondrial e do metabolismo oxidativo no
miocdrdio [19] [20].

E importante salientar que a maioria dos estudos sobre os efeitos
benéficos do exercicio na IC foram realizados em modelos experimentais de
isquemia miocdrdica. Poucos trabalhos avaliaram os efeitos do exercicio durante a
sobrecarga pressorica cronica e sua transicdo para IC descompensada, condicdo de
alta prevaléncia devida a elevada frequéncia de hipertensdo arterial sistémica e
cardiopatia hipertensiva na populacao geral, e de estenose adrtica em idosos.

Apesar da importancia do estresse oxidativo na inducdao de dano miocérdico,
a terapia antioxidante ainda é assunto controverso no tratamento da IC [21] [22]
(A glutationa (L-y glutamil-cisteinil-glicina) é um tripeptideo enddgeno que
apresenta papel central na defesa celular contra o estresse oxidativo [23] A
glutationa é sintetizada e mantida em elevadas concentracdes nas células em geral
(24] Na IC, ocorre alteracdo do estado redox da glutationa e sua concentracéo é
reduzida no miocardio [25] [26]

A N-acetilcisteina (NAC) é uma molécula com propriedades antioxidantes,
que possui um grupo sulfidrila que age como fonte de cisteina para a sintese de
glutationa. A administracdo de NAC resultou em restauracdo da concentracao total
de glutationa miocdrdica e reducdo de marcadores do estresse oxidativo, como
hidroperoéxido de lipideo e perdxido de hidrogénio, em ratos infartados [23] [25]
[27].
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Adicionalmente, a NAC atenuou hipertrofia cardiaca e miocitdria, fibrose
intersticial, disfuncao ventricular, e propensdo a arritmias em diferentes modelos
de injuria cardiaca [26] [28] [29] [30].

Entretanto, os efeitos da NAC durante a transicdo de hipertrofia ventricular
compensada para a IC clinica ndo foram avaliados.

Estenose adrtica ascendente em ratos jovens tem sido considerada
bom modelo para estudo experimental da hipertrofia cardiaca e IC [31] [32] [33]
[(34]. Neste modelo, um clip de prata nao obstrutivo é colocado ao redor da aorta
ascendente. A medida que os animais crescem, passam a manifestar a estenose
adrtica e a desenvolver hipertrofia ventricular esquerda concéntrica e disfuncéo
diastélica. Mais tardiamente, ocorrem reducdo do desempenho ventricular sistélico

e IC[32] [33].

Objetivo

Avaliar, isoladamente, a influéncia do exercicio fisico aerdbio e da
administracdo de N-acetilcisteina sobre a funcdo ventricular, o estresse oxidativo
miocardico e as vias de sinalizacio das MAPK em ratos com estenose aortica
durante a transicdo de sobrecarga pressorica cronica para insuficiéncia cardiaca
clinica.

A seguir, apresentaremos os dois manuscritos que foram derivados

deste estudo.
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ABSTRACT



Objective. To evaluate the effects of N-acetylcysteine (NAC) on cardiac remodeling
in rats during transition from compensated left ventricular (LV) hypertrophy to
heart failure. Methods and Results. Four months after inducing aortic stenosis
(AS), Wistar rats were assigned into three groups: Sham, AS, and AS treated with
NAC (AS-NAC for eight weeks). NAC restored myocardial total glutathione (Sham
20.8+3.00; AS 12.6x2.92; AS-NAC 17.6+2.45 nmol/g tissue; p<0.05 AS vs Sham
and AS-NAC). Malondialdehyde serum concentration was lower in AS-NAC and
myocardial lipid hydroperoxide was higher in AS (Sham 199+48.1; AS 301+36.0;
AS-NAC 181+41.3 nmol/g tissue). Glutathione peroxidase activity was lower in AS
than Sham. Echocardiogram showed LV concentric hypertrophy and dysfunction
before and after treatment. Tissue Doppler imaging (TDI) of mitral annulus
systolic velocity and isovolumetric relaxation time were lower in AS than Sham:; in
AS-NAC these parameters were between those in Sham and AS and did not differ
from either group. NAC reduced p-ERK and p-JNK protein expression, attenuated
myocyte hypertrophy and myocardial fibrosis, and decreased lung congestion
frequency. Conclusion. N-acetylcysteine restores myocardial total glutathione,
reduces oxidative stress, improves MAPK signaling, and attenuates myocyte

hypertrophy, myocardial fibrosis, and LV dysfunction in aortic stenosis rats.
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INTRODUCTION



The transition from compensated left ventricular (LV) hypertrophy
to heart failure is a critical event in patients with long-term pressure overload
conditions such as systemic arterial hypertension and aortic stenosis [1]. Although
several mechanisms may be involved in the development of heart failure, its
pathophysiology is not completely understood [2-4].

Oxidative stress is often observed and considered to play an important
role on pathological cardiac remodeling and the transition to cardiac failure [5, 6].
Despite the importance of oxidative stress in inducing myocardial damage,
antioxidant therapy is still a matter of controversy in heart failure treatment [7,
8]. Glutathione (L-y glutamyl-cysteinyl-glycine) is an endogenous tripeptide that
plays a central role in cellular defense against oxidative stress [9]. It is synthesized
and maintained at high concentrations in cells [10]. In heart failure, glutathione
redox status changes and its total concentration decreases in myocardium [11, 12].
N-acetylcysteine (NAC) is a molecule with antioxidant properties; it possesses a
sulfthydryl group which acts as a source of cysteine to glutathione synthesis. NAC
administration has been shown to restore total glutathione levels and reduce
oxidative stress in infarcted rat hearts [11]. Furthermore, NAC attenuates cardiac
and myocyte hypertrophy, interstitial fibrosis, LV dysfunction, and
arrhythmogenic propensity in different experimental cardiac injury models [12-
15]. However, the effects of NAC during the transition from compensated LV
hypertrophy to clinical heart failure have not been established.

Ascending aortic stenosis in rats is a useful model to study chronic
pressure overload-induced cardiac remodeling. In this model, three-four week-old
rats are subjected to a clip being placed around the ascending aorta. After clip
placement, aorta diameter is preserved; as rats grow, stenosis and LV hypertrophy
progressively develop. In this model, ventricular dysfunction and clinical heart
failure occur slowly, similarly to what is seen in human chronic pressure overload
[16, 17]. In this study, we evaluated the effects of NAC administration on systemic
and myocardial oxidative stress and cardiac remodeling in rats during transition

from compensated LV hypertrophy to heart failure.
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Experimental groups

Male Wistar rats weighing 90-100 g were purchased from the Central
Animal House, Botucatu Medical School, Sao Paulo State University, UNESP, Brazil.
All experiments and procedures were approved by the Animal Experimentation
Ethics Committee of Botucatu Medical School, which follows the guidelines
established by the Brazilian College for Animal Experimentation (protocol humber
1071/2014).

Rats were anaesthetized with a mixture of ketamine hydrochloride (50
mg/kg, i.m.) and xylazine hydrochloride (10 mg/kg, i.m.) and aortic stenosis (AS)
was induced by placing a 0.6 mm stainless-steel clip on the ascending aorta via a
median thoracic incision according to a previously described method [16]. During
surgery, the rats were manually ventilated using positive pressure and given 1 mL
of warm saline solution intraperitoneally. Sham operated rats were used as
controls. All animals were housed in a temperature controlled room at 23 °C and
kept on a 12-hour light/dark cycle. Food and water were supplied ad libitum.

Four months after surgery, rats were subjected to transthoracic
echocardiogram to evaluate the degree of cardiac injury, and assigned to three
groups: control (Sham, n=16), AS (n=22), and AS treated with N-acetylcysteine (AS-
NAC, n=15). N-acetylcysteine (Sigma, St. Louis, MO, USA) was added to chow at a
dosage of 120 mg/kg/day for eight weeks. At the end of the experimental period,
rats were subjected to transthoracic echocardiogram and euthanized the next day.
During euthanasia, we determined the presence or absence of clinical and
pathological heart failure features. The clinical finding suggestive of heart failure
was tachypnea/labored respiration. Pathologic assessment of heart failure included
pleuropericardial effusion, atrial thrombi, ascites, hepatic congestion, pulmonary
congestion (lung weight/body weight ratio higher than 2 standard deviations above
Sham group mean), and right ventricular hypertrophy (right ventricle weight/body
weight ratio higher than 0.8 mg/g) [18, 19].
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Echocardiography

Cardiac structures and left ventricular (LV) function were evaluated
by transthoracic echocardiogram and tissue Doppler imaging (TDI) using a
commercially available echocardiograph (General Electric Medical Systems, Vivid S6
model, Tirat Carmel, Israel) equipped with a 5-11.5 MHz multifrequency
transducer as previously described [20-22]. After anesthesia with ketamine
hydrochloride (50 mg/kg) and xylazine hydrochloride (1 mg/kg) intramuscularly,
the rats were placed in left lateral decubitus. A two dimensional parasternal short-
axis view of the LV was obtained at the level of the papillary muscles. M-mode
tracings were obtained from short-axis views of the LV at or just below the tip of
the mitral-valve leaflets and at the level of the aortic valve and left atrium. M-mode
images of the LV were printed on a black-and-white thermal printer (Sony UP-
890MD) at a sweep speed of 200 mm/s. All structures were manually measured by
the same observer (KO). Values obtained were the mean of at least five cardiac
cycles on M-mode tracings. The following structural variables were measured: left
atrium diameter (LA), LV diastolic and systolic diameters (LVDD and LVSD,
respectively), LV diastolic (D) and systolic (S) posterior wall thickness (PWT) and
septal wall thickness (SWT), and aortic diameter. Left ventricular mass (LVM) was
calculated using the formula [(LVDD + DPWT + DSWT)? — LVDD?] x 1.04. LV relative
wall thickness (RWT) was calculated by the formula 2 x DPWT/LVDD. LV function
was assessed by the following parameters: endocardial fractional shortening (EFS),
midwall fractional shortening (MFS), ejection fraction (EF), posterior wall
shortening velocity (PWSV), early and late diastolic mitral inflow velocities (E and
A waves), E[A ratio, E-wave deceleration time (EDT), and isovolumetric relaxation
time (IVRT). A joint assessment of diastolic and systolic LV function was performed
using the myocardial performance index (Tei index). The study was complemented
with evaluation by TDI of systolic (S°), early diastolic (E’), and late diastolic (A”)
velocity of the mitral annulus (arithmetic average of the lateral and septal walls)

and E/E’ ratio [23].
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Collection of left ventricle and other tissues

One day after final echocardiogram, the rats were weighed and
anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg) and
euthanized. After blood collection, hearts were removed by thoracotomy. Atria and
ventricles were dissected, weighed separately, frozen in liquid nitrogen, and stored

at —80 °C. Lung weight was used to assess the degree of pulmonary congestion [24].

Morphologic study

Frozen LV samples were transferred to a cryostat and cooled to -20°C.
Serial transverse 8 um thick sections were stained with hematoxylin and eosin. At
least 50 cardiomyocyte diameters were measured from each LV as the shortest
distance between borders drawn across the nucleus [25]. Other slides were stained
with Sirius red F3BA and used to quantify interstitial collagen fraction [26]. On
average, 20 microscopic fields were analyzed with a 40X lens. Perivascular collagen
was excluded from this analysis. Measurements were taking using a microscope
(Leica DM LS; Nussloch, Germany) attached to a computerized imaging analysis

system (Media Cybernetics, Silver Spring, MD, USA).

Oxidative stress evaluation

Myocardial glutathione concentration

Reduced glutathione was determined using a kinetic method in media
consisting of 100 mM phosphate buffer pH 7.4 containing 5 mM EDTA, 2 mM 5.5’-
dithiobis-(2-nitrobenzoic) acid (DTNB), 0.2 mM NADPH2 and 2 U of glutathione
reductase according to a previously describe method [27]. Total glutathione was
measured in the presence of 0.1 M Tris-HCl buffer, pH 8.0 with 0.5 mM EDTA, 0.6
mM DTNB and 0.1 U glutathione reductase [27].
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Antioxidant enzymes activity and lipid hydroperoxide concentration

Left ventricular samples (~200 mg) were homogenized in 5 mL of cold
0.1 M phosphate buffer, pH 7.0. Tissue homogenates were prepared in a motor-
driven Teflon glass Potter-Elvehjem tissue homogenizer. The homogenate was
centrifuged at 10,000 g, for 15 min at 4 °C, and the supernatant was assayed for
total protein, lipid hydroperoxide [28], and glutathione peroxidase (GSH-Px,
E.C.1.11.1.9), catalase (E.C.1.11.1.6.), and superoxide dismutase (SOD,
E.C.1.15.1.1.) activities by spectrophotometry [29]. Enzyme activities were
analyzed at 25 °C using a microplate reader (uQuant-MQX 200) with KCjunior
software for computer system control (Bio-Tech Instruments, Winooski, Vermont,
USA). Spectrophotometric determinations were performed in a Pharmacia Biotech
spectrophotometer with temperature controlled cuvette chamber (UV/visible
Ultrospec 5000 with Swift II applications software for computer system control,
Cambridge, UK). All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

Malondialdehyde serum concentration

Systemic  lipid peroxidation was assessed by measuring
malondialdehyde (MDA) by high performance liquid chromatography (HPLC), as
previously reported [30]. Briefly, 100 pL of serum were treated with 700 pL of 1%
orthophosphoric acid and vortex-mixed for 10 s for protein precipitation. Then,
200 pL of thiobarbituric acid (TBA) were added. The mixture was heated to 100 °C
for 60 min and cooled to -20 °C for 10 min. Then, 200 pL of this reaction were
added to a solution containing 200 pL of NaOH:methanol (1:12). The tubes were
centrifuged for 3 min at 13,000 g; 200 pL of the supernatant were taken for
injection in the equipment. Analysis was performed on a Shimadzu HPLC using a
C18 5 um Gemini Phenomenex column, and an Rf-535 fluorescence detector, which
was set to Ex 525 nm and EM 551 nm. The mobile phase consisted of a 60:40 (v/v)

mixture of 10 mmol potassium dihydrogen phosphate (pH 6.8):methanol. MDA was
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quantified by a calibration curve, which was constructed every day for analysis

(30].

Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Gene expression of NADPH oxidase subunits (NOX2, NOX4, p22 phox,
and p47 phox) and reference genes cyclophilin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was analyzed by RT-PCR according to a previously
described method [31]. Total RNA was extracted from LV myocardium with TRIzol
Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and treated with DNase
I (Invitrogen Life Technologies). One microgram of RNA was reverse transcribed
using High Capacity cDNA Reverse Transcription Kit, according to standard
methods (Applied Biosystems, Foster City, CA, USA). Aliquots of cDNA were then
submitted to real-time PCR reaction using a customized assay containing sense and
antisense primers and Tagman (Applied Biosystems, Foster City, CA, USA) probes
specific to each gene: NOX2 (Rn00576710 m1), NOX4 (Rn00585380 m1l), p22
phox (Rn00577357 m1l), and p47 phox (Rn00586945 m1l). Amplification and
analysis were performed using Step One Plus™ Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). Expression data were normalized to reference
gene expressions: cyclophilin (Rn00690933 m1) and GAPDH (Rn01775763 gl).
Reactions were performed in triplicate and expression levels calculated using the

CT comparative method (2-AACT).

Western blotting

Protein levels were analyzed by Western blotting as previously
described [32, 33] using specific antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA, USA): total JNK1/2 (sc-137019), p-JNK (sc-6254), total p38-MAPK (sc-7972), p-
p38-MAPK (sc-17852), total ERK 1 (sc-93), and p-ERK1/2 (sc-16982). Protein levels
were normalized to GAPDH (6C5 sc-32233). Myocardial protein was extracted using
RIPA buffer (containing proteases and phosphatases inhibitors); supernatant

protein content was quantified by the Bradford method. Samples were separated
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on a polyacrylamide gel and then transferred to a nitrocellulose membrane. After
blockade, membrane was incubated with the primary antibodies. The membrane
was then washed with TBS and Tween 20 and incubated with secondary peroxidase-
conjugated antibodies. Super Signal ® West Pico Chemiluminescent Substrate
(Pierce Protein Research Products, Rockford, USA) was used to detect bound

antibodies.

Statistical analysis

Data are expressed as mean * standard deviation or median and
percentiles. Comparisons between groups were performed by one-way ANOVA and
Tukey test or Kruskal-Wallis and Dunn test. Frequency of heart failure features was

assessed by the Goodman test. Significance level was set at 5%.
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At the end of the experimental period, Sham group had 16 animals;
one rat had ascites. AS and AS-NAC groups had 22 and 15 rats respectively. Heart
failure feature frequencies are presented in Table 1. AS-NAC had a lower frequency
of right ventricular hypertrophy than AS. Anatomical variables are shown in Table
2. Final body weight did not differ between groups. Absolute and normalized LV,
right ventricle, atria, and lung weights were higher in AS and AS-NAC than Sham.
Lung weight and lung weight-to-body weight ratio were higher in AS than Sham.

Before treatment, both aortic stenosis groups presented dilated left
atrium and concentric LV hypertrophy with diastolic dysfunction and mild systolic
dysfunction (Tables 3 and 4). Except for a lower systolic posterior wall thickness,
AS-NAC did not differ from AS. At the end of the experiment, AS-NAC and AS
preserved the same pattern of LV concentric hypertrophy and dysfunction. No
differences were observed between AS-NAC and AS (Tables 5 and 6). However, TDI
S’, IVRT, and TDI E’ were lower in AS than Sham; in AS-NAC, values for these
parameters fell between those of the Sham and AS groups and did not significantly
differ from either group.

Total glutathione was lower in AS than Sham and AS-NAC and reduced
glutathione was lower in both AS and AS-NAC (Figure 1). Systemic and myocardial
markers of oxidative stress were reduced in AS-NAC. Malondialdehyde serum
concentration was lower in AS-NAC than Sham and AS. Lipid hydroperoxide
myocardial concentration was lower in AS-NAC and Sham than AS (Figure 2).
Antioxidant enzyme activities are shown in Figure 3. Superoxide dismutase was
lower in AS and AS-NAC than Sham and glutathione peroxidase was lower in AS
than Sham. Catalase activity did not differ between groups. NADPH oxidase subunit
gene expression did not differ between groups (Table 7).

Myocyte diameter and interstitial collagen fraction were higher in AS
than Sham and AS-NAC (Table 8). Myocardial MAPK protein expression is shown in
Table 9. Phosphorylated-ERK /total ERK ratio was higher in AS than Sham and AS-
NAC and p-JNK/GAPDH ratio was lower in AS-NAC than AS.
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Table 1. Frequency of heart failure features (%)

AS (n=22) AS-NAC (n=15)
Ascites 59.1 46.7
Pleural effusion 27.3 13.3
Tachypnea 27.3 6.6
Atrial thrombi 36.4 26.6
Liver congestion 18.2 13.3
Lung congestion 59.1 40.0
Right ventricular hypertrophy 77.3 333"

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine; n:
number of animals. Goodman test; * p < 0.05 vs AS.

Table 2. Anatomical data

Sham (n=16) AS (n=22) AS-NAC (n=15)
BW (g) 510 + 50.7 482 + 416 490 + 69.9

LVW (g) 0.94 (0.88-0.98) 1.84 (1.56-2.09)* 1.41 (1.09-1.56)*
LVW/BW (mg/g) 1.86 (1.69-2.05) 3.80 (2.98-4.33) 2.82 (2.33-3.67)
RVW (g) 0.24 (0.21-0.25) 0.46 (0.40-0.55) 0.38 (0.25-0.49)*
RVW/BW (mg/g) 0.48 (0.45-0.50) 0.99 (0.83-1.11)* 0.76 (0.49-1.01)*
Atria weight (g) 0.10 (0.09-0.11) 0.36 (0.21-0.41) 0.29 (0.17-0.40)*
Atria/BW (mg/g) 0.20 (0.19-0.23) 0.75 (0.66-0.82)* 0.61 (0.35-0.88)*
Lung weight (g) 1.80 (1.66-1.99) 2.89 (2.11-3.29)* 2.11 (1.57-3.12)

Lung_;/BW (mg_/g)

3.80 (3.12-4.11)

6.30 (4.29-7.05)

3.94 (3.34-6.12)

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine; BW: body weight; LVW: left
ventricle weight; RVW: right ventricle weight. One-way ANOVA and Tukey or Kruskal-Wallis and Dunn test.
Data are mean + SD or median and percentiles; * p < 0.05 versus Sham.
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Table 3. Echocardiographic structural data before treatment

Sham (n=16) AS (n=22) AS-NAC (n=15)
BW (g) 472 +64.0 445 + 33.2 488 + 64.1
LVDD (mm) 8.03 + 0.58 8.80 + 0.74* 9.06 + 0.84*
LVDD/BW (mm/kg) 17.2+2.15 19.8 + 1.68* 18.8 £ 2.36
LVSD (mm) 3.92+0.57 410+ 1.08 462+1.12
DPWT (mm) 1.41 (1.37-1.44) 2.07 (1.90-2.22)* 2.07 (1.90-3.35)*
SPWT (mm) 291+0.25 3.79 £ 0.53* 3.35+0.34*
DSWT (mm) 1.45 (1.40-1.49) 2.14 (1.82-2.18)* 1.94 (1.57-2.07)*
SSWT (mm) 2.49 (2.31-2.61) 3.11 (2.85-3.37)* 3.01 (2.81-3.14)*
RWT 0.34 (0.33-0.38) 0.46 (0.41-0.52)* 0.45 (0.41-0.47)*
AO (mm) 3.98£0.28 3.88+0.24 3.92+0.20
LA (mm) 5.29 (5.11-6.08) 7.87 (6.31-8.58)* 8.54 (7.30-8.94)*
LA/AO 1.39 (1.32-1.43) 1.99 (1.56-2.31)* 1.84 (1.50-2.29)*
LA/BW (mm/kg) 11.4 (10.7-12.7) 18.4 (13.6-19.4)* 17.7 (13.8-19.1)*
LVM (g) 0.77 (0.72-0.88) 1.51 (1.25-1.78)* 1.65 (1.05-2.01)*
LVMI (g/kg) 1.71 (1.56-1.80) 3.45 (2.82-4.01)* 3.46 (2.54-4.28)*

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine; BW: body weight; LVDD
and LVSD: left ventricular (LV) diastolic and systolic diameters, respectively; DPWT and SPWT: LV
diastolic and systolic posterior wall thickness, respectively; DSWT and SSWT: LV diastolic and
systolic septal wall thickness, respectively; RWT: relative wall thickness; AO: aorta diameter; LA: left
atrial diameter; LVM: LV mass; LVMI: LVM index. One-way ANOVA and Tukey or Kruskal-Wallis and

Dunn test. Data are mean + SD or median and percentiles; = p < 0.05 vs Sham; # p < 0.05 vs AS.
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Table 4. Echocardiographic data of left ventricular function before treatment

Sham (n=16) AS (n=22) AS-NAC (n=15)
HR (bpm) 261 + 22.1 278 £ 37.6 295 + 20.2*
EFS (%) 53.0 (47.7-56.3) 54.6 (45.3-60.4) 54.0 (44.0-58.6)
MFS (%) 31.0+3.77 29.7£6.43 30.2 £6.37
PWSV (mm/s) 39.3 (36.9-41.0) 30.3 (26.6-35.8)* 30.4 (25.9-36.0)*
Tei index 0.46 + 0.07 0.45 +0.09 0.45 +0.08
EF 0.89 (0.84-0.91) 0.91 (0.86-0.94) 0.87 (0.80-0.91)
TDI S’ (average, cm/s) 3.47 £ 0.43 2.83 £ 0.49* 3.17 £ 0.62

Mitral E (cm/s)

Mitral A (cm/s)

E/A

IVRT (ms)

IVRTn (ms)

EDT (ms)

TDI E’ (average, cm/s)
TDI A’ (average, cm/s)
E/TDI E’ (average)

78.0 (70.3-81.5)
50.5 (46.3-55.5)
1.52+0.19
26.0 (23.0-27.5)
53.1 (48.8-57.5)
47.5 (41.7-56.0)
4.16 + 0.68
3.20 (2.86-3.56)
19.0 (16.5-22.2)

127 (93.5-149)
29.0 (18.5-57.0)
4.92 + 3.70*
18.0 (15.0-26.0)*
41.5 (32.3-53.7)*
30.0 (26.0-48.0)*
3.82 + 093
3.23 (2.73-3.81)
36.2 (27.6-39.7)*

140 (100-157)*
53.0 (25.0-64.0)
3.58 £ 3.14
15.0 (15.0-20.0)*
34.9 (30.8-43.2)*
30.0 (27.5- 36.0)*
4.09 + 0.67
3.35 (3.15-4.45)
25.4 (19.4-37.5)*

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine; HR: heart rate; EFS: endocardial
fractional shortening; MFS: midwall fractional shortening; PWSV: posterior wall shortening velocity; Tei index:
myocardial performance index; EF: ejection fraction; TDI S’: tissue Doppler imaging (TDI) of systolic velocity of
the mitral annulus; E/A: ratio between early (E)-to-late (A) diastolic mitral inflow; IVRT: isovolumetric relaxation
time; IVRTn: IVRT normalized to heart rate; EDT: E wave deceleration time; TDI E’ and A’: TDI of early (E’) and
late (A’) diastolic velocity of mitral annulus. One-way ANOVA and Tukey or Kruskal-Wallis and Dunn test. Data
are mean + SD or median and percentiles; * p < 0.05 vs Sham.
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Table 5. Echocardiographic structural data after treatment

Sham (n=16) AS (n=22) AS-NAC (n=15)
BW (g) 510 + 50.7 482 +41.6 490 £ 69.9
LVDD (mm) 8.31 £ 0.57 9.02 + 0.90* 9.07 + 0.95*
LVDD/BW (mm/kg) 16.8 £ 2.20 18.9+ 2.65 18.5+3.24

LVSD (mm) 4.02(3.58-4.58)  4.80 (3.66-5.29) 4.67 (3.82-5.29)
DPWT (mm) 1.42 (1.38-1.45)  2.06 (1.87-2.12)*  1.94 (1.57-2.07)
SPWT (mm) 2.99 + 0.31 3.47 £ 0.51* 3.48 + 0.42*

DSWT (mm) 1.42 (1.38-1.46) 2.1 (1.87-2.16)*  1.94 (1.57-2.11)*
SSWT (mm) 253 (2.42-2.68)  2.90 (2.64-3.21)*  3.01 (2.68-3.26)
RWT 0.34 (0.33-0.36)  0.43(0.39-0.51)*  0.44 (0.36-0.47)*
AO (mm) 3.98 + 0.20 4.00 £ 0.25 4.08 +0.23

LA (mm) 529 (4.93-569)  8.36(7.55-8.71)*  7.48 (6.15-9.26)*
LA/AO 1.36 (1.26-1.44) 217 (1.74-2.29)  1.84 (1.54-2.49)

LA/BW (mm/kg)
LVM (g)
LVMI (g/kg)

10.5 (9.71-12.4
0.81 (0.76-0.88
1.65 (1.40-1.77)

)
)
)
)

)

)
17.3 (14.7-19.5)*
1.47 (1.34-1.94)*
3.01 (2.69-3.99)*

)
)
17.5 (13.7-19.0)*
1.13 (0.97-2.06)*
2.72 (2.06-4.01)*

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine; BW: body weight;
LVDD and LVSD: left ventricular (LV) diastolic and systolic diameters, respectively; DPWT and
SPWT: LV diastolic and systolic posterior wall thickness, respectively; DSWT and SSWT: LV
diastolic and systolic septal wall thickness, respectively; RWT: relative wall thickness; AO: aorta
diameter; LA: left atrial diameter; LVM: LV mass; LVMI: LVM index. One-way ANOVA and Tukey
or Kruskal-Wallis and Dunn test. Data are mean + SD or median and percentiles; = p < 0.05 vs
Sham.
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Table 6. Echocardiographic data of left ventricular function after treatment

Sham (n=16) AS (n=22) AS-NAC (n=15)
HR (bpm) 205+44.4 292 +40.1 294 £ 19.2
EFS (%) 51.6 (46.4-55.2) 49.0 (41.8-55.3) 53.2 (44.0-61.8)
MFS (%) 28.7 (26.5-32.4) 30.2 (21.2-35.6) 30.4 (24.6-36.5)
PWSV (mm/s) 39.3 (36.8-41.0) 30.3 (26.6-35.8)" 30.2 (24.5-40.4)*
Tei index 0.39 (0.37-0.45) 0.41 (0.38-0.50) 0.45 (0.42-0.52)
EF 0.89 (0.85-0.91) 0.91 (0.86-0.94) 0.85 (0.82-0.92)

TDI S’ (average, cm/s)
Mitral E (cm/s)

Mitral A (cm/s)

E/A

IVRT (ms)

IVRTn

EDT (ms)

TDI E’ (average, cm/s)
TDI A’ (average, cm/s)
E/TDI E’ (average)

4.03+0.64
77.5 (70.5-86.5)
59.5 (50.0-69.3)
1.35 (1.15-1.58)
52.6 (48.3-55.3)
55.2 (49.0-60.4)
44.0 (41.0-51.0)
4.70 (4.26-5.21)
4.38 (3.76-6.04)
17.5 (13.6-18.8)

2.89 + 0.64*
141 (89.7-161)*
27.0 (22.0-53.5)*
5.38 (1.73-7.37)*
40.8 (33.6-51.6)*
39.2 (33.6-45.9)*
30.0 (24.0-40.0)*
3.80 (3.30-4.90)*
3.55 (2.90-4.75)
35.0 (27.4-41.9)*

3.15+ 0.60
122 ( 85.0-142)*
36.0 (22.0-57.0)*
3.88 (1.70-8.47)*
48.5 (37.2-53.1)
40.7 (32.4-47.1)*
33.0 (30.0-41.0)*
4.00 (3.74-4.53)
3.05 (2.40-3.45)*
30.2 (18.9-37.9)*

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine; HR: heart rate; EFS:
endocardial fractional shortening; MFS: midwall fractional shortening; PWSV: posterior wall
shortening velocity; Tei index: myocardial performance index; EF: ejection fraction; TDI S’: tissue
Doppler imaging (TDI) of systolic velocity of the mitral annulus; E/A: ratio between early (E)-to-late
(A) diastolic mitral inflow; IVRT: isovolumetric relaxation time; IVRTn: IVRT normalized to heart rate;
EDT: E wave deceleration time; TDI E’ and A’: TDI of early (E’) and late (A’) diastolic velocity of mitral
annulus. One-way ANOVA and Tukey or Kruskal-Wallis and Dunn test. Data are mean + SD or
median and percentiles; * p < 0.05 vs Sham.
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Table 7. Myocardial gene expression of NADPH oxidase subunits

Sham (n=8) AS (n=6) AS-NAC (n=8)
p22 phox 1.00 + 0.51 1.26 + 0.98 0.92+0.14
p47 phox 1.04 £ 0.50 0.89 + 0.61 0.83+0.71
NOX 2 0.74 £ 0.55 1.64 £ 0.29 0.66 + 0.43
NOX 4 1.00 £ 0.85 3.47 £0.19 1.16 + 0.66

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine. One-way ANOVA and
Tukey test. Data are mean + SD.

Table 8. Myocardial morphometric parameters

Sham (n=10) AS (n=12) AS-NAC (n=8)
Myocyte diameter (um) 134 +1.17 15.1 £ 0.87* 14.6 £ 1.19%
ICF (%) 4.30 £ 1.20 9.86 £ 1.69* 4.77 + 1.66#

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine; ICF: interstitial
collagen fraction. One-way ANOVA and Tukey test. Data are mean + SD; * p < 0.05 vs Sham; #
p <0.05vs AS.

Table 9. Myocardial expression of MAPK proteins

Sham (n=7) AS (n=7) AS-NAC (n=7)
p-ERK/ERK 1.00 £ 0.22 1.46 £ 0.34* 0.97 £ 0.31#
ERK p-ERK/GAPDH 1.00 £ 0.16 1.30 £ 0.85 1.22 £ 0.50
ERK/GAPDH 1.00 £ 0.21 0.98 + 0.41 1.13+0.22
p-JNK/JNK 1.01 (0.86-1.07) 0.78 (0.68-1.27) 0.78 (0.55-1.27)
JNK p-JNK/GAPDH 1.07 (0.95-1.18) 1.15 (0.92-1.26) 0.83 (0.62-1.45)*
JNK/GAPDH 1.00 £ 0.23 1.11+£0.19 0.95+0.40
p-P38/P38 0.74 (0.50-1.68) 1.29 (1.23-1.81) 0.70 (0.57-1.04)
P38 p-P38/GAPDH 1.00 £ 0.54 2.01+1.30 1.47 + 0.69
P38/GAPDH 1.05 (0.81-1.13) 1.00 (0.70-2.58) 1.49 (0.99-2.86)

AS: aortic stenosis; AS-NAC: aortic stenosis treated with N-acetylcysteine. One-way ANOVA
and Tukey or Kruskal-Wallis and Dunn test. Data are mean £ SD or median and percentiles;
*p <0.05 vs Sham; # p < 0.05 vs AS.
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DISCUSSION



In this study, the effects of NAC were evaluated in aortic stenosis rats
during the transition from LV compensated hypertrophy to overt heart failure.

Aortic stenosis in young rats has been often used to evaluate
persistent pressure overload from early LV concentric hypertrophy through
gradual LV dysfunction and decompensated heart failure [16]. After aortic stenosis
induction, rats remain compensated for approximately 20 to 28 weeks [34]. They
then begin to present clinical and pathological heart failure features and evolve to
death within two to four weeks. In this study, after a chronic period of LV
hypertrophy, rats were randomly distributed into different treatment groups.
Cardiac structures and LV function were evaluated by transthoracic
echocardiogram before and after NAC treatment. The presence of cardiac failure
was demonstrated by the high frequency of heart failure features observed at
euthanize in the AS group.

Before treatment, aortic stenosis rats had concentric LV hypertrophy
characterized by an increase in LV mass, LV wall thicknesses, and relative wall
thickness. Mild systolic dysfunction was characterized by reduced posterior wall
shortening velocity, and diastolic dysfunction by increased E wave and E/TDI F’
ratio, and reduced isovolumetric relaxation time (IVRT) and E wave deceleration
time. At the end of the experiment, both AS and AS-NAC preserved the same pattern
of cardiac remodeling. However, the AS group had an impairment in TDI S, an
index of systolic function, and in IVRT and TDI E’, which evaluates diastolic
function, compared to the Sham group. Values of these parameters in AS-NAC fell
between those of the Sham and AS groups and did not significantly differ from
either group. These results suggest that NAC administration may have attenuated
LV dysfunction. This may be reinforced by the fact that AS-NAC had a lower
frequency of right ventricular hypertrophy than AS, a later event in LV pressure
overload [35].

NAC is a precursor to an important intracellular defense mechanism
against oxidative damage. By providing cysteine to glutathione synthesis, NAC
replenishes glutathione, which is usually depleted in several disease states [12]. The
replenishment of glutathione in deficient cells plays a central role in the effects of

NAC as an antioxidant agent [10]. In fact, NAC is probably ineffective in cells
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replete in glutathione [10]. This property is important for antioxidant agents
because at appropriate concentrations, reactive oxygen species also have
fundamental roles in cellular function (8, 36].

In this study, we first analyzed myocardial glutathione status. Total
glutathione was decreased in AS and normalized by NAC. However, reduced
glutathione was decreased in AS and AS-NAC groups. Depleted cardiac total
glutathione has been previously observed in both congestive heart failure patients
and post-myocardial infarction rats, as has total glutathione repletion after NAC
treatment in infarcted rats [11]. We next evaluated systemic and myocardial
markers of oxidative stress and myocardial antioxidant enzyme activity. Myocardial
oxidative stress, analyzed by lipid hydroperoxide concentration, was higher in AS
and normalized by NAC. Interestingly, malondialdehyde serum concentration was
decreased in AS-NAC compared to both Sham and AS groups. As total glutathione
was replenished in AS-NAC, glutathione peroxidase activity was normalized and its
ability to neutralize free radicals increased, resulting in reduced lipoperoxidation.
Therefore, NAC administration restored myocardial total glutathione and
glutathione peroxidase activity, and reduced myocardial and systemic oxidative
stress markers.

The NADPH oxidase family, composed of enzymes whose main
function is producing reactive oxygen species, is involved in the pathophysiology
of several cardiovascular diseases [5, 6, 37]. To evaluate the potential role of
NADPH oxidase on increased oxidative stress, we assessed gene expression NOX2
and NOX4 - the main cardiac isoforms, p22 phox - the transmembrane protein, and
p47 phox - the NOX2 cytosolic regulatory subunit, all which did not differ between
groups. However, as we did not evaluate NADPH oxidase activity, we cannot discard
the possible influence of NADPH oxidase on increased oxidative stress in the AS
group. We have previously observed that NAC administration decreases NADPH
oxidase activity and NOX4 and p22 phox gene expression in the soleus muscle of
heart failure rats [38].

Experimental studies have shown that the mitogen-activated protein
kinase (MAPK) signaling pathway is involved in myocardial response to oxidative

stress in several conditions [39-41]. MAPK includes four subfamilies, three of which

DiscussioN 36



have been well characterized: extracellular regulated kinase (ERK 1/2), c-jun N-
terminal kinase (JNK), and p38-MAPK. After oxidative stress increase, MAPK
downstream signaling may lead to myocardial hypertrophy and fibrosis [6, 39, 40,
42]. We therefore evaluated MAPK protein expression and observed that p-ERK and
p-JNK were lower in AS-NAC than AS. Probably as a consequence of the reduced
oxidative stress and p-ERK and p-JNK signaling, myocyte hypertrophy and
myocardial fibrosis were attenuated by NAC treatment. As myocardial hypertrophy
and fibrosis are strongly related to poor outcome in cardiovascular diseases (2,
43], these results are important for future clinical studies.

More recently, NAC has been evaluated in experimental models of
cardiac injury, particularly hypertrophic cardiomyopathy in which NAC reduced
oxidative stress, reversed established cardiac hypertrophy and fibrosis, prevented
cardiac systolic and diastolic dysfunction, and improved arrhythmogenic
propensity [12, 14, 44]. Similarly to our findings, NAC also reduced ERK and JNK
phosphorylation [14, 44]. The antifibrotic effect of NAC was also observed in other
models and organs [44, 46]. Despite the well characterized actions of NAC on
hypertrophic cardiomyopathy, its effects on aortic stenosis-induced cardiac
remodeling have been poorly addressed. When administered before and after aortic
stenosis induction surgery, NAC attenuated increased LV weight and electrical
remodeling [15]. On the other hand, NAC did not improve cardiac function in
aortic stenosis mice [47].

We have therefore shown for the first time that antioxidant NAC
restores myocardial total glutathione and reduces systemic and myocardial
oxidative stress. Probably, as a consequence of this decreased oxidative stress,
myocardial MAPK signaling was improved and myocardial hypertrophy and fibrosis
were attenuated. However, cardiac echocardiographic parameters and heart failure
features were only marginally improved. NAC administration was probably initiated
too late when rats had already presented advanced degrees of structural cardiac
alterations, thus preventing a reverse remodeling process. Our results therefore
allow us to propose the hypothesis that early administration of NAC may be a
useful treatment for preventing pathological cardiac remodeling and LV

dysfunction during persistent LV pressure overload.
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In conclusion, N-acetylcysteine treatment restores myocardial total glutathione,
reduces systemic and myocardial oxidative stress, improves MAPK signaling, and
attenuates myocyte hypertrophy, myocardial fibrosis, and left ventricular
dysfunction in aortic stenosis rats during transition from compensated left

ventricular hypertrophy to heart failure.
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INTRODUCTION



Pathological cardiac hypertrophy induced by chronic pressure
overload conditions, such as aortic stenosis and arterial systemic hypertension, is
often associated with impaired prognosis and increased mortality '. Long-term
pressure overload is a major cause of cardiac remodeling evolving progressively
from compensated left ventricular hypertrophy to diastolic and systolic
dysfunction and clinical heart failure 2.

Despite advances in the pharmacologic treatment of heart failure, its
morbidity and mortality remain elevated '. Current guidelines strongly recommend
physical exercise for patients with stable heart failure to prevent and/or attenuate
cardiac remodeling and skeletal muscle changes and to improve functional capacity
and quality of life *7. In experimental heart failure, physical exercise attenuated
ventricular dilation, cardiac dysfunction, increased passive stiffness, myocyte
hypertrophy, myocardial fibrosis, myocyte calcium handling changes, and
mitochondrial dysfunction ®'’. However, as most benefits of exercise have been
described in experimental models of myocardial infarction-induced heart failure *%,
the effects of exercise during sustained left ventricular pressure-overload remains
poorly understood. In fact, studies performed in this experimental model have
observed controversial results. Aortic stenosis mice subjected to an eight-week
period of voluntary rotating wheel exercise had no improvement in left ventricular
function and presented a trend towards impaired ventricular dysfunction in severe
cases '°. As mice perform very well in voluntary wheel running °, it is possible that

19 In fact, we have

excessive exercise might have contributed to these results
previously shown that aerobic exercise improved functional capacity and
attenuated systolic dysfunction during transition from compensated left
ventricular hypertrophy to cardiac failure in rats with aortic stenosis *2°.
Ascending aortic stenosis in rats has often been used to study chronic
pressure overload. In this model, three-to-four week-old rats are subjected to
thoracotomy to a clip placement around the ascending aorta. Immediately after
clip positioning, aorta diameter is preserved; as rats get older, stenosis
progressively occurs. Left ventricular hypertrophy development is fast occurring

within one month **. However, ventricular dysfunction and cardiac failure develop

slowly, similar to what is observed in human chronic pressure overload #*. In this
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study, we evaluated the influence of aerobic exercise performed during the
transition from compensated left ventricular hypertrophy to overt heart failure
on cardiac remodeling in rats with aortic stenosis. An important effect of exercise
is the reduction in oxidative stress 2°, which is associated with attenuation in
cardiac remodeling. Therefore, we analyzed markers of systemic and myocardial
oxidative stress, and activity of myocardial antioxidant enzymes. As the NADPH
oxidase (NOX) family is a source of reactive oxygen species in various tissues

including the myocardium 2

¢, we analyzed gene expression of its subunits NOX2
and NOX4. Since mitogen-activated protein kinases (MAPK) may be involved in
myocardial response to oxidative stress ?’, we also evaluated their proteins

expression in myocardium.
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MATERIALS AND METHODS



Experimental animals and study protocol

The experimental protocol employed in this study was approved by
the Animal Experimentation Ethics Committee of Botucatu Medical School, UNESP,
SP, Brazil, and has been previously described in detail ?*. Male Wistar rats (90 - 100
g) were purchased from the Central Animal House, Botucatu Medical School,
UNESP, and housed in a temperature controlled room at 23 °C and kept on a 12-
hour light/dark cycle. Food and water were supplied ad libitum.

In short, Wistar rats (90 - 100 g) were anaesthetized with a mixture
of ketamine hydrochloride (50 mg/kg, i.m.) and xylazine hydrochloride (10 mg/kg,
i.m.). Aortic stenosis (AS) was induced by placing a 0.6 mm stainless-steel clip on
the ascending aorta via a thoracic incision ?®. Sham operated rats were used as
controls. Eighteen weeks after surgery, rats were assigned to three groups: Sham
(n=23), sedentary AS (AS, n=23), and exercised AS (AS-Ex, n=27) for eight weeks.
During euthanasia, we assessed the presence or absence of clinical and pathologic
heart failure features. The clinical finding suggestive of heart failure was
tachypnea/labored respiration. Pathologic assessment of heart failure included
pleuropericardial effusion, left atrial thrombi, ascites, hepatic congestion,
pulmonary congestion (lung weight/body weight ratio higher than 2 standard
deviations above the Sham group mean) and right ventricular hypertrophy (right
ventricle weight/body weight ratio higher than 0.8 mg/g) *. Before and after the
exercise protocol we evaluated functional capacity and performed transthoracic

echocardiogram.

Exercise testing

Rats underwent 10 min/day testing environment adaption for one
week before evaluations. Each animal was tested individually. The test consisted of
an initial 5-min warm up at 5 m/min on treadmill. The rats were then subjected to
exercise at a speed of 8 m/min followed by 3 m/min increases in speed every 3 min

until exhaustion. Exhaustion was determined when the animal refused to run even
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after electric stimulation or was unable to coordinate steps *°. Maximum running

speed was recorded and total distance calculated.

Exercise training protocol

Exercise was performed on a treadmill five times a week for eight
weeks *3%31 There was an adaptation period, with a gradual increase in speed and
exercise time. Speed from the 1st to the 3rd week was 5, 7.5, and 10 m/min, and
then remained constant until the end of the protocol. Exercise duration from the
1st to the 6th week was 10, 14, 18, 22, 26, and 30 min, and then remained constant

until the end of the experiment.

Echocardiography

Cardiac structures and left ventricular function were evaluated by
transthoracic echocardiogram and tissue Doppler imaging using a commercially
available echocardiograph (General Electric Medical Systems, Vivid S6 model, Tirat
Carmel, Israel) equipped with a 5-11.5 MHz multifrequency transducer ****. The
rats were anesthetized with a mixture of ketamine hydrochloride (50 mg/kg) and
xylazine hydrochloride (1 mg/kg) intramuscularly. A two-dimensional parasternal
short-axis view of the left ventricle (LV) was obtained at the level of the papillary
muscles. M-mode tracings were obtained from short-axis views of the LV at or just
below the tip of the mitral-valve leaflets, and at the level of the aortic valve and
left atrium. M-mode images of the LV were printed on a black-and-white thermal
printer (Sony UP-890MD) at a sweep speed of 100 mm/s. All LV structures were
manually measured by the same observer (KO). Values obtained were the mean of
at least five cardiac cycles on M-mode tracings. The following structural variables
were measured: left atrium diameter (LA), LV diastolic and systolic diameters
(LVDD and LVSD, respectively), LV diastolic (D) and systolic (S) posterior wall
thickness (PWT) and septal wall thickness (SWT), and aortic diameter. LV mass
(LVM) was calculated using the formula [(LVDD + DPWT + DSWT)3 - LVDD3] x
1.04. LV relative wall thickness (RWT) was calculated by the formula 2 «x
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DPWT/LVDD. LV function was assessed by the following parameters: endocardial
fractional shortening (EFS), midwall fractional shortening (MFS), ejection fraction
(EF), posterior wall shortening velocity (PWSV), early and late diastolic mitral
inflow velocities (E and A waves), E/A ratio, E-wave deceleration time (EDT), and
isovolumetric relakation time (IVRT). A joint assessment of diastolic and systolic
LV function was performed using the myocardial performance index (Tei index).
The study was complemented with evaluation by tissue Doppler imaging (TDI) of
systolic (S°), early diastolic (E’), and late diastolic (A’) velocity of the mitral annulus

(arithmetic average travel speeds of the lateral and septal walls), and E(E’ ratio.

Collection of skeletal muscle and other tissues for analysis

One day after final echocardiogram, the rats were weighed,
anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg), and
euthanized. After blood collecting, hearts were removed by thoracotomy. Atria and
ventricles were dissected and weighed separately. LV was frozen in liquid nitrogen
and stored at —80 °C. The liver was macroscopically examined to determine the
presence or absence of liver congestion. Lung weight was used to assess the degree

of pulmonary congestion *.

Morphologic study

LV serial transverse 8 um thick sections were cut in a cryostat cooled
to -20 °C and stained with hematoxylin and eosin. At least 50 cardiomyocyte
diameters were measured from each LV as the shortest distance between borders
drawn across the nucleus *°. Other slides were stained with Sirius red F3BA and
used to quantify interstitial collagen fraction **. On average, 20 microscopic fields
were analyzed with a 40 X lens. Perivascular collagen was excluded from this
analysis. Measurements were performed using a microscope (Leica DM LS;
Nussloch, Germany) attached to a computerized imaging analysis system (Media

Cybernetics, Silver Spring, MD, USA).
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Oxidative stress evaluation

Myocardial glutathione concentration

Reduced glutathione was determined using a kinetic method in media
consisting of 100 mM phosphate buffer pH 7.4 containing 5 mM EDTA, 2 mM 5.5’-
dithiobis-(2-nitrobenzoic) acid (DTNB), 0.2 mM NADPH2 and 2 U of glutathione

36

reductase *°. Total glutathione was measured in the presence of 0.1 M Tris-HCI

buffer, pH 8.0 with 0.5 mM EDTA, 0.6 mM DTNB and 0.1 U glutathione reductase

36

Malondlialdehyde serum concentration

Systemic  lipid peroxidation was assessed by measuring
malondialdehyde (MDA) by high performance liquid chromatography (HPLC), as
previously reported [30]. Briefly, 100 pL of serum were treated with 700 pL of 1%
orthophosphoric acid and vortex-mixed for 10 s for protein precipitation. Then,
200 pL of thiobarbituric acid (TBA) were added. The mixture was heated to 100 °C
for 60 min and cooled to -20 °C for 10 min. Then, 200 pL of this reaction were
added to a solution containing 200 pL of NaOH:methanol (1:12). The tubes were
centrifuged for 3 min at 13,000 g; 200 pL of the supernatant were taken for
injection in the equipment. Analysis was performed on a Shimadzu HPLC using a
C18 5 um Gemini Phenomenex column, and an Rf-535 fluorescence detector, which
was set to Ex 525 nm and EM 551 nm. The mobile phase consisted of a 60:40 (v/v)
mixture of 10 mmol potassium dihydrogen phosphate (pH 6.8):methanol. MDA was

quantified by a calibration curve, which was constructed every day for analysis *’.

Antioxidant enzymes activity and lipid hydroperoxide concentration

Left ventricular samples (~200 mg) were homogenized in 5 mL of cold
0.1 M phosphate buffer, pH 7.0. Tissue homogenates were prepared in a motor-

driven Teflon glass Potter-Elvehjem tissue homogenizer. The homogenate was
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centrifuged at 10,000 g, for 15 min at 4 °C, and the supernatant was assayed for

38

total protein, lipid hydroperoxide
E.C.1.11.1.9), «catalase (E.C.1.11.1.6.), and superoxide dismutase (SOD,

, and glutathione peroxidase (GSH-Px,

E.C.1.15.1.1.) activities by spectrophotometry *'. Enzyme activities were analyzed
at 25 °C using a microplate reader (uQuant-MQX 200) with KCjunior software for
computer system control (Bio-Tech Instruments, Winooski, Vermont, USA).
Spectrophotometric determinations were performed in a Pharmacia Biotech
spectrophotometer with temperature controlled cuvette chamber (UV/visible
Ultrospec 5000 with Swift II applications software for computer system control,
Cambridge, UK). All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

Real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR)

Gene expression of NADPH oxidase subunits (NOX2, NOX4, p22 phox,
and p47 phox) and reference genes cyclophilin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was analyzed by RT-PCR according to a previously
described method *°. Total RNA was extracted from LV myocardium with TRIzol
Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and treated with DNase
I (Invitrogen Life Technologies). One microgram of RNA was reverse transcribed
using High Capacity ¢cDNA Reverse Transcription Kit, according to standard
methods (Applied Biosystems, Foster City, CA, USA). Aliquots of cDNA were then
submitted to real-time PCR reaction using a customized assay containing sense and
antisense primers and Tagman (Applied Biosystems, Foster City, CA, USA) probes
specific to each gene: NOX2 (Rn00576710 m1l), NOX4 (Rn00585380 ml), p22
phox (Rn00577357 m1l), and p47 phox (Rn00586945 m1l). Amplification and
analysis were performed using Step One Plus™ Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). Expression data were normalized to reference
gene expressions: cyclophilin (Rn00690933 m1) and GAPDH (Rn01775763 gl).
Reactions were performed in triplicate and expression levels calculated using the

CT comparative method (2-AACT).
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Western blotting

Protein levels were analyzed by Western blotting using specific
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA): total JNK1/2 (sc-
137019), p-JNK (sc-6254), total p38-MAPK (sc-7972), p-p38-MAPK (sc-17852),
total ERK 1 (sc-93), and p-ERK1/2 (sc-16982) *>*!. Protein levels were normalized
to GAPDH (6C5 sc-32233). Myocardial protein was extracted using RIPA buffer
(containing proteases and phosphatases inhibitors); supernatant protein content
was quantified by the Bradford method. Samples were separated on a
polyacrylamide gel and then transferred to a nitrocellulose membrane. After
blockade, membrane was incubated with the primary antibodies. The membrane
was then washed with TBS and Tween 20 and incubated with secondary peroxidase-
conjugated antibodies. Super Signal ® West Pico Chemiluminescent Substrate
(Pierce Protein Research Products, Rockford, USA) was used to detect bound

antibodies.

Statistical analysis

Data are expressed as mean * standard deviation or median and
percentiles. Comparisons between groups were performed by one-way ANOVA and
Tukey test or Kruskal-Wallis and Dunn test. Frequency of heart failure features was

assessed by the Goodman test. Significance level was set at 5%.
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Heart failure features were evaluated at the euthanize. One Sham rat
had ascites. The frequency of heart failure features in AS and AS-Ex groups is shown
in Table 1. Except for a lower frequency of ascites in AS-Ex than AS, this frequency
did not change between groups. Anatomical data are presented in Table 2. Both
aortic stenosis groups had left and right ventricular hypertrophy, and atria and
lung weights compared to the Sham. There were no differences between AS-Ex and
AS groups.

Maximal exercise test is shown in Figure 1. Before exercise, running
time was lower in both AS-and AS-Ex than Sham and running distance was lower in
AS-Ex than Sham. After exercise protocol, running time and distance were lower in
AS than Sham and were higher in AS-Ex than AS.

Echocardiographic evaluation before treatment is shown in Tables 3
and 4. AS and AS-Ex presented left atrium dilation and concentric LV hypertrophy,
characterized by the increased LV walls thickness, LV mass, and relative wall
thickness. LV diastolic diameter was higher in AS than Sham. Both AS-Ex and AS
had LV systolic and diastolic dysfunction as posterior wall shortening velocity,
isovolumetric relaxation time, and E wave deceleration time were lower and E wave
and E/tissue Doppler imaging (TDI) of early diastolic velocity of mitral annulus
were higher than Sham. TDI S’ was in lower in AS than Sham. There were no
differences between AS-Ex and AS.

Echocardiographic evaluation after exercise protocol showed the same
cardiac remodeling pattern as before exercise. Additionally, both stenosis groups
presented increased LV systolic and diastolic diameters, and E/A ratio, and
decreased TDI §’, and A wave. Endocardial and midwall fractional shortening and
ejection fraction were lower in AS-Ex than Sham. No differences between AS-Ex and
AS were observed (Tables 5 and 6).

Myocyte diameter and interstitial collagen fraction were higher in AS
and AS-Ex than Sham. Myocyte diameter was higher in AS-Ex than AS (Table 7).

Total and reduced myocardial concentration of glutathione was lower
in AS than Sham and total glutathione concentration was higher in AS-Ex than AS
(Figure 2). Malondialdehyde serum concentration did not differ between groups.

Lipid hydroperoxide myocardial concentration was higher in AS than Sham and AS-
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Ex (Figure 3). Antioxidant enzyme activities in myocardium are shown in Figure 4.
Superoxide dismutase was lower an both AS and AS-Ex than Sham and glutathione
peroxidase was lower in AS-Ex than Sham.

Myocardial gene expression of NADPH oxidase subunits did not change
between groups (Table 8). Myocardial expression of MAPK proteins is shown in
Table 9. Phosphorylated JNK was higher in AS-Ex than Sham and AS groups and
total JNK was higher in AS-Ex than Sham. Phosphorylated P38 was lower in AS-Ex
than AS.
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TABLES

Table 1. Frequency of heart failure features (%)

AS (n=19) AS-Ex (n=22)
Ascites 59.1 26.3#
Pleural effusion 27.3 52.6
Tachypnea 27.3 21.1
Atrial thrombi 36.4 47.4
Liver congestion 18.2 10.5
Lung congestion 59.1 68.4
Right ventricular hypertrophy 77.3 68.4

AS: aortic stenosis; AS-Ex: exercised aortic stenosis; n: number of animals.
Goodman test; # p < 0.05 vs AS.

Table 2. Anatomical data

Sham (n=23) AS (n=19) AS-Ex (n=22)
BW (g) 510 + 50.7 482 +41.6 464 + 57.5
LVW (g) 0.94 (0.88-0.98) 1.84 (1.56-2.09)* 1.48 (1.13-1.95)
LVW/BW (mg/g) 1.86 (1.69-2.05) 3.80 (2.98-4.33)* 3.19 (2.23-5.05)*
RVW (g) 0.24 (0.21-0.25) 0.46 (0.40-0.55)* 0.43(0.36-0.46)*
RVW/BW (mg/g) 0.48 (0.45-0.50) 0.99 (0.83-1.11)* 0.89 (0.66-1.05)*
Atria weight (g) 0.10 (0.09-0.11) 0.36 (0.21-0.41)* 0.34 (0.31-0.41)*
Atria/BW (mg/g) 0.20 (0.19-0.23) 0.75 (0.66-0.82)* 0.71 (0.46-0.93)*
Lung weight (g) 1.80 (1.66-1.99) 2.89 (2.11-3.29)* 3.96 (2.31-4.37)*

Lung/BW (mg/g)

3.80 (3.12-4.11)

6.30 (4.29-7.05)*

8.41 (4.71-9.74)*

AS: aortic stenosis; AS-Ex: exercised aortic stenosis; BW: body weight; LVW: left ventricle weight;
RVW: right ventricle weight. One-way ANOVA and Tukey or Kruskal-Wallis and Dunn test. Data

are mean + SD or median and percentiles; * p < 0.05 versus Sham.
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Table 3. Echocardiographic structural data before exercise protocol

Sham (n=12) AS (n=16) AS-EX (n=15)

BW (g) 453 £ 62 442 £ 32 461 £ 57
LVDD (mm) 8.00 + 0.55 8.87 + 0.73"* 8.52 + 0.84
LVDD/BW (mm/kg) 174 (16.5—-18.1) 20.1 (18.8—-20.8)*  17.9 (16.6 — 19.3)
LVSD (mm) 3.75+0.52 4.07 +0.93 4.03 + 0.99
DPWT (mm) 1.43(1.38—1.44) 2.07 (1.98-223)*  2.12 (1.53 - 2.25)*
SPWT (mm) 2.97 +0.28 3.92 + 0.46* 3.63 + 0.45*
DSWT (mm) 1.43 (140 —1.44)  2.09 (1.98 —2.23)*  2.12 (1.53 — 2.25)*
SSWT (mm) 249 (2.32-259) 3.11(3.03-3.47)  3.14 (2.72 - 3.47)*
RWT 0.36 (0.33-0.38)  0.48 (0.43—-0.52)*  0.46 (0.38 — 0.53)*
AO (mm) 3.89 £ 0.28 3.84 £ 0.24 3.87 £0.23

LA (mm) 528 (4.93-5.66) 7.88(6.21—8.54)*  7.66 (5.47 —8.71)"
LA/AO 1.38 (1.33-1.42)  1.92 (1.62—2.34)  2.05 (1.47 — 2.24)*
LA/BW (mm/kg) 11.6 (10.7-13.2)  18.1 (14.2-19.3)*  16.6 (12.1 - 19.9)*
LVM (g) 0.77 (0.73-0.86)  1.51(1.32—1.80)*  1.60 (0.87 — 1.74)*

(

LVMI (g/kg)

1.72 (1.69 — 1.80)

3.45 (2.96 — 4.09)*

3.32 (1.85 — 3.68)*

AS: aortic stenosis; AS-Ex: exercised aortic stenosis; BW: body weight; LVDD and LVSD: left ventricular
(LV) diastolic and systolic diameters, respectively; DPWT and SPWT: LV diastolic and systolic posterior
wall thickness, respectively; DSWT and SSWT: LV diastolic and systolic septal wall thickness,
respectively; RWT: relative wall thickness; AO: aorta diameter; LA: left atrial diameter; LVM: LV mass;
LVMI: LVM index. One-way ANOVA and Tukey or Kruskal-Wallis and Dunn test. Data are mean + SD
or median and percentiles; * p < 0.05 vs Sham.
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Table 4. Echocardiographic evaluation

of left ventricular function before exercise

protocol
Sham (n=12) AS (n=16) AS-Ex (n=15)
HR (bpm) 259 + 23 278 + 43 283 + 39
EFS (%) 53.3+4.29 545+7.79 53.2+8.15
MFS (%) 31.4 £ 3.86 30.4 +5.92 20.7 +4.47
PWSV (mm/s) 38.8(36.5-41.0)  29.6 (26.9 — 34.6)* 33.5 (30.4 — 38.4)*
Tei index 0.44 (0.39 — 0.49) 0.46 (0.39 — 0.51) 0.40 (0.37 — 0.53)

EF

TDI S’ (average, cm/s)

Mitral E (cm/s)
Mitral A (cm/s)
E/A

IVRT (ms)
IVRTn (ms)
EDT (ms)

TDI E’ (average, cm/s)
TDI A’ (average, cm/s)

E/TDI E’ (average)

0.90 + 0.03
3.33+0.38
77 (71 -81)
52 (46 — 57)
1.54 (1.34 — 1.62)
26.0 + 3.41
53.1 (52.1 - 57.7)
475 (43.0 — 75.0)
3.93 £ 0.62
3.15 (2.73 — 3.35)
19.9 (16.9 — 22.6)

0.90 + 0.05
2.83 + 0.50*
127 (96 — 144)*
29 (19 — 59)
5.31 (1.63 - 6.71)
20.5 +5.90 *
40.8 (32.9 - 55.8)
30.0 (26.0 — 45.8)*
3.77 £ 0.98
3.23 (2.80 — 3.90)
34.0 (27.9 - 39.7)*

0.89 +0.05
2.98 + 0.47
113 (89 — 154)*
33 (18 - 77)
4.38 (1.26 — 7.89)
19.3 + 5.41*
40.7 (32.1 - 50.0)*
29.5 (26.0 — 35.0)*
4.10 + 0.67
3.15 (2.65 — 3.85)
30.1 (22.5 — 34.6)*

AS: aortic stenosis; AS-Ex: exercised aortic stenosis; HR: heart rate; EFS: endocardial fractional shortening;
MFS: midwall fractional shortening; PWSV: posterior wall shortening velocity; Tei index: myocardial
performance index; EF: ejection fraction; TDI S’: tissue Doppler imaging (TDI) of systolic velocity of the mitral
annulus; E/A: ratio between early (E)-to-late (A) diastolic mitral inflow; IVRT: isovolumetric relaxation time;
IVRTn: IVRT normalized to heart rate; EDT: E wave deceleration time; TDI E’ and A’: TDI of early (E’) and late
(A’) diastolic velocity of mitral annulus. One-way ANOVA and Tukey or Kruskal-Wallis and Dunn test. Data are
mean = SD or median and percentiles; * p < 0.05 vs Sham.
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Table 5. Echocardiographic structural data after exercise protocol

Sham (n=23) AS (n=19) AS-Ex (n=22)
BW (g) 504 + 58 478 £ 50 461 + 50*
LVDD (mm) 8.29 + 0.54 9.16 + 0.86* 9.11 £ 0.84*
LVDD/BW (mm/kg) 16.7 £ 2.04 19.3 £ 2.62* 20.0 + 3.14*

LA/BW (mm/kg)
LVM (g)

10.4 (9.53 - 121
0.82 (0.76 — 0.89

1.41 (1.33 - 1.96)*

17.6 (15.7 — 19.5)*
1.61 (1.18 — 1.87)*

LVSD (mm) 3.99 (3.58 —4.50)  5.04 (4.06 — 5.34)* 5.12 (4.67 — 5.99) *
DPWT (mm) 142 (1.38-1.46)  2.05(1.85-2.11)* 2.02 (1.84 — 2.17)*
SPWT (mm) 3.01(2.75-3.14)  3.48 (2.87 — 3.79)* 3.49 (2.96 — 3.74)*
DSWT (mm) 143 (1.39-1.46)  2.11(1.85-2.16)" 2.02 (1.84 — 2.17)*
SSWT (mm) 2.51(2.38-2.64)  2.82(2.65-3.16)*  3.00 (2.68 — 3.25)*
RWT 0.34 (0.33-0.36)  0.42 (0.40 — 0.47)* 0.44 (0.38 — 0.49)*
AO (mm) 4.02 (3.83 — 4.16) 3.94 (3.84 — 4.16) 3.97+ 0.20
LA (mm) 5.29 (4.93-5.64)  8.54(7.72-8.71)* 8.25 (7.15 — 8.98)*
LA/AO 1.34(1.26-1.38)  2.17 (1.86 — 2.29)* 2.12 (1.75 — 2.25)*

) )

)

)

LVMI (g/kg)

1.70 (1.46 — 1.87

(
(
17.4 (14.8 - 19.5)*
(
(

2.97 (2.70 — 3.90)*

3.40 (2.66 - 4.16)*

AS: aortic stenosis; AS-Ex: exercised aortic stenosis; BW: body weight; LVDD and LVSD: left ventricular
(LV) diastolic and systolic diameters, respectively; DPWT and SPWT: LV diastolic and systolic posterior wall
thickness, respectively; DSWT and SSWT: LV diastolic and systolic septal wall thickness, respectively; RWT:
relative wall thickness; AO: aorta diameter; LA: left atrial diameter; LVM: LV mass; LVMI: LVM index. One-
way ANOVA and Tukey or Kruskal-Wallis and Dunn test. Data are mean + SD or median and percentiles;
p < 0.05 vs Sham.
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Table 6. Echocardiographic data of left ventricular function after exercise protocol

Sham (n=23) AS (n=19) AS-Ex (n=22)

HR (bpm) 291 +40 295 + 41 319+ 41
EFS (%) 51.0 (46.4 — 55.3) 45.6 (38.7 — 55.3) 43.8 (38.3 -48.2)*
MFS (%) 29.5(27.2-324) 26.8 (21.1 — 33.5) 245 (21.6 — 28.6)*
PWSV (mm/s) 40.6 + 5.55 30.8 £ 6.96* 29.2+7.15*
Tei index 0.44 £ 0.08 0.42 +£0.08 0.42 £ 0.11

EF 0.88 (0.85-0.91) 0.84 (0.77 — 0.91) 0.82 (0.77 — 0.86)*
TDI S’ (average, cm/s) 3.76 £ 0.70 295+ 0.67* 2.92 + 0.49*

Mitral E (cm/s)
Mitral A (cm/s)
E/A

IVRT (ms)
IVRTn

EDT (ms)

TDI E’ (average, cm/s)
TDI A’ (average, cm/s)

E/TDI E’ (average)

79.0 (72.3 - 83.5)
58.0 (51.5 - 67.0)
1.39 (1.23 — 1.52)
26.0 (22.0 — 26.0)
53.0 + 7.08
46.2 + 6.87
451+0.77
4.49 +1.34
17.6 (14.7 - 19.8)

142 (85.0 — 158)*
25.5 (22.0 — 47.0)*
5.38 (1.74 — 6.82)*
18.0 (15.0 — 22.0)*
42.8 + 11.0*
31.1+8.67*
4.00+1.26
3.91 + 1.39
33.5 (26.5 - 41.0)*

142 (98 — 164)*
20.0 (16.0 - 58.5)*
8.00 (1.49 - 9.14)*
16.0 (15.0 - 22.0)*
39.6 + 10.3*
30.1 + 8.33*
4.23+0.99
4.07 £1.05
34.3 (25.1 — 40.4)*

AS: aortic stenosis; AS-Ex: exercised aortic stenosis; HR: heart rate; EFS: endocardial fractional shortening;
MFS: midwall fractional shortening; PWSV: posterior wall shortening velocity; Tei index: myocardial
performance index; EF: ejection fraction; TDI S’: tissue Doppler imaging (TDI) of systolic velocity of the mitral
annulus; E/A: ratio between early (E)-to-late (A) diastolic mitral inflow; IVRT: isovolumetric relaxation time;
IVRTn: IVRT normalized to heart rate; EDT: E wave deceleration time; TDI E’ and A’: TDI of early (E’) and late
(A’) diastolic velocity of mitral annulus. One-way ANOVA and Tukey or Kruskal-Wallis and Dunn test. Data are
mean * SD or median and percentiles; * p < 0.05 vs Sham.

RESULTS

63



Table 7. Myocardial gene expression of NADPH oxidase subunits

Sham (n=8) AS (n=6) AS-Ex (n=8)
p22 phox 1.00 + 0.51 1.26 + 0.98 1.33+0.71
p47 phox 1.00 £ 0.48 0.89 + 0.61 0.74 +0.43
NOX 2 0.74 (0.55-1.63) 1.64 (0.29-4.07) 1.12 (0.50-2.51)
NOX 4 1.01 (0.85-1.06) 3.47 (0.19-3.67) 1.39 (1.22-1.82)

AS: aortic stenosis; AS-Ex: exercised aortic stenosis. One-way ANOVA and Tukey test. Data are
mean = SD; p > 0.05.

Table 8. Myocardial morphometric parameters

Sham (n=10) AS (n=12) AS-Ex (n=8)
Myocyte diameter (um) 13.4+1.17 15.1 £ 0.87* 16.7 £ 1.75"#
ICF (%) 4.30 £1.20 9.86 £ 1.69* 8.46 + 1.61*

AS: aortic stenosis; AS-Ex: exercised aortic stenosis; ICF: interstitial collagen fraction. One-way
ANOVA and Tukey test. Data are mean + SD; * p < 0.05 vs Sham; # p < 0.05 vs AS.

Table 9. Myocardial expression of MAPK proteins

Sham (n=7) AS (n=7) AS-Ex (n=7)
p-ERK/ERK 1.00 £ 0.22 1.46 + 0.34* 1.33+0.20
ERK p-ERK/GAPDH 1.00 £ 0.16 1.30 £ 0.85 1.74 £ 0.77
ERK/GAPDH 1.00 £ 0.21 0.98 £ 0.41 1.23 £ 0.58
p-JNK/JNK 1.01 (0.86-1.07) 0.78 (0.68-1.27) 1.03 (0.94-1.72)
JNK p-JNK/GAPDH 1.07 (0.95-1.18) 1.15 (0.92-1.26) 1.88 (1.46-2.22)*#
JNK/GAPDH 1.00 £ 0.23 1.11+£0.19 1.48 (1.29-1.73)*
p-P38/P38 0.74 (0.50-1.68) 1.29 (1.23-1.81) 0.40 (0.26-0.70)
P38 p-P38/GAPDH 1.00 £ 0.54 2.01+1.30 0.69 + 0.41#
P38/GAPDH 1.05 (0.81-1.13) 1.00 (0.70-2.58) 1.37 (0.92-1.92)

AS: aortic stenosis; AS-Ex: exercised aortic stenosis. One-way ANOVA and Tukey
or Kruskal-Wallis and Dunn test. Data are mean + SD or median and percentiles;
*p <0.05 vs Sham; # p < 0.05 vs AS.
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Figure 1. Maximal exercise test before and after physical training. Running time (A)

and running distance (B) before exercise protocol; running time (C) and
running distance (D) after exercise protocol. AS: aortic stenosis; AS-Ex:
exercised aortic stenosis; n: number of animals. Data are median and
percentiles; Kruskal-Wallis and Dunn test. * p < 0.05 vs Sham; # p < 0.05
vs AS.
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Figure 2. Myocardial concentration of total (A) and reduced glutathione (B). AS:

aortic stenosis; AS-Ex: exercised aortic; n: number of animals. Data are

mean * SD; ANOVA and Tukey; * p < 0.05 vs Sham; # p < 0.05 vs AS.
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(B): catalase; (C): glutathione peroxidase. AS: aortic stenosis; AS-Ex:

exercised aortic stenosis; h: humber of animals. Data are mean = SD;

ANOVA and Tukey; * p < 0.05 vs Sham.
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In this study, we showed that aerobic exercise improves functional
capacity in aortic stenosis rats during transition from left ventricular compensated
hypertrophy to clinical heart failure. However, the improved physical capacity was
not related to an improvement in cardiac structures or left ventricular function.
We also performed the first evaluation of the influence of physical exercise on
myocardial oxidative stress and MAPK signaling in aortic stenosis rats with heart
failure.

Aortic stenosis rats have been often used to evaluate compensated left
ventricular hypertrophy and its transition to clinical heart failure. After aortic
stenosis induction, left ventricular hypertrophy can be observed within a month .
Rats then remain compensated for a period of 20 to 28 weeks, when they start to
have clinical and pathological heart failure features and evolve to death in two to
four weeks 2> *2, In this study, the exercise protocol was initiated 18 weeks after
aortic stenosis surgery; at this time, no rat had tachypnea/labored respiration.

Except for a lower frequency of ascites in AS-Ex than AS, exercise did
not change the frequency of heart failure features. Before treatment, aortic
stenosis rats presented left ventricular concentric hypertrophy with established
diastolic dysfunction and mild systolic dysfunction. The same pattern of concentric
hypertrophy was observed at the end of the experiment. Additionally, AS and AS-
Ex had LV dilation and a more severe degree of diastolic dysfunction after the
exercise protocol. There were no differences between AS-Ex and AS groups before
and after the exercise protocol. However, in AS-Ex, the LV indexes of systolic
function endocardial and midwall fractional shortening and ejection fraction were
depressed when compared to the Sham group. Despite the impaired systolic
function, functional capacity was better in AS-Ex than AS. Therefore, the better
functional capacity in AS-Ex group was not related with an improvement in
echocardiographic parameters. Studies on heart failure rats have suggested that
exercise-induced improvement in skeletal muscle performance and metabolism is
involved in the increased functional capacity ******.

Myocardial oxidative stress, evaluated by the lipid hydroperoxide

concentration, was higher in AS than Sham and was normalized by exercise.
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Exercise has long been shown to decrease oxidative stress in different experimental
models >34,

Oxidative stress is characterized by an increase in the levels of reactive
oxygen species and/or reactive nitrogen species. Both increased generation in
reactive oxygen species and decreased antioxidant capacity can lead to oxidative
stress *¢. Impaired antioxidant capacity can result from low concentrations of
antioxidants and decreased antioxidant enzymes activity *¢. At physiological
concentrations, reactive oxygen species play important roles in redox signaling and
cell survival by modulating activity of different enzymes such as mitogen-activated
protein kinase (MAPK), phosphatases, and gene-dependent cascades **. However,
high levels of reactive oxygen species cause changes or injury to DNA, proteins, and
lipids, and can stimulate apoptotic cell death *>*".

Myocytes consume high quantities of oxygen during muscle cell
contraction and can generate a great amount of reactive oxygen species. Reactive

oxygen species are mainly generated in mitochondria *& *

. They can also be
produced in cytosol and membranes in response to different stimuli including
growth factors and inflammatory cytokines *’. Several enzymes including NADPH
oxidase participate in ROS generation *®. In this study, we showed for the first time
that myocardial gene expression of the NADPH oxidase subunits NOX 2 and NOX 4
are not increased in aortic stenosis rats with heart failure and are not modulated
by physical exercise.

Oxidative stress is neutralized by the antioxidant system, which
includes endogenous and exogenous molecules. The main enzymatic defenses are
superoxide dismutase, catalase, and glutathione peroxidase, which can be modified
by exercise *>*". In this study, superoxide dismutase was reduced in AS and AS-Ex
compared to Sham and glutathione peroxidase was lower in AS-Ex than Sham.
Catalase did not differ between groups. Exercise also preserved myocardial total
and reduced glutathione.

Glutathione is an endogenous tripeptide that plays a central role in
cellular defense against oxidative stress *°. It is synthesized and maintained at high

concentrations in most cells and is the main intracellular oxidant scavenger,

protecting membranes, proteins, and DNA from oxidative stress *°. In heart failure,
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glutathione redox status is changed and its concentration is decreased in
myocardium °% °2, Despite replenishment of total and reduced glutathione and
normalization of lipid hydroperoxide, glutathione peroxidase activity remained
lower in the AS-Ex group. Considering the levels of glutathione, it was surprising to
observe a reduced glutathione peroxidase activity in AS-Ex compared to Sham. We
have not identified studies evaluating physical exercise and myocardial oxidative
stress in aortic stenosis rats. Therefore, additional studies are necessary to clarify
the interplay between exercise and oxidative stress during transition from
compensated left ventricular hypertrophy to clinical heart failure.

Exercise increased myocardial protein expression of total JNK and
phosphorylated-JNK and reduced phosphorylated P38. The fact that JNK activation
is related to myocyte hypertrophy may explain the greater myocyte diameter in
AS-Ex than Sham and AS. Finally, myocardial fibrosis was evident in AS rats and was
not modulated by physical exercise.

A large body of research spanning several decades has shown the
safety and efficacy of regular physical activity in improving outcomes among heart
failure patients, regardless of age, sex, or ethnicity >"'> >3 %* Most clinical and
experimental studies, however, have evaluated the remodeling of hearts with
ischemic cardiomyopathy >>*%. Nonetheless, the majority of experimental studies in
genetic models of systemic hypertension **>°*! as well as some clinical studies®> ¢,
generally point towards a beneficial effect of regular exercise on cardiac
hypertrophy and function. In fact, it was recently observed that the increase in
functional capacity is independent of the heart failure aetiology ¢*. Only a few
studies have reported negative effects of long-term exercise in spontaneously
hypertensive female rats ® and aortic stenosis mice *°. In these studies, however,
both rats and mice exercised through voluntary rotating wheel, which is associated
with excessive exercise. To the best of our knowledge, this is the first study to show
that aerobic and controlled exercise is associated with an impaired cardiac
remodeling in aortic stenosis rats.

One important component of exercise-induced improvement in left
ventricular function is mediated via a reduction in peripheral impedance, which

cannot be decreased in aortic constriction *°. The results of this study show that
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the beneficial effect of exercise in reducing oxidative stress and restore glutathione
was preserved in the myocardium subjected to chronic and persistent pressure
overload. However, in the presence of increased afterload and during transition
from compensated hypertrophy to heart failure, the further overload caused by
exercise resulted in additional myocyte hypertrophy, impaired signaling by the
MAPK pathway, and a trend to impaired systolic function when compared to the
sedentary AS rats. It is probable that the previously observed beneficial effects of
exercise in chronic and persistent pressure overload *“ ** occurred in early
remodeling process and not during the transition to clinical heart failure, when
rats present advanced degrees of left ventricular hypertrophy and dysfunction,

thus preventing a reverse remodelling process.

In conclusion, aerobic exercise improves functional capacity in aortic
stenosis rats during transition from left ventricular compensated hypertrophy to
clinical heart failure independent of changes in cardiac structures or left
ventricular function. Physical exercise reduces myocardial oxidative stress and
glutathione peroxidase activity, and restores myocardial concentration of total and
reduced glutathione. Despite the potential beneficial effects on oxidative stress,

exercise induces further myocyte hypertrophy and impairs MAPK signaling.
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