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INTRODUÇÃO 

O coração é um órgão capaz de remodelar-se em resposta à grande variedade de 

estímulos. Estímulos como o exercício físico e a gravidez induzem remodelamento 

cardíaco fisiológico, em que estrutura e função cardíaca permanecem preservadas. 

Todavia, estímulos como o infarto do miocárdio e a hipertensão arterial promovem 

remodelamento cardíaco patológico, em que anormalidades metabólicas, gênicas, 

estruturais e funcionais são frequentemente presentes (Hill & Olson, 2008). 

O remodelamento patológico do coração tem sido apontado como poderoso 

marcador de risco para desenvolvimento de insuficiência cardíaca e arritmias (Kannel et 

al, 1987a; Lvy et al 1990; Lips et al, 2003; Hill & Olson, 2008). Tais constatações 

conferem à hipertrofia miocárdica (HM) papel de grande relevância para aumento do 

risco de morbi-mortalidade cardiovascular (Kannel et al, 1969; Kannel et al, 1987a; 

Kannel et al, 1987b; Levy et al, 1990), talvez, mais importante que outros fatores de risco 

tradicionais como tabagismo, dislipidemia e hipertensão arterial (Braunwald, 1991). 

Há fortes evidências que apóiam a existência de estrita relação entre HM e 

atividade adrenérgica cardíaca exacerbada (Zierhut & Zimmer, 1989; Fleming et al, 

1992; Zou et al, 1999; Brum et al, 2002). Esta sabida interação entre atividade 

adrenérgica e HM já ficou bem caracterizada em ensaios clínicos. Em sujeitos 

hipertensos acometidos por HM, os níveis de noradrenalina circulante e a frequência de 

descarga simpática em nervos periféricos estavam elevados, quando comparados com 

sujeitos hipertensos, mas sem HM e, com níveis de pressão arterial similares (Greenwood 

et al, 2001; Schlaich et al, 2003). Além disso, em estudo prospectivo conduzido em 

pacientes hipertensos acompanhados por 20 anos, Strand et al (2006) mostraram que os 
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níveis plasmáticos basais de noradrenalina são fortes preditores do grau de HM e, isto 

pareceu ocorrer independentemente dos níveis de pressão arterial sistólica. 

Em que pese a importância da atividade adrenérgica para o desenvolvimento de 

HM, ativação pronunciada do sistema nervoso simpático na insuficiência cardíaca tem 

sido pontuada como determinante de piora da progressão da doença, aumento de morte 

súbita e sobrevida reduzida (Cohn et al, 1984; Packer 1988; Francis et al, 1993; Brunner-

la Rocca et al, 2001; Dorn, 2002; Floras 2003, Grassi et al, 2009). Kaye et al (1995) 

observaram que pacientes com insuficiência cardíaca apresentaram piora no prognóstico 

da doença associada com aumento da atividade do sistema nervoso simpático. No mesmo 

estudo, a taxa de liberação cardíaca de noradrenalina foi identificada como poderoso 

marcador de mau prognóstico. Estes dados da literatura conduziram à racionalidade 

clínica para o uso de beta-bloqueadores como parte do tratamento padrão da insuficiência 

cardíaca (Chatteriee, 2002; Hunt et al, 2005). 

 Sob a luz dos estudos clínicos, modelos experimentais de administração crônica 

de agonistas beta-adrenérgicos constituem abordagem interessante para compreensão da 

fisiopatologia cardíaca inerente à ativação adrenérgica sustentada. Para este fim, o 

modelo experimental de sobrecarga adrenérgica com isoproterenol (ISO) é comumente 

encontrado na literatura. Primariamente, o ISO foi usado em altas doses com o intuito de 

padronizar um modelo experimental equivalente ao infarto do miocárdio (Rona et al, 

1959; Handforth, 1962; Rona, 1963; Milei et al, 1978; Milei et al, 1979). Naquela época, 

considerando os mecanismos envolvidos na indução da injúria e de HM secundárias à 

administração do ISO, intuía-se que a vasodilatação sistêmica, com hipotensão e 

consequente hipóxia tecidual, somados com o aumento do consumo de oxigênio pelos 
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cardiomiócitos e sobrecarga intracelular de cálcio, eram os fatores causadores de 

anormalidades. Em outro momento, o modelo de ISO foi postulado como paradigma para 

estudos de HM. Nesta perspectiva, Stanton & Bowman (1967) avaliaram a relação 

dose/efeito e verificaram que o montante de HM é proporcional à dose utilizada de ISO. 

Os autores observaram que doses de ISO superiores a 5 mg/kg de peso corporal não 

resultaram em aumentos adicionais da massa miocárdica. Posteriormente, Taylor & Tang 

(1984a) descreveram aumento máximo da massa miocárdica com oito dias de 

administração de 0,3 mg/kg de peso corporal de ISO. Em recente revisão da literatura, 

Osadchii (2007a) documentou aumentos na ordem de 30% a 70% na massa miocárdica 

de animais submetidos a tratamento prolongado com doses de ISO, que variaram entre 

0,02 a 3,0 mg/kg de peso corporal. 

 O emprego de técnicas de biologia molecular e de métodos histoquímicos 

permitiu outros esclarecimentos acerca das modificações cardíacas promovidas pelo ISO, 

além de aumento da massa miocárdica. Assim, estruturalmente, a administração de ISO 

resultou em espessamento das paredes do ventrículo esquerdo com aumento do diâmetro 

celular (Alderman & Harrison, 1971; Zou et al, 1999; Leenen, 2001; Gao et al, 2009). 

Estas modificações foram acompanhadas por acentuada perda de cardiomiócitos e 

exacerbado acúmulo de tecido fibroso (Rona et al, 1959; Bloom & Cancilla, 1969; Bloom 

& Davis, 1972; Milei et al, 1978; Taylor & Tang, 1984b; Benjamin et al, 1989; Teerlink 

et al; 1994; Shizukuda et al, 1998; Grimm et al, 1998; Dudnakova et al, 2002; Ennis et al, 

2003; Zhang et al, 2005; Prabhu et al, 2006). 

Atualmente, múltiplas vias de sinalização parecem estar envolvidas com a lesão 

tecidual e HM derivadas do uso de ISO, incluindo: superexpressão de proto-oncogenes 
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(Brand et al, 1993; Saadane et al, 2000), formação de espécies reativas de oxigênio 

(Rathore et al, 1998; Zhang et al., 2005; Ishizawa et al, 2006; Zhou et al, 2006), ativação 

do sistema renina-angiotensina-aldosterona (Nagano et al, 1992; Gallego et al, 2001; 

Oliveira & Krieger, 2005), sobrecarga de cálcio intracelular (Bloom & Davis, 1972; 

Mann, 1998), aumento na liberação local de citocinas pro-inflamatórias (Murray et al, 

2000; Chandrasekar et al, 2004), ativação de proteínas quinases ativadoras de mitogenia 

(Sugden & Bogoyevitch, 1995; Zou et al, 2001), ativação da via da fosfatídilinositol 3-

quinase (Morgan & Baker, 1991; Chandrasekar et al, 2004) e fator transformador de 

crescimento β1 (TGF-β1) (Boluyt et al, 1995). Genes normalmente expressos somente no 

período fetal, como fator natriurético atrial (Boluyt et al, 1995; Oliveira & Krieger, 2005; 

Saadane et al, 2000), alfa actina esquelética (Saadane et al, 2000), fibronectina (boluyt et 

al, 1995) e cadeia pesada beta da miosina (Boluyt et al, 1995; Saadane et al, 2000), 

também foram mostrados estar superexpressos no miocárdio de roedores tratados com 

ISO. 

 Em relação à função cardíaca, uma série de estudos não relatou prejuízos 

apreciáveis decorrentes do tratamento com ISO (Taylor et al, 1989; Baldwin et al, 1982; 

Osadchii et al, 2005) e, alguns investigadores, caracterizaram função cardíaca 

hiperdinamica (Taylor & White, 1983; Taylor & Tang, 1984a; Tang et al, 1987; Tang & 

Taylor 1996; Oliveira & Krieger, 2005). 

Relatos análogos que avaliaram a capacidade de bombeamento cardíaco 

evidenciaram função ejetante deprimida associada ao ISO (Anderson et al, 2008; 

Kazachenko et al, 2008; Schumacher et al, 2008). De fato, indicações consistentes 

apontaram que o ISO pode induzir disfunção sistólica e/ou diastólica do ventrículo 

 4



esquerdo (Beznak & Hacker, 1964; Jalil et al, 1989; Teerlink et al, 1994; Grimm et al, 

1998; Grimm et al, 1999; Murad & Tucci, 2000; Woodiwiss et al, 2001; Oudit et al, 

2003; Osadchii et al, 2007b; Krenek, 2009). Somam-se a isto, opiniões equivalentes de 

depressão da capacidade contrátil, avaliada em estudos de preparações musculares 

isoladas (Hayes et al, 1986; Vassallo et al, 1988; Stein et al, 1996). 

A acentuada perda de cardiomiócitos com conseqüente aumento do conteúdo de 

colágeno (Jalil et al, 1989), alterações na expressão gênica (Boluyt et al, 1995; Linck et 

al, 1998) e protéica (Stein et al, 1996; Linck et al, 1998; Menge et al, 2006) de 

biomoléculas envolvidas com o ciclo de contração/relaxamento muscular e modificações 

no estado de fosforilação de proteínas envolvidas com o ciclo do cálcio (Stein et al, 1996 

Meng et al, 2006) tem sido postulados como possíveis fatores envolvidos com as 

alterações das propriedades funcionais cardíacas promovidas pelo ISO. 

 Considerando os efeitos cardíacos provenientes da atividade adrenérgica 

exacerbada, diversas modalidades de tratamento farmacológico foram propostas com o 

objetivo de prevenir ou reverter o fenótipo de remodelamento causado pela 

hiperatividade simpática. O antagonismo dos receptores β-adrenérgicos foi eficiente em 

prevenir (Ljubuncić et al, 1992a; Ljubuncić et al, 1992b) ou reverter (Brouri et al, 2004) a 

necrose e fibrose miocárdica induzidas pelo iso. Ljubuncić et al (1992c), ao tratarem 

preventivamente ratos com um bloqueador do canal de cálcio (verapamil), observaram 

completa proteção contra a necrose miocárdica induzida pelo ISO. Adicionalmente, o uso 

do bloqueador do canal de cálcio nifedipina mostrou reverter o estresse oxidativo causado 

pelo ISO e, quando adicionado à terapia com bloqueador do receptor AT1 da angiotensina 

II, foi efetivo em aumentar a densidade capilar e preservar as propriedades 
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ultraestruturais do miocárdio (Okuda et al, 2005). Não obstante, a administração de 

antagonista dos receptores de mineralocorticóide e de substâncias antioxidantes 

(Ljubuncić et al, 1991; Gallego et al, 2001; Ishizawa et al, 2006; Liu et al, 2009) foi 

eficiente em reduzir a injúria celular e o acúmulo de colágeno no miocárdio, assim como 

em melhorar o metabolismo energético mitocondrial. 

É amplamente aceito que o exercício físico (EXF) é uma intervenção valiosa para 

promoção de saúde, melhoria da qualidade de vida e prevenção e/ou controle de diversas 

patologias cardiovasculares (Pate et al, 1995; Franklin & Kahn, 1996; Mechelen, 1997; 

Hambrecht et al, 1999; Hambrecht et al, 2000; Fletcher et al., 2001; Paterick & Fletcher, 

2001; Lee & Skerrett, 2001; Billman, 2002; Myers, 2003; Giannuzzi et al, 2003; 

Williams et al, 2007; Ascenção et al, 2007; Gibala, 2007; Peterson, 2007; Moholdt et al, 

2008; Yap & Davis, 2008; Hoehner et al, 2008; Tanaka, 2009; Cornelissen et al, 2009; 

Prasad & Das, 2009). Como intervenção terapêutica, o EXF induziu efeitos cardíacos 

favoráveis em humanos e animais de laboratório com hipertensão arterial sistêmica 

(Kawamura et al., 2002; Bertagnolli et al., 2008; Cornelissen et al, 2009; Garciarena et al, 

2009), infarto do miocárdio (Zhang et al, 2000a; Zhang et al, 2000b; Giannuzzi et al, 

2003; Lennon et al, 2004; Freimann et al, 2005; Zanchi et al, 2008; Vona et al, 2009; 

Freimann et al, 2009) e insuficiência cardíaca (Belardinelli et al, 1999; Hambrecht et al, 

2000; Corrà et al, 2003; Portes & Tucci, 2006; Bocalini et al, 2008; Owen et al, 2009). 

Dados originários de ensaios clínicos deram outros esclarecimentos acerca do 

efeito cardioprotetor do EXF, sobretudo em pacientes com insuficiência cardíaca, nos 

quais houve abrandamento da atividade nervosa simpática exacerbada (Coats et al, 1992; 

Kiilavuori et al, 1999; Tyni-Lenné et al, 2001; Roveda et al, 2003; Passino et al, 2006; 
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Fraga et al, 2007; Negrão & Middlekauff, 2008). Contudo, tais estudos somente 

descreveram os efeitos benéficos do EXF na expressão de marcadores adrenérgicos como 

a noradrenalina ou a frequência de disparos dos nervos simpáticos. Além disso, a análise 

do papel protetor do EXF em ensaios clínicos inclui certos inconvenientes que podem 

dificultar o entendimento da matéria. Dificuldades peculiares são geradas pela 

diversidade da casuística em relação às faixas etárias, à intensidade e duração da 

estimulação adrenérgica, ao tempo de evolução e grau da insuficiência cardíaca e à 

associação com outras doenças e outros medicamentos. A ausência destes fatores de 

confusão nos ensaios com animais de laboratório, que permite controle mais acurado dos 

fatores intervenientes nos resultados, solidifica a importância dos estudos experimentais. 

Em condições experimentais, achados convincentes reforçam o potencial salutar 

do EXF como estratégia não-farmacológica eficaz frente à estimulação adrenérgica 

cardíaca anômala. Neste sentido, diversos trabalhos analisaram a influência do exercício 

físico na injúria miocárdica de animais expostos à sobrecarga adrenérgica com ISO. O 

foco principal destes estudos foi avaliar o caráter preventivo do EXF em animais com 

necrose do miocárdio induzida por grandes doses de ISO, que variaram entre 20 a 250 

mg/kg/dia.  

Em estudo precursor, Tajuddin et al (1975) demonstraram que o EXF prévio ao 

ISO atenuou os níveis séricos da desidrogenase láctica (DHL) e creatinoquinase (CQ) de 

animais treinados em natação. Depois da divulgação destes dados, foi nítido o aumento 

do interesse acerca do papel cardioprotetor do EXF. Embora não façam menção a efeitos 

protetores do EXF na injúria cardíaca associada ao ISO, Riggs Jr et al. (1977) reportaram 

mortalidade reduzida em ratos previamente submetidos a regime de treinamento em 
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esteira rolante. Crandall et al. (1981) avaliaram a extensão da injúria miocárdica 

analisando a atividade plasmática da isoforma 1 da DHL em corações de ratos 

previamente treinados em esteira e verificaram atenuação do aumento da DHL provocada 

pelo ISO e inibição da mortalidade. Resultado equivalente, de redução da injúria 

miocárdica avaliada pela atividade da CQ no miocárdio, foi divulgado por Brodowicz & 

Lamb (1991), que estudaram os efeitos preventivos de 14 semanas de treinamento em 

esteira. Além destas particularidades, o EXF iniciado antes da administração de ISO foi 

eficaz em reduzir as anormalidades eletrocardiográficas sugestivas de necrose miocárdica 

(Darrah & Engen, 1982). 

A revisão da literatura conduziu à conclusão de que, embora seja inegável a 

contribuição valiosa dos estudos iniciais acerca do papel cardioprotetor do EXF na 

sobrecarga adrenérgica, não há nenhum relato que tenha se preocupado, prioritariamente, 

em avaliar a influência do exercício físico prévio nas modificações estruturais, funcionais 

e moleculares cardíacas promovidas pelo ISO. Nesta perspectiva, este estudo foi 

conduzido para analisar o papel cardioprotetor do EXF em ratos tratados cronicamente 

com ISO. Como protocolo experimental nos valemos das recomendações de Tang & 

Taylor (1984a) que propõem a ministração de iso durante oito dias consecutivos, na dose 

de 0,3 mg/kg de peso corporal, por via subcutânea. Este protocolo induz HM com boa 

reprodutibilidade e baixa mortalidade (Taylor et al, 1977; Tang & Taylor, 1984a; Jalil et 

al, 1989; Tang & Taylor, 1984b). Com o intuito de promover cardioproteção, um 

programa de treinamento físico em esteira rolante, de intensidade moderada e duração de 

13 semanas, foi instituído previamente ao ISO. Protocolos similares de EXF mostraram 

efeitos positivos em ratos com hipertensão arterial sistêmica (Kawamura et al., 2002; 
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Bertagnolli et al., 2008), injúria por isquemia-reperfusão (Lennon et al., 2004; Quindry et 

al., 2005; Le Page et al., 2009) e insuficiência cardíaca consequente de infarto do 

miocárdio (Batista et al., 2007; Zanchi et al., 2008). 

 Este texto reúne dois trabalhos que analisam a influência do EXF sobre as 

modificações moleculares, celulares, estruturais e funcionais do coração promovidas pela 

administração prolongada de ISO. Um deles foi divulgado no European Journal of Heart 

Failure (artigo 1) e o outro foi submetido à análise do periódico Basic Research in 

Cardiology (artigo 2). 
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OBJETIVO GERAL 

 Avaliar o possível efeito protetor cardíaco do exercício físico prévio em ratos 

submetidos a um modelo experimental de sobrecarga beta-adrenérgica com isoproterenol. 

 

OBJETIVOS ESPECÍFICOS 

Artigo 1 

Avaliar o papel do exercício físico prévio nas modificações estruturais e 

ultraestruturais cardíacas desencadeadas pela sobrecarga adrenérgica com isoproterenol. 

 

Artigo 2 

 Analisar os efeitos do exercício físico prévio na hipertrofia e na disfunção do 

miocárdio de ratos tratados com isoproterenol, procurando determinar possíveis 

mecanismos moleculares envolvidos na cardioproteção. 
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ARTIGO 1 

 

O exercício físico previne a hipertrofia e injúria miocárdica induzidas por sobrecarga 

beta-adrenérgica 

 

 

Exercise training prevents β-adrenergic hyperactivity-induced myocardial hypertrophy 

and lesions 
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Exercise training prevents β-adrenergic hyperactivity-induced 
myocardial hypertrophy and lesions 

 

Andrey J. Serra a, Maria L. Higuchi b, Silvia S.M. Ihara c, Ednei L. Antônio d, Marília 
H.H. Santos b, Maria T.N.M. Bombig a, Paulo J.F. Tucci a,d 

 
a Department of Medicine, Cardiology Division, Federal University of São Paulo, (UNIFESP), Brazil 

b Heart Institute (INCOR), University of São Paulo, Brazil 
c Department of Pathology, Federal University of São Paulo (UNIFESP), Brazil 

d Department of Physiology, Cardiovascular Division, Federal University of São Paulo (UNIFESP), Brazil 
 
 

Abstract 
Background: Sustained β-adrenoreceptor activation promotes cardiac hypertrophy and cellular injury. 
Aims: To evaluate the cardioprotective effect of exercise on damage induced by β-adrenergic hyperactivity. 
Methods: Male Wistar rats were randomised into four groups (n = 8 per group): sedentary non-treated 
control (C), sedentary treated with isoproterenol 0.3 mg/kg/day administered subcutaneously for 8 days (I), 
exercised non-treated (E) and exercised plus isoproterenol administered during the last eight days of 
exercise (IE). Exercised animals ran on a treadmill for 1 h daily 6 times a week for 13 weeks.  
Results: Isoproterenol caused increases in left ventricle (LV) wet and dry weight/body weight ratio, LV 
water content and cardiomyocyte transverse diameter. Additionally, isoproterenol induced severe cellular 
lesions, necrosis, and apoptosis, increased collagen content and reduced capillary and fibre fractional areas. 
Notably, all of these abnormalities were completely prevented by exercise. 
Conclusion: Our data have demonstrated that complete cardioprotection is possible through exercise 
training; by preventing β-adrenergic hyperactivity-induced cardiac hypertrophy and structural injury. 
 
Key words: Myocardial hypertrophy, Isoproterenol, Exercise training, Cardioprotection.  

 

1. INTRODUCTION 

Pronounced activation of the sympathetic 

nervous system in heart failure (HF) is 

inversely correlated with survival [1] and 

the clinical use of beta-adrenoreceptor 

antagonists is now recommended as a 

part of the gold-standard treatment for 

heart failure [2]. Accordingly, 

experimental models of adrenergic 

hyperactivity have gained interest. 

Isoproterenol  (ISO),   a   synthetic   non- 

 

selective β-adrenergic agonist, causes 

severe cardiac injury by promoting 

myocardial hypertrophy [3] and a 

necrosis-like infarction [4] of the heart 

muscle through inflammation [5], 

cytosolic Ca2+ overload [3,6], and 

oxygen-derived free radicals generation 

[7]. Hence, several treatment schemes 

with potential for preventing the 

structural myocardial modifications 

induced by the β-adrenergic actions of 
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ISO have been evaluated: including 

calcium channel blockers [8], 

angiotensin-converting enzyme inhibitors 

[9], AT1 angiotensin II receptors 

blockers [8], β-adrenergic receptor 

antagonists [10], and antioxidants [11]. 

Although the cardioprotective effects of 

exercise training have been extensively 

described [12,13], only a few studies 

have investigated the possible benefits of 

exercise training prior to ISO 

administration. Riggs et al. [14], and 

Brodowicz and Lamb [15] studied serum 

and myocardial creatine kinase activity 

24 h after a single injection of 

isoproterenol. Darrah et al. [16] 

examined the electrocardiographic 

changes associated with myocardial 

necrosis induced by two subcutaneous 

injections of ISO. These authors reported 

that exercise only attenuates myocardial 

lesions caused by very large doses of 

ISO.  

In spite of the known beneficial 

cardiovascular effects of exercise, there 

is no data on myocardial structural 

characteristics in animals undergoing 

exercise training prior to β-adrenergic 

hyperactivity induced by ISO. The aim 

of this study was therefore to describe 

the structural myocardial changes 

following ISO administration, and to 

evaluate the effect of previous exercise 

training on these changes. A more 

detailed morphological characterization 

of ISO-induced myocardial lesions in 

animal models, and an evaluation of the 

effect of exercise training preceding ISO 

administration, may help in the 

understanding of HF pathogenesis in 

terms of β-adrenergic receptor 

hyperactivity and its treatment. 

 

2. MATERIAL AND METHODS 

2.1. Animals and administration of ISO  

Thirty-two male Wistar rats weighing 

150-180 g were randomly assigned to 

four treatment groups (n = 8 per group): 

1) non-trained control rats that received 

only olive oil (Control group: C); 2) non-

trained rats that received subcutaneous 

injections of ISO (0.3 mg/kg/day) diluted 

in 1 ml of olive oil (ISO group: I); 3) 

trained rats that received only olive oil 

(exercise group: E); and 4) trained rats 

that received ISO injections (ISO plus E 

group: IE). Animals were cared for in 

compliance with the “Principles of 

Laboratory Animal Care” formulated by 

the National Institutes of Health 

(National Institutes of Health publication 

no. 96-23, revised, 1996), according to a 
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protocol approved by the Ethics 

Research Committee at the Federal 

University of São Paulo, Brazil. 

2.2. Exercise protocol 

Animals were made to run on a treadmill 

for 1 h per day, 6 days per week. This 

exercise protocol lasted for 13 weeks. 

The treadmill speed was set at 18 m/min 

for the first 30 min and was increased to 

22 m/min for the remaining 30 min of 

exercise. Before the start of the formal 

exercise protocol, rats were 

preconditioned to treadmill running for 

12 consecutive days; during this time the 

treadmill speed was progressively 

increased by 3 m/min every 2 days until 

the final speed of 18 m/min was reached. 

The sessions initially lasted for 5 min 

and were increased by 5 min each day to 

reach 60 min on day 12. ISO or olive oil 

was administered on the last day of week 

12 and on all seven days of week 13 of 

the exercise protocol, to achieve 8 days 

of treatment. Twenty-four hours after the 

last training session the rats were 

anesthetized (urethane: 1.2 g/kg) and 

sacrificed. Eight rats in each group were 

studied for evaluation of myocardial 

mass and LV water content. Left 

ventricular wet weight (WW) and dry 

weight (DW) were determined before 

and after samples were dried at 70 °C 

until they achieved constant weight in 

order to determine myocardial water 

content (H2O), which was estimated 

using the formula: 

H2O (%) = [(WW−DW)/WW] x 100 

2.3. Histomorphometric analysis 

After anesthesia, the right carotid artery 

was cannulated and 1 ml of KCL 19% 

was injected to promote cardiac arrest. 

The thorax was opened, the aorta was 

occluded just beyond the right carotid 

artery and the heart was removed. 

Thereafter, the right atrium was opened 

and the heart was perfused with 

phosphate buffer (0.01 mM; pH 7.4) for 

2 min, and then with 10% formalin 

buffered solution with 2% glutaraldehyde 

for another 10 min under 90 mmHg of 

perfusion pressure. The heart was 

transversally sectioned at the mid-

ventricular level; the basal portion was 

utilized for electron microscopy studies 

and the apical portion was used for 

optical microscopic examination. Small 

LV fragments were sampled for electron 

microscopy study, after fixing in 2% 

glutaraldehyde at pH 7.2. The apical 

portion was fixed in a mixture of 

buffered formalin 10% and 

glutaraldehyde 2% and processed for 
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embedding in paraffin and optical 

microscopic examination. 

For optical microscopic examination, 7 

μm thickness sections were obtained 

from the left ventricular equator and 

haematoxylin-eosin stained. LV diameter 

and free wall thickness were determined 

in these transverse cardiac sections. 

Nuclear length (major diameter) and 

width (minor diameter) were then 

measured. Fifty nuclei from each animal 

(n = 3 per group) were measured. The 

nuclear volume (V) was estimated from 

the formula  for  a  prolate  ellipsoid [17]:  

V = πAB2 / 6; where A is the major 

diameter and B is the minor diameter. 

Collagen content was determined by 

picrosirius red staining of sections of 

myocardium and analyzed using 

polarized light observation [18]. 

Histological images were visualized 

using an Olympus microscope at 40× 

magnification, and analyzed using Image 

Tool software 3.0. 

Ultrastructural evaluation was performed 

in three rats from each group by electron 

microscopy. Fragments were cut into 

small 1 mm thick pieces, post-fixed in 

1% OsO4 solution for 2 h at 4 °C, and 

then dehydrated and embedded in 

araldite. Silver or grey thin sections were 

cut on a Porter-Blum MT-B ultra 

microtome, mounted on copper grids and 

stained with uranyl acetate and lead 

citrate. Preparations were examined 

through a Philips EM-301 electron 

microscope and photographed at 1.650× 

or 8.900× the original magnification. For 

each rat, cardiomyocyte transverse 

diameter was measured at the nucleus 

level in five longitudinally oriented cells. 

A 1.056 point-reticule was superimposed 

on five representative microphotographs 

from each rat; and capillary and fibre 

fractional areas were calculated 

according to the method described by 

Gundersen et al. [19]. Means of the five 

measurements were considered 

representative for each rat. 

2.4. TUNEL staining 

In order to detect apoptotic cells, a 

fluorescent TUNEL assay was performed 

in 2-cm long, 5-μm thick paraffin 

embedded, formalin-fixed myocardial 

sections from the medial poles of the 

resected fragments. In brief, sections 

were dewaxed in xylene and rehydrated. 

Sections were pretreated with proteinase 

K (Gibco, Gaithensburg, MD) at a 

dilution of 20 μg mL−1 in 10 mM 

Tris/HCL, pH 7.5 for 15 min at 32-35 

°C. Sections were rinsed in 0 1 M 
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phosphate buffered saline (PBS), pH 7.3, 

and incubated in a humid atmosphere at 

37 °C for 60 min in 50 μL of TUNEL 

reaction mixture coupled with 

fluorescein (Boehringer, Mannheim, 

Germany). Positive-stained controls were 

prepared through incubation of serial 

sections of each paraffin block with 10 

U/ml DNase I for 20 min at 37 °C before 

treatment with terminal transferase. 

Negative controls were prepared by 

staining serial slides without terminal 

deoxynucleotide transferase. The number 

of TUNEL-positive myocardial cells was 

counted using 200× microscopic 

enlargement in 5 randomly chosen fields 

(1 mm2) of each rat and expressed as the 

number of apoptotic cells/10.000 

cardiomyocytes. The actual area of 

myocardium studied was measured using 

a Leica Q Win (Leica, Bensheim, 

Germany) image analysis system coupled 

with a Zeis SV6 stereomicroscope. The 

mean area studied was 179±34 mm2. The 

cardiomyocyte origin of the TUNEL-

labelled cells was confirmed by staining 

of muscular elements with phalloidin 

conjugated to TRITC. For this purpose, 

TUNEL-stained sections were incubated 

for 40 min with a TRITC conjugated 

phalloidin solution (Sigma) at a dilution 

of 1 mg mL−1 in PBS containing 0.1% 

Triton-X-100. Double-stained sections 

were analyzed by confocal microscopy 

using a Noran confocal microscope. 

2.5. Statistical analysis 

One way ANOVA complemented by 

Newman–Keuls test was used to detect 

differences between groups. A p value < 

0.05 was considered significant and 

results are presented as means ± standard 

deviation (SD). 

 

3. RESULTS 

3.1. Myocardial mass 

Results are summarized in Table 1. Non-

trained ISO-treated rats (Group I) had 

significantly higher values of heart 

weight/body weight, LV wet 

weight/body weight and LV dry 

weight/body   weight   compared   to   the  

other groups. The tissue weight increase 

was accompanied by oedema as LV 

water content was significantly higher. 

Exercise did not affect myocardial mass 

or water content. Exercise combined with 

ISO prevented the changes in mass and 

water content observed in Group I. 

3.2. Optical microscopy 

Non-trained ISO-treated rats (Group I)
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Table 1. Structural data (mean ± SD) for control rats (C), non-trained rats that received ISO (I), 

trained rats that received only olive oil (E) and trained rats that received ISO injections (IE). 

Experimental groups  
Data 

C I E IE P value 

HW/BW (mg/g) 2.3 ± 0.1a 3.4 ± 0.4b 2.6 ± 0.4a 2.7 ± 0.2a < 0.001

LVWW/BW (mg/g) 1.7 ± 0.1a 2.6 ± 0.3b 2.0 ± 0.4a 2.0 ± 0.2a <0.001 

LVDW/BW (mg/g) 0.48 ± 0.08a 0.60 ± 0.05b 0.52 ± 0.08a 0.50 ± 0.05a <0.05 

H2O (%) 75.0 ± 1.3a 77.5 ± 1.1b 75.8 ± 0.6a 75.6 ± 0.6a <0.01 

LVCD (mm) 6.6 ± 0.4a 5.3 ± 0.3b 6.8 ± 0.5a 6.7 ± 0.5a <0.001 

FWT (mm) 1.26 ± 0.09a 1.88 ± 0.08b 1.23 ± 0.13a 1.23 ± 0.14a <0.001 

V (μm3) 125 ± 22a 229 ± 10b 127 ± 13a 121 ± 13a <0.001 

CD (μm) 12 ± 1a 21 ± 2b 12 ± 1a 12 ± 1a <0.001 

CFA (%) 6.0 ± 2.0a 2.4 ± 1.2b 5.8 ± 0.9a 6.0 ± 0.4a <0.05 

FFA (%) 60 ± 4a 44 ± 7b 65 ± 1a 59 ± 8a <0.05 
HW/BW: heart weight/body weight (n = 8), LVWW/BW: left ventricular wet weight/body weight (n = 8); LVDW/BW: LV dry 

weight/body weight (n = 8); H2O: LV water content (n=8); LVCD: LV chamber diameter (n = 8); FWT: LV free wall thickness 

(n = 8); V: nuclear volume (n = 8); CD: cardiomyocytes transverse diameter (n = 3); CFA: capillary fractional area (n = 3); 

FFA: fibres fractional area (n = 3). Same letters indicate values not different in ANOVA. Different letters indicate significant 

difference between means. 

 

had significantly smaller LV chamber 

diameter and increased free wall 

thickness (Table 1) characterizing the 

occurrence of LV concentric 

hypertrophy, which corroborates 

previous findings in our lab [20]. The 

ISO-treated rats showed significantly 

increased nuclear volume in LV (Table 

1), multiple foci of subendocardial 

necrosis, subendocardial fibrosis, and 

increased myocardial collagen. 

Subendocardial necrosis foci were 

represented   by  granulation  tissue  with  

 

lymphomononuclear inflammatory 

infiltrate. As expected, these changes 

were not present in Groups C or E, and 

importantly, the rats in Group IE had a 

normal histological appearance (Fig. 1). 

3.3. Transmission electronic microscopy 

Electron microscopy (Fig. 2) showed that 

Group I had important changes in 

myocardial fibres, as represented by 

myofilament lysis, sarcolemmal rupture 

and intracellular and extracellular 

oedema. Histomorphometric analysis 

(Table 1)   of    sedentary     treated    rats 
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revealed significantly larger 

cardiomyocyte diameter, and reduction 

in capillary and myocardial fibre 

fractional areas. In all evaluations, the 

cardioprotective effect of exercise was 

characterized. Indeed, ultra structural 

evaluation of the myocardium of ISO 

trained rats (Group IE) was essentially 

normal, as was the case in Group C and 

Group E rats. 

 

Figure 1. Optical micrographs (n = 8 per group). Panel (A-D): haematoxylin-eosin staining. 

Panel (E) picrosirius red. Panels A, C and D: show normal morphology of the LV 

myocardium in groups C, E and IE, respectively. Panel B: Granulation tissue, 

lymphomononuclear inflammatory infiltrate and diffuse myocardial necrosis, as well as 

subendocardial fibrosis (panel E) and increase in collagen content (Panel F) were seen in 

group I. All changes were suppressed by exercise training. Same letters indicate values not 

different in ANOVA. Different letters indicate significant difference between means.

Figure 1. Optical micrographs (n = 8 per group). Panel (A-D): haematoxylin-eosin staining. 

Panel (E) picrosirius red. Panels A, C and D: show normal morphology of the LV 

myocardium in groups C, E and IE, respectively. Panel B: Granulation tissue, 

lymphomononuclear inflammatory infiltrate and diffuse myocardial necrosis, as well as 

subendocardial fibrosis (panel E) and increase in collagen content (Panel F) were seen in 

group I. All changes were suppressed by exercise training. Same letters indicate values not 

different in ANOVA. Different letters indicate significant difference between means.  
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Figure 2. Electron micrographs (magnification: 8900×; n = 3 per group). Group C (Panel A) and Group E 

(Panel C) rats showed normal myocardium. ISO rats (Panel: B) showed severe cellular injury, including 

myofilament lysis, sarcolemmal rupture, and intracellular and extracellular oedema. Exercise trained ISO 

rats (Panel: D) showed totally preserved ultrastructure.

Figure 2. Electron micrographs (magnification: 8900×; n = 3 per group). Group C (Panel A) and Group E 

(Panel C) rats showed normal myocardium. ISO rats (Panel: B) showed severe cellular injury, including 

myofilament lysis, sarcolemmal rupture, and intracellular and extracellular oedema. Exercise trained ISO 

rats (Panel: D) showed totally preserved ultrastructure.

 
  
3.4. TUNEL staining 

ISO treatment significantly increased 

(p=0.01) the number of apoptotic cells 

(C: 15.0±8.6; I: 46.1±24.5; E: 12.5±10.0; 

IE: 9.7±5.4) normalized per 10.000 

cardiomyocytes (Fig. 3). This increase in 

apoptotic cardiomyocytes was prevented 

by exercise training. 

 

4. DISCUSSION 

Our data showed that non-trained ISO 

animals had heavier hearts, higher LV 

dry weight, LV water content and 

cardiomyocyte transverse diameter when 

compared to the control group; indicating 

that ISO caused myocardial oedema, 

increased protein content and 

cardiomyocyte hypertrophy. Since 

nuclear enlargement is associated with 

cellular hypertrophy [17], cardiomyocyte 

growth was confirmed by the increase in 

nuclear volume. Additionally, our results 

on myocardial mass, LV chamber 

transverse     diameter     and    free   wall  
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Figure 3. Fig. 3. Apoptotic cardiomyocytes in 

experimental animals (n = 8 per group) 

estimated from positive control slides of serial 

sections (per 10.000 cardiomyocyte nuclei). 

Same letters indicate values not different in 

ANOVA. Different letters indicate significant 

difference between means.

Figure 3. Fig. 3. Apoptotic cardiomyocytes in 

experimental animals (n = 8 per group) 

estimated from positive control slides of serial 

sections (per 10.000 cardiomyocyte nuclei). 

Same letters indicate values not different in 

ANOVA. Different letters indicate significant 

difference between means.

 
thickness, indicate that ISO-induced 

cardiac hypertrophy was of the 

concentric type, which corroborates 

previous findings in our lab [20]. Taking 

into account the myofilament lysis in 

association with the sarcolemmal 

rupture, indicating ISO-induced 

myocardial necrosis, it can be proposed 

that collagen content increase (Fig. 1F) 

occurs as reparative fibrosis [21]. In 

addition, apoptosis has been shown to 

coexist with necrosis in the heart 

following ISO, and increases 

cardiomyocyte loss. Marked myocardial 

necrosis and apoptosis, coexisting with 

increased collagen content in these 

animals, explains the impaired ability of 

the myocardium to generate force in 

combination with more marked elastic 

stiffness, as described previously [9,20]. 

Chronic β-adrenergic activation is 

thought [3] to promote cardiomyocyte 

hypertrophy via local stimulation of 

myocardial growth factors such as 

angiotensin II, transforming growth 

factor β1 and insulin-like growth factor-

1. The pathogenesis of catecholamine-

induced myocardial injury has yet to be 

fully defined. Mechanisms previously 

proposed [11,22–24] include: ischaemia-

reperfusion injury, free radical 

generation, cAMP-dependent calcium 

overload of cardiac myocytes, and 

activation of the renin–angiotensin–

aldosterone system. It can be supposed 

that the significant reduction in 

myocardial capillary fractional area in 

sedentary ISO-treated rats could cause 

reduced oxygen delivery to 

cardiomyocytes due to capillary 

deficiency, thus contributing to 

myocardial necrosis and apoptosis in 

these animals. In contrast, in the IE rats, 

the exercise regime was able to inhibit 

the reduction in capillary fractional area, 

which may have maintained oxygen 

delivery to the cardiomyocytes during 

ISO administration in the exercised rats, 
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thus preventing tissue ischaemia. 

Calcium channel blockers [8], 

angiotensin-converting enzyme inhibitors 

[9], AT1 angiotensin II receptors blockers 

[8], β-adrenergic receptors antagonists 

[10], and antioxidants [11] have been 

shown to prevent the cardiac hypertrophy 

and structural injury caused by β-

adrenergic agonists. In our study, we 

demonstrated complete protection from 

cardiac hypertrophy and myocardial 

lesions in rats that received ISO after 

exercise training. To the best of our 

knowledge, this is the first demonstration 

of full protection against cardiac lesions 

secondary to β-adrenergic stimulation by 

exercise training. Previous studies have 

shown that exercise training only 

attenuates ISO-induced myocardial 

necrosis [14–16], rather than completely 

abolishing the lesions as occurred in our 

study. It is possible that the very high 

doses of ISO used in these previous 

studies (20 mg/kg, 70 mg/kg and 250 

mg/kg, respectively) may have made full 

cardioprotection impossible. Indeed, 

taking into account the fact that the 

cardiac effects observed at the dose used 

in our study were clearly toxicological 

and never having been seen in 

physiological β-adrenergic stimulation, 

we consider that the amount of ISO used 

by these authors is clearly non-

physiological. This is particularly 

important because β-adrenergic 

stimulation is known [25] to cause dose-

dependent cardiac injury. In light of 

these facts, we conclude that these 

previous studies were unlikely to 

demonstrate exercise induced 

cardioprotection against physiological β-

adrenergic hyperactivity. In addition, 

assuming that the ISO dose used in our 

study is also excessive in terms of usual 

physiological β-adrenergic stimulation, 

for clinical purposes, exercise training 

can be considered as very effective in 

promoting heart protection against β-

adrenergic hyperactivity.  

In conclusion, the cardioprotective effect 

of exercise against lesions due to β-

adrenergic stimulation was complete: 

that is to say it included prevention of 

myocardial hypertrophy, myocardial 

necrosis and apoptosis, inflammation, 

cardiac oedema, subendocardial fibrosis, 

increased collagen content, and reduction 

in myocardial fibre and capillary 

fractional area. These results strongly 

suggest that regular exercise is a very 

effective non-pharmacological 

intervention for protecting the heart 
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against β-adrenergic injury. 
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Abstract 
To test the hypothesis that exercise training can prevent the myocardial dysfunction and to inhibit the left 
ventricular (LV) remodeling induced by β-adrenergic hyperactivity, Wistar male rats were assigned to four 
groups: sedentary non-treated (CON), sedentary isoproterenol- treated (ISO), exercised non-treated (EX), 
and exercised plus isoproterenol (I+E). Echocardiography, hemodynamic and isolated papillary muscle 
were used for functional evaluations. Real time RT-PCR and western blot were used to quantify TNF-α, IL-
6, IL-10 and TGF-β1 in the tissue. The nuclear NF-кB expression was evaluated by immunohistochemical 
staining. The ISO rats showed a concentric hypertrophy of LV. These animals exhibited marked increases 
in LV end-diastolic pressure and impaired myocardial performance in vitro by reducing the developed 
tension and maximum rate of tension increase and decrease, as well as worsened recruitment of the Frank-
Starling mechanism. Both gene and protein levels of TNF-α and IL-6 as well as the TGF-β1 mRNA were 
also increased. In addition, the nuclear NF-kB expression in the ISO group was significantly raised. In the 
I+E group, the exercise training (i) prevented LV hypertrophy, (ii) improved myocardial contractility, (iii) 
avoided the increase of pro-inflammatory cytokines and improved IL-10 levels, and (iiii) attenuated the 
increase of TGF-β1 mRNA. Thus, exercise training in a model of β-adrenergic hyperactivity can avoid the 
adverse remodeling of LV and improve the myocardial contractile. It appears likely that the 
cardioprotection is related to beneficial effects of exercise on balance between pro- and anti-inflammatory 
cytokines, and mitigates the expressions of TGF-β1. 
 
Key words: Exercise training, Cardioprotection, Hypertrophy, β-adrenergic hyperactivity, Isoproterenol, 
Myocardial dysfunction, Cytokines, growth factors. 

 

1. INTRODUCTION 

It has been known that left ventricular 

hypertrophy is an independent and 

powerful predictor of heart failure and 

mortality [1,2]. There is a growing body 

of evidence showing that heart failure is 

often associated with an increase in 

intracardiac sympathetic nerve activity 

[3,4], which intensifies myocardial 

remodeling [5-8].  
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Considering the inconvenience of 

sustained β-adrenergic cardiac 

stimulation, much effort is currently 

being undertaken to find novel treatment 

modalities to prevent or even reverse the 

remodeling phenotype induced by β-

adrenergic overload. Several potential 

pharmacological schemes for preventing 

myocardial remodeling of β-adrenergic-

induced injury have been previously 

evaluated: β-adrenergic receptor 

antagonists [9], angiotensin-converting 

enzyme inhibitors [10], calcium channel 

blockers [11], AT1 angiotensin II 

receptor blockers [11], and antioxidants 

[12]. Additionally, information has been 

published regarding the cardioprotective 

effects of exercise training prior to β-

adrenergic hyperactivity [13-15]. These 

studies have reported that exercise 

training only attenuates myocardial 

remodeling caused by very large doses of 

isoproterenol. 

We have recently confirmed that, in rats, 

repeated injections of isoproterenol 

stimulate rapid hypertrophic growth [8]. 

In addition to myocardial hypertrophy, 

these rats develop necrosis, apoptosis, 

fibrosis, myocardial edema, and reduced 

capillary density. Furthermore, we 

demonstrated that exercise training 

completely prevents myocardial injury 

[8]. Nevertheless, we did not analyze the 

myocardial function and possible 

mechanisms by which the exercise 

training induced cardioprotection in these 

animals. Therefore, the purpose of this 

study was to examine the role of exercise 

training on the myocardium of rats 

submitted to β-adrenergic hyperactivity 

focusing: a) both hypertrophy and 

dysfunction; b) the myocardial 

expression of pro- and anti-inflammatory 

cytokines; c) the effects on transforming 

growth factor beta-1 and nuclear factor-

kB expression. 

 

2. MATERIAL AND METHODS 

2.1. Animals and isoproterenol 

administration 

The investigation conforms with the 

Guide for the Care and Use of 

Laboratory Animals published by the US 

National Institutes of Health (NIH 

Publication No. 85-23, revised 1996). 

The protocol was approved by the 

Institutional Research Ethics Committee 

of the Federal University of São Paulo, 

Brazil. Forty-one male Wistar rats (160-

190 g) were randomly assigned to one of 

four groups: 1) Con (n = 12), non-trained 

rats that received only vehicle (olive  oil: 
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1 ml subcutaneously [sc]); 2) Iso (n = 

13), non-trained rats that received 

isoproterenol sc injections (0.3 

mg/kg/day) diluted in 1 ml of olive oil; 

3) Ex (n = 8), exercise-trained rats that 

received only vehicle; and 4) Iso+Ex (n = 

8), exercise-trained rats that received 

isoproterenol injections (0.3 mg/kg/day, 

sc) diluted in vehicle. 

2.2. Exercise protocol 

Rats were subjected to run on a motor-

driven treadmill (CL – 4002; Caloi, São 

Paulo, Brazil) for 13 weeks, as 

previously reported [8]. Rats ran 6 times 

a week, and each session lasted up to 60 

minutes. For each session, the speed race 

was 18 m/min for 30 min and 22 m/min 

for the remaining 30 min. Isoproterenol 

or olive oil were administered on the last 

day of week 12 and during the 7 days of 

week 13, thus covering 8 treatment days. 

Twenty-four hours after the last exercise 

session, the rats were anesthetized 

(urethane, 1.2 g/kg) and subjected to 

transthoracic echocardiography and left 

ventricle (LV) catheterization. 

2.3. Echocardiography 

As previously described [16], 

transthoracic echocardiography was 

performed using an HP Sonos-5500 

(Hewlett Packard, Andover, MA, USA) 

echocardiograph with a 12-MHz linear 

transducer. Rats were imaged in the left 

lateral decubitus position with three 

electrodes placed on paws for the 

electrocardiogram. Two-dimensional 

paraesternal long- and short-axis views 

were recorded, as was 2D targeted M-

mode tracings throughout the anterior 

and posterior left ventricular walls. The 

diastolic LV posterior wall thickness 

(LVPWd), systolic LV posterior wall 

thickness (LVPWs), LV end-diastolic 

(LVEDD), and LV end-systolic 

(LVESD) diameters, and LV fractional 

shortening (FS) were determined. 

Because the high heart rates caused 

fusion of the A and E waves, diastolic 

function was not evaluated by Doppler. 

2.4. LV hemodynamics 

Immediately after echocardiography, the 

rats were intubated, ventilated (rodent 

ventilator, Harvard Apparatus Mod 683; 

Holliston, MA, USA) and a 2-F Millar 

catheter-tip micromanometer was 

inserted through the right carotid artery 

into the LV cavity. Measurements of LV 

parameters, including LV systolic 

pressure (LVSP), LV end-diastolic 

pressure (LVEDP), and maxima positive 

(+dP/dt) and negative (–dP/dt) time 

derivatives of the developed pressure 
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were studied using AcqKnowledge 3.5.7 

software (Biopac Systems Inc., Santa 

Barbara, CA, USA). 

2.5. Myocardial mechanics 

After hemodynamic study, the hearts 

were quickly removed and the posterior 

papillary muscles were placed in a tissue 

bath containing modified Krebs-

Henseleit solution (in mM: 130 NaCl, 5.0 

KCl, 1.2 MgCl2, 1.5 CaCl2 1.5, 11 

glucose, 20 U insulin, and 20 Hepes, 

100% O2, 29o C, pH 7.4). Myocardial 

mechanics were evaluated as previously 

described [16]. Preparations were 

stimulated 12 times/min with 5 

msecsquare-wave pulses through parallel 

platinum electrodes at voltages that were 

approximately 10% greater than the 

minimum stimulus required to produce a 

maximal mechanical response. 

After a 60 min equilibration period, 

during which preparations were 

permitted to contract isotonically under 

light loading conditions (0.4 g), papillary 

muscles were loaded to contract 

isometrically for 15 min and stretched to 

the apices of their length–tension curves 

(Lmax). The parameters were recorded 

through the use of AcqKnowledge 3.5.7 

(Biopac Systems Inc.) software for later 

determination of peak developed tension 

(DT), maximum rate of tension increase 

(+dT/dt) and decrease (–dT/dt), and 

resting tension (RT). The developed and 

resting tension-length curves were 

derived from data obtained at lengths 

corresponding to 92%, 94%, 96%, 98%, 

and 100% of the Lmax. At the end of the 

experiment, the muscle length at Lmax 

was measured, and the muscular portion 

between the two clips was blotted dry 

and weighed. The cross-sectional area 

(CSA) was estimated from the muscle 

weight and length by assuming a 

cylindrical shape and a specific gravity 

of 1.0. All force-related data were 

normalized for the CSA. 

2.6. Quantitative real time RT-PCR 

analysis 

Total RNA in LV samples was extracted 

with TRIzol (Gibco BRL, Gaithersburg, 

MD, USA). The RNA was subjected to 

DNase digestion (Invitrogen). Reverse 

transcripition (RT) reaction was 

performed using a random primers with 

200 units of Moloney murine leukemia 

virus reverse transcriptase (Invitrogen). 

Real-time PCR was done with an 

Mastercycler ep Realplex (Eppendorf, 

Hamburg, Germany) using a 

SYBRGreen core reaction kit (Applied 

Biosystems, Foster City, CA, USA). The 
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primers used were as follows: rat TNF-α 

195-305 (GenBankTM accession number 

X66539) forward primer 5’-

AAATGGGCTCCCTCTATCAGTTC-3’ 

and reverse primer 5’-

TCTGCTTGGTGGTTTGCTACGAC-

3’; rat IL-6 (GenBankTM accession 

number E02522) forward primer 5'-

TCCTACCCCAACTTCCAATGCTC-3' 

and reverse primer 5'-

TTGGATGGTCTTGGTCCTTAGCC-3'; 

rat IL-10 (GenBankTM accession number 

NM012854), forward primer 5'-

AAAGCAAGGCAGTGGAGCAG-3' 

and reverse primer 5'-

TCAAACTCATTCATGGCCTTGT-3'; 

rat TGF-β1 (GenBankTM accession 

number 021578), forward primer 5′-

TGGCGTTACCTTGGTAACC-3 and 

reverse primer 5′-GGTGTTGAG 

CCCTTTCCAG-3′; rat GAPDH 

(GenBankTM accession number 

NM017008) forward primer 5’-

TGCACCACCAACTGCTTAGC-3’ and 

reverse primer 5’-

GCCCCACGGCCATCA-3’. One 

microliter of RT reaction was utilized for 

real-time PCR. Δ-ΔCt values were 

normalized with the values obtained for 

amplification of GAPDH. 

2.7. Western blot analysis 

The frozen left ventricle was 

homogenized in cell lysis buffer (100 

mM Tris, 50 mM NaCl, 10 mM EDTA, 

1% Triton X-100) and a proteinase 

inhibitor cocktail (Sigma Chemical 

Corporation, St. Louis, MO, USA). 

Samples containing 30 μg of the 

homogenate were subjected to SDS-

PAGE in 10% polyacrylamide gels. 

Separated proteins were transferred onto 

PVDF membranes (Hybond-P, 

Amersham Biosciences; Piscataway, NJ) 

and the transfer efficiency was monitored 

with 0.5% Ponceau S staining of the blot 

membrane. The membrane was soaked in 

a blocking buffer (5% nonfat dry milk, 

10 mM Tris HCl, pH 7.6, 150 mM NaCl, 

and 0.1% Tween 20) for 2 h at room 

temperature and then incubated with 

rabbit anti-rat TNF-

.

α (1:500; IBL-

America, Minneapolis, MN, USA), goat 

anti-rat IL-6 (1:500; Abcam, Cambridge, 

MA,USA), and goat anti-rat IL-10 

(1:200; R&D system, Minneapolis, MN, 

USA). After incubation with horseradish 

peroxidase (HRP)-conjugated secondary 

antibodies, detection was performed with 

enhanced chemiluminescence reagents 

(Amersham Biosciences; Piscataway, 

NJ). The GAPDH expression levels were 

used to normalize the results. 
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2.8. Immunohistochemistry assay 

Five-micron thick paraffin sections were 

deparaffinized and fixed in 10% buffered 

formaldehyde, and endogenous 

peroxidase activity was inactivated with 

3% H2O2 for 15 min. The rabbit anti-rat 

against TNF-α (1:800) and NF-кB 

(1:2000) was used as primary antibodies 

(Santa Cruz Biotechnology, Inc., Santa 

Cruz, CA, USA), respectively. The 

primary antibodies or normal blocking 

serum (Dako Corporation, Inc., 

Carpinteria, CA, USA) was added and 

incubated overnight at 4oC. 

Biotinconjugated rabbit anti-rat IgG 

(Dako, Ely, UK), diluted to 1:400, was 

used as the secondary antibody and 

incubated during 30 min at 37˚C. An 

avidin-biotin-peroxidase complex 

(Vector Laboratories, Burlingame, CA, 

USA) was consecutively added and 

incubated for 20 min, and the reaction 

was developed with DAB (Sigma 

Chemical Corporation). Omission of 

primary antibody served as a negative 

control. The slides were counterstained 

with anti-mouse α-smooth actin (Sigma 

Chemical Corporation), diluted to 1:600. 

Finally, cover sections with a glass 

coverslip (Merck Ltd, Lutterworth, 

Germany) were observed under              

an optical microscope. 

Immunohistochemistry staining intensity 

was evaluated in a blinded manner and 

scored on a percentage positive area for 

TNF-α (identified by brown staining) and 

the cells per area demonstrating nuclear 

localization for NF-кB were 

automatically detected on 10 different 

fields and averaged. 

2.9. Data analysis 

All grouped data were expressed as the 

means ± S.E. and one-way ANOVA was 

used for the comparisons. Subsequent 

analyses were performed using Newman-

Keuls method. The developed tension-

length relation was evaluated by linear 

regression analysis. The values of 

developed tension at each resting length 

were compared by one-way ANOVA. 

The resting length-tension curves were 

fit to a monoexponential relation, as 

follows: y = β0 . eβ1x + εi, where β0, β1, 

and εi are constants of the curve. These 

non-linear relations were compared 

between groups by the values of the 

constant stiffness, β1. 
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Table 1. Influence of isoproterenol and exercise training on LV morphological and function. 

Experimental groups  

Variables Con 

n = 10 

Iso 

n = 13 

Ex 

n = 8 

Iso+Ex 

n = 8 
P value 

Body weight (g) 367 ± 13 359 ± 7 347 ± 21 349 ± 16 0.70 

CSA (mm2) 0.77 ± 0.04  1.30 ± 0.02* 0.67 ± 0.02 0.65 ± 0.02 <0.001 

Echocardiography      

   LVPWd (mm) 1.44 ± 0.10 1.92 ± 0.13* 1.46 ± 0.06 1.54 ± 0.09 <0.05 

   LVPWs (mm) 2.50 ± 0.12 3.34 ± 0.15* 2.46 ± 0.11 2.56 ± 0.07 <0.001 

   LVEDD (mm)   7.66 ± 0.21 7.11 ± 0.17 7.66 ± 0.34 7.97 ± 0.18 0.06 

   LVESD (mm) 4.52 ± 0.16 3.12 ± 0.20* 4.63 ± 0.32 5.03 ± 0.15 <0.001 

   FS (%) 41 ± 1 56 ± 2* 40 ± 2 37 ± 1 <0.001 

Hemodynamics 

   HR (beats/min) 401 ± 9 483 ± 20* 415 ± 10 386 ± 15 <0.01 

   LVSP (mmHg) 127 ± 2 116 ± 2* 124 ± 3 131 ± 3 <0.05 

   LVEDP (mmHg) 7.9 ± 0.5 15.2 ± 0.9* 6.8 ± 0.8 7.3 ± 0.9 <0.001 

   +dP/dt (mmHg/sec) 8023 ± 175 10090 ± 354* 8122 ± 163 8313 ± 129 <0.001 

   –dP/dt (mmHg/sec) 6342 ± 296 6946 ± 331 6569 ± 215 6516 ± 156 0.43 

   MAP (mmHg) 101 ± 3 84 ± 3* 103 ± 3 106 ± 3 <0.01 
CSA, cross-section area of papillary muscles; LVPWd, diastolic LV posterior wall thickness; LVPWs, systolic LV posterior 

wall thickness; LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic dimension; FS, LV fractional shortening; HR, 

heart rate; LVSP, LV systolic pressure; LVEDP, LV end-diastolic pressure; +dP/dt, maximum positive time derivative of 

developed pressure; –dP/dt, maximum negative derivative of developed pressure; MAP, mean arterial pressure. * Significant 

differences in ANOVA vs. other groups. 

 

3. RESULTS 

3.1. Exercise training inhibits 

isoproterenol-induced myocardial 

hypertrophy 

The body weight was similar among the 

groups (Table 1). The administration of 

isoproterenol over an 8-day period 

resulted in a significant increase in 

cardiac  and  LV  mass  between  Iso  and  

 

the other groups (Figure 1). Exercise 

training did not affect the myocardial 

mass and, more important, completely 

blunted the hypertrophic response to β-

adrenergic stimulation. 

3.2 Exercise training effects on LV 

structure and function after β-adrenergic 

overload

 32



Figure 1. Effects of exercise training on the myocardial 

hypertrophy induced by isoproterenol. A: heart weight / 

body weight (HW/BW) for non-trained (Con, n = 12; Iso, 

n = 13) and exercise-trained rats (Ex, n = 8; Iso+Ex, n = 8) 

determined after 13 weeks of follow-up. B: left ventricular 

weight / body weight (LVW/BW) ratio for all groups. 

Significant differences in ANOVA, # P<0.001 vs. other 

groups.

Figure 1. Effects of exercise training on the myocardial 

hypertrophy induced by isoproterenol. A: heart weight / 

body weight (HW/BW) for non-trained (Con, n = 12; Iso, 

n = 13) and exercise-trained rats (Ex, n = 8; Iso+Ex, n = 8) 

determined after 13 weeks of follow-up. B: left ventricular 

weight / body weight (LVW/BW) ratio for all groups. 

Significant differences in ANOVA, # P<0.001 vs. other 

groups.  
 

On transthoracic echocardiography 

(Table 1), the isoproterenol induced 

changes similar to concentric 

hypertrophy: significant thickening of 

LVPWd and limitrophe significant 

reduction of LVEDD.  Moreover, the β-

adrenergic overload resulted in a 

remarkable increase in FS (+36%) in 

treated, non-trained rats compared to 

other groups. On LV hemodynamics 

measurements  (Table 1), the   heart  rate  

and +dP/dt were significantly higher in 

the Iso group compared to the Con 

group. The Iso group also showed a 

reduction in LVSP and mean arterial 

pressure. In  addition, there  was  marked  

left-ventricular diastolic dysfunction, as 

assessed by the exacerbated increase in 

LVEDP. Exercise training did not affect 

LV structure and function but, 

interestingly, prevented the alterations 

provoked by isoproterenol. 

3.3. Exercise training enhanced the 

myocardial       mechanics        even     in  

isoproterenol-treated animals. 

There were striking differences in 

papillary muscle morphology between 

the non-trained group treated with 

isoproterenol and the other groups. 

Indeed, CSA was significantly greater 

(Table 1) in the Iso group compared with 

the Con group. Exercise training by itself 

did not alter the papillary muscle CSA, 

and notably it was effective in 

maintaining normal values of injected 

rats. 

As shown in Figure 2, there were 

remarkable differences in myocardial 

performance between the four groups. 

We confirmed findings of previous 

studies [5,6] in which the sustained 

administration  of  isoproterenol  resulted  
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Figure 2. Exercise training increases the myocardial performance, even after β-adrenergic hyperactivity. 

Data obtained at muscle lengths corresponding to 100% of Lmax from non-trained (Con, n = 8; Iso, n = 

13) and exercise-trained rats (Ex, n = 8; Iso+Ex, n = 6) as described in Materials and Methods. A: peak 

developed tension (DT). B: maximum positive time derivative of developed tension (+dT/dt). C, 

maximum negative time derivative of developed tension (–dT/dt). D: resting tension (RT). Significant 

differences in ANOVA, # P< 0.05 vs. other groups, * P<0.05 vs. Con group.

Figure 2. Exercise training increases the myocardial performance, even after β-adrenergic hyperactivity. 

Data obtained at muscle lengths corresponding to 100% of Lmax from non-trained (Con, n = 8; Iso, n = 

13) and exercise-trained rats (Ex, n = 8; Iso+Ex, n = 6) as described in Materials and Methods. A: peak 

developed tension (DT). B: maximum positive time derivative of developed tension (+dT/dt). C, 

maximum negative time derivative of developed tension (–dT/dt). D: resting tension (RT). Significant 

differences in ANOVA, # P< 0.05 vs. other groups, * P<0.05 vs. Con group.  
 

in muscle that developed less force than 

their respective control; the effect is 

depicted as a decrease in DT, as well as a 

smaller +dT/dt. Furthermore, –dT/dt was 

significantly diminished in β-

adrenergically stimulated non-trained 

rats compared with non-trained rats that 

received only vehicle. The myocardial 

contractile performance was significantly 

enhanced after the exercise training 

program. Indeed, papillary muscles from 

the Ex group exhibited a significant 

increase in  DT  and  +dT/dt.   Moreover,  

 

exercise training more than just 

preserved the myocardial performance 

after β-adrenergic hyperactivity; the 

contractile properties were markedly 

improved in the Iso+Ex group as 

assessed by DT and +dT/dt. In addition, 

–dT/dt of exercise-trained rats was 

maintained, even when rats were treated 

with isoproterenol. The RT was not 

altered by isoproterenol or exercise 

training.  

Additionally, as shown in Figure 3, the 

DT was plotted as a function of muscular 
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length. There   was  a  linear  relationship 

between DT and muscle length for all 

experiments, as evidenced by the 

coefficient of determination (r2), which  

was typically > 0.97. The active length-

tension relation from the Iso group was 

shifted downward with a reduced slope 

of linear regression in relation to the 

other groups. Notably, the slope of the 

linear projection of tension was 

preserved in exercise-trained rats after 

chronic β-adrenergic stimulation. This 

way, it is possible to define that for the 

same variation of   muscle    length, the 

recruitment     of      the     Frank-Starling  

mechanism is preserved in trained 

myocardium after β-adrenergic 

hyperactivity. Furthermore, the length-

tension curves from the exercise-trained 

groups (Ex and Iso+Ex) were shifted 

upward from that of the Con and Iso 

groups, indicating that, even though the 

Frank-Starling mechanism was 

unchanged, for the same stretch level, 

greater muscle force is generated in 

exercised rats (Figure 3). The resting 

length-tension curves were similar 

between the groups as evaluated by mean 

values of β1, reflecting that isoproterenol 

as well as exercise training did not affect 

myocardial stiffness (Figure 3). 

Figure 3. Left ventricular papillary muscle developed and resting 

length-tension curves obtained from Con (○), Iso (▲), Ex (●), and 

Iso+Ex (Δ) groups as described in Materials and Methods. A:

straight lines were fit to the developed length-tension relations 

using linear regression analysis. The resulting means slopes 

corresponded to developed tension were compared between groups. 

ANOVA and post hoc Newman-Keuls test were used for multiple 

comparisons. # P<0.001 when slope was compared to others 

groups. * P<0.01 when the developed tension was compared to Con 

and Iso groups for each stretching. B: the resting tension-length 

curves for the four groups were fit to monoexponential non-linear 

relations. The resulting means β1 corresponded to resting tension 

were compared between groups.

Figure 3. Left ventricular papillary muscle developed and resting 

length-tension curves obtained from Con (○), Iso (▲), Ex (●), and 

Iso+Ex (Δ) groups as described in Materials and Methods. A:

straight lines were fit to the developed length-tension relations 

using linear regression analysis. The resulting means slopes 

corresponded to developed tension were compared between groups. 

ANOVA and post hoc Newman-Keuls test were used for multiple 

comparisons. # P<0.001 when slope was compared to others 

groups. * P<0.01 when the developed tension was compared to Con 

and Iso groups for each stretching. B: the resting tension-length 

curves for the four groups were fit to monoexponential non-linear 

relations. The resulting means β1 corresponded to resting tension 

were compared between groups.  
 

3.4. Effects of exercise training on 

myocardial cytokines gene expression 

induced by isoproterenol 

It is well known that adrenergic nervous 

system activation acts as a powerful 

stimulus for myocardial inflammatory 

cytokines synthesis [17]. Thus, β-

adrenergic hyperactivity significantly 

increased TNF-α and IL-6 mRNA in the 

Iso group compared with the Con group 

(Figure 4). More important, exercise 

training did not affect local cytokines and 

inhibited the TNF-α and IL-6 increases 

induced by isoproterenol. Moreover, the 

 35



exercise training showed to increase the 

IL-10 mRNA expression in 

isoproterenol-affected myocardium. 

Remarkably, in the trained treated rats, 

the ratios of TNF-α/IL-10 and IL-6/IL-10 

were maintained (Figure 4). 

Consistent with other observations in that 

chronic β-adrenergic activation is 

thought to promote hypertrophy via local 

stimulation of TGF-β1 [7], isoproterenol 

treatment increased the TGF-β1 mRNA 

level ≈ 15.6-fold in Iso group as 

compared to Con group (Figure 4). As 

shown by quantitative RT-PCR analysis, 

the exercise training did not resulted in 

significant modification on expression of 

TGF-β1    mRNA,   yet     the      physical  

conditioning resulted in attenuation of 

TGF-β1 mRNA increase in rats submitted 

to isoproterenol.  

3.5. Effects of exercise training on 

myocardial cytokines protein expression 

induced by isoproterenol 

The western blot results are shown in 

Figure  5. Consistent   with  their  mRNA  

levels, TNF-α and IL-6 proteins were 

significantly raised in the Iso group and 

the exercise training was able to inhibit 

the TNF-α and IL-6 increase induced by 

isoproterenol. The level of IL-10 protein 

was  significantly  increased only  in   the  

Figure 4. Gene expression by real-time RT-PCR in 

myocardium as described in Materials and Methods. A: gene 

expression of pro (TNF-α and IL-6) and anti (IL-10)-

inflammatory cytokines. B: ratio of TNF-α/IL-10 and IL-6/IL-

10. C: gene expression of TGF-β 1. All values were normalized 

for levels of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Data are from five rats in each group. ANOVA and 

post hoc Newman-Keuls test were used for multiple 

comparisons. # P<0.05 vs. other groups. * P<0.05 vs. Con and 

Ex groups.

Figure 4. Gene expression by real-time RT-PCR in 

myocardium as described in Materials and Methods. A: gene 

expression of pro (TNF-α and IL-6) and anti (IL-10)-

inflammatory cytokines. B: ratio of TNF-α/IL-10 and IL-6/IL-

10. C: gene expression of TGF-β 1. All values were normalized 

for levels of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Data are from five rats in each group. ANOVA and 

post hoc Newman-Keuls test were used for multiple 

comparisons. # P<0.05 vs. other groups. * P<0.05 vs. Con and 

Ex groups.  
 
Ex group. Furthermore, as well as in the 

analyses of gene expression, the TNF-

α/IL-10 and IL-6/IL-10 ratios in the Ex 

and Iso+Ex groups were similar to that of 
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the Con group, but were significantly 

higher in the Iso group. 

3.6. Localization of pro-inflammatory 

(TNF-α) cytokine in myocardium 

The imunostaining revealed intense 

immunoreactivity for TNF-α in 

isoproterenol myocardium in a diffuse 

manner (Figure 6). Positive 

imunostaining was noted in areas of 

inflammatory cell infiltration and in the 

myocardial tissue distinct from these 

areas. Importantly, positive 

immunoreactivity for TNF-α was rarely 

detected in Con and Ex groups as well as 

in the Iso+Ex group. The cardioprotector 

effect was confirmed by the TNF-α 

immunoreactivity scores. 

3.7. Effects of isoproterenol and exercise 

training on nuclear NF-кB expression 

Because activation of NF-κB may 

participate in the development of 

myocardial hypertrophy-induced by 

isoproterenol [18-20], nuclear NF-κB 

expression was evaluated in the rats 

treated with isoproterenol. As shown in 

Figure 6, β-adrenergic hyperactivity 

significantly increased nuclear NF-κB 

expression by ≈ 4.1-fold in the Iso group 

as compared with the Con group. 

Exercise    training    did     not    increase  

NF-κB expression. Nonetheless, exercise  

Figure 5. The protein expression by western blot in myocardium as 

described in Materials and Methods. A: protein expression of TNF-

α, IL-6 and IL-10. The upper panel is a representative western blot. 

B: ratio of TNF-α /IL-10 and IL-6/IL-10. All values were 

normalized for levels of GAPDH. Data are from five rats in each 

group. Data are from five rats in each group. ANOVA and post hoc

Newman-Keuls test were used for multiple comparisons. # P<0.05 vs.

other groups

Figure 5. The protein expression by western blot in myocardium as 

described in Materials and Methods. A: protein expression of TNF-

α, IL-6 and IL-10. The upper panel is a representative western blot. 

B: ratio of TNF-α /IL-10 and IL-6/IL-10. All values were 

normalized for levels of GAPDH. Data are from five rats in each 

group. Data are from five rats in each group. ANOVA and post hoc

Newman-Keuls test were used for multiple comparisons. # P<0.05 vs.

other groups  
 
training preceding isoproterenol 

administration partially blunted the 

expression of NF-κB increase, although 

not significantly.  

 
4. DISCUSSION 

Recently, we demonstrated the 

cardioprotection effects of exercise 

training against  LV  lesions  induced  by  
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Figure 6. A representative photomicrograph showing localization of TNF-α and NF-кB in myocardium. 

Brown stain indicates positive immunoreactivity. In left column, intense immunoreactivity was detected 

in sedentary isoproterenol-treated animals (B). To notice that the TNF-α was readily positive and 

localized to areas of inflammatory cell infiltration and myocardial tissue no injured (empty arrows). 

However, in trained animals the exercise training was able to inhibit the intense pro-inflammatory 

staining after isoproterenol overload. Thereby, positive immunoreactivity to TNF-α was rarely detected 

in myocardium of Con (A), Ex (C) and Iso+Ex (D) groups. In right column, the full arrows indicate 

positive nuclear immunoreactivity for NF-кB in Con (F), Iso (G), Ex (H) and Iso+Ex (I) groups. E and J, 

statistical analysis for TNF-α and NF-кB, respectively. Numbers of rats used in each group and fold-

expression relative to the Con group are shown. * P<0.05 in ANOVA. Magnification x400. 

Figure 6. A representative photomicrograph showing localization of TNF-α and NF-кB in myocardium. 

Brown stain indicates positive immunoreactivity. In left column, intense immunoreactivity was detected 

in sedentary isoproterenol-treated animals (B). To notice that the TNF-α was readily positive and 

localized to areas of inflammatory cell infiltration and myocardial tissue no injured (empty arrows). 

However, in trained animals the exercise training was able to inhibit the intense pro-inflammatory 

staining after isoproterenol overload. Thereby, positive immunoreactivity to TNF-α was rarely detected 

in myocardium of Con (A), Ex (C) and Iso+Ex (D) groups. In right column, the full arrows indicate 

positive nuclear immunoreactivity for NF-кB in Con (F), Iso (G), Ex (H) and Iso+Ex (I) groups. E and J, 

statistical analysis for TNF-α and NF-кB, respectively. Numbers of rats used in each group and fold-

expression relative to the Con group are shown. * P<0.05 in ANOVA. Magnification x400. 
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prolonged stimulation with isoproterenol 

[8], yet the myocardial function and 

possible mechanisms for this occurrence 

were not established. The present study 

provides novel information in this regard. 

We found that the myocardial 

dysfunction induced by β-adrenergic 

hyperactivity was prevented by exercise 

training. This maintenance of myocardial 

function was accompanied by inhibition 

of myocardial gene and protein 

overexpression of TNF-α and IL-6 as 

well as an improvement in the anti-

inflammatory IL-10 expression. 

Furthermore, the exercise training 

attenuated the increase of TGF-β1 mRNA 

and nuclear NF-κB expression, a well-

known growth factor and a 

transcriptional regulator involved in the 

β-adrenergic signalling, respectively 

[7,18-20]. 

As previously stated, the sedentary rats 

submitted to isoproterenol showed a high 

increase in myocardial mass and it is 

usually characterized by a combination 

of muscle fiber enlargement, replication 

of non-myocytes cells and myocardial 

edema [7-8]. Moreover, on 

echocardiography,   the    aforementioned  

rats showed chamber dimensions 

indicating that the isoproterenol-induced 

LV hypertrophy was of the concentric 

type, which corroborates previous 

findings in our lab [8,21].  

Sustained β-adrenergic activation is 

thought [7] to promote myocardial 

hypertrophy via local stimulation of 

myocardial growth factors, up-regulation 

of proto-oncogenes, increase in oxidative 

stress, activation of mitogen-activated 

protein kinases, and phosphatidyinositol 

3-kinase signalling. In this study, we 

identified possible signalling triggers 

involved in the myocardial remodeling 

induced by β-adrenergic hyperactivity. 

Our results confirm that isoproterenol is 

a powerful stimulant to local myocardial 

expression of TNF-α and IL-6 [17]. 

Furthermore, TNF-α immunoreactivity 

was not confined to regions of 

inflammatory cell infiltration, but was 

present even in preserved tissues, 

suggesting direct expression of cytokines 

by non-inflammatory cells [17]. The 

interplay between β-adrenergic 

hyperactivity and overexpression of 

TNF-α and IL-6 may have implications 

with respect to adverse cardiac 

remodeling. Indeed, pro-inflammatory 

cytokines were shown to cause myocyte 

apoptosis, extracellular matrix 

alterations, contractile depression and 
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concentric hypertrophy that evolves to 

dilated cardiomyopathy over time [22-

24]. 

Cardiac hypertrophy is associated with 

an increased expression of TGF-β1 

mRNA [25]. The in vivo researches with 

transgenic animals have been confirmed 

that TGF-β1 is implicated in the cardiac 

hypertrophy. Rosenkranz et al. [26] 

showed that mice overexpressing TGF-β1 

revealed significant cardiac hypertrophy, 

accompanied by an increased expression 

of hypertrophy-associated genes. Several 

lines of evidence suggest a link between 

β-adrenergic system and the TGF-β1 

signalling [27-29]. In accordance with 

previous studies [28,29], we also showed 

that TGF-β1 mRNA myocardial levels 

were raised after isoproterenol infusion. 

Although this findings lead to important 

participation of the TGF-β1 in the cardiac 

hypertrophy induced by β-adrenergic 

hyperactivity, we cannot exclude the 

possibility that the cardiac alterations 

may at least in part have occurred due to 

other signaling pathways. It should be 

cited that a positive correlation has been 

found between elevated myocardial 

TGF-β1 mRNA expression and increased 

heart weight-to-body weight ratio [29]. 

The β-adrenergic hyperactivity increased 

the nuclear myocardial expression of NF-

κB, a ubiquitous transcription factor, 

which is known for its role in cell 

growth, inflammation, apoptosis, and 

embryonal development [18]. The NF-

κB role in inducing hypertrophic 

phenotypic during β-adrenergic 

stimulation has been demonstrated by 

Freund et al. [18], when generated mice 

with cardiomyocyte-restricted expression 

of the NF-κB super-repressor 

IkappaBalphaDeltaN displayed an 

attenuated hypertrophic response to 7 

days of isoproterenol treatment. 

Similarly, Chandrasekar et al. [19] and 

Takemoto et al. [20] showed that 

isoproterenol resulted in a significant 

increase in NF-κB-dependent DNA 

binding activity in the myocardium of 

mice and rats, respectively. 

Of clinical relevance, we showed that 

exercise training inhibited the LV 

remodeling in response to a pathologic 

stimulus. The mechanism (s) responsible 

for this exercise-induced 

cardioprotection against β-adrenergic 

agonists has yet to be fully defined, yet 

this study shows that the myocardial 

TNF-α and IL-6 increase evoked by 

isoproterenol was completely abolished 

by exercise training and this might have 
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contributed to the cardioprotection 

effects of exercise training. By the way, 

the exercise training maintained TNF-

α/IL-10 and IL-6/IL-10 ratios in normal 

levels. Consequently, exercise training 

may affect the LV remodeling after β-

adrenergic overload by modulating the 

balance between pro-inflammatory       

vs. anti-inflammatory cytokines. 

Furthermore, the TGF-β1 and NF-κB 

signaling provoked by β-adrenergic 

hyperactivity was reduced in the 

exercised rats and this is in agreement 

with the current idea that exercise 

training may be an important modulator 

of growth factors and/or transcriptional 

regulators in pathologic cardiac 

hypertrophy [30]. 

The β-adrenergic hyperactivity for the 

non-trained rats was associated with 

concentric LV hypertrophy with increase 

of FS and +dP/dt, suggesting an illusory 

improvement of the LV contractile state. 

Nevertheless, we evaluated the 

myocardial contractile capacity on the 

papillary muscle preparation and, in this 

approach; our results are consistent with 

a depressed contractile state after 

adrenergic hyperactivity. Moreover, the 

isoproterenol provoked a shift downward 

of length/active tension curves, 

suggesting that Frank-Starling 

relationship is worsened [31]. Thus, 

taking into account that concentric 

hypertrophy facilitates pressure 

generation (Laplace’s law) by increasing 

mass/volume ratio [21], it is conceivable 

that FS and +dP/dt should be higher in 

hypertrophied LV in spite of force 

generation impairment. In addition, there 

was diastolic dysfunction as assessed by 

an increase of LVEDP and –dT/dt 

reduction in non-trained rats treated with 

isoproterenol. Perhaps the most likely 

candidate to be appointed as responsible 

for mediating isoproterenol-induced 

diastolic dysfunction is an imbalance 

between muscular tissue and collagenous 

compartments [8,31-33]. Moreover, the 

increase of ventricular diastolic stiffness 

is a common consequence of concentric 

hypertrophy [34] and, additionally, there 

are data demonstrating that β-adrenergic 

hyperactivity induces deleterious 

alterations in the expression and/or 

phosphorylation of regulatory cardiac 

proteins, e.g., phospholamban and 

sarcoplasmic reticulum Ca2+-adenosine 

triphosphatase, as well as a reduced 

adenosine 3’,5’-cyclic monophosphate 

accumulation [6]. 

Exercise training has been shown to be 
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effective in improving the functional 

characteristics of hearts from 

hypertensive [35], myocardial-infarcted 

[16, 36] and aged rats [37]. However, this 

is the first report documenting that 

exercise training can prevent functional 

abnormalities from chronically β-

adrenergically stimulated rats. It is 

noteworthy that the β-adrenergic 

hyperactivity did not inhibit the 

beneficial effect of exercise training on 

myocardial contractile capacity. 

 

Clinical Implications 

The present study indicates that the 

exercise training started before β-

adrenergic hyperactivity insult is 

beneficial, resulting in LV hypertrophy 

prevention and improved myocardial 

performance, without adverse effects on 

chamber remodeling. Our data showed 

that exercise training is very effective in 

promoting heart protection against β-

adrenergic hyperactivity, recommended 

as a part of the gold standard treatment 

for attenuation of ventricular remodeling 

and heart failure [38]. The exercise 

training can offer protection by a positive 

balance between anti-inflammatory 

versus pro-inflammatory cytokines as 

well as by modulation of TGF-β1 

signaling in pathologic cardiac 

hypertrophy. Nevertheless, future studies 

should be aimed at investigating whether 

combined β-adrenoreceptor blockade and 

exercise training yield added benefit. For 

clinical purposes, assuming that the 

isoproterenol dose used in our study is 

excessive in terms of usual physiologic 

β-adrenergic stimulation, exercise 

training can be considered as very 

effective in cardioprotection against β-

adrenergic hyperactivity. 
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DISCUSSÃO 

 É bem conhecido que o aumento da atividade nervosa simpática está 

freqüentemente associado com adversidades ao coração. Destaque-se a HM patológica 

(Zierhut & Zimmer, 1989; Fleming et al, 1992; Zzou et al, 1999; Greenwood et al, 2001; 

schlaich et al, 2003; strand et al, 2006), que constitui um fator de risco poderoso para o 

desenvolvimento de insuficiência cardíaca (Kannel et al, 1987b; Levy et al 1990; Lips et 

al, 2003). Adicionalmente, na insuficiência cardíaca há ativação crônica do sistema 

simpático, que resulta em mudanças deletérias no coração, causando progressivo 

remodelamento e disfunção miocárdica com consequente progressão do fenótipo da 

insuficiência cardíaca (Kaye et al, 1995; Floras, 2003). Estes dados conferiram aos 

antagonistas beta-adrenérgicos um papel importante no panorama atual da terapêutica da 

HM e insuficiência cardíaca. 

 Quando o enfoque é analisar os mecanismos fisiopatológicos envolvidos na 

agressão simpática cardíaca, modelos experimentais de sobrecarga adrenérgica são de 

grande valia. Além disso, em condições experimentais, vieses de confusão como a idade, 

intensidade e duração do estimulo adrenérgico e a associação com outras doenças ou 

medicamentos podem ser mais bem controlados. 

 Em nosso estudo, optamos por um modelo experimental de sobrecarga β-

adrenérgica prolongada com ISO. Tanto a dose como o período de administração 

preconizados já foram mostrados induzir um fenótipo de remodelamento miocárdico 

patológico similar ao identificável em humanos (Milei et al., 1978; Tang & Taylor, 

1984a; Tang & Taylor, 1984b; Jalil et al, 1989). Assim, nós confirmamos (artigo 1: 

tabela 1) resultados prévios de nosso laboratório, obtidos com o mesmo protocolo de 
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administração de ISO, que mostrou promover expressivo aumento da massa miocárdica 

normalizada pelo peso corpóreo (Murad & Tucci, 2000). Considerando que na HM 

induzida pelo ISO há focos de necrose miocárdica, a veracidade da massa miocárdica em 

sinalizar o crescimento dos cardiomiócitos fica prejudicada. Consequentemente, os 

valores de volume nuclear e diâmetro transverso da fibra cardíaca também foram 

analisados e confirmaram o fenômeno de remodelamento hipertrófico (artigo 1: tabela 1). 

Tendo em mente tais dados, somados às avaliações histomorfométricas da espessura de 

parede e diâmetro transverso da cavidade ventricular esquerda, é possível inferir que a 

administração do ISO evolui com HM do tipo concêntrica. 

 A literatura dispõe de informações que apontam para ampla gama de mecanismos 

subcelulares possivelmente envolvidos com a acentuação da síntese protéica quando do 

uso de ISO. Admite-se que o agonismo dos receptores β-adrenérgicos na membrana 

plasmática conduza à ativação da proteína quinase A via adenilciclase, o que, constitui 

uma via de sinalização para ativação de protooncogenes diretamente envolvidos com o 

processo de transcrição (Morgan & Baker, 1991; Brand et al, 1993, Sugden & 

Bogoyevitch, 1995). Além desta via de sinalização, a HM induzida pelo ISO pode 

requerer a ativação da proteína quinase C, via ação da angiotensina II (Grimm et al, 1998; 

Grimm et al, 1999; Gallego et al, 2001). outros fatores de crescimento, incluindo o TGF-

β1 (Boluyt et al, 1995; Osadchii, 2007a), o fator 1 de crescimento ligado a insulina (oudit 

et al, 2003) e as proteínas quinases ativadoras de mitogenia  (Zou et al, 2001;Zhang et al, 

2005), ao que parece, também sinalizam os efeitos hipertróficos do ISO. 

Também derivam de nossos resultados a confirmação de achados prévios da 

literatura (Rona et al, 1959; Rona et al, 1963; Alderman & Harrison, 1971; Haft, 1974; 
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Taylor et al, 1977; Milei et al, 1978; Benjamin et al, 1989; Jalil et al, 1989; Ljubuncić et 

al, 1991; Ljubuncić et al, 1992a; Ljubuncić et al, 1992b; Ljubuncić et al, 1992c; Tang & 

Taylor, 1996; Gallego et al, 2001; Dudnakova et al, 2002; Ennis et al, 2003; Liu et al, 

2009), em que foi patente nos animais sedentários tratados com ISO a existência de 

acentuada necrose miocárdica, com presença de infiltrado inflamatório, 

predominantemente na região subendocárdica (artigo 1: figura 1B). Em uma análise mais 

apurada, com o uso de microscópio eletrônico (artigo 1: figura 2B), foi possível verificar 

marcante desarranjo e lise dos miofilamentos em associação com ruptura da membrana 

plasmática. Em que pese a unanimidade das informações precedentes em torno da 

importância da necrose miocárdica, sua participação no processo de perda de 

cardiomiócitos induzida pelo ISO não é única. A possibilidade de a perda de miócitos 

decorrer de um processo de morte celular programada (apoptose) também é proeminente. 

O nosso encontro de aumento do número de núcleos em apoptose nos ratos sedentários 

(artigo 1: figura 3) justifica os relatos da literatura que são concordes em apontar a 

importância da apoptose na patogenesia miocárdica causada pelo ISO (Shizukuda et al, 

1998; Tomita et al, 2003; Goldspink et al, 2004; Gálvez et al, 2005; Fan et al, 2006). 

Desta forma, em nossos experimentos, parece lícito considerar que a necrose e a apoptose 

coexistam para  reduzir o número de cardiomiócitos no miocárdio submetido à 

sobrecarga β-adrenérgica e, por conseguinte, resultar em reduzida fração de área 

miofibrilar (artigo1: tabela 1). 

A patogenia da injúria miocárdica induzida pelo ISO parece envolver múltiplos 

mecanismos, incluindo: aumento na geração de espécies reativas de oxigênio (Ishizawa et 

al, 2006; Zhou et al, 2006), sobrecarga intracelular de cálcio via adenosina monofosfato 
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cíclica (Bloom & Cancilla, 1969; Bloom & Davis, 1972; Mann, 1998), ativação do 

sistema renina-angiotensina-aldosterona (Grimm et al, 1998), ação local exacerbada de 

citocinas pró-inflamatórias (Murray et al, 2000; Chandrasekar et al, 2004), ativação de 

proteínas quinases ativadoras de mitogenia (Zou et al, 2001; Li et al, 2004), maior 

requerimento da via de sinalização da calcineurina (Saito et al, 2000) e estresse por 

isquemia/reperfusão (Osadchii, 2007a). Na luz de um possível fator etiológico para 

injúria tecidual evocada pelo ISO, é possível supor que a redução na fração de área 

capilar (artigo 1: tabela 1) nos animais sedentários possa resultar em menor quantidade 

de oxigênio viável ao miocárdio, assim, contribuindo para a perpetuação de necrose e 

apoptose dos cardiomiócitos. 

O nosso encontro de aumento no conteúdo miocárdico de colágeno nos ratos 

sedentários (artigo 1: figura 1E) está em acordo com diversos trabalhos que abordaram a 

questão (Stanton & Bowman, 1967; Alderman & Harrison, 1971; Taylor et al, 1977; 

Benjamin et al, 1989; Jalil et al, 1989; Tang & Taylor, 1996; Gallego et al, 2001; Ennis et 

al, 2003). Apesar das informações microscópicas serem indicativas de um processo de 

fibrose miocárdica reparativa (Benjamin et al, 1989; Grimm et al, 1998), a importância da 

fibrose reativa concomitante, como decorrência da ação do sistema renina-angiotensina-

aldosterona não pode ser descartada (Grimm et al, 1998; Grimm et al, 1999; Gallego et 

al, 2001). 

A elucidação dos possíveis fatores etiológicos da injúria miocárdica desencadeada 

pelo ISO concebeu a realização de muitos estudos com objetivo de analisar qual (is) 

terapêutica farmacológica poderia ser efetiva em combater os efeitos cardiotóxicos 

decorrentes da sobrecarga β-adrenérgica. Antagonistas dos canais de cálcio (Yeager & 
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Whitehurst, 1982; Ljubuncić et al, 1992c; Okuda et al, 2005), do sistema renina-

angiotensina-aldosterona (Ljubuncić et al, 1991; Nagano et al, 1992; Grimm et al, 1998; 

Gallego et al, 2001; Okuda et al, 2005), de receptores β-adrenérgicos (Ljubuncić et al, 

1992a; Ljubuncić et al, 1992b; Woodiwiss et al, 2001; Brouri et al, 2004) e antioxidantes 

(Ishizawa et al, 2006; Liu et al, 2009), foram testados com sucesso na prevenção e/ou 

atenuação da injúria e disfunção miocárdica. 

Experimentos iniciais despertaram novas perspectivas acerca da importância do 

EXF no combate aos eventos adversos ligados à sobrecarga β-adrenérgica. O primeiro 

trabalho, por nós localizado, que avaliou a influência do EXF sobre cardiotoxidade 

induzida pelo ISO, foi o de Tajuddin et al (1975). Os autores verificaram que ratos 

treinados em natação por período de oito semanas apresentaram menor concentração 

sérica de DHL e CQ após dois dias consecutivos de tratamento com 85 mg/kg/dia de ISO, 

achados estes, sugestivos de menor dano tecidual. Posteriormente, Crandall et al (1981), 

também utilizando a atividade plasmática da DHL como marcador de necrose 

miocárdica, verificaram que dez semanas de EXF em esteira atenuou significativamente a 

elevação da DHL de ratos que receberam 70 mg/kg/dia de ISO por dois dias 

consecutivos. Somado a isto, os autores constataram que o ISO não causou a morte de 

qualquer animal exercitado, enquanto que, no grupo que permaneceu sedentário, a taxa 

de mortalidade foi de 50%. Em acordo com os benefícios já mencionados do EXF, 

Darrah & Engen (1982) também noticiaram que não houve qualquer caso de morte em 

ratos treinados após a injeção de única dose de 70 mg/kg de ISO. Em contraposição, nós 

identificamos somente um estudo que não encontrou benefícios do EXF na injúria 

miocárdica evocada pelo ISO. Riggs et al (1977), administraram injeção única de 250 
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mg/kg de ISO em ratos corredores e não encontraram qualquer modificação nos níveis de 

atividade sérica da CQ, contudo, no mesmo estudo, os autores descreveram que a 

mortalidade foi significativamente reduzida nos animais treinados. Em estudo recente, 

Frederico et al (2009) documentaram que doze semanas de EXF prévio foram capazes de 

reduzir o estresse oxidativo, a CQ cardíaca e a mortalidade de ratos submetidos a dois 

dias de tratamento com 80 mg/kg/dia de ISO. 

De extrema relevância são os nossos dados de proteção da hipertrofia e lesão 

miocárdicas nos animais previamente treinados e que receberam o ISO (artigo 1). Ao 

contrário dos estudos anteriores, que demonstraram efeito cardioprotetor parcial do EXF, 

nós observamos pleno sucesso do exercício em prevenir totalmente a injúria cardíaca 

secundária à sobrecarga β-adrenérgica. Os mecanismos que conduziram ao efeito 

cardioprotetor do EXF ainda precisam ser mais bem investigados, contudo, duas 

observações derivadas de nossos resultados podem ser satisfatoriamente consideradas: 1) 

nos animais exercitados não houve redução da fração de área capilar, o que pode ter 

contribuído para manutenção do aporte de oxigênio aos cardiomiócitos durante a 

administração do ISO e, consequentemente, participado da prevenção da isquemia 

tecidual; 2) considerando que a injúria celular associada à estimulação β-adrenérgica é 

dose-depedente (Teerlink et al, 1994), é presumível que os estudos anteriores não tenham 

identificado completa cardioproteção nos animais treinados devido à utilização de doses 

exorbitantes do ISO. 

As informações precedentes fundamentam o posicionamento de que, apesar da 

dose de ISO usada em nosso estudo ser também excessiva em termos de estimulação β-

adrenérgica usualmente fisiológica, o EXF pode ser considerado como uma intervenção 
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não farmacológica efetiva para prevenção das adversidades cardíacas ligadas à 

hiperatividade adrenérgica. Neste sentido, o efeito cardioprotetor do EXF foi observado 

em amplo aspecto e incluiu a prevenção de múltiplos fatores, dentre eles: HM, necrose, 

apoptose, inflamação, edema, fibrose subendocárdica, aumento do conteúdo de colágeno 

e redução das frações de área miofibrilar e capilar. 

Depois da divulgação dos dados iniciais publicados no European Journal of 

Heart Failure, nosso interesse foi direcionado para avaliar os possíveis mecanismos 

subcelulares mediadores dos efeitos cardioprotetores do EXF frente à atividade β-

adrenérgica sustentada. Além disso, nós analisamos o papel do EXF no controle da 

disfunção miocárdica desencadeada pelo ISO.  

Como havíamos mostrado no primeiro estudo, nos animais sedentários houve 

aumento expressivo da massa miocárdica após oito dias de tratamento com ISO (artigo 2: 

figura 1). Estes achados foram acompanhados por significante aumento da espessura de 

parede do VE e redução da dimensão da cavidade ventricular esquerda (artigo 2: tabela 

1). Novamente, este conjunto de medidas condicionou que, em nosso modelo de 

hiperatividade adrenérgica, o ISO promoveu hipertrofia ventricular concêntrica. 

Em recente revisão da literatura (Osadchii, 2007a) ficou patente o envolvimento 

de múltiplas vias de sinalização responsáveis pela HM decorrente da hiperatividade β-

adrenérgica sustentada. A estimulação local de fatores de crescimento, ativação de proto-

oncogenes, aumento nas espécies reativas de oxigênio, ativação de proteínas quinases 

ativadores de mitogenia e sinalização via fosfatídil-inositol 3 quinase assumem grande 

relevância. Neste sentido, nós avançamos nossas análises com o intuito de identificar 

possíveis mediadores de sinalização envolvidos no remodelamento miocárdico induzido 
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pelo ISO. 

Em 2000, Murray et al divulgaram que a estimulação β-adrenérgica com ISO 

durante sete dias foi capaz de promover aumento na expressão gênica e protéica das 

citocinas pró-inflamatórias, incluindo: fator de necrose tumoral alfa (TNF-α), interleucina 

6 (IL-6) e interleucina 1 beta no miocárdio. Acresçam-se informações provenientes de 

nossos experimentos indicando que, na vigência do ISO, também houve aumento na 

expressão gênica (artigo 2: Figuras 4A) e protéica (artigo 2: figura 5A) do TNF-α e IL-6 

no miocárdio dos animais sedentários, enquanto que, a expressão da interleucina 10 (IL-

10) anti-inflamatória permaneceu aparentemente inalterada. Não obstante, intensa 

imunoreatividade positiva para o TNF-α foi observada em áreas de infiltração 

inflamatória e regiões preservadas (artigo 2: figura 6B) nos animais sedentários. Estas 

observações indicam produção direta das citocinas pró-inflamatórias pelos cardiomiócitos 

ou pelas células cardíacas não miocitárias (Murray et al, 2000). 

Independentemente do proceder de sua ação ou produção, o fundamental é que 

ambos TNF-α e IL-6 resultam em remodelamento adverso do miocárdio. Assim, há 

informações confiáveis de que as citocinas pró-inflamatórias promovem apoptose celular 

(Suematsu et al, 2003), alterações na matriz extracelular (Janczewski et al, 2003), 

depressão da contratilidade miocárdica (Panas et al, 1998; Sugishita et al, 1999), 

hipertrofia cardíaca concêntrica (Sivasubramanian et al, 2001; Thomas et al, 2002; van 

Empel & De Windt, 2004) e cardiomiopatia dilatada (Bozkurt et al, 1998) com o passar 

do tempo.  

 A possibilidade do processo de remodelamento miocárdico decorrente da 

estimulação β-adrenérgica ocorrer por múltiplas vias de sinalização, além das citocinas 
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TNF-α e IL-6, nos fez investigar outros prováveis gatilhos condicionantes da resposta 

hipertrófica associada ao ISO. 

Fortes evidências tem postulado importante papel do TGF-β1 como indutor de 

HM. De fato, este fator de crescimento, conhecido por ser produzido pelos 

cardiomiócitos e fibroblastos, tem sido mostrado mediar o processo hipertrófico in vitro e 

in vivo (Li et al, 1997; Molkentin & Dorn, 2001). A este respeito, Rosenkranz et al (2002) 

mostraram que camundongos transgênicos, geneticamente modificados para 

superexpressar TGF-β1 no miocárdio, demonstraram expressiva hipertrofia cardíaca 

associada à alteração nos parâmetros de expressão gênica fetal. Especialmente 

direcionado a nossos objetivos, destaca-se a ligação existente entre atividade β-

adrenérgica exacerbada e sinalização hipertrófica via TGF-β1 (Osadchii, 2007a). Nesta 

perspectiva, nós confirmamos (artigo 2: figura 4C) resultados preliminares da literatura, 

em que a administração de ISO induziu aumento na expressão gênica do TGF-β1 (Omura 

et al, 1994; Boluyt et al, 1995; Masson et al, 1998). Mais especificamente, a descrição de 

associação positiva entre níveis miocárdicos elevados de RNAm do TGF-β1 e aumento 

da razão peso cardíaco/peso corporal (Boluyt et al, 1995) intensificaram as opiniões 

concordantes acerca da participação do TGF-β1 no processo de HM induzida pelo ISO. 

 A partir de nossas observações de aumento da expressão gênica do TGF-β1, é 

presumível que a sinalização hipertrófica intracelular via NF-kB esteja aumentada após 

estímulo miocárdico com ISO. A validade desta questão emerge do pressuposto que a 

ligação do TGF-β1 a receptores de membrana celular promove ativação intracelular da 

quinase ativadora do TGFβ (TAK1) (Molkentin & Dorn, 2001; Force et al, 2002). A 

TAK1 leva à ativação do complexo quinase IkK, resultando em degradação das proteínas 
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citoplasmáticas inibidoras do kB e consequente translocação do fator nuclear kB (NF-kB) 

para o núcleo celular (Force et al, 2002), onde, sozinho, ou em cooperação com outros 

fatores de transcrição, induz a expressão de ampla gama de genes envolvidos com o 

processo hipertrófico (Li et al, 2000; Baldwin, 2001; Hirotani et al, 2002). Além disso, o 

ISO é conhecido por conceber aumentos na produção de angiotensina II e espécies 

reativas de oxigênio (Grimm et al, 1999; Ishizawa et al, 2006), fatores sabidamente 

implicados na HM, via ativação do NF-kB (Force et al, 2002). 

 Em nosso trabalho, nos valemos do emprego de método imunohistoquímico para 

caracterizar o possível envolvimento do NF-kB na HM desencadeada pelo ISO. Não se 

deixe de mencionar que, considerando a ação efetiva do NF-kB somente quando de sua 

presença no núcleo celular (Baldwin 2001; Hirotani et al, 2002; Hayden & Ghosh, 2004), 

a avaliação da expressão de núcleos imunopositivos para NF-kB parece ser uma medida 

válida particularmente interessante. Executando-se este procedimento, nossos resultados 

são fortemente sugestivos da participação do NF-kB na HM induzida pelo ISO. Assim, a 

análise da Figura 6G (artigo 2) ilustra a existência de maior número de núcleos imuno-

positivos para NF-kB nos cardiomiócitos β-adrenergicamente estimulados. 

Estatisticamente, esta situação ficou configurada quando os animais sedentários tratados 

com ISO foram comparados aos animais sedentários e treinados que receberam somente 

óleo de oliva (artigo 2: figura 6J). Este é um importante achado e corrobora resultados 

prévios da literatura. Em camundongos geneticamente modificados para expressar um 

repressor restrito aos cardiomiócitos do NF-kB, Freund et al (2005) demonstraram que, 

em resposta a sete dias de tratamento com ISO, a HM foi significativamente atenuada. 

Em adição, outros dois estudos confirmaram a importância da sinalização NF-kB na HM 
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induzida pelo ISO. Takemoto et al (1999) e Chandrasekar et al (2004) descreveram que 

administração de ISO intensificou a atividade ligante ao DNA do NF-kB, um indicativo 

de seu potencial de efeito na transcrição. 

 A verificação de nosso primeiro estudo, o efeito anti-hipertrófico do  EXF na 

vigência de acentuada estimulação β-adrenérgica (artigo 1: tabela 1), foi novamente 

demonstrada no segundo artigo (figura 1). Destaque-se a importante relevância clínica 

destes achados que, conferem ao EXF a capacidade notável para inibir o remodelamento 

ventricular esquerdo patológico. Os mecanismos participantes desta ação cardioprotetora 

permanecem para serem esclarecidos em estudos posteriores, contudo, de nossos 

resultados derivam possíveis explicações. Assim, o EXF foi capaz de abolir o aumento 

das citocinas pró-inflamatórias TNF-α e IL-6 no miocárdio submetido ao insulto β-

adrenérgico. Saliente-se, ainda, a melhora na expressão miocárdica da citocina anti-

inflamatória IL-10. Estes efeitos tornaram factual a manutenção da normalidade das 

relações entre TNF-α/IL10 e IL-6/IL-10 (artigo 2: figuras 4B e 5B) nos animais 

exercitados tratados com ISO. Nesta perspectiva, é esperado que a modulação favorável 

do balanço entre citocinas pró e anti-inflamatórias promovida pelo EXF possa contribuir 

para a prevenção do remodelamento miocárdico induzido pelo ISO. 

 Outro dado destacável de nosso estudo, e passível de contribuir para o efeito anti-

hipertrófico do EXF, além da inibição do aumento das citocinas TNF-α e IL-6 no 

miocárdio, foi a atenuação do conteúdo de RNA mensageiro do TGF-β1 no miocárdio dos 

ratos treinados submetidos ao ISO (artigo 2: figura 4C). Em adição, na vigência do ISO, 

apesar de não ser evidenciada redução estatisticamente significante em relação ao grupo 

sedentário, o grupo de animais previamente treinados mostraram valores inferiores de 
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positividade nuclear para o NF-kB, a ponto de não diferirem significativamente dos 

demais grupos do estudo  (artigo 2: figura 6J). Tais particularidades permitem concordar 

com a idéia corrente que o EXF pode constituir intervenção eficiente para modulação 

favorável de fatores de crescimento e/ou fatores de transcrição envolvidos com o 

processo de HM patológica (Konhilas et al, 2006). 

A interpretação dos resultados constantes no artigo 2, tabela 1, em especial, os 

valores da fração de encurtamento (FE) e derivada positiva máxima da pressão 

desenvolvida do ventrículo esquerdo (+dP/dt), nos levam a considerar que a ação do ISO 

conduziu à melhora da contratilidade miocárdica e capacitou o ventrículo esquerdo a 

gerar pressão mais eficientemente. A melhora das variáveis que compõem a regulação da 

função ejetante do coração é notória em estudos que se valeram de ensaios experimentais 

in vivo ou em preparações de corações isolados para analisar as repercussões do ISO 

sobre a função cardíaca global (Taylor & White, 1983; Taylor & Tang 1984a, Tang et al, 

1987). Realmente, em experiências anteriores do laboratório (Murad & Tucci, 2000), nas 

quais a função cardíaca global foi avaliada em corações operando isoladamente, a 

capacidade para gerar pressão foi expressivamente melhorada no ventrículo esquerdo 

hipertrofiado pelo ISO. Contudo, as informações atuais relativas ao estudo da mecânica 

miocárdica in vitro sugerem que a melhora do estado contrátil do miocárdio associado ao 

ISO é apenas ilusória. Como ilustrado na Figura 2A/B (artigo 2), a ação do ISO conduziu 

ao prejuízo da capacidade contrátil do miocárdio nos animais sedentários. Estas 

observações são condizentes com outros estudos da literatura que demonstram redução da 

função contrátil induzida pelo ISO em amostras musculares isoladas (Hayes et al, 1986; 

Vassallo et al, 1988; Stein et al, 1996). 
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A inferência de que ocorre depressão da função mecânica do miocárdio nos 

animais sedentários com HM decorre, também, de outros achados. Nossos dados 

caracterizam que a HM despertada pelo ISO conduz a valores elevados de pressão 

diastólica final do ventrículo esquerdo (artigo 2: tabela 1) e a valores reduzidos da taxa 

de decaimento máxima da tensão desenvolvida (artigo 2: figura 2C) e, portanto, 

configurando um estado deprimido de relaxamento miocárdico.  

Em adição, o protocolo experimental in vitro possibilitou caracterizar, em 

preparações de músculos papilares, a sensibilidade dos miofilamentos ao mecanismo de 

Frank-Starling, isto é, a intensificação da tensão desenvolvida promovida pelo 

estiramento muscular. Assim, quando se analisaram as retas de estiramento-tensão ativa 

(artigo 2: figura 3) foi evidenciado que os estiramentos musculares acentuaram menos a 

tensão desenvolvida nos papilares dos animais sedentários submetidos ao ISO. 

Consequentemente, as inclinações das retas provenientes da relação estiramento muscular 

e tensão desenvolvida são sugestivas de piora do mecanismo de Frank-Starling. Levando 

em conta este procedimento, os animais sedentários foram prejudicados pelo ISO. 

Estas considerações nos levam a propor que a HM desencadeada pelo ISO é 

acompanhada por depressão da função miocárdica, que pode ser detectada pelo 

desempenho de músculos papilares (artigo 2: figuras 2 e 3). Vale dizer que nossos dados 

in vivo de melhora dos parâmetros de contratilidade (FE e +dP/dt) nos corações 

hipertrofiados são compreensíveis pela análise das implicações físicas da hipertrofia. 

Neste sentido, atentando para o fato de que a hipertrofia concêntrica despertada pelo ISO 

conduz ao aumento da relação massa/volume (Murad & Tucci, 2000), facilitando, assim, 

a geração de pressão (Lei de Laplace), é concebível que os valores de FE e +dP/dt 
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estejam mais elevados no VE hipertrofiado, apesar de sua capacidade para gerar força 

deprimida. A base para estas considerações provém de estudo anterior de nosso grupo, 

em que foi observada correlação significante entre a derivada máxima da pressão 

desenvolvida e relação massa/volume em corações isolados de animais tratados com ISO 

(Murad & Tucci, 2000). A totalidade de nossos achados permite compreender a 

impropriedade de considerar, apenas, a FE e +dP/dt como indicadoras de capacidade 

contrátil miocárdica no modelo de ISO. 

É difícil estabelecer com precisão os mecanismos condicionantes da disfunção 

miocárdica induzida pelo ISO. Contudo, nós dispomos de informações que permitem 

racionalizar, de maneira fundamentada, sobre o assunto. Nossos resultados evidenciaram 

que necrose (artigo 1: figura 1B) e apoptose (artigo 1: figura 3) coexistem no miocárdio 

submetido ao insulto β-adrenérgico, o que reduz significativamente o número de 

miofibrilas e, consequentemente, a capacidade contrátil intrínseca do miocárdio. Há a se 

considerar, ainda, que o acúmulo de colágeno no ventrículo esquerdo (artigo 1: figura 

1F) pode piorar a distensibilidade e prejudicar a transmissão de força entre os 

cardiomiócitos em contração (Jalil et al, 1989; Matsubara et al, 2000; Murad & Tucci, 

2000; Gallego et al, 2001; Hanft et al, 2008). Considere-se, ainda, a existência de edema, 

que dificulta a interação miosina-actina por aumentar o espaço interfilamentar 

(Bragadeesh et al, 2008). Também, aumento da rigidez diastólica do miocárdio esta 

freqüentemente associada à HM do tipo concêntrica (Vangheluwe et al, 2006). 

Adicionalmente, há dados da literatura, em nível molecular, demonstrando que a 

hiperatividade β-adrenérgica induz modificações deletérias na expressão ou atividade de 

proteínas reguladoras envolvidas com o ciclo de contração e relaxamento do miocárdio. 
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Assim, a administração de ISO reduziu os conteúdos de AMP cíclico (Stein et al, 1996), 

SERCA2 (Stein et al, 1996), fosfolambam (Stein et al, 1996) e fosfolambam fosforilada 

no miocárdio (Nakajima-Takenaka et al, 2009). 

Considerando os resultados relacionados com a influência isolada do exercício 

físico, a literatura tem pontuado o papel do EXF no melhoramento da função miocárdica 

de ratos idosos (Ascensão et al, 2007; Barmeyer et al, 2009), hipertensos (Morris et al, 

2007; Miyachi et al, 2009; Ziada, 2009) e com infarto do miocárdio (Wisløff et al, 2002; 

Freimann et al, 2005; Leosco et al, 2008; Portes et al, 2009). Nossos resultados ampliam 

o cenário de atuação protetora do EXF, reportando, pela primeira vez, que o EXF pode 

prevenir as anormalidades funcionais cardíacas provenientes da ação β-adrenérgica 

sustentada. 

 Os estudos da mecânica miocárdica ofereceram informações que permitiram 

avançar sobre o efeito do EXF. Constatamos que os indicadores de capacidade contrátil 

(TD e +dT/dt) foram claramente superiores nos ratos treinados, uma propriedade já 

apontada anteriormente em experimentos que avaliaram os efeitos do EXF sobre a 

mecânica de músculos papilares (Molé, 1978). A resposta contrátil aos diferentes 

comprimentos musculares indicou que a funcionalidade do mecanismo de Frank-Starling 

estava significativamente aprimorada nos animais exercitados. Apesar de nós não termos 

analisado os possíveis mecanismos responsáveis pelo aprimoramento da contratilidade, 

destacam-se as já reconhecidas ações do EXF sobre a melhora da sensibilidade dos 

miofilamentos ao cálcio (Diffee et al, 2001; Wisløff et al, 2001; Diffee & Nagle, 2003a) 

e o aumento da expressão da cadeia leve da miosina no miocárdio (Diffee & Chung, 

2003b). 
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 Uma particularidade notável em nossos dados é que a hiperatividade β-

adrenérgica com ISO não foi capaz de inibir o aprimoramento da capacidade contrátil do 

miocárdio nos ratos exercitados. Os mecanismos participantes desta ação benéfica do 

EXF permanecem para serem esclarecidos em estudos posteriores, contudo, nossos dados 

chamam a atenção para algumas circunstâncias que devem ser consideradas: (1) o EXF 

inibiu a necrose e apoptose no miocárdio injuriado, preservando as estruturas contráteis; 

(2) nos animais treinados submetidos ao ISO não houve aumento do conteúdo de 

colágeno no miocárdio, resultando em manutenção das propriedades elásticas e geração 

de força dos cardiomiócitos. 

 De uma maneira geral, este estudo experimental é a primeira demonstração de que 

o EXF, iniciado antes da sobrecarga β-adrenérgica, pode prevenir o remodelamento 

cardíaco e melhorar a função miocárdica intrínseca. Tendo em conta que o bloqueio β-

adrenérgico é uma recomendação padrão para o tratamento da HM e insuficiência 

cardíaca (Hunt et al, 2005) e que, a dose de ISO por nós utilizada é excessiva em relação 

à estimulação β-adrenérgica fisiológica ou fisiopatológica habitual, nossos resultados 

sugerem fortemente que o EXF regular pode constituir intervenção não farmacológica 

amplamente efetiva no combate aos efeitos adversos da sobrecarga β-adrenérgica. 
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CONCLUSÕES 

1. A sobrecarga beta-adrenérgica com ISO induziu hipertrofia, necrose e apoptose 

dos cardiomiócitos, acompanhadas por aumento tecidual das citocinas TNFα, IL-6 

e TGFβ1. Soma-se, também, o aumento da expressão nuclear do NF-кB causado 

pelo ISO; 

2. No grupo de animais exercitados houve inibição da hipertrofia cardíaca e 

prevenção das anormalidades estruturais e ultraestruturais miocárdicas causada 

pelo isoproterenol; 

3. O efeito anti-remodelamento do EXF pode ser devido, em parte, à manutenção 

tecidual da relação entre citocinas pró e anti-inflamatórias, bem como atenuação 

da expressão miocárdica do TGFβ1; 

4. O mecanismo que determinou a melhora dos padrões de contratilidade do 

músculo cardíaco nos ratos exercitados não foi elucidado por este estudo. 
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