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Table 1 - List of oligonucleotides primers: COL1A1: type-IA1 collagen; COL3A1: type-III collagen; 
TGF-β1, transforming growth factor beta-1; MMP-2: metalloproteinase 2; MMP-9: metalloproteinase 
9; TIMP-1: tissue inhibitor of metalloproteinases-1; TIMP-2: tissue inhibitor metalloproteinases-2; 
RPS27a: ribosomal protein S27a. 

Primer name Forward Reverse 
COL1A1 ATCAGCCCAAACCCCAAGGAGA CGCAGGAAGGTCAGCTGGATAG 

COL-III TGATGGGATCCAATGAGGGAGA GAGTCTCATGGCCTTGCGTGTTT 

TGF-β1 CCCCTGGAAAGGGCTCAACAC TCCAACCCAGGTCCTTCCTAAAGTC 

MMP-2 CTGGGTTTACCCCCTGATGTCC AACCGGGGTCCATTTTCTTCTTT 

MMP-9 GGATGTTTTTGATGCCATTGCTG CCACGTGCGGGCAATAAGAAAG 

TIMP-1 ATAGTGCTGGCTGTGGGGTGTG TGATCGCTCTGGTAGCCCTTCTC 

TIMP-2 GGACACGCTTAGCATCACCCAGA GTCCATCCAGAGGCACTCATCC 

RPS27a GACCCTTACGGGGAAAACCAT AGACAAAGTCCGGCCATCTTC 

Source: author 
  



	
   	
  

 
Table 2 - Body weight (BW) and cardiac hypertrophy rates of the experimental groups. BWi: 
body weight at the beginning of RT; BWf: body weight in the end of RT; LV: left ventricle 
weight; Whole heart: whole heart weight; LV/BW: LV weight/body weight ratio; LV/tibia: LV 
weight/tibia length; Values are expressed by means ± SEM. Groups: YS: young sedentary; YT: 
young trained; OS: old sedentary; OT: old trained. Different characters mean statistical difference 
(ANOVA two-way, Tukey post-hoc test p ≤ 0.05). +YT vs. YS; *OS vs. YS; #OT vs. YT. n = 
10/group.  
 

 YS YT OS OT 
BWi, g 313 ± 4 304 ± 6 510 ± 13 519 ± 9 

BWf, g 486 a ± 10 426 a + ± 9 467 a ± 15 480 a  ± 9 

LV, mg 1058 ± 21 902+ ± 19 1061 ± 39 1053# ± 26 

Whole heart, g 1.34 ± 0.03 1.16+ ± 0.03 1.50* ± 0.06 1.47# ± 0.03 

Tibia, cm 4.46 ± 0.03 4.43 ± 0.05 4.58 ± 0.04 4.64 ± 0.03 

LV/BWf, mg/g 2.18 ± 0.02 2.27 ± 0.03 2.20 ± 0.08 2.20 ± 0.04 

LV/tibia, mg/cm 244 ± 5.7 208+ ± 9.7 223 ± 11 236 ± 7.8 

Source: Author 
  



	
   	
  

Figure 1 - Overload (g) carried by old and young trained rats along the 12 weeks of RT. Blue and 
red lines correspond to the young trained rats (YT), and old trained rats (OT) respectively. n=31; a 

significant difference in comparison to the previous week (paired t Student test; p ≤ 0.05); b 

significant difference between YT x OT (unpaired t Student test; p ≤ 0.05). Values are expressed 
as means ± SEM. 

 

 
Source: Author 
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Figure 2 - LV images of hematoxilin-eosin staining (H&E), 20X (A), Masson´s trichrome 
imaging, 20X (B) and Second harmonic generation (SHG), 40X (C). Connective tissue is 
staining in blue (yellow arrows, B) and in green collagen (white arrows, C); Values are expressed 
as means ± SEM. LV myocyte width (µm) (A), % of LV connective tissue (B) and %collagen 
deposition/area (C). Groups: YS: young sedentary; YT: young trained; OS: old sedentary; OT: 
old trained. Different characters mean statistical difference (ANOVA two-way, Tukey post-hoc 
test p ≤ 0.05). +YT vs. YS; *OS vs. YS; &OS vs. OT. n = 7/group. 
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Source: author 
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Figure 3 - Bands representing the catalytic activity of MMP-2 in the gel (A); Densitometry of 
pro-MMP-2 (B) and active-MMP-2 (C). Values are expressed as means ± SEM. Groups; YS: 
young sedentary; YT: young trained; OS: old sedentary; OT: old trained. Different characters 
mean statistical difference (ANOVA two-way, Tukey post-hoc test p ≤ 0.05). +YT vs. YS; *OS 
vs. YS; #OT vs. YT; &OS vs. OT. n = 10/group.	
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Figure 4 - Gene expression of collagen I (COL-I) (A), collagen III (COL-III) (B), transforming 
growth factor-β1 (TGF-β1) (C), tissue inhibitor of metalloproteinase 1 (TIMP-1) (D), 
metalloproteinase-9 (MMP-9 (E) and metalloproteinase-2 (MMP-2) (F) in the LV tissues 
measured by real time PCR. Values are expressed as means ± SEM and normalized by the 
reference gene (RPS27a). Groups; YS: young sedentary; YT: young trained; OS: old sedentary; 
OT: old trained. Different characters mean statistical difference (ANOVA two-way, Tukey post-
hoc test p ≤ 0.05). +YT vs. YS; *OS vs. YS; #OT vs. YT; &OS vs. OT. n = 8/group. 
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Figure 5 - Protein expression of metalloproteinase-2 (MMP-2) (A), metalloproteinase-9 (MMP-
9) (B); tissue inhibitor of metalloproteinase 1 (TIMP-1) (C), tissue inhibitor of metalloproteinase 
2 (TIMP-2) (D) and transforming growth factor-β1 (TGF-β1) (E) in LV tissues, measured by 
Western immunoblot. Values are expressed as means ± SEM. Groups; YS: young sedentary; YT: 
young trained; OS: old sedentary; OT: old trained. No statistical differences were observed in all 
proteins. n=9/group.  
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Table 3 - Arterial and intra-ventricular measurements.  
 

 YS YT OS OT 

SBP, mmHg 122.8 ± 2.7 129.9 ± 4.8 100.5* ± 6.4 109# ± 4.1 

DBP, mmHg 87.6 ± 3.1 92.6 ± 2.7 70* ± 4.9 78# ± 2.8 

MBP, mmHg 104.3 ± 3.2 108.9 ± 3.2 84.8* ± 5.5 92.8# ± 3.2 

HR bpm 204 ± 8 195 ± 6 200 ± 18 189 ± 6 

LVSP, mmHg 135.8 ± 4 137.7 ± 3 107.6* ± 7.7 99.8# ± 5.4 

+dP/dt, mmHg/s 5586.7 ± 347 5613 ± 365 6263.6 ± 590 5298.3 ± 448 

LVEDP, mmHg 7.3 ± 1 7.3 ± 0.8 10.9* ± 0.4 8.4& ± 0.9 

-dP/dt, mmHg/s -4052.6 ± 308 -4167.5 ± 185 -3232 ± 424 -3335.3# ± 230 

Tau, s 0.033 ± 0 0.028 ± 0 0.016* ± 0 0.017# ± 0 

Source: Author 
 
Subtitle: SBP: systolic arterial pressure; DBP: diastolic arterial pressure; MBP: mean arterial 
pressure; HR: heart rate; LVSP: left ventricle systolic pressure; LVEDP: end-diastolic pressure; 
+dP/dt: positive derivate of LV pressure; -dP/dt: negative derivate of LV pressure; Tau: time constant 
of LV relaxation; au: arbitrary unit; s: second. Values are expressed as means ± SEM. Groups: YS: 
young sedentary; YT: young trained; OS: old sedentary; OT: old trained. Different characters mean 
statistical difference (ANOVA two-way, Tukey post-hoc test p ≤ 0.05). +YT vs. YS; *OS vs. YS; #OT 
vs. YT; &OS vs. OT. n = 8/group. 
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RESUMO 
 

INTRODUÇÃO: O remodelamento da matriz extracelular (MEC) cardíaca é um evento dentre 

estas mudanças estruturais no ventrículo esquerdo (VE) que é orquestrado pelos níveis de 

metaloproteinases (MMP) e seus inibidores endógenos (TIMPs). Na tentativa de prevenir tais 

efeitos decorrentes da idade avançada, o exercício aeróbico tem sido sugerido por melhorar a 

fibrose e a função cardíaca. Entretanto, os efeitos do treinamento resistido (TR) nestas variáveis 

necessitam de melhor compreensão. OBJETIVO: investigar os efeitos crônicos do TR de alta 

intensidade na MEC do VE e a função cardíaca em ratos idosos. METODOLOGIA: ratos de 3 e 

21 meses de idade foram designados como grupos: jovem sedentário (YS), jovem treinado (YT), 

idoso sedentário (OS) e idoso treinado (OT). Os grupos treinados foram submetidos à um 

protocolo de 12 semanas de escalada sob alta intensidade, 3 vezes por semana. Decorridos 48h 

pós última sessão de treino, medidas hemodinâmicas foram registradas: pressão arterial sistólica 

(SAP), pressão arterial diastólica (DAP), pressão arterial média (MAP), frequência cardíaca 

(HR), constante de decaímento da pressão ventricular (Tau), derivada temporal positiva da 

pressão intraventricular (+dP/dt), razão de decaímento da pressão ventricular (-dP/dt), pressão 

arterial sistólica máxima do VE (LVSP) e pressão arterial diastólica final do VE (LVEDP). 

Largura dos cardiomiócitos, % de tecido conectivo e de colágeno intersticial foram analisados no 

VE. A atividade da MMP-2 foi detectada por zimografia, assim como a expressao gênica e 

proteica de alguns constituintes da MEC. Moduladores da hipertrofia e fibrose cardíaca, 

angiotensina II (Ang-II) e peptídeo natriurético atrial (ANP) foram avaliados. RESULTADOS: a 

largura do cardiomiócito e a concentração de colágeno diminuíram em ratos OT comparados ao 

grupo OS. TR aumentou a atividade da MMP-2 e atenuou os aumentos na LVEDP de ratos 

idosos. Ratos OT não apresentaram alterações significativas na expressão dos elementos da MEC 

e nos peptídeos cardíacos Ang-II e ANP. O TR diminuiu significativamente a expressão gênica 

elevada de TIMP-1, TGF-β e COL-1, observados no grupo OS. CONCLUSÃO: o TR foi eficaz 

em diminuir o colágeno cardíaco o que pode ser associado com a melhora na função diastólica, o 

que pode estar relacionado com o aumento na atividade da MMP-2 em VE de ratos idosos. O TR 

atenuou a via de sinalização TGF-β–TIMP-1–COL-1, a nível transcricional. Portanto este estudo 

revela a importância do treinamento resistido na homesostase da MEC e melhora da função 

diastólica em modelo experimental de idoso. 



	
   	
  

Palavras-chave: Envelhecimento. Treinamento Resistido. Ventrículo Esquerdo. Matriz 

Extracelular. Função Diastólica. 

  



	
   	
  

ABSTRACT 
 

INTRODUCTION: It is well documented that aging causes morphological and functional 

alterations in the heart. Cardiac ECM remodeling is one event of structural changes in left 

ventricle (LV), which is modulated by MMPs/TIMPs balance and may lead to cardiac fibrosis. 

To prevent such effects inherent of aging, aerobic exercise training has been suggested to 

improve the cardiac fibrosis and function. However the effects of resistance training (RT) 

remains unclear. Whether that RT could alter cardiac function following cardiac ECM 

remodeling is uncertain. PURPOSE: to investigate the chronic effects of high intensity 

resistance training (RT) in the extracellular matrix (ECM) remodeling of left ventricle (LV) and 

cardiac function in old rats. PROCEDURES: Rats with 3 and 21 months-age were assigned as 

young sedentary (YS), young trained (YT), old sedentary (OS) and old trained (OT). The trained 

groups (YT and OT) were submitted to high-intensity RT protocol (3 times a week during 12 

weeks). After 48h post-training, hemodynamic and intra-ventricular pressures were recorded. LV 

myocyte width, LV connective tissue and collagen fibrils were analyzed. MMP-2 activity, gene 

and protein expression from ECM components as well as angiotensin II (Ang-II) and atrial 

natriuretic peptide (ANP) were evaluated FINDINGS: LV myocyte width and connective tissue 

were reduced in OT rats. RT increased the MMP-2 activity in OT rats and improved the age-

related increase in the left ventricle end diastolic pressure (LVEDP). The RT unchanged Ang-II 

and ANP in LV of old rats. CONCLUSION: RT was effective to decrease LV connective tissue, 

which was associated with increased ECM remodeling by MMP-2 activity in LV tissue and 

improvement of LVEDP in aging rats. Our results point out the importance of RT in ECM 

homeostasis and diastolic function in experimental aging model. 

 

Key-words: Aging. Resistance Training, Left Ventricle, Extracellular Matrix, Diastolic 

Function.
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INTRODUÇÃO 
 

O envelhecimento é um processo inerente a todos os seres vivos que se estabelece 

como um fator de risco independente para a manifestação de doenças cardiovasculares 

(LAKATTA; LEVY, 2003; NICCOLI; PARTRIDGE, 2012; STERN; BEHAR; GOTTLIEB, 

2003). Entretanto, é difícil determinar precisamente as adaptações cardíacas frente ao processo 

natural do envelhecimento e àquelas ocasionadas por doenças cardiovasculares decorrentes. 

A fibrose cardíaca é uma característica do processo natural de envelhecimento que 

vem sendo documentado ao longo dos anos (BOLUYT et al., 1994; FEINBERG; 

VOGELSTEIN, 1984; GOLDSMITH; BRADSHAW; SPINALE, 2013; HORN, 2015; 

(OLIVETTI et al., 1991ab; QUEREJETA et al., 2004) por favorecer uma maior rigidez da 

câmara cardíaca asssociado com piora do relaxamento ventricular, o que contribui para o 

desenvolvimento da disfunção diastólica (HORN, 2015; LAKATTA et al., 1987; REED et al., 

2011). A fibrose intersticial constitui um dos eventos do remodelamento cardíaco (HORN, 2015) 

cuja definição é a resposta compensatória decorrente do aumento da sobrecarga de pressão 

imposta ao ventrículo esquerdo (VE) - devido ao enrijecimento arterial decorrente da idade - o 

que leva à alguns eventos celulares, tais como: apoptose e necrose, diminuição do número de 

cardiomiócitos com consequente hipertrofia das células remanescentes, deposição de gordura 

visceral epicárdica e acúmulo de proteínas da MEC – a fibrose intersticial (ANVERSA et al., 

1990; HORN, 2015; OLIVETTI et al., 1991ab). O acúmulo de tecido fibroso estabelece-se por 2 

processos: fibrose reativa ou reparativa. A fibrose reativa ocorre em resposta à um aumento do 

estresse da parede miocárdica com consequente espessamento das fibras de colágeno já 

existentes dentro do espaço intramuscular. Por outro lado, fibrose reparativa é a síntese de novas 

redes de colágeno nos espaços criados por células necróticas e apoptóticas (BURSTEIN; 

NATTEL, 2008; TARONE et al., 2014; WEBER, 1989). Entretanto, é difícil estabelecer se estes 

processos contribuem de forma conjunta ou isolada na manifestação da fibrose cardíaca em 

decorrência  do envelhecimento. 

De uma forma geral, o acúmulo de colágeno configura a fibrose cardíaca (HORN 

et al., 2012; JUGDUTT, 2003; LAKATTA; LEVY, 2003). Entretanto o colágeno está inserido 

dentro de uma uma vasta rede de macromoléculas extracelulares, constituída de moléculas 

fibrilares e não fibrilares, a matriz extracelular (MEC) que compoe o tecido conjuntivo. A 
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principal função da MEC é fornecer suporte para as células contráteis – os cardiomiócitos 

(JOURDAN-LESAUX et al., 2010). Juntamente com a proteína contrátil titina, a MEC também 

possui papel fundamental na elasticidade e complacência do músculo cardiaco e transmissão do 

estresse mecânico durante o ciclo cardíaco (GIELEN et al., 2005; NAGUEH et al., 2004; PUGH; 

WEI, 2001; STEWART et al., 2003). Além do mais, a MEC é um ambiente rico de moléculas 

sinalizadoras, tais como citocinas, fatores de crescimento e um reservatório de proteases 

(GOLDSMITH; BORG, 2002; KASSIRI; KHOKHA, 2005). Dessa forma, ela está em constante 

processo de síntese, degradação e resíntese de proteínas (turnover protéico). Por sua vez, o termo 

remodelamento da MEC é estabelecido como uma sequência de processos de degradação, 

remoção dos subprodutos, reposição celular e consequente mudança estrutural do tecido (APTE; 

PARKS, 2015). Frente às mudanças estruturais que ocorrem no coração envelhecido, 

principalmente hipertrofia e fibrose cardíacas, utilizaremos aqui o termo remodelamento da 

MEC. 

O balanço entre a síntese e degradação das proteínas da MEC é orquestrado por 

proteases dependentes de zinco, denominadas metaloproteases de matriz (MMPs) cuja atividade 

é modulada principalmente por seus inibidores endógenos, os chamados inibidores teciduais de 

metaloproteases, os TIMPs (CREEMERS et al., 2003; JAYASANKAR et al., 2004; MOTT; 

WERB, 2004; SPINALE et al., 1998). As gelatinases (MMP-2 e MMP-9) são enzimas que 

degradam gelatinas, os subprodutos da degradação de colágeno devido à ação da colagenase 

MMP-1 (KASSIRI; KHOKHA, 2005). Entretanto,  Foi demonstrada diminuição e aumento na 

expressão protéica das MMPs e TIMPs respectivamente, em coração de ratos idosos (KWAK et 

al., 2011). Além do mais, o TGF-β1 é um importante regulador do TIMP-1 e está relacionado 

com a fibrose no coração envelhecido (BONNEMA et al., 2007; CHEN et al., 2000; TSUTSUI et 

al., 2007). Angiotensina II (Ang-II) e peptídeo natriurético atrial (ANP) são importantes 

sinalizadores da fibrose cardíaca e hipertrofia cardíaca, respectivamente (ASAKURA et al., 

2002; CHEN et al., 2000; GONZÁLEZ; LÓPEZ; Dı́EZ, 2004; KNOWLES et al., 2001; LIJNEN; 

PETROV; FAGARD, 2001; OLIVER et al., 1997; TAKAHASHI et al., 1994; TSUTSUI et al., 

2007). A Ang-II atua como uma peptídeo de sinalização upstream ao TGF-β1, mediando as 

respostas relacionadas à fibrose cardíaca (BAKER; ACETO, 1990; SADOSHIMA; IZUMO, 

1993; SCHUNKERT et al., 1990; THANNICKAL et al., 2003) assim como da produção de 

MMPs (KYRIAKIS; AVRUCH, 2001). A ação direta da Ang II no miocárdio também modula a 
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função cardíaca (KJAER; HESSE, 2001). O ANP é um peptídeo cardíaco associado com as 

adaptações à sobrecarga cardíaca de pressão (JIN et al., 2000) sendo, portanto, considerado um 

marcador de hipertrofia patológica (DIETZ, 2005). Embora sua função esteja relacionada com 

limitação da fibrose cardíaca (LEVIN; GARDNER; SAMSON, 1998; VARDENY; TACHENY; 

SOLOMON, 2013), concentrações de ANP aumentam no VE de ratos envelhecidos (WU; 

KWAN; TANG, 1997).  

Na tentativa de amenizar a excessiva fibrose cardíaca relacionada à idade 

avançada, o treinamento aeróbico tem sido amplamente estudado (KWAK et al., 2011; 

THOMAS et al., 2001; WRIGHT et al., 2014). Os trabalhos, em geral, demonstraram seus efeitos 

benéficos por promover redução da fibrose cardíaca relacionada com a idade avançada (KWAK 

et al., 2011; THOMAS et al., 2000), associado com o aumento na expressão MMP-2 e redução 

na expressão de TGF-β1 e TIMP-1 em VE de ratos idosos (KWAK et al., 2011). Outros estudos 

sugerem que este efeito possa promover melhora nos parâmetros funcionais cardíacos (CHOI et 

al., 2009; KWAK; SONG; LAWLER, 2006; LAKATTA; LEVY, 2003; RAYA et al., 1997; 

TSURUDA et al., 2004). Entretanto, os efeitos do treinamento resistido nesse parâmetros ainda 

necessitam ser melhor compreendidos. Ainda, se essas alterações estruturais da MEC cardíaca 

em idoso poderiam ser moduladas pelo treinamento físico resistido e as consequentes respostas 

cardíacas funcionais são ainda pouco conhecidas. Embora haja poucos estudos sobre os efeitos 

do treinamento resistido nos parâmetros de remodelamento cardíaco em modelo de idoso, este 

tipo de treinamento físico tem sido amplamente recomendado para este segmento da população 

por sua eficácia em mimizar as perdas de força, massa muscular e óssea inerentes ao avanço da 

idade (EVANS, 1999; HÄKKINEN et al., 1998). Considerando que o treinamento resistido 

impõe uma sobrecarga de pressão – e de volume – sobre o VE (BERNARDO et al., 2010; 

GROSSMAN; JONES; MCLAURIN, 1975), nós hipotetizamos que o treinamento resistido 

aumenta o remodelamento da MEC do VE e melhora a função cardíaca em ratos idosos. 
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JUSTIFICATIVA 
 

Diante das previsões de um ascendente aumento da população idosa, devido à 

melhora da expectativa de vida por influência de diversos fatores, estudos contemplando temas 

sobre o envelhecimento mostram-se relevantes, principalmente no que tange à envelhecer com 

qualidade de vida. 

Clinicamente, a prática de exercício físico com características aeróbicas tem se 

mostrado eficaz nos aspectos morfológicos e funcionais cardíacos na população idosa. Embora o 

treinamento físico resistido seja extremamente recomendado para este tipo de população, visto 

seus benefícios músculo-esqueléticos, ainda se faz necessário uma melhor compreensão dos 

efeitos deste nos parâmetros cardíacos tanto no aspecto morfológico quanto no funcionamento da 

bomba cardíaca. Portanto este estudo possui relevância experimental com a intenção de elucidar 

alguns pontos importantes dentro do tema remodelamento cardíaco na idade avançada, 

especificamente da MEC, de modo que possa contribuir com novas pesquisas na área. Visto a 

dificuldade em se adequar protolocos de treinamento resistido para modelos experimentais e a 

escassez de trabalhos científicos até o momento, acreditamos que esta pesquisa venha acrescentar 

à literatura científica na tentativa de avançar as fronteiras do conhecimento na área em questão. 
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OBJETIVO GERAL 
	
  

Testar os efeitos crônicos do treinamento físico resistido de alta intensidade sobre 

as adaptações morfológicas cardíacas e o remodelamento da MEC em VE de ratos idosos, bem 

como a função cardíaca.  

 

OBJETIVOS ESPECÍFICOS 
	
  

Avaliar os aspectos morfológicos do VE de ratos idosos; avaliar a atividade 

enzimática da MMP-2 do VE em ratos idosos; investigar a expressão genética e protéica dos 

elementos envolvidos no remodelamento da MEC de VE de ratos idosos e identificar as vias de 

sinalização upstream do remodelamento da MEC em VE de ratos idosos. 

	
    



	
   	
   17	
  

INTRODUCTION 
	
  

Progressive fibrosis is a hallmark of the aging heart, as confirmed in animal and 

human studies (NEILAN et al., 2013). Left ventricular (LV) hypertrophy and myocardial fibrosis 

are compensatory responses to changing load conditions in the aged heart which are caused by 

diminished vascular compliance and elevated cardiac pressure overload (GRAHAM et al., 2011; 

O’ROURKE; HASHIMOTO, 2007). These changes elevate the ventricular work required to eject 

blood during systole, resulting in cardiac remodeling (CHEN et al., 1998). In general, cardiac 

remodeling stands for morphological, cellular, molecular and functional changes in the 

myocardium caused by alterations in overload placed into the heart (COHN et al., 2000; HORN, 

2015; QUARLES et al., 2015). Pathological cardiac remodeling is associated with myocardial 

infarction, inflammatory myocardial disease, hypertension (pressure overload), aortic 

regurgitation (pressure overload) and cardiomyopathies. The increased pressure overload elicits 

compensatory responses to the myocardium, including reduced cardiomyocyte numbers, 

lengthening of the remaining cardiomyocytes and proliferation of cardiac fibroblasts followed by 

collagen accumulation in the ventricular chamber (COHN et al., 2000; JANSSENS; LIJNEN, 

2006; LAKATTA; LEVY, 2003; TORELLA et al., 2004). Myocardial collagen accumulation, or 

fibrosis, is managed by balanced equilibrium between extracellular matrix (ECM) synthesis, 

maturation, processing and degradation – the ECM turnover (ANVERSA et al., 1990; 

CAPASSO; FITZPATRICK; ANVERSA, 1992; CAPASSO et al., 1990; CENTURIONE et al., 

2003; EGHBALI et al., 1989; FRATICELLI et al., 1989; HORN, 2015; SUSSMAN; 

ANVERSA, 2004; KWAK et al., 2011).  

Matrix metalloproteinases (MMPs) are endopeptidases involved in ECM turnover 

and cardiac remodeling for degrading ECM proteins (AHMED et al., 2006; CHAKRABORTI et 

al., 2003; TSURUDA et al., 2004). Paradoxically, increased MMP levels mediate LV 

hypertrophy by enhancing ECM constituents, including collagen, fibronectin, elastin and laminin, 

leading to fibrosis with subsequent LV chamber dilatation and impaired LV function 

(JANSSENS; LIJNEN, 2006; OPIE et al., 2006). MMPs are synthesized by myofibroblasts, 

inflammatory cells, and myocytes (CLEUTJENS et al., 1995; COKER et al., 2001; HORN, 2015; 

MA et al., 2013) which are expressed constitutively at low levels in an inactivate form (zymogen 
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or pro-MMP) (TURNER; PORTER, 2012). MMP-2 and MMP-9 (gelatinases) are the main 

enzymes of cardiac remodeling because they break denatured collagen (gelatin) (COKER et al., 

1998; HADLER-OLSEN et al., 2011; SPINALE et al., 1998), fibronectin, elastin and laminin in 

the rat myocardium (CHEUNG et al., 2000; TYAGI; RATAJSKA; WEBER, 1993; SPINALE, 

2007). MMP activity is regulated by endogenous inhibitors, the tissue inhibitor 

metalloproteinases (TIMPs), which interact with MMPs at a 1-to-1 stoichiometric ratio 

(BONNEMA et al., 2007). Whereas MMPs have been associated with collagen degradation, 

there is recent evidence showing fibrosis following MMP activity (APTE; PARKS, 2015; 

GOLDSMITH; BRADSHAW; SPINALE, 2013). Expression of MMPs is regulated 

transcriptionally by growth factors, hormones and inflammatory cytokines (DESCHAMPS; 

SPINALE, 2006; FANJUL-FERNÁNDEZ et al., 2010). Angiotensin (Ang-II), atrial natriuretic 

peptide (ANP) and transforming growth factor beta (TGF-β) have been reported as one of the key 

upstream signaling pathways of cardiac hypertrophy and fibrosis (ASAKURA et al., 2002; 

CHEN et al., 2000; GONZÁLEZ; LÓPEZ; DÍEZ, 2004; LIJNEN; PETROV; FAGARD, 2001; 

KWAK, et al., 2011; ROSENKRANZ, 2004; TSUTSUI et al., 2007). 

The ECM provides scaffolding for myocyte alignment, crucial for systolic 

function and diastolic function (due to increasing stiffness and decreasing compliance) (KHAN; 

SHEPPARD, 2006; KWAK et al., 2013). While LV systolic function is maintained (LAKATTA; 

LEVY, 2003), diastolic function is compromised with aging. One likely reason for impaired 

diastolic function is collagen accumulation in LV, which results in myocardial passive stiffness, 

decreased ventricular filling and impaired contractile function (BOLUYT et al., 1994; CIESLIK 

et al., 2011; LAKATTA; LEVY, 2003; MATSUBARA et al., 2000; YAMAMOTO et al., 2002; 

ZILE; BRUTSAERT, 2002). Decline in age-related cardiac function, associated or not associated 

with cardiac fibrosis, were demonstrated in humans (SCHULMAN et al., 1992; STEWART et 

al., 2003; SUSIC; FROHLICH, 2008) and animals (CHOI et al., 2009; DE SOUZA, 2002; LIU et 

al., 2000). Therefore, age-related LV structural alterations may induce functional cardiac 

changes, which evoke a significant impact on the health of the elderly (CIESLIK et al., 2011; 

LAKATTA; LEVY, 2003; ZILE; BRUTSAERT, 2002). However, there is controversy about to 

what extent these adaptations are part of natural aging process or a response to pathological 

stimulus since aging is a risk factor for cardiovascular disease (ARBAB-ZADEH et al., 2004; 
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LAKATTA; LEVY, 2003; NICCOLI; PARTRIDGE, 2012; STERN; BEHAR; GOTTLIEB, 

2003). 

Exercise training has been postulated for its beneficial cardiovascular effects 

(ELLISON et al., 2012) and the reduced risk of cardiac events (NACI; IOANNIDIS, 2013) 

especially in the elderly (CONONIE et al., 1991). As a whole, exercise training provides 

enhancements in maximal cardiac output, increase in stroke volume and decrease in resting heart 

rate (MIHL; DASSEN; KUIPERS, 2008). For that reasons, unlike pathological remodeling, 

exercise training is a potent stimuli for physiological cardiac remodeling (MIHL; DASSEN; 

KUIPERS, 2008). Endurance training or aerobic exercises (e.g., walking, running and 

swimming) involves isotonic contractions of large skeletal muscle mass and are performed for 

extended periods (e.g., 30-60min) using oxygen as the main energy supply for sustaining 

repetitive high-intensity, low-resistance exercise (MORGANROTH et al., 1975; NADER, 2006). 

It triggers substantial skeletal muscle vasodilatation and cardiac volume overload (pre-load) 

caused by increasing venous return (PLUIM et al., 2000). The volume overload lead to increased 

stretching force on the myocardium (ANVERSA; OLIVETTI, CAPASSO, 1991), which 

stimulates the ventricular dilatation (VINEREANU et al., 2000), characterized by increasing left 

ventricular internal width and left ventricular wall thickness (PLUIM et al., 2000). The endurance 

exercise results in eccentric cardiac hypertrophy with normal or improve of ventricular function 

(HOSSACK, 1987; MELO et al., 2009). Such adaptations have been reported both in aging 

humans (ARBAB-ZADEH et al., 2004; TAKEMOTO et al., 1992) and experimental animal 

models (BRENNER; APSTEIN; SAUPE, 2001; JIN et al., 2000). 

However, studies addressing the effects of the resistance training on cardiac 

remodeling, ECM turnover and cardiac functional are scarce. Although endurance exercise 

training has been shown to improve the aged-associated LV remodeling, cardiac fibrosis and 

cardiac function, the effects of high-intensity resistance training in cardiac ECM remodeling and 

its implications in the cardiac function are not well understood. 

Resistance training (RT), also known as strength-or-weight lifting (HASS; 

FEIGENBAUM; FRANKLIN, 2001) has been suggested to the elderly populations for 

preventing disabilities, maintenance of independence (OKAMOTO; MASUHARA; IKUTA, 



	
   	
   20	
  

2006; WHARBURTON; GLEDHILL; QUINNEY, 2001), reduction of muscle mass (sarcopenia) 

and loss of strength inherent of aging (KRAEMER, 2002; HURLEY; ROTH, 2000; ROTH et al., 

2002; WINETT; CARPINELLI, 2001). It involves smaller muscle mass with few repetitions of 

muscle contractions (usually <20) until exhaustion at high or maximal exercise intensities during 

short-duration periods (NADER, 2006). The American Heart Association (AHA) recommends 

strength-training exercises at least 60% of 1 RM (one Repetition Maximum) of intensity 

(FIATARONE et al., 1990; HAGERMAN et al., 2000). Recommendations by the majority of 

studies and health organizations state that the RT must be progressive, executed at low 

repetitions and moderate volume, with overload against the concentric phase of movement 

(KRAEMER, 2002). Pollock et al (1994) recommends resistance training for elderly persons 

performing 1-8 sets, 12 repetitions and 8-10 exercises twice a week. Unlike the endurance 

exercise training, RT induces pathological cardiac remodeling, which could potentiate, to some 

extent, the compensatory responses of natural aging process. Resistance-type exercise imposes 

high pressure overload to the heart due to increased myocardial wall stress (FAGARD, 1996; 

MELO et al., 2015) inducing cardiac concentric hypertrophy (MACDOUGALL et al., 1985; 

MIHL; DASSEN; KUIPERS, 2008). However, Pluim et al (2000) concluded in a meta-analysis 

that ventricular hypertrophy, eccentric or concentric, is not dependent upon type-specific exercise 

training (endurance or resistance). Elevations in blood pressures (systolic and diastolic), cardiac 

output and heart rate have been documented during RT execution (FISMAN et al., 1997; 

HOOGSTEEN et al., 2004), although Fleck and Kraemer (2004) reported reduces in rate-

pressure product (product of heart rate and blood arterial pressure) following RT programmes, 

which may reduce cardiac demands during daily activities (MCCARTNEY et al., 1993). 

Furthermore, heavy RT may lead dramatic acute increases in both systolic and diastolic blood 

pressure when Valsava manoeuvre is evoked (MACDOUGALL et al., 1985 MCCARTNEY, 

1999) as well as increases in systemic vascular resistance due to isometric contraction imposed 

by heavier loads (FERNANDES et al., 2015). 

The study of Kwak et al (2011) revealed that aerobic exercise training attenuates 

cardiac fibrosis in the aging rat’s heart, linked to increased active MMPs expression but with no 

cardiac function evaluation. Therefore, the major aim of this study was to investigate the chronic 

effects of high-intensity resistance training in the ECM remodeling of LV from older rats. We 
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hypothesized that high-intensity resistance training enhances the ECM remodeling in the LV of 

aging rats with improvement of diastolic function. Such assumption is based on pressure 

overload placed in LV due RT. 
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MATERIAL AND METHODS 

Experimental Group 
 

Twenty male Wistar rats Rattus norvegicus albins with 3 (young) and 21 (old) 

months’ age were used at the beginning of resistance training (RT) protocol. The animals were 

housed at a constant room temperature (22±2°C) and light cycle (12:12-h light-dark cycle) with 

free access to standard rat chow and tap water. All procedures were performed in accordance 

with the USA Guide for care and use of laboratory animals. The study received approval from 

the Ethics Committee on Animal Experimentation of Federal University of Sao Carlos, SP, 

Brazil (protocol 015/2012) according to the Ethics Committee on Animal Use (Federal Law 

11.794) and Protection Code of Animals (State Law 11.977). Rats were randomly divided into 

four groups: YS (young-sedentary), YT (young trained), OS (old sedentary) and OT (old trained). 

Animal studies may provide similar benefits to cardiovascular health of the growing aged 

population (HACKER et al., 2006). Animals of the 6-month-olds represent a group of mature 

rats, as indicated by the fact that their rapid growth phase, and rats with 24 months of age show 

low mortality rate. Thus, the effects of aging can be investigated independently of confounding 

factors, such as growth or overt pathology (TURTURRO et al., 1999). Basically, one day of 

human’s life corresponds to thirty days of a rat, which imply rat with 24 months of age (720 days 

of life) is similar to a elderly from 58-60 years-old (BENEDICT; SHERMAN, 1937). 

 

Resistance Training 
 

The RT was adapted to Hornberger and Farrar (2004) study. Rats were adapted to 

climbing a ladder during 3 days with a load apparatus attached to their tails. They were initially 

placed at the bottom of the ladder and familiarized with climbing. We eventually stimulate the 

animals to initiate climbing in order to learn the upward movement. On the last familiarization 

day, the maximal load carried through entire length of the ladder was considered the start 

overload to start the resistance training protocol. This RT was performed in alternative days, 

three times per week during 12 weeks. The length of the ladder allowed the animals to make 8–

12 dynamic movements per climb, with 4-9 climbs/session. The climbs consisted of carrying a 
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progressive load of 65, 85, 95 and 100% of the maximal carrying capacity of each animal. At the 

end of these 4 climbs, an additional 30-g weight was added to the load apparatus until animal 

were not able to climb the entire ladder successfully. At the top of the ladder the rats arrived in a 

housing chamber where they rest for 120 seconds. RT session consisted of 5-8 climbs per climb 

over 6-8 seconds. At the end of the ET, the young and old animals achieved 6-mo and 24 mo-age 

respectively. 

 

Measurements of hemodynamic parameters 
 

Forty-eighty hours after the last exercise training session, rats were anesthetized 

with a ketamine-xylazine mixture (95 and 12mg/kg respectively, ip) as described for mice and 

adapted here for rats (KOCH et al., 1995; ROCKMAN et al., 1996) and a polyethylene catheter 

(PE-50, 8cm, filled with heparinized saline) was introduced through the right carotid artery into 

the left ventricle (LV). Arterial blood pressure – systolic, diastolic and mean arterial (SBP, DBP 

and MBP respectively) – heart rate (HR), maximal left ventricular systolic pressure (LVSP), LV 

end-diastolic pressure (LVEDP) and time constant of isovolumic relaxation (Tau) were obtained 

by a pressure transducer (Transpac IV-Abbbot, Critical Care Systems, Nashua, NH) and recorded 

continuously in unconscious rats. The positive and negative first derivatives of LV pressure vs. 

time (+dP/dt and -dP/dt, respectively) were also recorded (Mc Lab 8E, AD Instruments). In 

general, LVSP is related to the pressure load (or afterload) (DOUGHTY et al., 1997) and +dP/dt 

(a cardiac contractile index) with systolic performance (MASON, 1969). LVEDP, -dP/dt and Tau 

are used to measure the diastolic function (BOUDEWIJN et al., 2002). The LV catheter was then 

pulled out, and arterial blood pressure was measured – systolic and diastolic arterial pressure 

(SBP and DBP respectively). The maintenance of diastolic blood pressure at proper values was 

the guarantee that the aortic valve was not damaged during the procedure (DAVEL et al., 2008). 

After arterial and LV pressure recordings, animals were euthanized and the heart was isolated 

and weighed. The LV weight was normalized to body weight. This ratio was used as an index of 

LV hypertrophy. Of note, we were not able to measure the arterial pressure in conscious animals 

because they were rapidly driven to another experiment where it was necessary the euthanasia. 
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Histological analysis and Second Harmonic Generation (SHG) 
 

The LVs were fixed with 4% paraformaldehyde in phosphate-buffered saline for 

24h. After dehydration in ethanol, the material was embedded in paraffin for histological 

determinations. Serial 6µm sections were cut, stained with hematoxylin-eosin. Different cuts 

were stain with Masson’s trichrome to visualize collagen and myocytes. Colorimetric staining for 

connective tissue was an adaptation of the Masson’s trichrome technique (KIM et al., 2008). 

Afterwards, the cuts were analyzed under a light microscope. Histological sections were 

visualized with an Olympus Upright light Microscope (DP2-BSW 2.2 software). ImageJ 1.45S 

software (Media Cybernetics, Silver Spring, MD) was used to evaluate LV myocyte width. Five 

images of the myocardium were randomly acquired. Seven cells of each image, for a total of 45 

LV myocytes per animal, were acquired and measured at 40x magnification. To quantify the 

width of myocytes, longitudinal myocytes with discernable lateral borders were visualized from 

microscopic images of H&E-stained histological sections. The distance spanning the lateral 

borders and perpendicular to the longitudinal axis of each identified myocyte was measured 

recorded as the LV myocyte width. Although measurements of myocyte width have 

methodological limitations we used such parameter to determine myocyte hypertrophy (KELLY 

et al., 2009). 

SHG was identified using an Olympus confocal system (IX-81 inverted 

microscope, the FV300 scan head, the FV-5 COMB2 laser combiner, and two Hamamatsu model 

3896 PMTs). SHG was examined by excitation with a Titanium sapphire laser (Tsunami, Spectra 

Physics) at 800 nm and 80 MHz repetition rate, coupled to the scan head by an external port, and 

collected by the condenser in the forward direction with a bandpass filter at 400 nm (Oriel 

Corporation, Stratford, CT) and a blue shortpass filter to reject any fluorescence signal. The 

Fluoview software was used to reconstruct the images (BRUNI-CARDOSO et al., 2010). 

 

Gelatin zymography 
 

Gelatin zymography of MMP-2 was performed as previously described for cardiac 

muscle extracts (SNOEK-VAN BEURDEN et al., 2005). Frozen LVs (25mg/1ml buffer) were 
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incubated in extraction buffer (10 mM cacodylic acid, pH 5.0; 150mM NaCl; 1 µM ZnCl2; 20 

mM CaCl2; 1.5 mM NaN3 and 0.01% Triton X-100 [v/v]) overnight (18h) at 4°C with 

continuous mixing. The solution was centrifuged for 10 min (13000 g at 4°C) and total protein 

was determined with the BCA Protein Assay Kit (Pierce, Rockford, IL, USA) in a 

spectrophotometer at 562 nm, according to manufacture’s instruction. Twenty micrograms 

(20µg/mL) of the solution was loaded into a sodium dodecyl sulfate (SDS)-10% polyacrylamide 

gel prepared with 1 mg/mL gelatin. After electrophoresis, the gels were washed twice for 20 min 

in 2.5% Triton X-100 to remove the SDS. Gels were rinsed and incubated in buffer substrate [50 

mM Tris-HCl (pH 8.0); 5 mM CaCl2; 0.02% NaN3] at 37°C for 20 h. Afterward, gels were 

stained with Coomassie brilliant blue for 1.5 h and destained with acetic acid: methanol: water 

(1:4:5) for visualization of the activity bands. Gelatin-degrading enzymes were visualized as 

clear white bands against a blue background, indicating proteolysis of the substrate protein. The 

samples were also performed in presence of 15 mM EDTA that inhibited the MMPs activity 

confirming their existence. The molecular mass of gelatinolytic activities was determined by 

comparison to reference protein molecular mass marker PageRulerTM Prestained Protein Ladder 

(Fermentas Life Sciences, Burlington, ON). Activity bands were identified according their 

molecular weights (72 kDa: pro-MMP-2 and 57 kDa: cleaved or active-MMP-2). The gels were 

then photographed with a Canon G6 Power Shot 7.1 mega pixels camera. Densitometric 

quantitative analysis of the MMP-2 protein bands seen in the zymography gels was performed 

using the Gene Tools version 3.06 software (Syngene, Cambridge, UK). 

 

RNA isolation and Analysis 
 

One frozen fragment of each muscle was homogenized and the total RNA isolated 

using the Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. 

The extracted RNA was dissolved in tris-HCl and ethylene-diaminetetracetic acid (TE) pH 7.6 

and quantified spectrophotometrically. The purity was assessed by determining the ratio of the 

absorbance at 260 nm to that at 280 nm. All samples had ratios above 2.2. The integrity of the 

RNA was then confirmed by inspection of the ethidium bromide (Invitrogen, Carlsbad, CA) 

stained 18S and 28S ribosomal RNA under violet ultra light. 
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Reverse Transcription 
 

We reverse transcribed 1 mg of RNA to synthesize cDNA. A reverse transcription 

(RT) reaction mixture containing 1 mg of cellular RNA, 5x reverse transcription buffer, a dNTP 

(Promega, Madison, WI) mixture containing 0.2 mmol·L-1 each of dATP, dCTP, dGTP and 0.1 

mol·L-1 of dTTP, 1 ml of oligo (dT) primer (Invitrogen, Carlsbad, CA) and 200U of M-MLV RT 

enzyme (Promega, Madison, WI) was incubated at 70ºC for 10 min, 42ºC for 60 min and finally 

heated at 95ºC for 10 min before quick chilling on ice. 

 

Oligonucleotide primers 
 

Oligonucleotide primers were designed using the Primer Express Software 2.0 

(Applied Biosystems, Foster City, CA) (MENON; SINGH; SINGH, 2005). All of sequences 

were synthesized using Imprint. The sequences primes used are depicted in the Table 1. RPS27a 

works as the best reference gene due to constant amplification among the groups. The list of 

oligonucleotide Primers is described in Table 1. 

 

Real-time polymerase chain reactions 
 

The RNA transcript levels for the different experimental and control muscles were 

analysed simultaneously and the reactions carried out in duplicate in the C1000 Thermal Cycler 

(CFX 96TM Real Time System, Bio-Rad) using fluorescent dye SYBR green detection (Applied 

Biosystems, Foster City, CA) and 180 nM of each primer in a final volume of 50 µl. Thermal 

cycling conditions to MMP-2 and RPS27a included 10 min at 95°C, and then 40 cycles each of 

15 s at 94°C, 30 s at 48°C to MMP-2 and at 56°C to RPS27a, respectively, and 1 min at 72°C, 

then 10 min at 72°C. For each gene, all samples were amplified simultaneously in duplicate in 

one assay run. Data were analysed using the comparative cycle threshold (Ct) method. The target 

gene expression was normalized to RPS27A (ribosomal protein S27a). Different normalization 

tests were applied in order to choose RPS27A as a reference gene. This gene encodes a fusion 

protein consisting of ubiquitin and ribosomal protein S27a. Ubiquitin is a highly conserved 
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protein found in every eukaryotic cell, which plays an important role in degradation of proteins. 

It is induced by cell stress such as hypoxia to help in protecting cells from damage (EL-KASHEF 

et al., 2015). 

 

Western immunoblot 
 

Protein abundance in the whole extract of ventricular muscle was determined with 

western immunoblotting. Samples were homogenized using tissue homogenizer for small tissues 

in ice-cold RIPA buffer (10 µl/mL of proteinase inhibitor). Samples were then centrifuged at 

1000g for 10 minutes. Protein concentration was determined using a BCA assay (Thermo-Fisher, 

Waltham, MA) and tissue lysates were stored at -80°C. 

For gel electrophoresis, all homogenates were suspended in sample buffer (Tris 

HCl, pH 6.8 with 2% SDS, 60 mM DTT, and 25% glycerol) and heated for 5 minutes at 95°C. 

Protein (30 µg/ml) was loaded onto 10% polyacrylamide gels and separated in a Bio-Rad Protein 

III gel-box (Hercules, CA; 60V for 1.3-1.5 hours). Gels were transferred (100V for 1.5 hours) to 

nitrocellulose membrane and stained with a 0.1% Ponceau red solution in 5% acetic acid to 

confirm equal loading. Ponceau red stained membranes were digitized and then washed in Tris 

buffer saline + 0.1% Tween-20 (TTBS) for further antibody detection. Membranes were blocked 

in 5% non-fat dry milk in TTBS and then probed for various proteins using primary antibody 

solutions in blocking buffers (KWAK et al., 2011). Primary antibodies used included: mouse 

monoclonal anti- glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:30.000; ABCAM); 

MMP-2 (1:2500; ABCAM); MMP-9 (1:3000; ABCAM); TIMP-1 (1:2500; ABCAM), TIMP-2 

(1:2500; ABCAM) and TGF-β (1:3000; ABCAM). Anti-Mouse specie-specific secondary 

antibody (1:15000; ABCAM) was incubated with membranes following primary antibodies. 

Membranes were then stained with chemilluminenscent peroxidase substrate (#CPS160-Kit 

Sigma-Aldrich) and imaged using a Molecular Imager ChemiDocTM XRS+ Imaging System 

(Bio-Rad).  

ImageJ (1.48 version, National Institutes of Health, USA) and Image Lab (Version 

5.2.1 Bio-Rad Laboratories, 2014) softwares were used for densitometry analysis. Protein 

abundance was expressed as relative units normalized to GAPDH. Ponceau red was a staining 

used to determine transfer efficiency and equal loading as a loading control.  
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Determination of cardiac peptides concentration 
 

For measurements of cardiac angiotensin II-type (Ang-II) and atrial natriuretic 

peptide (ANP) concentrations LVs were manually dissected and homogenized with 0.045N HCl 

in ethanol (10ml/g of tissue) containing peptidase inhibitors (1mm p hydroxymercury benzoate, 

30 mm 10-phenanthroline, 1mm phenylmethanesulphonylfluoride, 1mm pepstatin A and 7.5% 

ethylenediaminetetraacetic acid 50µl/ml of blood) and 0.0043% protease-free bovine serum 

albumin. Protein concentrations in the plasma and in crude homogenates were determined by the 

Bradford method (Bio-Rad). These homogenates were centrifuged (1600g for 40min at 4°C), and 

the supernatants were evaporated, followed by dilution of the pellet in 2ml of 0.1% 

trifluoroacetic acid (TFA). Next, tissue peptides were extracted onto a Bond Elut SPE-Column 

(Peninsula Laboratories Inc., Belmont, CA, USA). The columns were pre-activated by sequential 

washes with 4ml of 60% acetonitrile/0.1% TFA and 20ml of 0.1% TFA. After sample 

application, the columns were washed with 20 ml of 0.1% TFA. The adsorbed peptides were 

eluted with 3ml of 60% acetonitrile/0.1% TFA into polypropylene tubes. After evaporation, 

angiotensin peptide levels were measured by radioimmunoassay (MECAWI et al., 2013). The 

antibodies for Ang-I and Ang-II were obtained from Peninsula Laboratories (Ang I: T4166 and 

Ang II: T4007) and the ANP antibody was kindly donated by Jolanta Gutkowska (Hotel Dieu, 

University of Montreal, Canada). The sensitivity of the radioimmunoassay and the coefficients of 

intra-and inter-assay variability were 1.2pg/mL, 9.85 and 7.4% for Ang-I, 0.39 pg/mL, 7.9% and 

5.4% for Ang-II and 0.7 pg/mL, 5.5% and 8.1% for ANP. 
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STATISTICS 
 

Results were expressed as means ± SEM. The RT overload and rat’s body weight 

were analyzed by nonparametric-paired t Student test in order to compare the differences among 

the weeks. To verify the differences in the RT overload between the groups (YT x OT), we used 

one-way ANOVA. Shapiro-Wilk’s W and Levene’s tests were applied to evaluate the normality 

of means and homogeneity of the variances, respectively. All the other results were analyzed by 

two-way ANOVA followed the Tukey’s post hoc test. Significance level was set at 0.05 

(p≤0.05). 
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RESULTS AND DISCUSSION  
 

RT performance and body weight 

 
In order to investigate the chronic effects of RT, rats were euthanized 48h-post 

exercise training period. The heart was excised and dissected into LV for cardiac hypertrophy 

analysis. 

The RT was described as a progressive resistance training (Figure 1) whose 

intensity was controlled by increasing overloads. The American College of Sports Medicine 

(ACSM) states that resistance training should target major muscle groups for 2 and/or 3 days a 

week at intensity upper to 65% of subject’s one-repetition maximum (DONNELLY et al., 2009). 

Thus, we used the Hornenberger and Farrar (2004) exercise training protocol in an attempt to 

mimic such progressive resistance training with some modifications (intensity and frequency of 

exercise training) for healthy elderly). The overload of RT corresponds the sum of rat’s weight 

and the absolute load of carrying. For that reason, old rats initiate the RT with higher overload 

than that of young ones in the first week of training (b, p ≤0.05). In the second week, OT rats 

maintained the higher overload of training compared to young-matched group (b, p ≤0.05) and 

this difference was observed at week 6 again. Moreover, in the second week, the overload 

significantly increased for both groups when compared to the respective week 1 (a, p ≤0.05). The 

overload continued increasing over the weeks, which means the RT was performed at maximal 

intensity. Also, this RT might be a strength exercise training protocol with muscular hypertrophic 

adaptations, since we found hindlimb hypertrophy of both trained animals groups (data not 

shown). In the eighth week, the overload was higher in young rats than that for old animals 

meaning that old rats’ performance remained constant in the following weeks, supposing lower 

tolerance to a high intensity exercise training of old rats compared to young rats at a specific time 

course. 

The body weight of young animals (YS and YT) increased after 12 weeks. 

However, old rats (OS and OT) showed lower body weight in relation to their initial body weight 

(p<0.05) (Table 2). The RT did not affect the BWf of old rats whereas young trained rats showed 

lower BWf than sedentary young animals. Exercise training reduces the body mass index by 
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decreasing adipocyte mass and total triglycerides (SWIFT et al., 2014). However, RT appears to 

contribute minimally for reduction of body fat (DONNELLY et al., 2009). The weight loss 

observed in YT rats could be associated with increased energy expenditure once intramuscular 

triglycerides utilization and fat oxidation are increased due to exercise energetic demand at the 

rest periods after maximal-intensity exercise training regimens (KANG et al., 2009; KIENS; 

RICHTER, 1998). Goto et al (2007) shown the resistance exercise training prior to an aerobic 

workout has increased lipolysis during subsequent aerobic exercise, suggesting its pivotal role in 

energetic metabolism. Here, the maintenance of body weight following 12 weeks in old rats 

could be related to the lower tolerance showed in OT rats (Figure 1) or due to decreased food 

ingestion of old rats, even though we did not control such variable. It has been reported that 

energy expenditure declines with aging (WEINSIER et al., 2000; WESTERTERP, 2000) which 

not explain our findings in these aging rats.  

 

Aging and RT effects on cardiac weight rates 
	
  

Given that the cardiac hypertrophy is a compensatory response to the overload 

placed on aged LV, we sought to investigate the cardiomyocyte width, heart weight and the left 

ventricle-to-body weight ratio, as an index of LV hypertrophy (CHOI et al., 2009). In OS rats, 

whole heart weight was greater than that for YS rats, suggesting aged-related cardiac hypertrophy 

(p≤0.05, Table 2). However, LV/BWf ratio revealed no changes among all experimental groups, 

which is in accordance with Hacker et al (2006). We would expect to find increased LV mass in 

old groups such as in other studies using rats in sedentary (CHOI et al., 2009; RINALDI et al., 

2006; THOMAS et al., 2001) or training conditions (KWAK; SONG; LAWLER, 2006). 

However, Raya et al (1997) detected decreases in LV-to-body weight ratio with aging. These 

divergences could be related to the differences in the age and strain of the rats. The RT reduced 

significantly the absolute LV weight in YT rats when compared with YS group (Table 2), 

whereas in other studies there was no significant differences on absolute LV mass between young 

and old rats (KWAK; SONG; LAWLER, 2006) and after exercise training (CHOI et al., 2009).  

We also analyzed the left ventricle-to-length ratio (LV/tibia) to investigate the 

cardiac hypertrophy since such normalization avoids external factors and minimally displays 
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changes in weight (ROSSONI et al., 2011). Nevertheless we did not find differences among the 

experimental groups (Table 2). Early studies had not find increases in heart weight/tibia length 

ratio, even after exercise training (BRENNER; APSTEIN; SAUPE, 2001; ROSSONI et al., 

2011).  

Many investigators have assumed that an increase in the heart weight-to-body 

weight ratio is the main evidence of hypertrophy. Since the exercise training programs cause a 

decrease in the body weight in male rats, this change in body weight is frequently responsible for 

increasing the heart weight-to-body weight ratio. In attempt to clear the divergences here and 

among the other studies, it makes necessary histological studies that define the normal 

myocardial cell size for a given age of the animal.  

	
  

Effects of RT and aging on LV structure 
 

A relevant consequence of age-induced remodeling of the heart is the 

accumulation of connective tissue (CENTURIONE et al., 2003; GAZOTI et al., 2001), with 

increases in myocardial collagen concentration in the tissue (NGUYEN et al., 2001). Some 

microscopy experiments have proposed in order to examine tissues morphology. We sought to 

detect insoluble proteins including collagen by SHG microscopy which identifies the 

morphology and arrangement of collagen fibers (TSAI et al., 2014) as well as LV myocyte width 

and connective tissue were quantified. 

LV myocyte width was larger in the OS than that in YS rats. Furthermore, we 

observed that RT significantly reduced the age-related LV myocyte width (Figure 2A and 2B). 

Contrary to LV/BWf and LV/tibia ratios, we were able to observe evidences of cardiac 

hypertrophy by microscopic analysis. Studies of Kwak (2006, 2011) also have demonstrated 

larger cardiac myocyte as a function of aging and exercise training. 

Moreover, we noted marked increase of LV collagen concentration in OS vs. YS 

group (Figure 2B and 2E), which is in accordance with others (CHOI et al., 2009; KWAK et al., 

2011; THOMAS et al., 2001; WRIGHT et al., 2014). Such findings suggest remarkable LV 

remodeling in OS animals.  
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Resistance training was able to attenuate the age-associated collagen accumulation 

in LV tissues (Figure 2C and 2D). Similarly, Kwak et al (2011) have documented greater 

connective tissue in LV of old rats (vs. young group) and that aerobic exercise training prevented 

such age-induced connective tissue accumulation in LV tissue. We presume that exercise 

training, independent of its characteristics (volume, overload, number and intervals between of 

sets) can be a relevant physiological agent for old populations against cardiac fibrosis. We must 

emphasize the crucial role of RT in cardiac adaptations since LV collagen tissue decreased in 

young rats as well. 

To scrutinize the collagen content and its conformation in the LV of old groups, 

we used second-order harmonic generation (SHG) microscopy. Although we did not find high 

levels of collagen in OS rats through SHG microscopy, the RT was able to attenuate the 

interstitial collagen of LV from both young and old rats (Figure 2E and 2F). Taken together, the 

RT showed to be an effective intervention to lower the LV fibrosis as we observed by two 

reliable microscopy techniques.  

 

MMP-2 activity in LV 
 

As MMP-2 has been shown for exerting an important role in aging cardiac tissue 

(HORN et al., 2012; MA et al., 2013;), we aim to evaluate whether the increases of age-related 

LV collagen deposition could be related with diminished MMP-2 activity in old groups. High-

intensity resistance training was able to increase the MMP-2 activity (Figure 3C), which was 

associated with reduced collagen levels in LV of trained rats (young and old). 

Consistent with Horn et al (2012), we observed increased zymographic activity of 

MMP-2 in LV tissues (Figure 3C). MMP-2 activity increased in OS (1.9-fold) vs. YS rats 

assuming, in turn, augmented ECM remodeling in the LV. Other aging experimental model has 

also shown increased MMP-2 activity in LV tissues (HORN et al., 2012). Likewise, pro-MMP-2 

was greater in OS (2.7-fold) vs. YS group (Figure 3B). Once we observed increased collagen 

deposition in OS groups, we would expect to find reduced MMP-2 activity in LV, which was not 

observed. To address this question, we choose “ECM remodeling“ terminology because we are 

considering a replacement - with subsequent accumulation of collagen and ECM proteins - 
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followed by tissue connective breakdown in LV from OS rats. ECM turnover could be applied to 

ECM catabolism (breakdown and clearance of ECM) with physiologic breakdown and 

replacement. Finally, ECM Degradation also manages ECM proteolysis, but it is described for 

excessive matrix destruction, as exhibit in diseases. Of note, remodeling may not include 

systematic replacement of the ECM that was cleared (APTE; PARKS, 2015). Therefore, 

considering marked increases of LV collagen in OS rats, remodeling might be the suitable 

terminology in this study. 

MMP-2 activity increased in old sedentary group (Figure 3C), hypothesizing 

increased proteolysis in EMC from LV. MMP activity is required to maintain increased LV size 

as well as increased MMPs levels correlates with decreased insoluble collagen levels in LV from 

aging mice (LINDSEY et al., 2005). Other studies, in turn, did not show increases on MMP-2 

activity with aging. In 24 month-old rats the MMP-2 activity decreased in 40% suggesting age-

associated fibrosis following reduced MMP-2 activity (ROBERT et al., 1997). However we 

would expect observe decreased MMP-2 activity in OS rats once we documented elevated 

collagen deposition in this group (Figure 2E). One potential explanation for that could be 

associated with connective tissue synthesis by some bioactive molecules produced by MMP-1 

(matrikines) (KAKKAR; LEE, 2010). Furthermore, in post-infarcted rats, activity of MMPs 

induced the formation of new collagen with altered crosslinkings (WOODIWISS et al., 2001). In 

accordance with our results, we might suggest accumulation of interstitial collagen (and 

connective tissue as well) following increased MMP-2 in old sedentary rats (PAGE-MCCAW; 

EWALD; WERB, 2007; PARKS, 1999). There is evidence that matrix degradation is not the 

predominant function of these enzymes, given that several reports demonstrated that some MMPs 

act as substrates for cytokines, chemokines, receptors, antimicrobial peptides (KHOKHA; 

MURTHY; WEISS, 2013). We were not able to analyze the collagenase activity (MMP-1) to 

yield a better understanding of this issue. Our findings are consistent with a recent study of 

Wright et al (2014) demonstrating increased MMPs activity as an effect of aging. Whereas it 

seems divergent, other possible explanation is that the own ECM components can promote pro-

MMP activation by binding of insoluble elastin to the proMMP-2 leading to its auto-activation 

(EMONARD; HORNEBECK, 1997). Also, TIMP-2 plays a role in the conversion of proMMP-2 

to its active form by creating MT1-MMP (also called MMP-14) complex with (JEZIERSKA; 

MOTYL, 2009; NAGASE; VISSE; MURPHY, 2006; SUTTON; SHARPE, 2000). 
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Although the pro-MMP-2 was reduced in OT vs. OS group, the MMP-2 activity 

elevated in OT rats. We could assume that activation of MMP-2 was followed by decreases on 

pro-MMP-2 from OT group. On the other hand, the increased MMP-2 activity could be 

associated with decreased collagen levels in old trained rats. Thus, we may assume that RT in old 

animals might be modulating some proteins and signaling pathways that active MMP-2. 

Decreased TIMPs activity, elevated inflammatory cytokines and enhanced pro-MMP-2 

proteolytic cleavage by MT1-MMP are possible candidates triggered by RT in the MEC 

(BERGMAN et al., 2003; JEZIERSKA; MOTYL, 2009; JACOB-FERREIRA et al., 2013; 

KWAK; SONG; LAWLER, 2006; KWAK et al., 2011; NAGASE; VISSE; MURPHY, 2006; 

SIWIK; PAGANO; COLUCCI, 2001; SUTTON; SHARPE, 2000). Other factors, such as 

oxidative stress (peroxynitrite), endothelin-1, Ang-II, IL-1B, hypoxia, phosphorylation status are 

also potential contributors of aging and exercise training effects (BENIGNI et al., 2009; 

LAWLER et al., 2009; SARIAHMETOGLU et al., 2007; TAKENAKA et al., 2006). 

In young groups, the RT increased significantly both pro-MMP-2 and MMP-2 

activity. For our understanding, it is the first time that high intensity RT promoted increases in 

MMP-2 activity both in young and in older rats.  

Bellafiore et al (2013) reported reduced pro-MMP-2 activity after aerobic exercise 

training at low-moderate intensity hearts but with no detection of active MMP-2 in hearts from 

mouse. In agreement with our study, MMP-2 was detected in rat cardiac muscle after 72, 96 and 

120 hours of acute swimming training with an anaerobic component (VERZOLA et al., 2006). 

Therefore, there are still divergences of the effects of exercise training on MMP activity. It could 

be hypothesized some activators of MMP-2 modulated by RT as aforementioned, even in young 

trained group. 

Gene expression of ECM elements 
	
  

We observed that COL-I mRNA significantly elevated in OS vs. YS rats (Figure 

4A), which is consistent with Horn et al (2012). The increased COL-1 synthesis could explain 

our observations of collagen deposition in microscopic analyses (Figure 1C and 1E). However, 

Masson et al (2000) reported no changes in COL-I mRNA in rats with 18-mo of age while 

Thomas et al (2000) observed declines in COL-I and III mRNA with aging. Increases in COL-I 
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mRNA could be associated with upregulated TGF-β1 and TIMP-1 mRNAs observed in OS rats 

here (Figure 4C and 4D). Recently, it was shown increased TIMP-1 gene expression with aging 

(WRIGHT et al., 2014). At a transcription level, our findings are consistent with the signaling 

pathway assembled by Kwak et al (2011) since TGF-β1 is a potent stimulator of TIMP-1 and a 

contributor to fibrosis in the aging heart (BONNEMA et al., 2007; TSUTSUI et al., 2007). 

Furthermore, over-expression of TGF-β in the heart increases matrix fibrosis and provoke 

systolic and diastolic dysfunction (KHAN; SHEPPARD, 2006). 

Gelatinases (MMP-2 and MMP-9) gene expression exhibited opposite behaviors 

with aging. While MMP-9 elevated with aging, MMP-2 mRNA decreased when compared to YS 

rats (Figure 4E and 4F). Although we found increased MMP-9 synthesis in OS rats, fibroblasts 

produce less MMP-9 with aging (LINDSEY et al., 2005). By contrary, MMP-2 and COL-III 

mRNA significantly decreased in OS group, either in sedentary or trained groups when compared 

to young-matched groups (Figure 4B and 4F). Down-regulation of COL-III and MMP-2 mRNAs 

here are in accordance with others (MASSON et al., 2000; ROBERT et al., 1997). There are 

controversies between mRNA expressions of gelatinases with aging. It has been shown either 

downregulation (ROBERT et al., 1997; THOMAS, et al., 2000) or gene upregulation with age 

(BÁTKAI et al., 2007) as well as no alterations of MMP-2, TGF-β1 and TIMP-2 mRNAs 

expression in LV from rats (ROSSONI et al., 2011). The decreased myocardial collagen 

synthesis suggests that age-related collagen accumulation occurs predominantly via 

posttranslational modifications and/or reduced collagen degradation (HORN 2015; THOMAS, et 

al., 2000). Mechanisms for regulation of MMP gene activation include the transcription factor 

nuclear factor-κB (NF-κB) and/or activated protein-1 (AP-1) (TSURUDA et al., 2004). Indeed, 

RT was able to reduce only MMP-9 mRNA expression in old rats while MMP-2 mRNA 

reduction was an age-effect, even after RT (Figure 4E and 4F). Contrasting low levels of MMP-2 

synthesis along with augmented MMP-2 activity, we hypothesize that the ECM remodeling by 

MMP-2 is modulated at posttranscriptional level in LV tissues of aging rats. 

The RT was able to reduce the TGF-β1, TIMP-1 and MMP-9 mRNA expression 

in OT vs. OS rats (Figure 4C, 4D and 4E). The RT effect in decreases of COL-I and COL-III did 

not reach statistical significance. On the other hand, Thomas et al (2000) found that 10 weeks of 

exercise training reversed the age-associated declines in myocardial type-I and III procollagen 

(mRNA levels) of septum and free wall of LV. Our exercise training protocol was different from 
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that used by Thomas’ research group, leading us to suppose distinct effects between the protocols 

(endurance x resistance training) on the transcriptional factors that modulate the gene 

upregulation. The microRNAs has emerged as a potential modulator of gene transcription and 

pretranslational synthesis to the cardiac remodeling (FERNANDES et al., 2015; MELO et al., 

2015) which could affect results in this study. 

Increased collagen synthesis may be matched with a greater increase in collagen 

degradation by metalloproteinases (LINDSEY et al., 2005) in aging rat model, which is in 

accordance with our results of increased COL-I RNA expression (Figure 4A), LV collagen 

accumulation (Figure 2) and MMP-2 activity in OS group (Figure 3 C).  

In young groups, the RT increased significantly TGF-β1 mRNA levels compared 

to YS rats (Figure 4C). Calderone et al (2001) observed increased TGF-β1 mRNA levels in the 

LV of trained female rats for 3 or 6-wks. The author suggests that the increases in TGF-β1 

mRNA may contribute to myocardial remodeling. If considering the augmented MMP-2 activity 

after RT, our observations in upregulated TGF-β1 mRNA might support the LV remodeling 

observed here in young trained rats (Figure 3C). Differently, TGF-β1, did not alter in LV from 

trained rats after 16-weeks at high-intensity endurance exercise. Pro-collagens (I and III), MMP-

2 and TIMP-1 mRNA expressions showed unchanged after endurance training (BENITO et al., 

2011), which is in accordance with our findings even considering the differences of exercise 

training features.  

Mechanical stimuli gives rise to bioactive molecules and cause oxidative stress, 

which in turn stimulate MMP induction. Mechanical stretch increased MMP-2 mRNA levels, 

which was dependent upon ROS signaling cascade (GROTE et al., 2003). Once aging has been 

associated with increased oxidative stress and significant MMP-2 activity in heart, the increased 

MMP-2 activity observed here could be modulated by oxidative stress even with reduced MMP-2 

mRNA level in old groups, which it corroborates with Wang et al (2010) report.  

Protein expression of ECM elements 

 
We were not able to find any changes in protein expression of gelatinases, TIMP-

1, TIMP-2 and TGF-β1 among the experimental groups (Figure 5). We assume two possible 

reasons for explain such findings. First, it could be related with MMPs localization among the 
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cellular fractions (ECM x membrane x cytoplasmic). As we analyzed the whole LV fraction, 

elegant studies had shown a shift localization of MMPs and TIMPs due to aging (LINDSEY et 

al., 2005). However, our results of MMP-2 protein expression are consistent with Lindsey et al 

(2005), whereas these authors used mice as experimental groups, and Kwak et al (2011) who did 

not observe alterations in TIMP-2 levels with aging. Also Horn et al (2012) found differences in 

TIMP-1 and TIMP-2 proteins levels in LV of old female sheep compared to young group. 

However, MMP-9 and TIMP-1 were decreased in middle-adult mice (15 months old) compared 

to young mice (LINDSEY et al., 2005). On the other hand, TIMP-1 increased substantially in old 

sedentary rats (KWAK et al., 2011).  

Second, there might be a delayed time course between the proteins translation and 

the time-point detection when using Western Blotting methodology. Ultimately, controversial 

results around the protein expression of ECM in aging models can be observed among the 

studies. 

Diminished ECM degradation has been correlated with lower MMPs protein 

levels followed by ECM accumulation, mostly insoluble collagens deposition (LINDSEY et al., 

2005). In this regard, Kwak et al (2011) observed decreases in pro and active MMP-2 protein 

expression in LV from old sedentary rats compared with young-matched rats (KWAK et al., 

2011). Moreover, the aerobic exercise training resulted in elevated pro and active MMP-2 protein 

expression in old trained rats, suggesting the protective role of aerobic exercise training in age-

related MMPs dysfunction. The increased MMPs proteins levels were related to the reduced 

TIMP-1 after aerobic exercise training in old rats even though no changes were observed in 

TIMP-2 (KWAK et al., 2011). 

Considering the recent studies, the current literature is unclear about MMPs or 

TIMP expression with aging in the heart (KWAK, 2013). Although our results did not show 

differences in MMPs, TIMPs and TGF-β1 levels with aging and resistance training, we may 

emphasize the augmented ECM remodeling in LV by increased MMP-2 activity observed in this 

study, corroborated by other studies. To our understanding, there are no studies about the chronic 

effects of high intensity resistance training in MMP proteins levels and gene expression of 

cardiac ECM in aging rat models.  
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It was recently discovered two different intracellular MMP-2 isoforms: MMP-

2NTT-50 and MMP-2NTT-76 (ALI et al., 2012), which could further explain the divergences in and 

among the studies. 

 

Effect of RT on aging cardiac function 
	
  

The cardiac function declines with aging mainly due to prolongation of contractile 

duration and time to peak tension with diminished ability to generate force (ASSAYAG et al., 

1997). Blood pressure, in turn, rises with age (FRANKLIN et al., 1997) determined by peripheral 

vascular resistance (i.e., vascular stiffening) and stroke volume (DART; KINGWELL, 2001). 

However, some rodent models of aging did not present change in blood pressure (CAPASSO et 

al., 1990; LIN et al., 2008).  

 Also, aging confounds the effects of anesthetic agents, which may be difficult to 

investigate solely the aging effects. As ketamine/xylazine anesthesia depresses cardiac function 

in young mice (ROTH et al., 2002) and increases heart rate in older mice at low doses of the 

anesthesia (CHAVES et al., 2003), we recognize that anesthesia conditions could be a limitation 

of this study, despite of others have used such anesthesia to assess in vivo cardiac function using 

cardiac catheterization in intact anesthetized old rats. (KOCH et al., 1995; RINALDI et al., 2006; 

ROCKMAN et al., 1996).  

Despite of anesthetic conditions to measure the cardiac function, we observed that 

systolic (SBP), diastolic (DBP) and mean (MBP) blood pressures were attenuated with aging in 

relation to matched young groups (OS vs. YS; OT vs. YT) (Table 3). HR unchanged among the 

groups, which it is consistent with Rinaldi et al (2006) study even though our HR values are 

lower than that found by these authors. Later, it was demonstrated that HR and MBP were lower 

in old rats than those for young rats (CHOI et al., 2009), which is in accordance with our results. 

Such findings may represent cardiac output impairment with aging as aftermentioned.  

Although in humans (CARTER et al., 2003; KELLEY; KELLEY, 2000;  RAY; 

CARRASCO, 2000; WILEY et al., 1992) and rats (BARAUNA et al., 2005) there have been 

studies suggesting that RT may reduce the arterial blood pressure, others indicate that does not 

affect the resting blood pressure (FLECK, 1988) or still may cause hypertension - increase in 
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SBP and DBP blood pressures (FLECK; DEAN, 1987; SALE et al., 1994), higher pulse pressure 

and arterial stiffness (BERTOVIC et al., 1999). Due to predominantly static exercise component 

within, RT acutely increases the blood pressure followed by increasing cardiac output and heart 

rate which in turn favors an overload (pressure overload) upon the heart (MACDOUGALL et al., 

1985). Despite of controversial results, this study showed that RT did not affect SBP, DBP and 

MBP in both young as old rats when compared to their match sedentary groups.  

The LVSP fell in the old groups compared with their matched young groups 

(Table 3), suggesting a decreased systolic performance with aging, which is in accordance with 

Choi et al (2009). However, other study reported decreases in LVSP from old rats in relation to 

young ones (RINALDI et al., 2006). The RT did not affect LVSP whereas Rinaldi et al (2006) 

reported that exercise training on treadmill was effective to decrease the LVSP in old rats. No 

significance difference on +dP/dt measures was observed among the experimental groups while 

Choi et al (2009) reported that +dP/dt was attenuated with aging. The +dP/dt is a classic sensitive 

parameter to changes in contractility but depend upon changes in volume overload (preload) 

(KASS et al., 1987; LITTLE, 1985). Moreover, +dP/dt is an important index of myocardial 

contractility because it is directly influenced by cardiac inotropism (FRANK; LEVINSON, 

1968). Alterations on LVSP are directly relationship to the ventricular dimensions (or volume) 

alterations (KASS; MAUGHAN, 1988; SAGAWA, 1981) and pressure load (or afterload) 

(DOUGHTY et al., 1997). Our results suggest impaired contractility with aging but with no RT 

effect. Paradoxically, most recent evidences have shown that MMPs degrade microfilaments 

(SAWICKI et al., 2005) and sarcomeric proteins (ALI et al., 2010), which could affect the 

contractile function (SAWICKI et al., 2005; WANG et al., 2002) and myocardial compliance 

(CHUNG et al., 2013; HAMDANI et al., 2013). In this context, we might suppose the decreased 

LVSP with aging observed here also could be related with increased MMP-2 activity in LV form 

OS rats. 

We demonstrated that LVEDP increased in OS rats compared with YS rats (Table 

3). Such observation is in accordance with Choi et al (2009) whereas Raya et al (1997) did not 

find significant differences in aging rats. Diastolic dysfunction is composed by an active and a 

passive component (CHOI et al., 2009). Isovolumic relaxation, as a part of active component, can 

be quantified by calculating -dP/dt and Tau (MAURER et al., 2004). We only observed decrease 

in -dP/dt in OT vs. YT group, which was consistent with Choi et al (2009) study. Moreover, Tau, 
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a classic parameter of active relaxation, was reduced with aging whereas it was increased in old 

rats in others studies (RAYA et al., 1997; CHOI et al., 2009). However, Tau and -dP/dt were not 

different between OS vs. OT rats (Table 3). We presume the decreased Tau and increased 

LVEDP could result in impairment LV relaxation and thus contribute with diastolic dysfunction 

with aging. Moreover, impaired LVSP and LVEDP in OS rats could be closely associated with 

collagen accumulation observed in LV of this group (Figure 2C and 2D). 

Consistently, the RT was able to attenuate the increased age-associated LVEDP 

(Table 3) suggesting that RT could act at the passive component of relaxation, but not at active 

relaxation (measured by Tau), in old rats. While the abnormality of active relaxation is an early 

sign of diastolic dysfunction in cardiovascular diseases, it is further common in the elderly 

(YAMAMOTO et al., 2002). However, passive stiffness is not precisely separated from active 

relaxation and these changes may reflect LV stiffness (CHOI et al., 2009). Exercise training 

either in older people or in animals reverses the aging-associated reductions in cardiac filling 

phases (LEVY et al., 1993). Here, we emphasize the effect of RT in diastolic function of old rats. 

Such improvement has been related to exercise training-induced decreases in LV collagen 

content (KWAK et al., 2011; THOMAS et al., 2001) and cross-linkings (CHOI et al., 2009; 

THOMAS et al., 2000). In fact, we also demonstrated reduced interstitial collagen in old trained 

rats, which is in accordance with them.  

Cardiac peptides  
	
  

Figure 6 - Angiotensin-II (Ang-II) (A) and atrial natriuretic peptide (ANP) (B) concentrations in the LV 
tissues detected by radioimmunoassay. Values are expressed as means (pg/mg tissue) ± SEM. Groups: 
YS: young sedentary; YT: young trained; OS: old sedentary; OT: old trained. Different characters mean 
statistical difference (ANOVA two-way, Tukey post-hoc test p ≤ 0.05). +YT vs. YS; *OS vs. YS; n = 
9/group.  
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In attempt to investigate whether some of upstream pro-fibrotic factors could be 

mediate the age-related responses, we sought to quantify angiotensin-II (Ang-II) and atrial 

natriuretic peptide (ANP) of LV tissues (Figure 6A and 6B). We did not observe statistical 

differences in Ang-I among experimental groups (data not shown).  

Ang-II stimulates synthesis of collagen (MANN, 2003), laminin, fibronectin 

(KAWANO et al., 2000; LIJNEN; PETROV; FAGARD, 2001; OLSON et al., 2005), and 

induces TGF-β1 upregulation in myofibroblasts and cardiac fibroblasts (CAMPBELL; KATWA, 

1997; LEE et al., 1995). Unexpectedly, Ang-II did not alter with aging and RT (Figure 6A). 

In young groups, RT was able to increase Ang-II in LV tissue compared to 

matched-sedentary group (Figure 6A), while other study did find any effect of RT (BARAUNA 

et al., 2008). Differences on RT protocols and methodologies of Ang-II measurements (ELISA x 

radioimmunoassay) could explain the differences between. These authors suggest that Ang-II 

does not exert a role in the cardiac hypertrophy after RT. Ang-II has been associated with 

cardiomyocyte hypertrophy acting at AT1-receptors in vitro (LU; YANG, 2009) and in senescent 

rats (JONES; BLACK; WIDDOP, 2004). We would expect to find increases of Ang-II 

concentration in OS rats since studies have reported that Ang-II facilitates the collagen synthesis 

and myocardial fibrosis by TGF-β1 (BRIEST et al., 2001; DOSTAL, 2001; KUPFAHL et al., 

2000; SCHULTZ et al., 2002; TSURUDA, et al., 2004) as well as MMP activity and TIMP 

production (CHUA; HAMDY; CHUA, 1996; SADOSHIMA; IZUMO, 1993). 

On the other hand, natriuretic peptides are active peptides that induce degradation 

of collagen (GONZÁLEZ; LÓPEZ; DÍEZ, 2004). ANP is associated with pathological cardiac 

hypertrophy to pressure overload (BARAUNA et al., 2008; JIN et al., 2000) and is released by 

volume overload (MORI et al., 2004). ANP has paracrine effects in the heart (DIETZ, 2005) and 

limits cardiac hypertrophy and fibrosis (LEVIN; GARDNER; SAMSON, 1998; VARDENY; 

TACHENY; SOLOMON, 2013) for inhibiting secretion and proliferation of collagen (CAO; 

GARDNER, 1995; MAKI et al., 2000). It increases in LV with aging (WU; KWAN; TANG, 

1997). Even though we would expect to find reduced ANP concentration, even considering 

cardiac hypertrophy observed in OS group, ANP was elevated in OS vs. YS rats (Figure 6B), 

which it is consistent with other studies (WU; KWAN; TANG, 1997; YOUNES et al., 1995). 

Since we found increased LV collagen in OS rats vs. YS (Figure 2D), this augmented ANP 

concentration in LV could be associated with reduced collagen synthesis - and not associated 
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with increased degradation capacity - and supported by its capacity to inhibit proliferation of, and 

collagen secretion from, cardiac fibroblasts (CAO; GARDNER, 1995; MAKI et al., 2000). In 

fact, we did observe reduced COL-III synthesis, but not COL-I, which could be associated with 

ANP concentrations in OS group (Figure 4A and 4B).  
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CONCLUSION 
	
  

Although there are some controversies about “intrinsic” aging-induced remodeling 

and overlap cardiac adaptations between aging and cardiovascular disease (HORN, 2015) our 

results point out the relevance of chronic effects of resistance training in aging experimental 

model. The RT triggers potential effects in ECM homeostasis of LV in aged rats with substantial 

changes in passive component of diastolic relaxation. Of note, clinical trials and others studies 

are required to address this approach and further understanding of this issue.  

STUDY LIMITATIONS 
	
  

We know the collagen corresponds the most abundant fibrous protein of ECM and 

should be investigated. However, our first goal was to investigate the overall response in the LV. 

Moreover, picrosirius red staining could be used as suitable histological technique to observe the 

differences of interstitial collagen-types among the fibers. 

Moreover, this study did not evaluate the LV collagen cross-linking, which have 

been attributed to myocardial stiffness in aging animals models (NORTON et al., 1997) These 

cross-linkings can be modulated by aerobic exercise training (THOMAS et al., 2000) and would 

be interesting to investigate the effects of RT in order to contribute with the findings of this 

study.  

  



	
   	
   45	
  

ACKNOWLEDGEMENTS 
 

We would like to kindly thank Dr. James M Kuczmarski for providing invaluable 

advice and feedback in the writing of this study. 

	
  
  



	
   	
   46	
  

REFERENCES  
 

ALI, M. A. M. et al. Mechanisms of cytosolic targeting of matrix metalloproteinase-2. Journal of 
Cellular Physiology, v. 227, n. 10, p. 3397–404, 2012. 
 
 
ALI, M. A. M. et al. Titin is a target of matrix metalloproteinase-2: Implications in myocardial 
ischemia/reperfusion injury. Circulation, v. 122, n. 20, p. 2039–2047, 2010. 
 
 
ANVERSA, P.; OLIVETTI, G.; CAPASSO, J. M. Cellular basis of ventricular remodeling after 
myocardial infarction. The American Journal of Cardiology, v. 68, n. 14, p. 7D-16D, 1991. 
 
 
APTE, S. S.; PARKS, W. C. Metalloproteinases: A parade of functions in matrix biology and an 
outlook for the future. Matrix Biology,  v. 44-46, n. 1, p. 1-6, 2015. 
 
 
ARBAB-ZADEH, A. et al. Effect of aging and physical activity on left ventricular compliance. 
Circulation, v. 110, n. 13, p. 1799–1805, 2004. 
 
 
ASAKURA, M. et al. Cardiac hypertrophy is inhibited by antagonism of ADAM12 processing of 
HB-EGF: metalloproteinase inhibitors as a new therapy. Nature Medicine, v. 8, n. 1, p. 35–40, 
2002. 
 
 
ASSAYAG, P. et al. Senescent heart compared with pressure overload-induced hypertrophy. 
Hypertension, v. 29, n. 1 (Pt 1), p. 15–21, 1997. 
 
 
BAKER, K. M.; ACETO, J. F. Angiotensin II stimulation of protein synthesis and cell growth in 
chick heart cells. The American Journal of Physiology, v. 259, n. 2 (Pt 2), p. H610–8, 1990. 
 
 
BARAUNA, V. G. et al. AT1 receptor participates in the cardiac hypertrophy induced by 
resistance training in rats. American Journal of Physiology. Regulatory, Integrative and 
Comparative Physiology, v. 295, n. 2, p. R381–R387, 2008. 
 
 
BARAUNA, V. G. et al. Cardiovascular adaptations in rats submitted to a resistance-training 
model. Clinical and Experimental Pharmacology and Physiology, v. 32, n. 4, p. 249–254, 2005. 
 
 
BÁTKAI, S. et al. Decreased age-related cardiac dysfunction, myocardial nitrative stress, 



	
   	
   47	
  

inflammatory gene expression, and apoptosis in mice lacking fatty acid amide hydrolase. 
American Journal of Physiology: Heart and Circulatory Physiology, v. 293, n. 2, p. 909–918, 
2007. 
 
 
BELLAFIORE, M. et al. The involvement of MMP-2 and MMP-9 in heart exercise-related 
angiogenesis. Journal of Translational Medicine, v. 11, n. 1, p. 283–290, 2013. 
 
 
BENEDICT, F. G.; SHERMAN, H. C. Basal Metabolism of rats in relation to old age and 
exercise during old age. The Journal of Nutrition, v. 14, n. 2, p. 179-198, 1937. 
 
 
BENIGNI, A. et al. Disruption of the Ang II type 1 receptor promotes longevity in mice. Journal 
of Clinical Investigation, v. 119, n. 3, p. 524–530, 2009. 
 
 
BENITO, B. et al. Cardiac arrhythmogenic remodeling in a rat model of long-term intensive 
exercise training. Circulation, v. 123, n. 1, p. 13–22, 2011. 
 
 
BERGMAN, M. R. et al. A functional activating protein 1 (AP-1) site regulates matrix 
metalloproteinase 2 (MMP-2) transcription by cardiac cells through interactions with JunB-Fra1 
and JunB-FosB heterodimers. The Biochemical Journal, v. 369, n. (Pt 3), p. 485–96, 2003. 
 
 
BERNARDO, B. C. et al. Molecular distinction between physiological and pathological cardiac 
hypertrophy: Experimental findings and therapeutic strategies. Pharmacology and Therapeutics, 
v. 128, n. 1, p. 191–227, 2010. 
 
 
BERTOVIC, D. A. et al. Muscular strength training is associated with low arterial compliance 
and high pulse pressure. Hypertension, v. 33, n. 6, p. 1385–1391, 1999. 
 
 
BOLUYT, M. O. et al. Alterations in cardiac gene expression during the transition from stable 
hypertrophy to heart failure. Marked upregulation of genes encoding extracellular matrix 
components. Circulation Research, v. 75, n. 1, p. 23–32, 1994. 
 
 
BONNEMA, D. D. et al. Effects of Age on Plasma Matrix Metalloproteinases (MMPs) and 
Tissue Inhibitor of Metalloproteinases (TIMPs). Journal of Cardiac Failure, v. 13, n. 7, p. 530–
540, 2007. 
 
 
BOUDEWIJN, P. J. et al. Indexes of diastolic RV function: load dependence and changes after 
chronic RV pressure overload in lambs. American Journal of Physiology. Heart and Circulatory 



	
   	
   48	
  

Physiology, v. 282, n. 4, p. 282-284, 2002. 
 
 
BRENNER, D. A.; APSTEIN, C. S.; SAUPE, K. W. Exercise training attenuates age-associated 
diastolic dysfunction in rats. Circulation, v. 104, n. 2, p. 221–226, 2001. 
 
 
BRIEST, W. et al. Cardiac remodeling after long term norepinephrine treatment in rats. 
Cardiovascular Research, v. 52, n. 2, p. 265–273, 2001. 
 
 
BRUNI-CARDOSO, A. et al. MMP-2 regulates rat ventral prostate development in vitro. 
Developmental Dynamics, v. 239, n. 3, p. 737–746, 2010. 
 
 
BURSTEIN, B.; NATTEL, S. Atrial fibrosis: mechanisms and clinical relevance in atrial 
fibrillation. Journal of the American College of Cardiology, v. 51, n. 8, p. 802–809, 2008. 
 
 
CALDERONE, A. et al. TGF-beta(1) and prepro-ANP mRNAs are differentially regulated in 
exercise-induced cardiac hypertrophy. Journal of Applied Physiology, v. 91, n. 2, p. 771–776, 
2001. 
 
 
CAMPBELL, S. E.; KATWA, L. C. Angiotensin II stimulated expression of transforming growth 
factor-beta1 in cardiac fibroblasts and myofibroblasts. Journal of Molecular and Cellular 
Cardiology, v. 29, n. 7, p. 1947–1958, 1997. 
 
 
CAO, L.; GARDNER, D. G. Natriuretic peptides inhibit DNA synthesis in cardiac fibroblasts. 
Hypertension, v. 25, n. 2, p. 227–34, 1995. 
 
 
CAPASSO, J. M. et al. Severe myocardial dysfunction induced by ventricular remodeling in 
aging rat hearts. The American Journal of Physiology, v. 259, n. 4, p. H1086–96, 1990. 
 
 
CAPASSO, J. M.; FITZPATRICK, D.; ANVERSA, P. Cellular mechanisms of ventricular 
failure: myocyte kinetics and geometry with age. The American Journal of Physiology, v. 262, n. 
6, p. H1770–81, 1992. 
 
 
CARTER, J. R. et al. Strength training reduces arterial blood pressure but not sympathetic neural 
activity in young normotensive subjects. Journal of Applied Physiology, v. 94, n. 6, p. 2212–
2216, 2003. 
 
 



	
   	
   49	
  

CENTURIONE, L. et al. Correlations between protein kinase C zeta signaling and morphological 
modifications during rat heart development and aging. Mechanisms of Ageing and Development, 
v. 124, n. 8-9, p. 957–966, 2003. 
 
 
CHAKRABORTI, S. et al. Regulation of matrix metalloproteinases: an overview. Molecular and 
Cellular Biochemistry, v. 253, n. 1-2, p. 269–85, 2003. 
 
 
CHAVES, A. A. et al. Age and anesthetic effects on murine electrocardiography. Life Sciences, 
v. 72, n. 21, p. 2401–2412, 2003. 
 
 
CHEN, C. H. et al. Coupled systolic-ventricular and vascular stiffening with age: Implications 
for pressure regulation and cardiac reserve in the elderly. Journal of the American College of 
Cardiology, v. 32, n. 5, p. 1221–1227, 1998. 
 
 
CHEN, M. M. et al. CTGF expression is induced by TGF- beta in cardiac fibroblasts and cardiac 
myocytes: a potential role in heart fibrosis. Journal of Molecular and Cellular Cardiology, v. 32, 
n. 10,  p. 1805–1819, 2000. 
 
 
CHEUNG, P. Y. et al. Matrix metalloproteinase-2 contributes to ischemia-reperfusion injury in 
the heart. Circulation, v. 101, n. 15, p. 1833–1839, 2000. 
 
 
CHOI, S. Y. et al. Long-term exercise training attenuates age-related diastolic dysfunction: 
Association of myocardial collagen cross-linking. Journal of Korean Medical Science, v. 24, n. 
1, p. 32–39, 2009. 
 
 
CHUA, C. C.; HAMDY, R. C.; CHUA, B. H. Angiotensin II induces TIMP-1 production in rat 
heart endothelial cells. Biochimica et Biophysica Acta, v. 1311, n. 3, p. 175–180, 1996. 
 
 
CHUNG, C. S. et al. Shortening of the elastic tandem immunoglobulin segment of titin leads to 
diastolic dysfunction. Circulation, v. 128, n. 1, p. 19–28, 2013. 
 
 
CIESLIK, K. A. et al. Immune-inflammatory dysregulation modulates the incidence of 
progressive fibrosis and diastolic stiffness in the aging heart. Journal of Molecular and Cellular 
Cardiology, v. 50, n. 1, p. 248–256, 2011. 
 
 
CLEUTJENS, J. P. et al. Regulation of collagen degradation in the rat myocardium after 
infarction. Journal of Molecular and Cellular Cardiology, v. 27, n. 6, p. 1281–1292, 1995. 



	
   	
   50	
  

 
 
COHN, J. N. et al. Cardiac Remodeling - Concepts and Clinical Implications: A Consensus Paper 
From an International Forum on Cardiac Remodeling. Journal of American College of 
Cardiology, v. 35, n. 3, p. 569-582, 2000. 
 
 
COKER, M. L. et al. Matrix metalloproteinase expression and activity in isolated myocytes after 
neurohormonal stimulation. American Journal of Physiology. Heart and Circulatory Physiology, 
v. 281, n. 2, p. 543–51, 2001. 
 
 
COKER, M. L. et al. Myocardial matrix metalloproteinase activity and abundance with 
congestive heart failure. The American Journal of Physiology, v. 274, n. 5 Pt 2, p. 1516–23, 
1998. 
 
 
CONONIE, C. C. et al. Effect of exercise training on blood pressure in 70- to 79-yr-old men and 
women. Medicine and Science in Sports and Exercise, v. 23, n. 4, p. 505–11, 1991. 
 
 
CREEMERS, E. E. J. M. et al. Deficiency of TIMP-1 exacerbates LV remodeling after 
myocardial infarction in mice. American Journal of Physiology. Heart and Circulatory 
Physiology, v. 284, n. 1, p. H364–H371, 2003. 
 
 
DART, A. M.; KINGWELL, B. A. Pulse pressure - a review of mechanisms and clinical 
relevance. Journal of the American College of Cardiology, v. 37, n. 4, p. 975–984, 2001. 
 
 
DAVEL, A. P. C et al. Effects of isoproterenol treatment for 7 days on inflammatory mediators 
in the rat aorta. American Journal of Physiology. Heart and Circulatory Physiology, v. 295, n. 1, 
p. H211–H219, 2008. 
 
 
DE SOUZA, R. R. Aging of myocardial collagen. Biogerontology, v. 3, n. 3, p. 325–335, 2002. 
 
 
DESCHAMPS, A. M.; SPINALE, F. G. Pathways of matrix metalloproteinase induction in heart 
failure: Bioactive molecules and transcriptional regulation. Cardiovascular Research, v. 69, n. 3, 
p. 666–676, 2006. 
 
 
DIETZ, J. R. Mechanisms of atrial natriuretic peptide secretion from the atrium. Cardiovascular 
Research, v. 68, n. 1, p. 8–17, 2005. 
 
 



	
   	
   51	
  

DONNELLY, J. E. et al. Appropriate physical activity intervention strategies for weight loss and 
prevention of weight regain for adults. Medicine and Science in Sports and Exercise, v. 41, n. 2, 
p. 459–471, 2009. 
 
 
DOSTAL, D. E. Regulation of cardiac collagen: angiotensin and cross-talk with local growth 
factors. Hypertension, v. 37, p. 841–844, 2001. 
 
 
DOUGHTY, R. N. et al. Left ventricular remodeling with carvedilol in patients with congestive 
heart failure due to ischemic heart disease. Australia- New Zealand Heart Failure Research 
Collaborative Group. Journal of American College of Cardiology, v. 29, n. 5, p.1060–1066, 
1997. 
 
 
EGHBALI, M. et al. Collagen accumulation in heart ventricles as a function of growth and aging. 
Cardiovascular Research, v. 23, n. 8, p. 723–729, 1989. 
 
 
EL-KASHEF, N. et al. Validation of adequate endogenous reference genes for reverse 
transcription-qPCR studies in human post-mortem brain tissue of SIDS cases. Forensic Science, 
Medicine, and Pathology, v. 11, n. 4, p. 517-529, 2015. 
 
 
ELLISON, G. M. et al. Physiological cardiac remodelling in response to endurance exercise 
training: cellular and molecular mechanisms. Heart (British Cardiac Society), v. 98, n. 1, p. 5–
10, 2012. 
 
 
EMONARD, H.; HORNEBECK, W. Binding of 92 kDa and 72 kDa Progelatinases to Insoluble 
Elastin Modulates Their Proteolytic Activation. Biological Chemistry, v. 378, n. 3-4, p. 265-271, 
1997. 
 
 
EVANS, W. J. Exercise training guidelines for the elderly. Medicine and Science in Sports and 
Exercise, v. 31, n. 1, p. 12-17 , 1999. 
 
 
FAGARD R. H. Athlete’s heart: a meta-analysis of the echocardiographic experience. 
International Journal of Sports Medicine, v. 17, n. Suppl 3, p. 140–S144, 1996.  
 
 
FANJUL-FERNÁNDEZ, M. et al. Matrix metalloproteinases: evolution, gene regulation and 
functional analysis in mouse models. Biochimica et Biophysica Acta, v. 1803, n. 1, p. 3–19, 2010. 
 
 



	
   	
   52	
  

FERNANDES, T. et al. Aerobic exercise training promotes physiological cardiac remodeling 
involving a set of microRNAs. American Journal of Physiology - Heart and Circulatory 
Physiology, v. 309, n. 4, p. 543–552, 2015. 
 
 
FIATARONE, M. A. et al. High-intensity strength training in nonagenarians. Effects on skeletal 
muscle. The Journal of the American Medical Association, v. 263, n. 22, p. 3029–3034, 1990. 
 
 
FISMAN, E. Z. et al. Comparison of left ventricular function using isometric exercise Doppler 
echocardiography in competitive runners and weightlifters versus sedentary individuals. The 
American Journal of Cardiology, v. 79, n. 3, p. 355-359, 1997. 
 
 
FLECK, S. J.; KRAEMER, W. J. Designing resistance training programs.  3rd ed. Champaign 
(IL): Human Kinetics Books, 2004. 
 
 
FLECK, S. J. Cardiovascular adaptations to resistance training. Medicine and Science in Sports 
and Exercise, v. 20, n. Suppl 5, p. 146-151, 1988. 
 
 
FLECK, S. J.; DEAN, L. S. Resistance-training experience and the pressor response during 
resistance exercise. Journal of Applied Physiology, v. 63, n. 2, p. 116–120, 1987. 
 
 
FRANK, M. J.; LEVINSON, G. E. An index of the contractile state of the myocardium in man. 
Journal of Clinical Investigation, v. 47, n. 7, p. 1615–1626, 1968. 
 
 
FRANKLIN, S. S. et al. Hemodynamic patterns of age-related changes in blood pressure. The 
Framingham Heart Study. Circulation, v. 96, n. 1, p. 308–315, 1997. 
 
 
FRATICELLI, A. et al. Morphological and contractile characteristics of rat cardiac myocytes 
from maturation to senescence. The American Journal of Physiology, v. 257, n. 1, p. 259–265, 
1989. 
 
 
GAZOTI D. C. R. et al. Age related changes of the collagen network of the human heart. 
Mechanisms of Ageing and Development, v. 122, n. 10, p. 1049–1058, 2001. 
 
 
GIELEN, S. et al. Aging and heart failure--similar syndromes of exercise intolerance? 
Implications for exercise-based interventions. Heart Failure Monitor, v. 4, n. 4, p. 130–136, 
2005. 
 



	
   	
   53	
  

 
GOLDSMITH, E. C.; BORG, T. K. The dynamic interaction of the extracellular matrix in 
cardiac remodeling. Journal of Cardiac Failure, v. 8, n. 6, p. S314–8, 2002. 
 
 
GOLDSMITH, E. C.; BRADSHAW, A. D.; SPINALE, F. G. Cellular mechanisms of tissue 
fibrosis. 2. Contributory pathways leading to myocardial fibrosis: moving beyond collagen 
expression. American Journal of Physiology. Cell Physiology, v. 304, n. 5, p. 393–402, 2013. 
 
 
GONZÁLEZ, A.; LÓPEZ, B.; DÍEZ, J. Fibrosis in hypertensive heart disease: role of the renin-
angiotensin-aldosterone system. Medical Clinics of North America, v. 88, n .1, p. 83–97, 2004. 
 
 
GOTO, K. et al. Effects of resistance exercise on lipolysis during subsequent submaximal 
exercise. Medicine and Science in Sports and Exercise, v. 39, n. 2, p. 308–315, 2007. 
 
 
GRAHAM, H. K. et al. Localised micro-mechanical stiffening in the ageing aorta. Mechanisms 
of Ageing and Development, v. 132, n. 10, p. 459–467, 2011. 
 
 
GROSSMAN, W.; JONES, D.; MCLAURIN, L. P. Wall stress and patterns of hypertrophy in the 
human left ventricle. The Journal of Clinical Investigation, v. 56, n. 1, p. 56–64, 1975. 
 
 
GROTE, K. et al. Mechanical stretch enhances mRNA expression and proenzyme release of 
matrix metalloproteinase-2 (MMP-2) via NAD(P)H oxidase-derived reactive oxygen species. 
Circulation Research, v. 92, n. 11, p. 80–86, 2003. 
 
 
HACKER, T. A. et al. Age-related changes in cardiac structure and function in Fischer 344 x 
Brown Norway hybrid rats. American Journal of Physiology. Heart and Circulatory Physiology, 
v. 290, n. 1, p. 304–311, 2006. 
 
 
HADLER-OLSEN, E. et al. Regulation of matrix metalloproteinase activity in health and 
disease. Federation of European Biochemical Societies Journal, v. 278, n. 1, p. 28–45, 2011. 
 
 
HAGERMAN, F. C. et al. Effects of high-intensity resistance training on untrained older men. I. 
Strength, cardiovascular, and metabolic responses. The Journals of Gerontology, v. 55, n. 7, p. 
336–46, 2000. 
 
 
HÄKKINEN, K. et al. Changes in muscle morphology, electromyographic activity, and force 
production characteristics during progressive strength training in young and older men. The 



	
   	
   54	
  

Journals of Gerontology, v. 53, n. 6, p. 415–423, 1998. 
 
 
HAMDANI, N. et al. Myocardial titin hypophosphorylation importantly contributes to heart 
failure with preserved ejection fraction in a rat metabolic risk model. Circulation: Heart Failure, 
v. 6, n. 6, p. 1239–1249, 2013. 
 
 
HASS, C. J.; FEIGENBAUM, M. S.; FRANKLIN, B. A. Prescription of Resistance Training for 
Healthy Populations. Sports Medicine, v. 31 n. 14, p. 953-964, 2001. 
 
 
HOOGSTEEN, J. et al. Myocardial adaptation in different endurance sports: an 
echocardiographic study. International Journal of Cardiac Imaging, v. 20, n. 1, p. 19-26, 2004. 
 
 
HORN, M. A. et al. Age-related divergent remodeling of the cardiac extracellular matrix in heart 
failure: Collagen accumulation in the young and loss in the aged. Journal of Molecular and 
Cellular Cardiology, v. 53, n. 1, p. 82–90, 2012. 
 
 
HORNBERGER, T. A.; FARRAR, R. P. Physiological hypertrophy of the FHL muscle following 
8 weeks of progressive resistance exercise in the rat. Canadian Journal of Applied Physiology, v. 
29, n. 1, p. 16–31, 2004. 
 
 
HOSSACK, K. F. Cardiovascular responses to dynamic exercise. Bulletin British Association of 
Sport and Medicine, v. 2, n. 2, p. 3, 1987. 
 
 
HURLEY, B. F.; ROTH, S. M. Strength training in the elderly: effects on risk factors for age-
related diseases. Sports Medicine, v. 30, n. 4, p. 249–268, 2000. 
 
 
JACOB-FERREIRA, A. L. et al. Phosphorylation Status of 72 kDa MMP-2 Determines Its 
Structure and Activity in Response to Peroxynitrite. Plos One, v. 8, n. 8, p. 1–9, 2013. 
 
 
JANSSENS, S. LIJNEN, H. R. What has been learned about the cardiovascular effects of matrix 
metalloproteinases from mouse models? Cardiovascular Research, v. 69, n. 3, p. 585–94, 2006. 
 
 
JAYASANKAR, V. et al. Inhibition of matrix metalloproteinase activity by TIMP-1 gene 
transfer effectively treats ischemic cardiomyopathy. Circulation, v. 110, n. 11, p. 180–186, 2004. 
 
 
JEZIERSKA, A.; MOTYL, T. Matrix metalloproteinase-2 involvement in breast cancer 



	
   	
   55	
  

progression: a mini-review. Medical Science Monitor: International Medical Journal of 
Experimental and Clinical Research, v. 15, n. 2, p. 32–40, 2009. 
 
 
JIN, H. et al. Effects of exercise training on cardiac function, gene expression, and apoptosis in 
rats. American Journal of Physiology, v. 279, n. 6 p. 2994–3002, 2000. 
 
 
JONES, E. S.; BLACK, M. J.; WIDDOP, R. E. Angiotensin AT2 receptor contributes to 
cardiovascular remodelling of aged rats during chronic AT1 receptor blockade. Journal of 
Molecular and Cellular Cardiology, v. 37, n. 5, p. 1023–1030, 2004. 
 
 
JUGDUTT, B. I. Remodeling of the myocardium and potential targets in the collagen 
degradation and synthesis pathways. Current Drug Targets. Cardiovascular & Hematological 
Disorders, v. 3, n. 780, p. 1–30, 2003. 
 
 
KAKKAR, R.; LEE, R. T. Intramyocardial fibroblast myocyte communication. Circulation 
Research, v. 106, n. 1, p. 47–57, 2010. 
 
 
KASS, D. A.; MAUGHAN, W. L. From “Emax” to pressure-volume relations: A broader view. 
Circulation, v. 77, n. 6, p. 1203–1212, 1988. 
 
 
KASS, D. A. et al. Comparative influence of load versus inotropic states on indexes of 
ventricular contractility: experimental and theoretical analysis based on pressure-volume 
relationships. Circulation, v. 76, n. 6, p. 1422–1436, 1987. 
 
 
KASSIRI, Z.; KHOKHA, R. Myocardial extra-cellular matrix and its regulation by 
metalloproteinases and their inhibitors. Thrombosis and Haemostasis, v. 93, n. 2, p. 212–219, 
2005. 
 
 
KAWANO, H. et al. Angiotensin II has multiple profibrotic effects in human cardiac fibroblasts. 
Circulation, v. 101, n. 10, p. 1130–1137, 2000. 
 
 
KELLEY, G. A.; KELLEY, K. S. Progressive resistance exercise and resting blood pressure  : A 
meta-analysis of randomized controlled trials. Hypertension, v. 35, n. 3, p. 838–843, 2000. 
 
 
KELLY, D. J. et al. Increased myocyte content and mechanical function within a tissue-
engineered myocardial patch following implantation. Tissue Engineering. Part A, v. 15, n. 8, p. 
2189–2201, 2009. 



	
   	
   56	
  

 
 
KHAN, R.; SHEPPARD, R.. Fibrosis in heart disease: understanding the role of transforming 
growth factor-beta1 in cardiomyopathy, valvular disease and arrhythmia. Immunology, v. 118, n. 
1, p. 10–24, 2006. 
 
 
KHOKHA, R.; MURTHY, A.; WEISS, A. Metalloproteinases and their natural inhibitors in 
inflammation and immunity. Nature Reviews. Immunology, v. 13, n. 9, p. 649–665, 2013. 
 
 
KIENS, B.; RICHTER, E. A. Utilization of skeletal muscle triacylglycerol during postexercise 
recovery in humans. The American Journal of Physiology, v. 275, n. 2 (Pt 1), p. 332–337, 1998. 
 
 
KIM, J. H. et al. Lifelong exercise and mild (8%) caloric restriction attenuate age-induced 
alterations in plantaris muscle morphology, oxidative stress and IGF-1 in the Fischer-344 rat. 
Experimental Gerontology, v. 43, n. 4, p. 317–29, 2008. 
 
 
KJAER, A.; HESSE, B. Heart failure and neuroendocrine activation: diagnostic, prognostic and 
therapeutic perspectives. Clinical Physiology, v. 21, n. 6, p. 661–72, 2001. 
 
 
KNOWLES, J. W. et al. Pressure-independent enhancement of cardiac hypertrophy in natriuretic 
peptide receptor A-deficient mice. Journal of Clinical Investigation, v. 107, n. 8, p. 975–984, 
2001. 
 
 
KOCH, W. J. et al. Cardiac function in mice overexpressing the beta-adrenergic receptor kinase 
or a beta ARK inhibitor. Science, v. 268, n. 5215, p. 1350–1353, 1995. 
 
 
KRAEMER, W. J et al. American College of Sports Medicine position stand. Progression models 
in resistance training for healthy adults. Medicine and Science and Sports Exercise. v. 34, n. 2, p. 
364-80, 2002. 
 
 
KUPFAHL, C. et al. Angiotensin II directly increases transforming growth factor beta1 and 
osteopontin and indirectly affects collagen mRNA expression in the human heart. 
Cardiovascular Research, v. 46, n. 3, p. 463–75, 2000. 
 
 
KWAK, H. B. Aging, exercise, and extracellular matrix in the heart. Journal of Exercise 
Rehabilitation, v. 9, n. 3, p. 338–47, 2013. 
 
 



	
   	
   57	
  

KWAK, H. B. et al. Exercise training reduces fibrosis and matrix metalloproteinase 
dysregulation in the aging rat heart. The FASEB Journal, v. 25, n . 3, p. 1106–1117, 2011. 
 
 
KWAK, H. B.; SONG, W.; LAWLER, J. M. Exercise training attenuates age-induced elevation 
in Bax/Bcl-2 ratio, apoptosis, and remodeling in the rat heart. The FASEB Journal.   v. 20, n. 6, p. 
791–793, 2006. 
 
 
KYRIAKIS, J M; AVRUCH, J. Mammalian mitogen-activated protein kinase signal transduction 
pathways activated by stress and inflammation. Physiological Reviews, v. 81, n. 2, p. 807–869, 
2001. 
 
 
LAKATTA, E. G.; LEVY, D. Arterial and Cardiac Aging  : Major Shareholders In 
Cardiovascular Disease Enterprises. Circulation, v. 107, Part I, p. 490–497, 2003. 
 
 
LAKATTA, E. G.; et al. Human aging: changes in structure and function. Journal of the 
American College of Cardiology, v. 10, n. 2, p. 42-47, 1987. 
 
 
LAWLER, J. M. et al. Exercise training inducibility of MnSOD protein expression and activity is 
retained while reducing prooxidant signaling in the heart of senescent rats. American Journal of 
Physiology. v. 296, n. 5, p. 1496–1502, 2009. 
 
 
LEE, A. A. et al. Angiotensin II stimulates the autocrine production of transforming growth 
factor-beta 1 in adult rat cardiac fibroblasts. Journal of Molecular and Cellular Cardiology, v. 
27, n. 10, p. 2347–2357, 1995. 
 
 
LEVIN, E. R.; GARDNER, D. G.; SAMSON, W. K. Natriuretic peptides. The New England 
Journal of Medicine, v. 339, n. 5,  p. 321–328, 1998. 
 
 
LEVY, W. C. et al. Endurance exercise training augments diastolic filling at rest and during 
exercise in healthy young and older men. Circulation, v. 88, n. 1, p. 116–126, 1993. 
 
 
LIJNEN, P. J.; PETROV, V. V.; FAGARD, R. H. Angiotensin II-induced stimulation of collagen 
secretion and production in cardiac fibroblasts is mediated via angiotensin II subtype 1 receptors. 
Journal of the Renin-Angiotensin-Aldosterone System. v. 2, n. 2, p. 117–122, 2001. 
 
 
LIN, J. et al. Age-related cardiac muscle sarcopenia: Combining experimental and mathematical 
modeling to identify mechanisms. Experimental Gerontology, v. 43, n. 4, p. 296–306, 2008. 



	
   	
   58	
  

 
 
LITTLE, W. C. The left ventricular dP/dtmax-end-diastolic volume relation in closed-chest dogs. 
Circulation Research, v. 56, n. 6, p. 808–815, 1985. 
 
 
LIU, J. J. et al. Increased apoptosis in the heart of genetic hypertension, associated with increased 
fibroblasts. Cardiovascular Research, v. 45, n. 3, p. 729–735, 2000. 
 
 
LU, Y.; YANG, S. Angiotensin II induces cardiomyocyte hypertrophy probably through histone 
deacetylases. The Tohoku Journal of Experimental Medicine, v. 219, n. 1, p. 17–23, 2009. 
 
 
MA, Y. et al. Matrix metalloproteinase-28 deletion exacerbates cardiac dysfunction and rupture 
after myocardial infarction in mice by inhibiting M2 macrophage activation. Circulation 
Research, v. 112, n. 4, p. 675–688, 2013. 
 
 
MACDOUGALL, J D et al. Arterial blood pressure response to heavy resistance exercise. 
Journal of Applied Physiology. v. 58, n. 3,  p. 785–790, 1985. 
 
 
MAKI, T. et al. Effect of neutral endopeptidase inhibitor on endogenous atrial natriuretic peptide 
as a paracrine factor in cultured cardiac fibroblasts. British Journal of Pharmacology, v. 131, n. 
6, p. 1204–1210, 2000. 
 
 
MANN, D. L. Stress-activated cytokines and the heart: from adaptation to maladaptation. Annual 
Review of Physiology, v. 65, p. 81–101, 2003. 
 
 
MASON, D. T. Usefulness and limitations of the rate of rise of intraventricular pressure (dp/dt) 
in the evaluation of myocardial contractility in man. The American Journal of Cardiology, v. 23, 
n. 4, p. 516-527, 1969. 
 
 
MASSON, S. et al. Left Ventricular Response to β-Adrenergic Stimulation in Aging Rats. v. 55, 
n. 1, p. 35–41, 2000. 
 
 
MATSUBARA, L.S. et al. Alterations in myocardial collagen content affect rat papillary muscle 
function. American Journal of Physiology. Heart and Circulatory Physiology, v. 279, n. 4, p. 
1534-1539, 2000. 
 
 



	
   	
   59	
  

MAURER, M.S. et al. Diastolic dysfunction: Can it be diagnosed by Doppler echocardiography? 
Journal of the American College of Cardiology, v. 44, n. 8, p. 1543–1549, 2004. 
 
 
MCCARTNEY, N. Acute responses to resistance training and safety. Medicine and Science in 
Sports and Exercise, v. 31, n. 1, p. 31-37, 1999. 
 
 
MCCARTNEY, N. et al. Weight-training-induced attenuation of the circulatory response of older 
males  to weight lifting. Journal of Applied Physiology, v. 74, n, 3, p. 1056-1060, 1993. 
 
 
MECAWI, A. S. et al. The role of angiotensin II on sodium appetite after a low-sodium diet. 
Journal of Neuroendocrinology, v. 25, n. 3, p. 281–291, 2013. 
 
 
MELO, S. F. S et al. Resistance Training Regulates Cardiac Function through Modulation of 
miRNA-214. International Journal of Molecular Sciences, v. 16, n. 4, p. 6855–6867, 2015. 
 
 
MELO, S. F. S. et al. Different levels of Hsp72 in female rat myocardium in response to 
voluntary exercise and forced exercise. Arquivos Brasileiros de Cardiologia, v. 93, n. 5, p. 456–
462, 2009. 
 
 
MENON, B.; SINGH, M.; SINGH, K. Matrix metalloproteinases mediate beta-adrenergic 
receptor-stimulated apoptosis in adult rat ventricular myocytes. American Journal of Physiology. 
Cell Physiology, v. 289, n. 1, p. 168–176, 2005. 
 
 
MORGANROTH, J. et al. Comparative left ventricular dimensions in trained athletes. Annals of 
Internal Medicine, v. 82, n. 4, p. 521–524, 1975. 
 
 
MORI, T. et al. Volume overload results in exaggerated cardiac hypertrophy in the atrial 
natriuretic peptide knockout mouse. Cardiovascular Research, v. 61, n. 4, p. 771–779, 2004. 
 
 
MOTT, J. D.; WERB, Z. Regulation of matrix biology by matrix metalloproteinases. Current 
Opinion in Cell Biology, v. 16, n. 5, p. 558–564, 2004. 
 
 
MIHL, C.; DASSEN, W. R.; KUIPERS, H. Cardiac remodelling: concentric versus eccentric 
hypertrophy in strength and endurance athletes. Netherlands heart journal: monthly journal of 
the Netherlands Society of Cardiology and the Netherlands Heart Foundation, v. 16, n. 4, p. 
129–133, 2008. 
 



	
   	
   60	
  

 
NACI, H.; IOANNIDIS, J. P. A. Comparative effectiveness of exercise and drug interventions on 
mortality outcomes: metaepidemiological study. British Journal of Sporsts Medicine. v. 49, n. 21, 
p. 1414-1422, 2013. 
 
 
NADER, G. Concurrent Strength and Endurance Training: From Molecules to Man. Medicine 
and Science in Sports and Exercise, v. 38, n. 11, p. 1965-1970, 2006. 
 
 
NAGASE, H.; VISSE, R.; MURPHY, G. Structure and function of matrix metalloproteinases and 
TIMPs. Cardiovascular Research, v. 69, n. 3, p. 562–573, 2006. 
 
 
NAGUEH, S. F et al. Altered titin expression, myocardial stiffness, and left ventricular function 
in patients with dilated cardiomyopathy. Circulation, v. 110, n. 2, p. 155–62, 2004. 
 
 
NEILAN, T. G. et al. Myocardial extracellular volume fraction from T1 measurements in healthy 
volunteers and mice: relationship to aging and cardiac dimensions. Journal of the American 
College of Cardiology: Cardiovascular imaging, v. 6, n. 6, p. 672–83, 2013. 
 
 
NICCOLI, T.; PARTRIDGEL. Ageing as a risk factor for disease. Current Biology, v. 22, n. 17, 
p. 741-752, 2012. 
 
 
NGUYEN, Cuong T et al. Age-related alterations of cardiac tissue microstructure and material 
properties in Fischer 344 rats. Ultrasound in Medicine & Biology, v. 27, n. 5, p. 611–619, 2001. 
 
 
NORTON, G. R. et al. Myocardial stiffness is attributed to alterations in cross-linked collagen 
rather than total collagen or phenotypes in spontaneously hypertensive rats. Circulation, v. 96, n. 
6, p. 1991–1998, 1997. 
 
 
O’ROURKE, M. F.; HASHIMOTO, J. Mechanical Factors in Arterial Aging. A Clinical 
Perspective. Journal of the American College of Cardiology, v. 50, n. 1, p. 1–13, 2007. 
 
 
OKAMOTO, T.; MASUHARA, M.; IKUTA, K. Cardiovascular responses induced during high-
intensity eccentric and concentric isokinetic muscle contraction in healthy young adults. Clinical 
Physiology and Functional Imaging, v. 26, n. 1, p. 39–44, 2006. 
 
 
OLIVER, P M et al. Hypertension, cardiac hypertrophy, and sudden death in mice lacking 
natriuretic peptide receptor A. Proceedings of the National Academy of Sciences of the United 



	
   	
   61	
  

States of America, v. 94, n. 26, p. 14730–14735, 1997. 
 
 
OLIVETTI, G.; MELISSARI, M. et al. Cardiomyopathy of the aging human heart. Myocyte loss 
and reactive cellular hypertrophy. Circulation Research, v. 68, n. 6, p. 1560–1568, 1991a. 
 
 
OLIVETTI, G.; CAPASSO, J. M. et al. Cellular basis of chronic ventricular remodeling after 
myocardial infarction in rats. Circulation Research, v. 68, n. 6, p. 856–869, 1991b. 
 
 
OLSON, E. R. et al. Inhibition of cardiac fibroblast proliferation and myofibroblast 
differentiation by resveratrol. American Journal of Physiology. Heart and Circulatory 
Physiology, v. 288, n. 3, p. 1131–1138, 2005. 
 
 
OPIE, L. H. et al. Controversies in ventricular remodelling. The Lancet. v. 367, n. 9507, p. 356-
367, 2006. 
 
 
PAGE-MCCAW, A.; EWALD, A. J.; WERB, Z. Matrix metalloproteinases and the regulation of 
tissue. Nature Reviews Molecular Cellular Biology., v. 8, n. 3, p. 221–233, 2007. 
 
 
PARKS, W. C. Matrix metalloproteinases in repair. Wound Repair and Regeneration, v. 7, n. 6, 
p. 423–432, 1999. 
 
 
PLUIM, B.M. et al. The athlete’s heart. A meta-analysis of cardiac structure and function. 
Circulation, n. 101, n. 3, p. 336 -344, 2000. 
 
 
POLLOCK, M. L. et al. Exercise training and prescription for the elderly. Southern Medical 
Journal, v. 87, n. 5, p. S88-95, 1994. 
 
 
PUGH, K G; WEI, J Y. Clinical implications of physiological changes in the aging heart. Drugs 
& Aging, v. 18, n. 4, p. 263–276, 2001. 
 
 
QUARLES et al. Quality control systems in cardiac aging. Ageing Research Reviews, v. 23, n. 
(Pt A) , p. 101-115, 2015. 
 
 
QUEREJETA, R. et al. Increased collagen type I synthesis in patients with heart failure of 
hypertensive origin: Relation to myocardial fibrosis. Circulation, v. 110, n. 10, p. 1263–1268, 
2004. 



	
   	
   62	
  

 
 
RAY, C. A.; CARRASCO, D. I. Isometric handgrip training reduces arterial pressure at rest 
without changes in sympathetic nerve activity. American Journal of Physiology. Heart and 
Circulatory Physiology, v. 279, n. 1, p. 245–249, 2000. 
 
 
RAYA, T. E. et al. Left ventricular function and remodeling after myocardial infarction in aging 
rats. The American Journal of Physiology, v. 273, n. 6 (Pt 2), p. 2652–2658, 1997. 
 
 
REED, A. L. et al. Diastolic dysfunction is associated with cardiac fibrosis in the senescence-
accelerated mouse. American Journal of Physiology: Heart and Circulatory Physiology, v. 301, 
n. 3, p. 824-831, 2011. 
 
 
RINALDI, B. et al. Exercise training affects age-induced changes in SOD and heat shock protein 
expression in rat heart. Experimental Gerontology, v. 41, n. 8, p. 764–770, 2006. 
 
 
ROBERT, V. et al. Differential regulation of matrix metalloproteinases associated with aging and 
hypertension in the rat heart. Laboratory Investigation; a Journal of Technical Methods and 
Pathology, v. 76, n. 5, p. 729–38, 1997. 
 
 
ROCKMAN, H. A. et al. Receptor-specific in vivo desensitization by the G protein-coupled 
receptor kinase-5 in transgenic mice. Proceedings of the National Academy of Sciences of the 
United States of America, v. 93, n. 18, p. 9954–9959, 1996. 
 
 
ROSENKRANZ, S. TGF-β1 and angiotensin networking in cardiac remodeling. Cardiovascular 
Research, v. 63, n. 3, p. 423–432, 2004. 
 
 
ROSSONI, L.V. et al. Cardiac benefits of exercise training in aging spontaneously hypertensive 
rats. Journal of Hypertension, v. 29, n. 12,  p. 2349–2358, 2011. 
 
 
ROTH, D. M et al. Impact of anesthesia on cardiac function during echocardiography in mice. 
American Journal of Physiology - Heart and Circulatory Physiology, v. 282, n. 6, p. H2134–
H2140, 2002. 
 
 
SADOSHIMA, J.; IZUMO, S. Molecular characterization of angiotensin II--induced hypertrophy 
of cardiac myocytes and hyperplasia of cardiac fibroblasts. Critical role of the AT1 receptor 
subtype. Circulation Research, v. 73, n. 3, p. 413–423, 1993. 
 



	
   	
   63	
  

 
SAGAWA, K. The end-systolic pressure-volume relation of the ventricle: definition, 
modifications and clinical use. Circulation, v. 63, n. 6, p. 1223–1227, 1981. 
 
 
SALE, D. G. et al. Effect of training on the blood pressure response to weight lifting. Canadian 
Journal of Applied Physiology. v. 19, n. 1, p. 60–74, 1994. 
 
 
SARIAHMETOGLU, M. et al. Regulation of matrix metalloproteinase-2 (MMP-2) activity by 
phosphorylation. The FASEB Journal.  v. 21, n. 10, p. 2486–2495, 2007. 
 
 
SCHULMAN, S. P. et al. Age-related decline in left ventricular filling at rest and exercise. The 
American Journal of Physiology, v. 263, n. 6 (Pt 2), p. 1932–1938, 1992. 
 
 
SCHULTZ, J. E. J. et al. TGF- β 1 mediates the hypertrophic cardiomyocyte growth induced by 
angiotensin II. Journal of Clinical Investigation, v. 109, n. 6, p. 787–796, 2002. 
 
 
SIWIK, D. A.; PAGANO, P. J.; COLUCCI, W. S. Oxidative stress regulates collagen synthesis 
and matrix metalloproteinase activity in cardiac fibroblasts. American Journal of Physiology. 
Cell Physiology, v. 280, n. 1, p. 53–60, 2001. 
 
 
SNOEK-VAN BEURDEN, P. A. M. et al. Zymographic techniques for the analysis of matrix 
metalloproteinases and their inhibitors. BioTechniques, v. 38, n. 1, p. 73–83, 2005. 
 
 
SPINALE, F. G. Myocardial matrix remodeling and the matrix metalloproteinases: influence on 
cardiac form and function. Physiological Reviews, v. 87, n. 4, p. 1285–342, 2007. 
 
 
SPINALE, F. G. et al. Time-dependent changes in matrix metalloproteinase activity and 
expression during the progression of congestive heart failure: relation to ventricular and myocyte 
function. Circulation Research, v. 82, n. 4, p. 482–495, 1998. 
 
 
STERN, S.; BEHAR, S.; GOTTLIEB, S. Cardiology patient pages. Aging and diseases of the 
heart. Circulation, v. 108, n. 14, p. 99-101, 2003. 
 
 
STEWART, S. et al. Heart failure and the aging population: an increasing burden in the 21st 
century? Heart (British Cardiac Society), v. 89, n. 1, p. 49–53, 2003. 
 
 



	
   	
   64	
  

SUSIC, D.; FROHLICH, E. D. The aging hypertensive heart: a brief update. Nature Clinical 
Practice. Cardiovascular Medicine, v. 5, n. 2, p. 104–110, 2008. 
 
 
SUSSMAN, M. A.; ANVERSA, P. Myocardial aging and senescence: where have the stem cells 
gone? Annual Review Physiology, v. 66, p. 29–48, 2004. 
 
 
SUTTON, J.; SHARPE, N. Left Ventricular remodeling after myocardial infarction: 
pathophysiology and therapy. Circulation, v. 101, n. 25, p. 2981–2988, 2000. 
 
 
SWIFT, D. L. et al. The role of exercise and physical activity in weight loss and maintenance. 
Progress in Cardiovascular Diseases, v. 56, n. 4, p. 441–447, 2014. 
 
 
TAKEMOTO, K. A. et al. Abnormalities of diastolic filling of the left ventricle associated with 
aging are less pronounced in exercise-trained individuals. American Heart Journal, v. 124, n. 1, 
p. 143–148, 1992. 
 
 
TAKENAKA, H. et al. Angiotensin II, oxidative stress, and extracellular matrix degradation 
during transition to LV failure in rats with hypertension. Journal of Molecular and Cellular 
Cardiology, v. 41, n. 6, p. 989–997, 2006. 
 
 
TARONE, G. et al. Targeting myocardial remodelling to develop novel therapies for heart 
failure: a position paper from the Working Group on Myocardial Function of the European 
Society of Cardiology. European Journal of Heart Failure, v. 16, n. 5, p. 494–508, 2014. 
 
 
THANNICKAL, V. J. et al. Myofibroblast differentiation by transforming growth factor-beta1 is 
dependent on cell adhesion and integrin signaling via focal adhesion kinase. The Journal of 
Biological Chemistry, v. 278, n. 14, p. 12384–12389, 2003. 
 
 
THOMAS, D. P. et al. Collagen gene expression in rat left ventricle: interactive effect of age and 
exercise training. Journal of Applied Physiology, v. 89, n. 4, p. 1462–1468, 2000. 
 
 
THOMAS, D. P. et al. Exercise training attenuates aging-associated increases in collagen and 
collagen crosslinking of the left but not the right ventricle in the rat. European Journal of Applied 
Physiology, v. 85, n. 1-2, p. 164–169, 2001. 
 
 
TORELLA, D. et al. Cardiac Stem Cell and Myocyte Aging, Heart Failure, and Insulin-Like 
Growth Factor-1 Overexpression. Circulation Research, v. 94, n. 4, p. 514–524, 2004. 



	
   	
   65	
  

 
 
TSAI, M-R. et al. Second-harmonic generation imaging of collagen fibers in myocardium for 
atrial fibrillation diagnosis. Journal of biomedical Optics, v. 15, n. 2, p. 026002, 2014. 
 
 
TSURUDA, T.; COSTELLO-BOERRIGTER, L. C.; BURNETT, J. C. Matrix 
metalloproteinases: Pathways of induction by bioactive molecules. Heart Failure Reviews, v. 9, 
n. 1,  p. 53–61, 2004. 
 
 
TSUTSUI, H. et al. Angiotensin II type 1 receptor blocker attenuates myocardial remodeling and 
preserves diastolic function in diabetic heart. Hypertension Research  , v. 30, n. 5, p. 439–449, 
2007. 
 
 
TURNER, N. A.; PORTER, K. E. Regulation of myocardial matrix metalloproteinase expression 
and activity by cardiac fibroblasts. International Union of Bichemistry and Molecular Biology, v. 
64, n. 2, p. 143–150, 2012. 
 
 
TURTURRO, A. et al. Growth curves and survival characteristics of the animals used in the 
Biomarkers of Aging Program. The Journals of Gerontology, v. 54, n. 11, p. 492–501, 1999. 
 
 
TYAGI, S. C.; RATAJSKA, A.; WEBER, K. T. Myocardial matrix metalloproteinase(s): 
localization and activation. Molecular and Cellular Biochemistry, v. 126, n. 1, p. 49–59, 1993. 
 
 
VARDENY, O.; TACHENY, T.; SOLOMON, S. D. First-in-class angiotensin receptor 
neprilysin inhibitor in heart failure. Clinical Pharmacology and Therapeutics, v. 94, n. 4, p. 445–
8, 2013. 
 
 
VERZOLA, R. M. M. et al. Early remodeling of rat cardiac muscle induced by swimming 
training. Brazilian Journal of Medical and Biological Research, v. 39, n. 5, p. 621–627, 2006. 
 
 
VINEREANU, D. et al. Left ventricular long-axis diastolic function is augmented in the hearts of 
endurance-trained compared with strength-trained athletes. Clinical Science, v. 103, n. 3 p. 249-
257, 2002. 
 
 
WANG, M. et al. Involvement of NADPH oxidase in age-associated cardiac remodeling. Journal 
of Molecular and Cellular Cardiology, v. 48, n. 4, p. 765–772, 2010. 
 
 



	
   	
   66	
  

WANG, W. et al. Intracellular action of matrix metalloproteinase-2 accounts for acute 
myocardial ischemia and reperfusion injury. Circulation, v. 106, n. 12, p. 1543–1549, 2002. 
 
 
WHARBURTON, D. E. R.; GLEDHILL, N.; QUINNEY, A. Musculoskeletal fitness and health. 
Canadian Journal of Applied Physiology, v. 26, n. 2, p. 217-237, 2001. 
 
 
WEBER, K. T. Cardiac interstitium in health and disease: the fibrillar collagen network. Journal 
of the American College of Cardiology, v. 13, n. 7, p. 1637–1652, 1989. 
 
 
WEINSIER, R. L. et al. Energy expenditure and free-living physical activity in black and white 
women: comparison before and after weight loss. The American Journal of Clinical Nutrition, v. 
71, n. 5, p. 1138–1146, 2000. 
 
 
WESTERTERP, K. R. Daily physical activity and ageing. Current Opinion in Clinical Nutrition 
and Metabolic Care, v. 3, n. 6, p. 485–488, 2000. 
 
 
WILEY, R. L. et al. Isometric exercise training lowers resting blood pressure. Medicine and 
Science in Sports and Exercise, v. 24, n. 7, p. 749-754, 1992. 
 
 
WINETT, R. A.; CARPINELLI, R. N. Potential health-related benefits of resistance training. 
Preventive Medicine, v. 33, n. 5, p. 503–13, 2001. 
 
 
WOODIWISS, A. J. et al. Reduction in myocardial collagen cross-linking parallels left 
ventricular dilatation in rat models of systolic chamber dysfunction. Circulation, v. 103, n. 1, p. 
155–160, 2001. 
 
 
WRIGHT, K. J. et al. Exercise training initiated in late middle age attenuates cardiac fibrosis and 
advanced glycation end-product accumulation in senescent rats. Experimental Gerontology, v. 
50, p. 9–18, 2014. 
 
 
YAMAMOTO, K. et al. Myocardial stiffness is determined by ventricular fibrosis, but not by 
compensatory or excessive hypertrophy in hypertensive heart. Cardiovascular Research, v. 55, n. 
1, p. 76–82, 2002. 
 
 
YOUNES, A. et al. Age-associated increase in rat ventricular ANP gene expression correlates 
with cardiac hypertrophy. American Journal Physiology, v. 269, n. 3 (Pt 2), p. 1003–1008, 1995. 
 



	
   	
   67	
  

 
ZILE, M. R.; BRUTSAERT, D. L. New concepts in diastolic dysfunction and diastolic heart 
failure: Part II. Causal mechanisms and treatment. Circulation, v. 105, n. 12, p. 1503–1508, 
2002. 
 


