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RESUMO

O objetivo do presente estudo foi investigar os efeitos de um programa de

treinamento resistido (RT) aplicado durante o desenvolvimento da HAP induzida por

MCT sobre a atrofia da musculatura esquelética em ratos. O primeiro capítulo

apresenta uma revisão narrativa sobre os potenciais mecanismos celulares e

moleculares que podem contribuir para o surgimento da atrofia muscular em

pacientes com HAP, assim como os efeitos do exercício físico sobre a musculatura

esquelética nessa condição. Esta revisão discute os principais mecanismos

envolvidos na atrofia muscular na HAP, destacando a ativação de vias de proteólise

muscular, como o sistema ubiquitina-proteassoma, autofagia e calpaínas, bem como

a mudança no tipo de fibra muscular favorecendo a atrofia muscular nessa patologia.

Além disso, aborda-se a possível inibição das vias de hipertrofia muscular –

antagônicas à degradação proteica. Por fim, os efeitos do exercício físico sobre essa

condição são discutidos com base em estudos anteriores que investigaram

adaptações musculares esqueléticas, e o exercício se mostra uma intervenção não

farmacológica promissora para o manejo da HAP. O segundo capítulo apresenta a

investigação dos efeitos do RT realizado durante o desenvolvimento da HAP

induzida por MCT sobre a atrofia muscular em ratos. Para isso, quarenta e dois ratos

Wistar (~200 g de peso corporal (BW)) foram distribuídos aleatoriamente em três

grupos experimentais (n = 14 por grupo): Controle Sedentário (SC), Hipertenso

Sedentário (SH) e Hipertenso Treinado (TH). A HAP foi induzida nos grupos SH e

TH por meio de uma única injeção intraperitoneal de MCT (60 mg/kg), enquanto o

grupo SC recebeu o mesmo volume de solução salina. Os ratos do grupo TH foram

submetidos ao RT (subida em escada vertical; 15 subidas com intervalo de 1 minuto;

60% da carga máxima suportada), uma sessão/dia, 5 dias/semana, por

aproximadamente 3 semanas. No 23º dia pós-administração de MCT, foi realizada

ecocardiografia para caracterização da HAP e avaliação da função ventricular direita.

No 24º dia, todos os animais foram eutanasiados e, em seguida, os bíceps braquiais

foram removidos, processados e destinados às análises subsequentes. O bíceps

esquerdo foi destinado às análises histológicas, enquanto o bíceps direito foi

utilizado para análises de estresse oxidativo, expressão gênica e expressão proteica.

Foi observado que o RT aumentou a tolerância ao esforço físico nos animais com

HAP
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induzida (ou seja, carga máxima suportada 21 dias após a aplicação de MCT: TH =

1,73 ± 0,13 g/BW; SC = 1,19 ± 0,06 g/BW; SH = 0,97 ± 0,08 g/BW; p < 0,05). Em

relação ao músculo esquelético, o RT preveniu o seu remodelamento adverso

estrutural ao preservar a porcentagem de número de miócitos (SC = 92,84 ± 1,18 %;

SH = 88,52 ± 1,92 %; TH = 91,33 ± 1,11 %, p < 0,05), a área da secção transversal

(CSA; SC = 6,446,0 ± 533,8 µm²; SH = 4,016,0 ± 500,4 µm²; TH = 5,430,0 ± 282,2

µm², p < 0,05) e a deposição total de colágeno (SC = 2,67 ± 0,45 %; SH = 6,33 ±

0,78 %; TH = 3,64 ± 0,72 %, p < 0,05). Uma forte correlação negativa foi observada

entre CSA e colágeno total (r = -0,89; IC 95% = [(-0,9534)-(-0,7369)]; R² = 0,7860; p

< 0,05). Além disso, o RT atenuou a expressão gênica de MuRF1 (SC = 1,12 ± 0,18

fold change; SH = 1,83 ± 0,20 fold change; TH = 1,41 ± 0,62 fold change, p < 0,05),

atrogin-1 (SC = 1,33 ± 0,29 fold change; SH = 4,66 ± 1,02 fold change; TH = 2,60 ±

0,43 fold change, p < 0,05) e miostatina (SC = 0,43 ± 0,13 fold change; SH = 1,17 ±

0,35 fold change; TH = 0,78 ± 0,09 fold change, p < 0,05), mas não foi capaz de

minimizar a expressão de calpaína (SC = 0,99 ± 0,37 fold change; SH = 2,65 ± 0,90

fold change; TH = 2,16 ± 0,90 fold change, p > 0,05). O RT também mitigou o

desequilíbrio redox ao preservar a atividade da CAT (SC = 213,20 ± 11,00

U.mg.ptn?¹; SH = 163,20 ± 24,50 U.mg.ptn?¹; TH = 230,00 ± 39,50 U.mg.ptn?¹, p <

0,05) e as concentrações de NO (SC = 4,31 ± 0,88 µmol/L; SH = 1,43 ± 0,39 µmol/L;

TH = 2,70 ± 0,40 µmol/L, p < 0,05), bem como as concentrações de PC (SC = 2,14 ±

0,38 nmol/mL; SH = 3,02 ± 0,36 nmol/mL; TH = 2,18 ± 0,27 nmol/mL, p < 0,05). No

entanto, o RT não preveniu a redução da atividade da SOD (SC = 62,52 ± 9,14

U.mg.ptn?¹; SH = 37,96 ± 4,91 U.mg.ptn?¹; TH = 46,36 ± 10,80 U.mg.ptn?¹, p >

0,05). Não foram encontrados efeitos da HAP ou do RT sobre a atividade da GST e

as concentrações de MDA (p > 0,05). Quanto à via de hipertrofia muscular, nem a

HAP nem o RT afetaram essa via (ou seja, Akt-1 e eIF4E) neste modelo

experimental (p > 0,05). Em conclusão, o RT realizado durante o desenvolvimento

da HAP induzida por MCT protege contra a atrofia muscular ao atenuar o

remodelamento estrutural adverso por meio da modulação da proteólise e do

desequilíbrio redox. Esses achados destacam o potencial terapêutico do RT como

uma estratégia não farmacológica para preservar a funcionalidade muscular e a

tolerância ao esforço físico em condições de HAP.

Palavras-chave: treinamento físico; proteólise; monocrotalina; intolerância ao

exercício; músculo esquelético



ABSTRACT

The objective of the present study was to investigate the effects of a resistance

exercise training (RT) program applied during the development of MCT-induced PAH

on skeletal muscle atrophy in rats. The first chapter presents a narrative review on

the potential cellular and molecular mechanisms that may contribute to the onset of

muscle atrophy in PAH patients, as well as the effects of physical exercise on

skeletal muscle in this condition. This review discusses the main mechanisms

involved in muscle atrophy in PAH, highlighting the activation of muscle proteolysis

pathways, such as the ubiquitin-proteasome system, autophagy and calpains, as well

as the shift in muscle fiber type favoring muscle atrophy in this pathology.

Additionally, the possible inhibition of muscle hypertrophy pathways – antagonistic to

protein degradation – is addressed. Finally, the effects of physical exercise on this

condition are discussed using previous studies investigating skeletal muscle

adaptations, and it appears to be a promising non-pharmacological intervention for

the management of PAH. The second chapter shows the investigation of the effects

of RT on muscle atrophy during the development of PAH induced by MCT in rats. For

this purpose, forty-two Wistar rats (~200 g body weight (BW)) were randomly

assigned to three experimental groups (n = 14 per group): Sedentary Control (SC),

Sedentary Hypertensive (SH), and Trained Hypertensive (TH). PAH was induced in

the SH and TH groups through a single intraperitoneal injection of MCT (60 mg/kg),

while the SC group received the same volume of saline solution. The rats in TH

group underwent RT (vertical ladder climbing; 15 climbs with a 1-minute interval; 60%

of the maximum supported load), one session/day, 5 days/week, for approximately 3

weeks. On the 23rd day post-MCT administration, echocardiography was performed

to characterize PAH and to evaluate the right ventricular function. On the 24th day, all

animals were euthanized, and subsequently, the brachial biceps were removed,

processed, and allocated for further analyses. The left biceps were designated for

histological analyses, while the right biceps were used for oxidative stress, gene

expression, and protein expression analyses. It was found that RT increased physical

effort tolerance in PAH-induced animals (i.e., maximum supported load 21 days post-

MCT application: TH = 1.73 ± 0.13 g/BW; SC = 1.19 ± 0.06 g/BW; SH = 0.97 ± 0.08

g/BW; p <
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0.05). Concerning skeletal muscle, RT prevented its structural adverse remodeling by

preserving the percentage of myocyte number (SC = 92.84 ± 1.18 %; SH = 88.52 ±

1.92 %; TH = 91.33 ± 1.11 %, p < 0.05), the cross-sectional area (CSA; SC = 6,446.0

± 533.8 µm2; SH = 4,016.0 ± 500.4 µm2; TH = 5,430.0 ± 282.2 µm2, p < 0.05), and

the total collagen deposition (SC = 2.67 ± 0.45 %; SH = 6.33 ± 0.78 %; TH = 3.64 ±

0.72 %, p < 0.05). A strong negative correlation was observed between CSA and

total collagen (r = -0.89; 95% CI = [(-0.9534)-(-0.7369)]; R2 = 0.7860; p < 0.05). In

addition, RT attenuated the gene expression of MuRF1 (SC = 1.12 ± 0.18 fold

change; SH = 1.83 ± 0.20 fold change; TH = 1.41 ± 0.62 fold change, p < 0.05),

atrogin-1 (SC = 1.33 ± 0.29 fold change; SH = 4.66 ± 1.02 fold change; TH = 2.60 ±

0.43 fold change, p < 0.05), and myostatin (SC = 0.43 ± 0.13 fold change; SH = 1.17

± 0.35 fold change; TH = 0.78 ± 0.09 fold change, p < 0.05), but was not able to

minimize calpain expression (SC = 0.99 ± 0.37 fold change; SH = 2.65 ± 0.90 fold

change; TH = 2.16 ± 0.90 fold change, p > 0.05). Moreover, RT mitigated redox

imbalance by preserving the CAT activity (SC = 213.20 ± 11.00 U.mg.ptn-1; SH =

163.20 ± 24.50 U.mg.ptn-1; TH = 230.00 ± 39.50 U.mg.ptn-1, p < 0.05) and the NO

concentrations (SC = 4.31 ± 0.88 µmol/L; SH = 1.43 ± 0.39 µmol/L; TH = 2.70 ± 0.40

µmol/L, p < 0.05), as well as the PC concentrations (SC = 2.14 ± 0.38 nmol/mL; SH =

3.02 ± 0.36 nmol/mL; TH = 2.18 ± 0.27 nmol/mL, p < 0.05). However, RT did not

prevent the reduction in the SOD activity (SC = 62.52 ± 9.14 U.mg.ptn-1; SH = 37.96

± 4.91 U.mg.ptn-1; TH = 46.36 ± 10.80 U.mg.ptn-1, p > 0.05). No effects of either

PAH or RT were found on the GST activity and MDA concentrations (p > 0.05).

Regarding the muscle hypertrophy pathway, neither PAH nor RT affected the muscle

hypertrophy pathway (i.e., Akt-1 and eIF4E) in this experimental model (p > 0.05). In

conclusion, the RT applied during the development of MCT-induced PAH protects

against skeletal muscle atrophy, by mitigating adverse structural remodeling and

muscle atrophy through proteolysis modulation and attenuation of redox imbalance.

These findings highlight the therapeutic potential of RT as a non-pharmacological

strategy to preserve muscle functionality and physical effort tolerance in PAH

conditions.

Keywords: physical exercise ; proteolysis; monocrotaline; exercise intolerance;

skeletal muscle
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1. INTRODUÇÃO 
 

A hipertensão pulmonar (HP) é um distúrbio multifatorial associado a 

disfunções cardiovasculares e respiratórias. É caracterizada por um aumento da 

pressão arterial pulmonar média (mPAP) acima de 20 mmHg em repouso 1,2. 

Originalmente, sua definição considerava um valor de mPAP ≥ 25 mmHg, 

estabelecido de forma arbitrária durante o 1º Simpósio Mundial sobre Hipertensão 

Pulmonar (WSPH) em 1973 3.  

De acordo com sua etiologia, a HP é classificada em cinco grupos: 1) 

Hipertensão arterial pulmonar (HAP); 2) HP associada a doenças do coração 

esquerdo (ex.: insuficiência cardíaca); 3) HP resultante de doenças pulmonares e/ou 

hipóxia (ex.: doença pulmonar obstrutiva crônica – DPOC); 4) HP causada por 

obstruções da artéria pulmonar (ex.: HP tromboembólica crônica); e 5) HP de 

mecanismos indefinidos e/ou multifatoriais (ex.: distúrbios hematológicos e doenças 

inflamatórias sistêmicas) 1,4. 

A prevalência da HP é de aproximadamente 1% da população mundial, sendo 

mais elevada em indivíduos com mais de 65 anos, devido ao aumento da incidência 

de doenças cardíacas e pulmonares nessa faixa etária 5,6. 

Com relação ao Grupo 1 da HP, a hipertensão arterial pulmonar (HAP) é 

caracterizada por alterações primárias na vasculatura, sem associação direta com 

outras doenças cardiopulmonares 7. A HAP é caracterizada por uma mPAP superior 

a 20 mmHg, resistência vascular pulmonar (RVP) acima de 2 unidades Wood e 

pressão de oclusão da artéria pulmonar ≤ 15 mmHg, mensurado por meio de 

cateterismo direto no coração direito 8. É uma doença crônica e progressiva, com uma 

incidência global estimada entre 2,0 e 7,6 casos por milhão de adultos por ano e uma 

prevalência que varia de 11 a 55 casos por milhão de adultos 9,10. 

A etiologia da HAP inclui formas idiopáticas e hereditárias, casos induzidos por 

drogas ou toxinas e associações com outras doenças (por exemplo, HIV, hipertensão 

portal, cardiopatias congênitas e esquistossomose). Também está relacionada ao uso 

prolongado de bloqueadores dos canais de cálcio, ao comprometimento 

venoso/capilar e à síndrome neonatal persistente 4,7.  

O diagnóstico da HAP é um processo que envolve múltiplas abordagens e 

métodos para uma avaliação abrangente dessa condição clínica. Inicialmente, realiza-

se a investigação clínica por meio da anamnese, analisando sintomas como dispneia 
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e fadiga, bem como a presença de fatores de risco associados. Testes de esforço, 

como o teste de caminhada de seis minutos, são realizados para avaliar a capacidade 

funcional do paciente. Além disso, biomarcadores como BNP (peptídeo natriurético 

tipo B) e NT-proBNP (fragmento N-terminal do Pró-BNP) auxiliam na avaliação 

cardíaca. Testes pulmonares ajudam a diferenciar a HAP de outras doenças 

respiratórias. Durante a fase de triagem, o ecocardiograma transtorácico é 

amplamente utilizado, mas o padrão-ouro para a confirmação definitiva do diagnóstico 

de HAP é o cateterismo do coração direito. Outros exames de imagem (como a 

tomografia computadorizada e a cintilografia ventilação-perfusão) podem ser 

utilizados para complementar a investigação e garantir um diagnóstico mais preciso 

8,11. 

A fisiopatologia da HAP envolve um remodelamento vascular adverso das 

artérias e arteríolas pulmonares, caracterizado por proliferação descontrolada das 

células endoteliais, hipertrofia da camada média e deposição excessiva de matriz 

extracelular 10,12. Como resultado, há um aumento progressivo da RVP. Esse 

fenômeno patológico sobrecarrega o ventrículo direito (VD), levando a alterações 

adversas em sua estrutura morfológica e molecular, como a hipertrofia patológica 

caracterizada pela proliferação de tecido fibrótico, desequilíbrio redox, inflamação, 

disfunção mitocondrial e disfunção contrátil 13–15. À medida que a doença progride, o 

débito cardíaco é comprometido, reduzindo a oferta de oxigênio aos tecidos periféricos 

e limitando a capacidade funcional dos pacientes. Nos estágios avançados, 

desenvolve-se insuficiência cardíaca direita, tornando-se a principal causa de 

morbidade e mortalidade na HAP 15,16. 

As manifestações clínicas da HAP nos pacientes incluem dispneia, fadiga, falta 

de ar durante o esforço físico, letargia, retenção de líquidos, edema de membros 

inferiores e pré-síncope/síncope, sendo os dois primeiros sintomas os mais 

frequentemente observados. Essas alterações refletem adaptações cardiovasculares 

adversas 17,18. Esses sintomas contribuem para a redução da tolerância ao exercício, 

uma característica marcante da doença 19. 

A intolerância ao exercício na HAP é causada pela interação entre fatores 

centrais e periféricos. Em nível central, a disfunção do ventrículo direito e a ineficiência 

ventilatória limitam a capacidade do coração de bombear sangue oxigenado para os 

tecidos. Em nível periférico, a rarefação capilar (redução na densidade dos vasos 

sanguíneos) e a diminuição da perfusão sanguínea no músculo esquelético 
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prejudicam a oferta de oxigênio e nutrientes, levando à disfunção muscular 20,21. Esses 

processos podem desencadear a ativação de mecanismos de degradação proteica, 

como o sistema ubiquitina-proteassoma (UPS). Além disso, a disfunção mitocondrial, 

o desequilíbrio redox, o aumento da inflamação e as alterações metabólicas podem 

contribuir para a atrofia muscular em pacientes com HAP 22–25. 

Apesar dos avanços significativos na compreensão da fisiopatologia da HAP, 

sua gênese ainda não está totalmente elucidada na literatura, sendo necessários 

estudos em animais para uma melhor compreensão da doença. Nesse contexto, o 

modelo animal de HAP induzida por monocrotalina (MCT) é um dos mais utilizados 

para investigação da doença. A MCT é um alcaloide derivado da planta Crotalaria 

spectabilis e mimetiza a HAP devido à sua capacidade de reproduzir as características 

clínicas e patológicas da enfermidade, como o aumento da pressão arterial pulmonar, 

a hipertrofia do VD e o remodelamento vascular 26,27. 

As terapias atuais para a HAP concentram-se em três principais vias 

fisiopatológicas: a via do óxido nítrico, a via da prostaciclina e a via da endotelina. 

Essas abordagens farmacológicas têm como objetivo restaurar o equilíbrio entre os 

mediadores vasoativos, promovendo a vasodilatação pulmonar e reduzindo a 

resistência vascular. No entanto, embora o transplante pulmonar continue sendo a 

única intervenção curativa para os casos graves de HAP, diversas terapias inovadoras 

estão atualmente em investigação, com potencial para reduzir a morbimortalidade e 

melhorar significativamente os desfechos dos pacientes 8. 

Nesse sentido, juntamente com as intervenções farmacológicas, estratégias 

não farmacológicas têm ganhado destaque no manejo da HAP. O exercício físico, em 

particular, tem sido recomendado como uma abordagem complementar promissora 

28,29. Estudos clínicos demonstraram que o exercício pode melhorar a capacidade 

funcional e a qualidade de vida de pacientes com HAP 30–32. De forma semelhante, 

pesquisas em modelos animais com HAP induzida por MCT corroboram esses 

benefícios, mostrando que o exercício físico atenua a progressão da doença e 

melhora parâmetros cardiovasculares e metabólicos 33–36. No entanto, apesar dos 

avanços, ainda não está claro como o treinamento resistido (TR) influencia os 

parâmetros de atrofia muscular esquelética na HAP. Essa lacuna na literatura destaca 

a necessidade de mais pesquisas para elucidar os efeitos do TR na preservação da 

massa muscular esquelética associada à doença. 
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2. OBJETIVOS 
 

2.1. Geral 

 

Investigar os efeitos do treinamento resistido (TR) sobre a atrofia muscular 

durante o desenvolvimento da HAP induzida por MCT em ratos. 

 

 
2.2. Específico 
 

2.2.1. Revisar a literatura sobre os possíveis mecanismos moleculares 

envolvidos na perda de massa muscular na HAP e os potenciais efeitos do exercício 

físico nessa condição. 

2.2.2. Avaliar se o programa de exercício resistido aplicado durante o 

desenvolvimento da HAP afeta os seguintes parâmetros em ratos: 

• Tolerância ao esforço físico; 

• Morfometria e estereologia do músculo esquelético; 

• Estresse oxidativo no músculo esquelético; e 

• Expressão gênica e proteica relacionada à atrofia do músculo 

esquelético. 

 

Para tanto, este trabalho foi estruturado em dois capítulos: o primeiro consiste 

em uma revisão narrativa para atender ao objetivo 2.2.1; e o segundo, para atender 

ao objetivo 2.2.2, foi realizado um estudo experimental. 

 

 

3. HIPÓTESES 
 

H0: O treinamento resistido implementado durante o desenvolvimento da HAP 

induzida por MCT não terá efeito sobre a atrofia muscular esquelética em ratos. 

 

H1: O treinamento resistido implementado durante o desenvolvimento da HAP 

induzida por MCT ter efeito sobre a atrofia muscular esquelética em ratos. 
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ABSTRACT 

 

Pulmonary arterial hypertension (PAH) is a rare and progressive disease characterized 

by pathological remodeling of the pulmonary arteries, resulting in increased pulmonary 

vascular resistance and right ventricular overload. This condition triggers common 

symptoms such as dyspnea and exercise intolerance, compromising thus the quality 

of life of individuals affected by this pathology. Skeletal muscle atrophy is one of the 

main determinants of these symptoms, which is mediated by an imbalance between 

protein synthesis and degradation, triggered by adverse systemic adaptations 

promoted by PAH, such as decreased blood perfusion and increased inflammation. 

This review addresses the main cellular and molecular mechanisms that potentially 

trigger or inhibit protein degradation pathways, and how they interact in the context of 

PAH. Furthermore, we focus on physical exercise as a non-pharmacological approach 

capable of modulating muscle atrophy induced by PAH. 

 

KEYWORDS: exercise intolerance; inflammation; PAH; pathological remodeling; 

protein degradation. 
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1. INTRODUCTION 
 

Pulmonary arterial hypertension (PAH) is a rare disease characterized by a 

mean resting pulmonary arterial pressure above 20 mmHg 1,2 and its worldwide 

prevalence is around 2.0 to 7.6 cases per million people. The pathophysiology of PAH 

involves adverse remodeling of the pulmonary artery and arterioles (vasculopathy), 

resulting in a progressive increase in pulmonary vascular resistance (PVR) 3. 

Chronic increases in PVR lead to increased right ventricular (RV) afterload. This 

overload generates an adaptive response or adverse RV remodeling, resulting in 

pathological hypertrophy characterized by fibrotic tissue proliferation, redox imbalance, 

inflammation, mitochondrial dysfunction, and contractile dysfunction 4–6. Such 

framework leads to RV failure characterized by reduced stroke volume (SV) and 

cardiac output (CO) and ultimately leads to patient’s death 6,7. 

The clinical manifestations commonly observed in patients with PAH (i.e., 

dyspnea and fatigue) result from the adverse cardiovascular adaptations 8,9. These 

symptoms contribute to reduced tolerance to physical exertion, a striking feature in 

individuals with PAH 10. 

Intolerance to physical effort in PAH is the result of a complex interaction 

between central factors (e.g. reduced CO and ventilatory inefficiency) and peripheral 

factors (e.g. rarefaction of skeletal muscle capillarization and reduced blood perfusion) 

that limit the adequate supply of oxygen and nutrients to skeletal muscles 11,12 which 

contributes directly to muscle atrophy. 

Muscle atrophy is a phenomenon characterized by the progressive loss of 

muscle mass and function, resulting from an imbalance between the synthesis and 

degradation of muscle proteins 13,14. Such process is driven by an increase in the 

activity of proteolytic pathways, as well as the inhibition of anabolic and myogenic 

pathways 15–17. Hyperactivation of proteolytic pathways, associated with the 

suppression of protein synthesis mechanisms, results in progressive loss of muscle 

mass and strength 18. 

While the molecular mechanisms underlying skeletal muscle atrophy and 

exercise intolerance have been extensively investigated in cardiovascular diseases, 

as chronic heart failure (HF), revealing key roles for neurohormonal dysregulation, 

systemic inflammation, and impaired mitochondrial function 19–22, the precise pathways 

in PAH are less well-defined and represent an area of ongoing research. Despite the 
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more limited understanding in PAH, evidence indicates the involvement of similar 

downstream effectors of muscle wasting, such as the activation of the ubiquitin-

proteasome system  and alterations in autophagy 23,24, highlighting potential shared 

pathways contributing to this debilitating feature in both conditions. 

In fact, there are studies on both humans 23,25 and experimental models 24,26,27 

showing that PAH leads to dysfunctions in skeletal muscle tissue, suggesting a 

condition of muscle atrophy. Thus, together with central dysfunctions, the atrophy 

process may play a central role among the factors that contribute to intolerance to 

physical effort in patients with PAH 23,24, and the understanding of underlying molecular 

mechanisms are of interest to face such a lethal disease. 

Therefore, this review aims to explore the main molecular pathways involved in 

the development of skeletal muscle atrophy in PAH, highlighting critical mechanisms 

in the progression of such condition. Moreover, we analyze the therapeutic potential of 

physical exercise as a non-pharmacological intervention, focusing on its modulation of 

the molecular processes involved. 

 

 

2. THE ACTIVATION OF UBIQUITIN-PROTEASOME SYSTEM IN PAH 
 

The ubiquitin-proteasome system (UPS) is a crucial cellular mechanism 

responsible for the selective degradation of proteins, thus maintaining protein 

homeostasis and regulating several cellular processes. The UPS acts to control protein 

quality by degrading damaged or dysfunctional proteins, thus ensuring cellular integrity 

and protein functionality within the cell 28. To this end, this system involves the marking 

of proteins to be degraded by ubiquitin ligases (E3 ligases), such as muscle ring finger-

1 (MuRF1/TRIM63) and muscle atrophy F-box (MAFbx/atrogin-1/Fbx32). 

Subsequently, the ubiquitinated proteins are directed to the proteasome, a proteolytic 

enzyme complex responsible for protein degradation 29. In skeletal muscle, the UPS 

contributes to the maintenance of cellular homeostasis by promoting the selective 

degradation of damaged, misfolded, or dysfunctional proteins. This process ensures 

protein quality and preserves the structural and functional integrity of muscle tissue 30. 

In the context of PAH, the UPS is one of the possible mechanisms that may be 

involved in the development of muscle atrophy in this population 23,31. Factors such as 

hypoxia, chronic inflammation, and oxidative stress, frequently present in patients with 
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PAH, can trigger excessive activation of the UPS, resulting in increased degradation 

of muscle proteins and, consequently, contributing to the loss of muscle mass and 

strength observed in this condition (Fig. 1). 

Understanding how these factors interact is essential for the development of 

effective therapeutic strategies. The implications of inflammation, oxidative stress, 

myostatin, Forkhead box O (FoxO), and inhibition of Phosphoinositide 3-kinase/ 

Protein Kinase B/ Mechanistic Target of Rapamycin pathway (PI3K/Akt/mTOR), and 

AMP-activated protein kinase (AMPK) and their contributions to disease progression 

will be discussed below. 

 

Figure 1. Pulmonary arterial hypertension-induced activation of ubiquitin-proteasome system and 

autophagy pathways in skeletal muscle. The scheme illustrates the possible molecular pathways for the 

activation of these proteolytic systems, highlighting systemic inflammation, tissue hypoxia, oxidative 

stress, mitochondrial dysfunction and the role of myostatin. Black arrows indicate activation, while red 

lines indicate inhibition. ActRIIB, activin type II receptor; Akt, protein kinase B; AMP, adenosine 

monophosphate; AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; Atrogin-1, muscle 

atrophy F-box; BNIP3, BCL2 and adenovirus E1B 19-kDa-interacting protein 3; FoxO, forkhead box O; 

HIF-1α, hypoxia-inducible factor 1-alpha; IGF-1, insulin-like growth fator 1; IKK, IkappaB kinase; IL-6, 

interleukin 6; IRS1, insulin receptor substrate 1; JAK, Janus kinase; JUNK, Jun N-terminal kinase; LC3, 

microtubule-associated protein 1A/1B-light chain 3; MAPK, mitogen-activated protein kinase; MSTN, 

myostatin; mTOR, mechanistic target of rapamycin; MuRF1, muscle ring finger 1; MyHC, myosin heavy 

chain; MyoD, myoblast determination protein 1; NF-κB, nuclear transcription factor kappa B; p38, p38 

mitogen-activated protein kinase; Pax7, paired box protein 7; PI3K, phosphoinositide 3-kinase; PAH, 
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pulmonary arterial hypertension; ROS, reactive oxygen species; SMAD, SMAD family member; STAT3, 

signal transducer and activator of transcription 3; TNFR, tumor necrosis factor alpha receptor; TNF-α, 

tumor necrosis factor alpha; ULK-1, Unc-51 like autophagy activating kinase 1; UPS, ubiquitin-

proteasome system. 

 

2.1. Inflammation  
 

Patients with PAH generally present a chronic inflammatory condition, 

characterized by an increase in circulating pro-inflammatory cytokines, such as 

interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) 32–34, in response to 

systemic and central dysfunctions (i.e., reduced blood perfusion, oxidative stress and 

abnormal immune cell signaling) caused by the disease 35 (Fig.1). 

In this context, TNF-α plays a central role in inducing the inflammatory response, 

which in turn contributes to muscle atrophy. By binding to its specific receptor, TNF-α 

activates the nuclear transcription factor kappa B (NF-κB) pathway, mediated by IKK 

(IkappaB kinase). Activation of NF-κB, in turn, stimulates the transcription of genes 

encoding E3 ligases, such as MuRF1 and atrogin-1, which are essential for the 

activation of muscle proteolytic processes via the UPS 36,37. 

The activation of UPS by inflammatory cytokines may also involve the pathway 

mediated by the signal transducer and activator of transcription 3 (STAT3), which is 

activated by the cytokines IL-6 and TNF-α. These cytokines induce the activation of 

Janus kinase (JAK), which in turn phosphorylate STAT3, leading to its activation. 

STAT3 hyperactivation then upregulates the expression of E3 ubiquitin ligases, 

promoting UPS activation 17,38. Although this pathway has been shown to be active in 

cardiac tissue in a PAH model 39, it was not observed in skeletal muscle. Additional 

studies are needed to elucidate these speculations, especially considering the 

increases in IL-6 and TNF-α observed in PAH. 

Hyperactivity of the transcription factors NF-κB and STAT3 not only regulates 

the UPS proteolytic pathway but also contributes to the perpetuation of the 

inflammatory environment. By activating inflammatory genes, such as TNF-α and IL-

6, transcription factors establish a positive feedback loop, exacerbating inflammation 

and increasing the expression of pro-inflammatory cytokines that act systemically and 

locally 40–42. Such chronic inflammatory cycle amplifies UPS activation, which may 

contribute to the progression of muscle atrophy in patients with PAH. Thus, processes 

modulated by inflammatory agents culminate in an increase in muscle protein 
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degradation, which may contribute to muscle atrophy in patients with PAH. 

 

2.2. Myostatin  
 

Myostatin (MSTN) or growth and differentiation factor-8 (GDF-8) is a protein of 

the transforming growth factor beta (TGF-β) family that acts as a negative modulator 

of muscle cell proliferation and differentiation in an autocrine and paracrine manner, 

suppressing anabolic pathways and promoting muscle proteolysis 43–45. Under 

physiological conditions, skeletal muscle produces MSTN to maintain the balance 

between muscle protein synthesis and degradation. However, in PAH, studies show 

that there is hyperactivation of this protein, leading to exacerbated activation of 

proteolytic pathways, such as the UPS 24,27. 

The MSTN activation triggers a signaling cascade that involves the activation of 

specific receptors on the surface of muscle cells, such as the activin type II receptor 

(ActRIIB). Such interaction, in turn, activates the SMAD (SMAD family member) 

signaling pathway, in particular the SMAD2/3 complex, which translocate to the 

nucleus and regulate the expression of atrophic genes (e.g. MuRF1 and atrogin-1) that 

activate the UPS 17,46. Furthermore, the inflammatory environment characteristic of 

PAH 47 is capable of positively modulating MSTN expression through the IL-

6/JAK/STAT3 pathway 48 (Fig. 1). 

Concomitantly with these events, MSTN via SMAD2/3/4 and MAPK (mitogen-

activated protein kinase) in synergistic action with NF-κB suppress genes involved in 

myogenesis, such as Pax7 (Paired box protein Pax-7), MyoD (myoblast determination 

protein 1) and MyHC (Myosin Heavy Chain), essential for muscle recruitment, 

proliferation and regeneration 49–52.  

These mechanisms highlight the central role of myostatin in the regulation of 

muscle protein balance and in the suppression of myogenic regeneration, especially 

in pathological conditions such as PAH. In this context, understanding in detail the 

molecular pathways mediated by myostatin and its modulators becomes crucial for the 

development of therapeutic interventions capable of attenuating muscle atrophy and 

improving musculoskeletal functionality in these patients. Future studies exploring 

these mechanisms could contribute significantly to advances in the treatment of 

pathological conditions related to this system. 
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2.3. FoxO and inhibition of PI3K/Akt/mTOR pathway 
 

Forkhead box O (FoxO) is a regulatory protein involved in the control of several 

cellular processes, including metabolism, stress resistance, cell proliferation and 

apoptosis 53. The FoxO family is composed of four main members: FoxO1, FoxO3, 

FoxO4 and FoxO6, and each one exerts distinct functions and regulatory mechanisms. 

Understanding these proteins is fundamental to exploring their implications in health 

and disease. For example, FoxO1, mainly involved in the regulation of pancreatic beta 

cell function and glucose metabolism, protects against oxidative stress and plays a 

crucial role in the pathogenesis of diabetes 54. FoxO3 is known for its role in apoptosis 

and longevity, being associated with several types of cancer and immune responses 

55,56. FoxO4 is related to cellular responses to stress and has been linked to aging and 

cancer 55. FoxO6, although less studied, presents emerging evidence suggesting its 

influence on metabolic processes and cell survival 55. 

In muscle tissue, FoxO family factors play a central role in maintaining cellular 

homeostasis, standing out in the regulation of protein balance 57. Specifically, FoxO3 

controls protein degradation by activating atrogenic genes, such as MuRF1 and 

Atrogin-1, which promote proteolysis via systems such as the UPS and lysosomal 

autophagy 58,59. Such function is particularly important in conditions of metabolic stress, 

muscle disuse, or chronic diseases, where the imbalance between protein synthesis 

and degradation rules muscle atrophy. 

FoxO activity is regulated by several signaling pathways, highlighting its 

interaction with the PI3K/Akt/mTOR anabolic pathway, which promotes the growth and 

maintenance of muscle mass. Phosphorylation of the Akt protein results in the 

inactivation of FoxO, preventing the activation of genes associated with protein 

degradation. Furthermore, FoxO also antagonizes the mTOR pathway, exacerbating 

muscle mass loss in pathological situations 58,60. These interactions highlight the 

multifunctional role of FoxO, which integrates signaling processes in different tissues, 

with a specific relevance in skeletal muscle, where it regulates both preservation and 

structural remodeling in response to internal and external stimuli 17,61,62. 

In certain pathological conditions, such as PAH, FoxO activity in muscle tissue 

may be exacerbated. This increase in FoxO activation may be triggered by the 

deleterious consequences of the disease, such as increased activity and expression 

of inflammatory cytokines and oxidative stress 33,63. These factors contribute to Akt 
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inhibition and, consequently, lead to dysregulation of the PI3K/Akt/mTOR pathway, 

resulting in FoxO activation 37. Furthermore, the presence of these factors may act 

directly in the upregulation of FoxO expression and activity, independently of the 

inhibition of the PI3K/Akt/mTOR pathway, highlighting the potential impact of these 

pathological conditions in the modulation of FoxO activity 38 (Fig. 1). 

In summary, FoxO regulation in the pathological context highlights its crucial 

role in modulating protein homeostasis and stress response in muscle tissue. In this 

sense, studies evaluating this pathway in conditions such as PAH are essential to 

understand how FoxO dysfunction can contribute to muscle mass loss and worsening 

of the clinical manifestations of the disease. Although further investigation is still 

needed, it is possible that modulation of this pathway may offer new therapeutic 

perspectives to mitigate muscle atrophy and improve the quality of life of patients with 

PAH. Exploring these interactions could pave the way for the development of treatment 

strategies aimed at restoring protein balance and promoting muscle regeneration in 

pathological contexts. 

 

2.4. Oxidative stress 
 

Oxidative stress is characterized by an imbalance between the production of 

reactive oxygen species (ROS) and the ability of antioxidant systems to neutralize 

them 64. This phenomenon, frequently observed in the cardiac, pulmonary and skeletal 

muscle tissue of patients and animals with PAH 65–70, triggers a series of biochemical 

and cellular events that result in damage and dysfunction in various tissues, 

aggravating the complications of the disease 35. 

Increased oxidative stress in peripheral tissues of patients with PAH, including 

skeletal muscle, is associated with decreased blood perfusion resulting from 

cardiovascular changes caused by the disease. Such impairment contributes to tissue 

hypoxia, aggravating skeletal muscle damage 35,71. For example, tissue hypoxia 

induces dysfunction and damage to mitochondrial organelles 71, resulting in increased 

pro-oxidative agents (i.e., superoxide, hydroxyl, hydrogen peroxide), and in decreased 

activity and expression of antioxidant agents [i.e., superoxide dismutase (SOD) and 

catalase (CAT)] 72–74 (Fig. 1). 

The literature suggests that redox imbalance can positively modulate the activity 

and expression of transcription factors, such as NF-κB, FoxO, and MSTN, in muscle 
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tissue, promoting UPS activation and, consequently, leading to protein degradation 

75,76. Additionally, the activation of these transcription factors, together with oxidative 

stress, contribute to the suppression of the PI3K/Akt/mTOR pathway and myogenic 

regulators such as MyoD, reducing thus the capacity for cell regeneration and 

proliferation in muscle tissue 76,77. 

Furthermore, oxidative stress can amplify skeletal muscle atrophy by stimulating 

the production of pro-inflammatory cytokines, such as TNF-α and IL-6, via MAPKs, in 

particular p38 and JNK (Jun N-terminal kinase) proteins 76,78. The increased 

inflammatory response not only activates the UPS system but also aggravates 

oxidative stress itself, creating a feedback loop in which the pathological processes 

reinforce each other 76,79,80. 

Therefore, the redox imbalance propagated by PAH may contribute to the 

muscle atrophy associated with this pathological condition, by favoring the 

predominance of catabolic processes. 

 

2.5. AMPK 
 

The AMP-activated protein kinase (AMPK) is a heterotrimeric protein kinase 

composed of catalytic α and regulatory β and γ subunits. In mammals, its activation is 

mediated by interactions between the subunits, involving allosteric effects and covalent 

modifications that stimulate its kinase activity 81,82. 

The main function of AMPK is to restore cellular energy balance. To this end, 

this kinase activates catabolic pathways that increase ATP production, such as 

glycolysis and fatty acid oxidation 81,82. Simultaneously, it inhibits anabolic pathways 

that consume ATP, such as the PI3K/Akt/mTOR pathway 83. In addition, AMPK 

positively modulates the expression of FoxO family transcription factors (1, 3 and 4), 

which play a crucial role in the activation of genes involved in protein degradation, 

specifically through the UPS proteolytic pathway 17,38. 

In the context of PAH, AMPK may remain persistently hyperactive in response 

to mitochondrial dysfunctions associated with chronic tissue hypoxia and oxidative 

stress in this condition. These events compromise the efficiency of the tissue electron 

transport chain 84, possibly resulting in an alteration in the energy homeostasis of 

skeletal muscle. This condition may result in an increase in the AMP/ATP ratio, 

promoting the exacerbated activation of AMPK 81 (Fig. 1). 
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In this scenario, it is possible that AMPK plays an important role in inhibiting 

anabolic pathways, such as the PI3K/Akt/mTOR pathway, while activating protein 

degradation pathways, such as the UPS, thus favoring muscle atrophy. This 

imbalanced regulation between anabolic and catabolic processes may contribute to 

the loss of muscle mass observed in patients with PAH. Furthermore, AMPK may be 

implicated in the modulation of inflammation and oxidative stress, two critical factors in 

the progression of the disease. Therefore, AMPK emerges as a possible therapeutic 

target to mitigate the effects of muscle atrophy and improve musculoskeletal 

functionality in patients with PAH. 

 

3. MUSCLE AUTOPHAGY IN PAH 
 

Autophagy is an indispensable cellular process that orchestrates the 

degradation and recycling of intracellular components, ensuring the maintenance of 

homeostasis and the cellular ability to adapt to stress. Central to this process is the 

formation of autophagosomes, specialized structures that capture damaged organelles 

and misfolded proteins, subsequently directing them to lysosomes for degradation. 

Such highly regulated mechanism underpins a wide range of physiological functions 

and has far-reaching implications for health and disease, including cancer, 

neurodegeneration, and aging. Recent insights into the mechanisms and regulatory 

pathways of autophagy, such as macroautophagy, microautophagy, chaperone-

mediated autophagy, and crinophagy, highlight its multifaceted role in cellular 

adaptation and survival 85–87. 

The autophagy process can be dysregulated in response to the combined action 

of inflammatory agents, oxidative stress and hypoxia, factors widely associated with 

the complications in PAH 88–90. Such dysfunctional interaction can lead to the 

exacerbated activation of autophagic genes in skeletal muscle tissue promoting protein 

degradation and, consequently, muscle atrophy (Fig. 1). 

Inflammatory cytokines, such as TNF-α, play a central role in the activation of 

the IKK/NF-κB signaling pathway, which has been associated with increased 

expression of genes involved in the autophagic process, such as beclin-1 and 

microtubule-associated protein 1A/1B-light chain 3 (LC3) 91–93. Such mechanism 

highlights the connection between chronic inflammation and the imbalanced regulation 

of autophagy that contributes to cellular alterations and dysfunctions observed in 
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pathological conditions. 

Oxidative stress, intensified by ROS production, plays a central role in the 

activation of the AMPK protein. When activated, this enzyme can inhibit the 

PI3K/Akt/mTOR pathway, resulting in a reduction in cellular protein synthesis activity 

83. In addition, AMPK is capable of modulating the expression of autophagogens, such 

as ULK-1 (Unc-51 like autophagy activating kinase 1) and beclin-1 94, promoting the 

activation of the autophagy process. The inhibition of the PI3K/Akt/mTOR anabolic 

pathway associated with ROS accumulation can also activate FoxO family 

transcription factors 37,38,76, which directly regulate the expression of autophagy-related 

genes, such as BNIP3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) and 

LC3 58. These events highlight the close relationship between oxidative stress, 

metabolic regulation and autophagy in pathological conditions. 

Tissue hypoxia induced by PAH leads to the activation of hypoxia-inducible 

factor 1-alpha (HIF-1α) 95,96, that can promote the expression of autophagic genes, 

such as BNIP3, a regulator of mitophagy (i.e., mitochondrial autophagy) 97. 

Studies investigating the contribution of specific autophagy and mitophagy 

pathways in skeletal muscle tissue of patients with PAH are crucial to elucidating the 

molecular mechanisms underlying muscle atrophy in this condition. Furthermore, 

research exploring therapeutic interventions targeting the modulation of these 

pathways, such as selective inhibitors or strategies that restore the balance between 

protein synthesis and degradation, may offer new insights into minimizing muscle loss 

and improving the functional capacity of these individuals. Such approaches may pave 

the way for personalized treatments that address the challenges of PAH treatment, 

promoting better quality of life and tolerance to physical exertion. 

 

 

4. POSSIBLE STIMULATION OF CALPAINS IN PAH 
 

Calpains are a group of calcium (Ca²⁺)-dependent proteases that play a crucial 

role in the regulation of protein homeostasis and cellular remodeling. They are present 

in several tissues, including skeletal muscles. Within the calpain family, the most 

studied isoforms are calpain-1 (μ-calpain) and calpain-2 (m-calpain), which have 

distinct functions in protein degradation and in cellular response to different stimuli 98. 

As highlighted previously, PAH triggers a series of adverse systemic changes, 
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including tissue hypoxia, chronic inflammation, oxidative stress and mitochondrial 

dysfunctions 35,99. These anomalies may contribute to increased intracellular Ca²⁺ in 

peripheral tissues, like skeletal muscle 100. Furthermore, anomalies in the excitation-

contraction coupling mechanism of skeletal muscle, involving Ca²⁺ cycling regulatory 

proteins [e.g. ryanodine receptor (RyR), sarcoplasmic reticulum Ca2+-ATPase 

(SERCA2a) and sodium-calcium exchanger (NCX)] associated with PAH 23 may 

intensify the Ca²⁺ overload (Fig. 2). 

 

Figure 2. Calpain activation in skeletal muscle in pulmonary artery hypertension. The illustrative scheme 

presents the possible mechanisms for calpain activation contributing to muscle atrophy in PAH. Black 

arrows indicate activation, while red lines indicate inhibition. AMPK, AMP-activated protein kinase; 

CaMMK, calcium/calmodulin-dependent protein kinase; DHPR, dihydropyridine receptor; NCX, sodium-

calcium exchanger; PAH, pulmonary arterial hypertension; ROS, reactive oxygen species; RyR, 

ryanodine receptor; SERCA2a, sarcoplasmic reticulum Ca2+-ATPase. 

 

Chronic elevation of intracellular Ca²⁺ concentration makes it cytotoxic, 

triggering a series of cellular dysfunctions, such as membrane rupture, activation of 

proteolytic pathways and apoptosis 101,102. Among the proteolytic pathways activated 

by excessive Ca²⁺, the calpain pathway stands out, which plays a fundamental role in 

protein degradation and in the regulation of the cellular response to damage 103. 
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Thus, excessive intracellular Ca²⁺ induced by pathological adaptations to PAH 

35,99 can stimulate the activation of calpains, resulting in dysregulated cleavage of 

structural cytoskeletal proteins and muscle contractility regulators, such as troponin 

and tropomyosin. Such process alters the dynamics of muscle contraction and may 

contribute to the development of muscle atrophy in this clinical condition. Furthermore, 

increased intracellular Ca²⁺ can activate AMPK through calcium/calmodulin-dependent 

protein kinase (CaMKK) 104, further intensifying the process of muscle atrophy in 

patients with PAH. 

Studies investigating the interaction between exaggerated intracellular Ca²⁺, 

proteolytic pathways such as calpains, and AMPK activation in PAH models are 

essential to deepen our understanding of the mechanisms that contribute to muscle 

atrophy in this context. Understanding these processes may open new therapeutic 

perspectives, aiming at modulating the activity of these pathways and, thus, mitigating 

the loss of muscle mass observed in patients with PAH. Exploring these approaches 

may lead to the development of more effective strategies for the treatment and 

prevention of muscle complications associated with this debilitating clinical condition. 

 

5. FIBER TYPE SHIFT AND MUSCLE MASS LOSS IN PAH 
 

In patients with PAH, a transition from slow-twitch fibers (type I), which have 

high oxidative capacity and resistance, to fast-twitch fibers (type II), that are 

predominantly glycolytic and more vulnerable to fatigue, is commonly observed. This 

phenomenon reflects the adaptive responses of skeletal muscle to the adverse 

environment imposed by PAH, that affects both oxidative capacity and muscle 

resistance. As a result, an increase in intolerance to physical effort is observed, 

exacerbating the functional limitation and quality of life of patients 23,25,105. The 

phenotypic change of muscle fibers may be an adaptive response to the chronic 

hypoxic environment, associated with increased oxidative stress and systemic 

inflammation, and mitochondrial dysfunctions induced by PAH 35,105 (Fig. 3). 

 



38 
 
 

 

Figure 3. Skeletal muscle fiber type shifting in skeletal muscle in pulmonary arterial hypertension. Black 

arrows indicate activation; red arrow indicates decrease; green arrow indicates increase. ATP, 

adenosine triphosphate; HIF-1α, hypoxia-inducible factor 1-alpha; LDH, lactate dehydrogenase; PAH, 

pulmonary arterial hypertension; PDK, pyruvate dehydrogenase kinase; ROS, reactive oxygen species; 

VEGF, vascular endothelial growth factor. 

 

One of the cellular mechanisms that potentially drive fiber type shift is the action 

of HIF-1α. Under hypoxic conditions, HIF-1α is activated and it regulates the 

expression of genes that favor predominantly glycolytic metabolism 95,96. For instance, 

the increased expression of enzymes that promote anaerobic glycolysis, such as PDK 

(pyruvate dehydrogenase kinase) and LDH (lactate dehydrogenase) 96,106, which may 

promote the predominance of type II fibers. Additionally, as a compensatory 

mechanism to the hypoxic environment, HIF-1α stimulates the production of vascular 

endothelial growth factor (VEGF) that stimulates angiogenesis 96,107. However, such 

adaptations may not be sufficient to compensate for the metabolic impairments 

triggered by PAH. 

Furthermore, it is possible that the action of HIF-1α together with the 
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mitochondrial detriments observed in PAH driven by hypoxia and oxidative stress 

result in the transition of muscle fibers, compromising the production of ATP by aerobic 

pathways 84. As a consequence, skeletal muscle becomes predominantly dependent 

on glycolytic pathways for energy generation, a phenomenon similar to the Warburg 

effect, where there is an adaptive preference for anaerobic metabolism due to the 

limited availability of oxygen 84,108.  

Thus, the transition from slow- (type I) to fast-twitch fibers (type II) observed in 

PAH makes individuals affected by this pathology more susceptible to muscle atrophy. 

Such occurrence is because type II fibers are more vulnerable to atrophy than type I 

fibers 109,110. 

Initially, the change in fiber type may be a compensatory response to increase 

energy production in muscle tissue in face of the adverse conditions imposed by PAH. 

However, in the long term, this adaptation may increase vulnerability to muscle fatigue, 

where the predominance of type II fibers, associated with the activation of proteolytic 

pathways, causes the degradation of muscle proteins, which may contribute to the 

atrophy and exercise intolerance observed in patients with PAH. 

Further studies evaluating how muscle fiber transition occurs in PAH may 

provide crucial information on the adaptive and pathological mechanisms that affect 

skeletal muscle in response to chronic hypoxia and oxidative stress. Understanding 

these processes may reveal important therapeutic targets to lessen the effects of 

muscle atrophy and loss of function in patients with PAH. Furthermore, the 

identification of molecular factors that regulate the transition from slow- to fast-twitch 

fibers may help in the development of treatment strategies that promote the 

preservation of muscle mass and improve the functional capacity of these patients, 

reducing thus intolerance to physical effort and improving quality of life. 

 

 

6. MODULATION OF MUSCLE ATROPHY BY PHYSICAL EXERCISE IN PAH 
 

Physical exercise exerts a profound influence on skeletal muscle by modulating 

various functions and signaling pathways, including the ubiquitin-proteasome system 

111,112, inflammation 113, myostatin 114, PI3K/Akt/mTOR 115, FOXO3 and AMPK 116, 

oxidative stress 117, calpains 118, muscle fiber type transitions 119 and autophagy 120. 

These adaptations are dependent on the type, intensity, and duration of exercise. In 
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the context of health and disease, such modulation plays a pivotal role in preserving 

and enhancing muscle function, countering atrophy, and improving overall muscle 

health. Understanding these mechanisms is particularly critical in pathological 

conditions like PAH, where skeletal muscle dysfunction is a prominent contributor to 

exercise intolerance and impaired quality of life. Elucidating the exercise-induced 

regulation of these pathways provides a foundation for developing targeted 

interventions to optimize muscle health in PAH and other chronic diseases. 

Patients with PAH exhibit skeletal muscle dysfunctions characterized by 

diminished contractile capacity, mitochondrial abnormalities, elevated skeletal muscle 

proteolysis, and suppression of anabolic pathways associated with muscle 

hypertrophy. These alterations contribute to significant muscle atrophy and a marked 

reduction in exercise tolerance, further exacerbating the systemic impact of PAH 

11,23,73,105. In this context, physical exercise has emerged as a cornerstone in 

rehabilitation programs for PAH, demonstrating significant efficacy in enhancing 

exercise tolerance and improving the patients’ quality of life. These benefits are 

attributed to the ability of exercise to counteract skeletal muscle atrophy and 

dysfunctions through the modulation of key cellular processes and signaling pathways 

25,121. Understanding the intricate mechanisms underlying these improvements is 

essential for optimizing exercise-based interventions and tailoring rehabilitation 

strategies to the unique physiological challenges posed by PAH (Table 1). 
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Table 1. Effects of physical exercise on skeletal muscle in pulmonary arterial hypertension. 

 

indicates reduces or decreases;  indicates mitigates, indicates increases or improves;  

delay or protects;  indicates unchanged. CExT, contínuos aerobic exercise training; CSA, cross-

sectional area; ECM, extracellular matrix; HIIT, high intensity interval training; iPAH, idiopathic 

pulmonary arterial hypertension; MCT, monocrotaline; ORM, one repetition maximum. 

 

In this context, Moreira-Gonçalves and colleagues 24 demonstrated, in a model 

of PAH induced by monocrotaline, a significant reduction in muscle mass and cross-

sectional area (CSA) of the gastrocnemius muscle. Notably, the employed aerobic 

exercise not only mitigated these reductions but also improved exercise tolerance, 

highlighting its protective effects on skeletal muscle integrity 122. Complementing these 

findings, Vieira and collaborators 122 reported that monocrotaline-induced PAH led to 

pronounced atrophy of type IIX/B skeletal muscle fibers in mice. Interestingly, animals 

subjected to treadmill-based aerobic exercise were spared from such reductions, 

further emphasizing the role of physical exercise in preserving muscle fiber 

composition and function under pathological conditions. 

The study by Drummond et al. 123, further revealed that voluntary running 
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enhanced the structural integrity of the gastrocnemius muscle in rats with 

monocrotaline-induced PAH by increasing the proportion of muscle fibers and reducing 

extracellular matrix deposition, both of which were disrupted in PAH. Similarly, Soares 

and colleagues 69  reported compelling evidence that resistance exercise effectively 

mitigates adverse skeletal muscle remodeling, such as reductions in CSA and 

excessive collagen accumulation, induced by monocrotaline-induced PAH. Such 

remodeling attenuation was accompanied by an improvement in exercise tolerance, 

underscoring the therapeutic potential of resistance exercise. While the precise 

molecular mechanisms underlying skeletal muscle atrophy in these studies were not 

directly investigated, the findings collectively highlight the pivotal role of different 

exercise modalities in preserving skeletal muscle mass, structure, and functionality in 

the context of PAH. 

In a related context, Becker and coworkers 124 demonstrated the critical role of 

aerobic exercise in modulating oxidative stress-related pathways in experimental PAH. 

Their study revealed that four weeks of aerobic exercise not only mitigated oxidative 

damage in the gastrocnemius muscle but also enhanced the redox balance, evidenced 

by a reduction in lipid peroxidation and an upregulation of key antioxidant enzymes, 

such as superoxide dismutase and catalase. These adaptations reflect the muscle's 

improved capacity to counteract oxidative insults, which are strongly implicated in 

inflammation, proteolysis, and impaired protein synthesis, key drivers of skeletal 

muscle atrophy 76. Collectively, these findings underscore the therapeutic potential of 

resistance exercise in addressing oxidative stress and its downstream effects on 

skeletal muscle integrity and function in PAH models. 

This metabolic shift highlights the glycolytic dominance in skeletal muscle as a 

hallmark of PAH-induced dysfunction, which is intricately linked to reduced oxidative 

capacity and exercise intolerance. Indeed, PAH is characterized by a shift in muscle 

fiber composition, where a greater proportion of glycolytic fibers and a reduced 

presence of oxidative fibers contributes to muscle atrophy 23,105. In patients with PAH, 

a 12-week rehabilitation program including aerobic and resistance exercises improved 

cardiovascular response during exercise and reduced the proportion of type IIX fibers 

in the quadriceps 25. In the rat model of monocrotaline-induced PAH, Brown and 

colleagues 125 reported an increase in glucose transporter 1 (GLUT-1) in soleus 

muscle, thereby promoting a shift to glycolytic metabolism. Although the applied 

aerobic exercise was not able to reduce such an increase compared with the not 
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exercised animals, the exercised rats showed similar levels when compared with the 

control animals without PAH. 

It is well established that changes in fiber composition are linked to reduced 

peripheral blood flow, which impairs O₂ uptake and contributes to muscle dysfunction 

in PAH  23,126. As demonstrated by De Man and colleagues 127, a rehabilitation program 

containing aerobic and resistance exercises increased capillarization and the activity 

of oxidative enzymes in the quadriceps, although CSA did not change. These findings 

are crucial as they help improving exercise tolerance and overall quality of life in 

patients with PAH 126.  

Complementarily, Esposito et al. (2011) 128 in their study involving patients with 

chronic heart failure (CHF) demonstrated that a rehabilitation program involving 

aerobic exercise (i.e., cycle ergometer) and knee extension led to improvements in 

muscle structure and in the coupling of peripheral convective-diffusive O₂ transport, 

according to Wagner’s diagram 129–132, thus, resulting in increased exercise tolerance 

in this condition. Given the cardiopathological nature of PAH and CHF, it is plausible 

that similar interventions may yield analogous benefits. Improved blood perfusion and 

oxygen delivery could negatively modulate previously described proteolytic pathways 

and the phenotypic transition of muscle fibers, potentially attenuating the tissue 

hypoxia observed in PAH. 

Despite significant progress in understanding physical exercise effects on the 

structure, remodeling, and critical signaling pathways of skeletal muscle in PAH, 

several avenues warrant further exploration. Future research should aim at 

investigating the intricate interplay between pathways such as inflammation, oxidative 

stress, and glycolytic metabolism, rather than examining them separately. A more 

integrative approach could provide a more comprehensive understanding of how 

different types, intensities, and durations of exercise influence muscle remodeling in 

the context of PAH. Additionally, expanding research beyond animal models and small 

patient cohorts to include larger and more diverse clinical populations would improve 

the generalizability of findings and enhance their clinical applicability. 

Comparative studies evaluating the effects of distinct exercise modalities (i.e., 

aerobic, resistance, high-intensity interval training (HIIT), or combined approaches) on 

multiple aspects of muscle remodeling and their underlying molecular pathways are 

also needed. Such investigations could inform the development of evidence-based 

interventions that maximize therapeutic outcomes for patients with PAH. Furthermore, 
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exploring how exercise modulates adaptive responses at various stages of PAH 

progression represents an important area for future inquiry. Understanding these 

stage-specific dynamics could enable the design of personalized exercise regimens 

tailored to the evolving physiological needs of patients throughout the course of the 

disease. 

The existing body of research has provided valuable insights into the potential 

of physical exercise to modulate skeletal muscle structure, remodeling, and signaling 

pathways in PAH. These findings have laid a strong foundation for understanding the 

therapeutic role of exercise in counteracting muscle dysfunction and improving patient 

outcomes. By addressing the outlined research gaps, future studies can build upon 

this knowledge, driving innovation in exercise-based interventions and advancing the 

field toward more effective, personalized strategies for managing PAH and its systemic 

impacts. 

Clinical studies from the past five years have shown that aerobic exercise 133,134, 

as well as inspiratory exercises 135,136 and combined exercise (i.e., aerobic and 

resistance) 137–139, have been shown to be effective in patients with PAH by promoting 

improvements in exercise tolerance, quality of life, and muscle strength, as well as 

potential beneficial effects on right ventricular function and pulmonary hemodynamics. 

However, due to the scarcity of reports, it is necessary to investigate the underlying 

mechanisms of muscle atrophy and the positive impact of different types of physical 

exercise in PAH. 

Finally, the summarized impacts of PAH on skeletal muscle highlighting the 

pathophysiological events that can lead to muscle atrophy and dysfunctions as well as 

the potential effects of physical exercise are presented in figure 4. PAH features 

systemic inflammation and tissue hypoxia, which triggers redox imbalance, 

pathological remodeling of skeletal muscle, and changes in the muscle fiber profile, 

culminating in reduced tolerance to physical exertion.  

In conclusion, physical exercise seems to be promising non-pharmacological 

intervention capable of modulating these deleterious processes, preserving muscle 

function and contributing to improving functional capacity in patients with PAH. 
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Figure 4. Summarizing diagram of the pathological mechanisms involved in skeletal muscle atrophy 

and dysfunctions induced by pulmonary arterial hypertension, and the potential effects of physical 

exercise in modulating these mechanisms. LV, left ventricle; PAH, pulmonary arterial hypertension.  RV, 

right ventricle. Black arrows indicate the activation or progression of pathological processes, while the 

red arrow represents the attenuating effect of physical exercise as a therapeutic intervention. 

 

Acknowledgments  

SFF Costa and LB Leite thank the Fundação de Amparo à Pesquisa do Estado de 

Minas Gerais (FAPEMIG) for the scholarships. LL Soares and AJ Natali is thankful to 

the Conselho Nacional de Desenvolvimento Científico e Tecnológico – Brasil (CNPq) 

for their fellowships. 

 

Author contributions 

Conception and design of the research: SFF Costa; Conceptualization, data curation, 

writing, editing and visualization: SFF Costa, LL Soares, AMO Portes, LB Leite and AJ 

Natali. Critical review of the manuscript: LL Soares and AJ Natali. 

 



46 
 
 

Sources of Funding  

None. 

 

Disclosures  

None. 

 

Competing interests 

The authors declare that there is no conflict of interest with this article. 

 

 

References 
 

1. Cullivan, S., Higgins, M. & Gaine, S. Diagnosis and management of pulmonary 

arterial hypertension. Breathe 18, 220168 (2022). 

2. Humbert, M. et al. 2022 ESC/ERS Guidelines for the diagnosis and treatment of 

pulmonary hypertension. European Heart Journal 43, 3618–3731 (2022). 

3. Thenappan, T., Ormiston, M. L., Ryan, J. J. & Archer, S. L. Pulmonary arterial 

hypertension: pathogenesis and clinical management. BMJ j5492 (2018) 

doi:10.1136/bmj.j5492. 

4. Bogaard, H. J., Abe, K., Vonk Noordegraaf, A. & Voelkel, N. F. The Right 

Ventricle Under Pressure. Chest 135, 794–804 (2009). 

5. Naeije, R. & Manes, A. The right ventricle in pulmonary arterial hypertension. Eur 

Respir Rev 23, 476–487 (2014). 

6. Sharifi Kia, D., Kim, K. & Simon, M. A. Current Understanding of the Right 

Ventricle Structure and Function in Pulmonary Arterial Hypertension. Front. 

Physiol. 12, 641310 (2021). 

7. Naeije, R., Richter, M. J. & Rubin, L. J. The physiological basis of pulmonary 

arterial hypertension. Eur Respir J 59, 2102334 (2022). 

8. Matura, L. A. et al. Symptom phenotypes in pulmonary arterial hypertension: The 

PAH “symptome”. Pulm. circ. 12, e12135 (2022). 

9. McCollister, D. et al. Development of the Pulmonary Arterial Hypertension-

Symptoms and Impact (PAH-SYMPACT®) questionnaire: a new patient-

reported outcome instrument for PAH. Respir Res 17, 72 (2016). 



47 
 
 

10. Fowler, R. M., Gain, K. R. & Gabbay, E. Exercise Intolerance in Pulmonary 

Arterial Hypertension. Pulmonary Medicine 2012, 1–10 (2012). 

11. Malenfant, S. et al. Exercise intolerance in pulmonary arterial hypertension: 

insight into central and peripheral pathophysiological mechanisms. Eur Respir 

Rev 30, 200284 (2021). 

12. Potus, F. et al. Impaired Angiogenesis and Peripheral Muscle Microcirculation 

Loss Contribute to Exercise Intolerance in Pulmonary Arterial Hypertension. Am 

J Respir Crit Care Med 190, 318–328 (2014). 

13. Sandri, M. Signaling in muscle atrophy and hypertrophy. Physiology (Bethesda) 

23, 160–170 (2008). 

14. Yin, L. et al. Skeletal muscle atrophy: From mechanisms to treatments. 

Pharmacological Research 172, 105807 (2021). 

15. Bonaldo, P. & Sandri, M. Cellular and molecular mechanisms of muscle atrophy. 

Disease Models & Mechanisms 6, 25–39 (2013). 

16. Sandri, M. Protein breakdown in muscle wasting: Role of autophagy-lysosome 

and ubiquitin-proteasome. The International Journal of Biochemistry & Cell 

Biology 45, 2121–2129 (2013). 

17. Sartori, R., Romanello, V. & Sandri, M. Mechanisms of muscle atrophy and 

hypertrophy: implications in health and disease. Nat Commun 12, 330 (2021). 

18. Cohen, S., Nathan, J. A. & Goldberg, A. L. Muscle wasting in disease: molecular 

mechanisms and promising therapies. Nat Rev Drug Discov 14, 58–74 (2015). 

19. Gallagher, H., Hendrickse, P. W., Pereira, M. G. & Bowen, T. S. Skeletal muscle 

atrophy, regeneration, and dysfunction in heart failure: Impact of exercise 

training. Journal of Sport and Health Science 12, 557–567 (2023). 

20. Okita, K., Kinugawa, S. & Tsutsui, H. Exercise Intolerance in Chronic Heart 

Failure: – Skeletal Muscle Dysfunction and Potential Therapies –. Circ J 77, 293–

300 (2013). 

21. Rutledge, C. A. Molecular mechanisms underlying sarcopenia in heart failure. J 

Cardiovasc Aging 4, (2024). 

22. Kinugawa, S., Takada, S., Matsushima, S., Okita, K. & Tsutsui, H. Skeletal 

Muscle Abnormalities in Heart Failure. Int. Heart J. 56, 475–484 (2015). 

23. Batt, J., Ahmed, S. S., Correa, J., Bain, A. & Granton, J. Skeletal Muscle 

Dysfunction in Idiopathic Pulmonary Arterial Hypertension. Am J Respir Cell Mol 

Biol 50, 74–86 (2014). 



48 
 
 

24. Moreira-Gonçalves, D. et al. Signaling pathways underlying skeletal muscle 

wasting in experimental pulmonary arterial hypertension. Biochimica et 

Biophysica Acta (BBA) - Molecular Basis of Disease 1852, 2722–2731 (2015). 

25. Mainguy, V. et al. Peripheral muscle dysfunction in idiopathic pulmonary arterial 

hypertension. Thorax 65, 113–117 (2010). 

26. Garfield, B. E. et al. Growth/differentiation factor 15 causes TGFβ-activated 

kinase 1-dependent muscle atrophy in pulmonary arterial hypertension. Thorax 

74, 164–176 (2019). 

27. Xiang, G. et al. Growth differentiation factor 11 induces skeletal muscle atrophy 

via a STAT3-dependent mechanism in pulmonary arterial hypertension. Skeletal 

Muscle 12, 10 (2022). 

28. Finley, D. Recognition and processing of ubiquitin-protein conjugates by the 

proteasome. Annu Rev Biochem 78, 477–513 (2009). 

29. Hochstrasser, M. Ubiquitin, proteasomes, and the regulation of intracellular 

protein degradation. Curr Opin Cell Biol 7, 215–223 (1995). 

30. Kitajima, Y., Yoshioka, K. & Suzuki, N. The ubiquitin–proteasome system in 

regulation of the skeletal muscle homeostasis and atrophy: from basic science 

to disorders. J Physiol Sci 70, 40 (2020). 

31. Ejikeme, C. & Safdar, Z. Exploring the pathogenesis of pulmonary vascular 

disease. Front. Med. 11, 1402639 (2024). 

32. El Chami, H. & Hassoun, P. M. Immune and inflammatory mechanisms in 

pulmonary arterial hypertension. Progress in Cardiovascular Diseases 55, 218–

228 (2012). 

33. Liang, S., Desai, A. A., Black, S. M. & Tang, H. Cytokines, Chemokines, and 

Inflammation in Pulmonary Arterial Hypertension. Adv Exp Med Biol 1303, 275–

303 (2021). 

34. Soon, E. et al. Elevated Levels of Inflammatory Cytokines Predict Survival in 

Idiopathic and Familial Pulmonary Arterial Hypertension. Circulation 122, 920–

927 (2010). 

35. Rosenkranz, S., Howard, L. S., Gomberg-Maitland, M. & Hoeper, M. M. Systemic 

Consequences of Pulmonary Hypertension and Right-Sided Heart Failure. 

Circulation 141, 678–693 (2020). 

36. Reid, M. B. & Li, Y.-P. Tumor necrosis factor-α and muscle wasting: a cellular 

perspective. Respir Res 2, 269 (2001). 



49 
 
 

37. Sishi, B. J. N. & Engelbrecht, A.-M. Tumor necrosis factor alpha (TNF-α) 

inactivates the PI3-kinase/PKB pathway and induces atrophy and apoptosis in 

L6 myotubes. Cytokine 54, 173–184 (2011). 

38. Setiawan, T. et al. Cancer cachexia: molecular mechanisms and treatment 

strategies. J Hematol Oncol 16, 54 (2023). 

39. Yerabolu, D. et al. Targeting Jak–Stat Signaling in Experimental Pulmonary 

Hypertension. Am J Respir Cell Mol Biol 64, 100–114 (2021). 

40. Lei, W. et al. Targeting STAT3: A crucial modulator of sepsis. Journal Cellular 

Physiology 236, 7814–7831 (2021). 

41. Liu, T., Zhang, L., Joo, D. & Sun, S.-C. NF-κB signaling in inflammation. Sig 

Transduct Target Ther 2, 17023 (2017). 

42. Thoma, A. & Lightfoot, A. P. NF-kB and Inflammatory Cytokine Signalling: Role 

in Skeletal Muscle Atrophy. in Muscle Atrophy (ed. Xiao, J.) vol. 1088 267–279 

(Springer Singapore, Singapore, 2018). 

43. Gao, F., Kishida, T., Ejima, A., Gojo, S. & Mazda, O. Myostatin acts as an 

autocrine/paracrine negative regulator in myoblast differentiation from human 

induced pluripotent stem cells. Biochemical and Biophysical Research 

Communications 431, 309–314 (2013). 

44. McPherron, A. C., Lawler, A. M. & Lee, S.-J. Regulation of skeletal muscle mass 

in mice by a new TGF-p superfamily member. Nature 387, 83–90 (1997). 

45. Thomas, M. et al. Myostatin, a Negative Regulator of Muscle Growth, Functions 

by Inhibiting Myoblast Proliferation. Journal of Biological Chemistry 275, 40235–

40243 (2000). 

46. Abati, E., Manini, A., Comi, G. P. & Corti, S. Inhibition of myostatin and related 

signaling pathways for the treatment of muscle atrophy in motor neuron 

diseases. Cell. Mol. Life Sci. 79, 374 (2022). 

47. Price, L. C. et al. Inflammation in Pulmonary Arterial Hypertension. Chest 141, 

210–221 (2012). 

48. Zhang, L. et al. Stat3 Activation Links a C/EBPδ to Myostatin Pathway to 

Stimulate Loss of Muscle Mass. Cell Metabolism 18, 368–379 (2013). 

49. Bakkar, N. et al. IKK/NF-kappaB regulates skeletal myogenesis via a signaling 

switch to inhibit differentiation and promote mitochondrial biogenesis. J Cell Biol 

180, 787–802 (2008). 



50 
 
 

50. Elkina, Y., Von Haehling, S., Anker, S. D. & Springer, J. The role of myostatin in 

muscle wasting: an overview. J Cachexia Sarcopenia Muscle 2, 143–151 (2011). 

51. Guttridge, D. C., Mayo, M. W., Madrid, L. V., Wang, C.-Y. & Baldwin Jr., A. S. 

NF-κB-Induced Loss of MyoD Messenger RNA: Possible Role in Muscle Decay 

and Cachexia. Science 289, 2363–2366 (2000). 

52. Mitra, A., Qaisar, R., Bose, B. & Sudheer, S. P. The elusive role of myostatin 

signaling for muscle regeneration and maintenance of muscle and bone 

homeostasis. Osteoporosis and Sarcopenia 9, 1–7 (2023). 

53. Wang, Y., Zhou, Y. & Graves, D. T. FOXO Transcription Factors: Their Clinical 

Significance and Regulation. BioMed Research International 2014, 1–13 (2014). 

54. Marchelek-Mysliwiec, M. et al. The Role of Forkhead Box O in Pathogenesis and 

Therapy of Diabetes Mellitus. IJMS 23, 11611 (2022). 

55. Lees, J., Hay, J., Moles, M. W. & Michie, A. M. The discrete roles of individual 

FOXO transcription factor family members in B-cell malignancies. Front. 

Immunol. 14, 1179101 (2023). 

56. Santos, B. F., Grenho, I., Martel, P. J., Ferreira, B. I. & Link, W. FOXO family 

isoforms. Cell Death Dis 14, 702 (2023). 

57. Milan, G. et al. Regulation of autophagy and the ubiquitin–proteasome system 

by the FoxO transcriptional network during muscle atrophy. Nat Commun 6, 6670 

(2015). 

58. Chen, K. et al. Forkhead Box O Signaling Pathway in Skeletal Muscle Atrophy. 

The American Journal of Pathology 192, 1648–1657 (2022). 

59. Vilchinskaya, N., Altaeva, E. & Lomonosova, Y. Gaining insight into the role of 

FoxO1 in the progression of disuse-induced skeletal muscle atrophy. Advances 

in Biological Regulation 85, 100903 (2022). 

60. Mammucari, C., Schiaffino, S. & Sandri, M. Downstream of Akt: FoxO3 and 

mTOR in the regulation of autophagy in skeletal muscle. Autophagy 4, 524–526 

(2008). 

61. Stitt, T. N. et al. The IGF-1/PI3K/Akt Pathway Prevents Expression of Muscle 

Atrophy-Induced Ubiquitin Ligases by Inhibiting FOXO Transcription Factors. 

Molecular Cell 14, 395–403 (2004). 

62. Timmer, L. T., Hoogaars, W. M. H. & Jaspers, R. T. The Role of IGF-1 Signaling 

in Skeletal Muscle Atrophy. in Muscle Atrophy (ed. Xiao, J.) vol. 1088 109–137 

(Springer Singapore, Singapore, 2018). 



51 
 
 

63. Eijkelenboom, A. & Burgering, B. M. T. FOXOs: signalling integrators for 

homeostasis maintenance. Nat Rev Mol Cell Biol 14, 83–97 (2013). 

64. Birben, E., Sahiner, U. M., Sackesen, C., Erzurum, S. & Kalayci, O. Oxidative 

Stress and Antioxidant Defense. World Allergy Organization Journal 5, 9–19 

(2012). 

65. Bowers, R. et al. Oxidative Stress in Severe Pulmonary Hypertension. Am J 

Respir Crit Care Med 169, 764–769 (2004). 

66. Leite, L. B. et al. Combined physical training protects the left ventricle from 

structural and functional damages in experimental pulmonary arterial 

hypertension. Clin Hypertens 30, 12 (2024). 

67. Reis, G. S. et al. Oxidative-stress biomarkers in patients with pulmonary 

hypertension. Pulm Circ 3, 856–861 (2013). 

68. Smukowska-Gorynia, A. et al. Prognostic Value of Oxidative Stress Markers in 

Patients with Pulmonary Arterial or Chronic Thromboembolic Pulmonary 

Hypertension. Oxidative Medicine and Cellular Longevity 2019, 1–10 (2019). 

69. Soares, L. L. et al. Resistance exercise training benefits pulmonary, cardiac, and 

muscular structure and function in rats with stable pulmonary artery 

hypertension. Life Sciences 332, 122128 (2023). 

70. Spiekermann, S., Schenk, K. & Hoeper, M. M. Increased xanthine oxidase 

activity in idiopathic pulmonary arterial hypertension. Eur Respir J 34, 276–276 

(2009). 

71. Koechlin, C. et al. Hypoxaemia enhances peripheral muscle oxidative stress in 

chronic obstructive pulmonary disease. Thorax 60, 834–841 (2005). 

72. Malenfant, S., Potus, F., Bonnet, S. & Provencher, S. Skeletal Muscle Structural 

and Functional Impairments as Important Peripheral Exercise Intolerance 

Determinants in Pulmonary Arterial Hypertension. Advances in Pulmonary 

Hypertension 23, 21–26 (2024). 

73. Manders, E. et al. The striated muscles in pulmonary arterial hypertension: 

adaptations beyond the right ventricle. Eur Respir J 46, 832–842 (2015). 

74. Sithamparanathan, S. et al. Skeletal muscle mitochondrial oxidative 

phosphorylation function in idiopathic pulmonary arterial hypertension: in vivo 

and in vitro study. Pulm. circ. 8, 1–5 (2018). 

75. Morgan, M. J. & Liu, Z. Crosstalk of reactive oxygen species and NF-κB 

signaling. Cell Res 21, 103–115 (2011). 



52 
 
 

76. Zhang, H. et al. Oxidative stress: Roles in skeletal muscle atrophy. Biochemical 

Pharmacology 214, 115664 (2023). 

77. Powers, S. K., Smuder, A. J. & Criswell, D. S. Mechanistic Links Between 

Oxidative Stress and Disuse Muscle Atrophy. Antioxidants & Redox Signaling 

15, 2519–2528 (2011). 

78. Schindler, J. F., Monahan, J. B. & Smith, W. G. p38 Pathway Kinases as Anti-

inflammatory Drug Targets. J Dent Res 86, 800–811 (2007). 

79. Chatterjee, S. Oxidative Stress, Inflammation, and Disease. in Oxidative Stress 

and Biomaterials 35–58 (Elsevier, 2016). doi:10.1016/B978-0-12-803269-

5.00002-4. 

80. Forrester, S. J., Kikuchi, D. S., Hernandes, M. S., Xu, Q. & Griendling, K. K. 

Reactive Oxygen Species in Metabolic and Inflammatory Signaling. Circulation 

Research 122, 877–902 (2018). 

81. Herzig, S. & Shaw, R. J. AMPK: guardian of metabolism and mitochondrial 

homeostasis. Nat Rev Mol Cell Biol 19, 121–135 (2018). 

82. Steinberg, G. R. & Hardie, D. G. New insights into activation and function of the 

AMPK. Nat Rev Mol Cell Biol 24, 255–272 (2023). 

83. Hardie, D. G. & Ashford, M. L. J. AMPK: Regulating Energy Balance at the 

Cellular and Whole Body Levels. Physiology 29, 99–107 (2014). 

84. Culley, M. K. & Chan, S. Y. Mitochondrial metabolism in pulmonary hypertension: 

beyond mountains there are mountains. J Clin Invest 128, 3704–3715 (2018). 

85. Glick, D., Barth, S. & Macleod, K. F. Autophagy: cellular and molecular 

mechanisms. The Journal of Pathology 221, 3–12 (2010). 

86. Raza, S. Autophagy and metabolic aging: Current understanding and future 

applications. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 

1871, 119753 (2024). 

87. Yamamoto, H., Zhang, S. & Mizushima, N. Autophagy genes in biology and 

disease. Nat Rev Genet 24, 382–400 (2023). 

88. Chen, R. et al. The role of autophagy in pulmonary hypertension: a double-edge 

sword. Apoptosis 23, 459–469 (2018). 

89. Mao, M. et al. Advances in epigenetic modifications of autophagic process in 

pulmonary hypertension. Front. Immunol. 14, 1206406 (2023). 

90. Zhang, C. et al. Autophagy in pulmonary hypertension: Emerging roles and 

therapeutic implications. Journal Cellular Physiology 234, 16755–16767 (2019). 



53 
 
 

91. Kang, R., Zeh, H. J., Lotze, M. T. & Tang, D. The Beclin 1 network regulates 

autophagy and apoptosis. Cell Death Differ 18, 571–580 (2011). 

92. Salminen, A., Hyttinen, J. M. T., Kauppinen, A. & Kaarniranta, K. Context-

Dependent Regulation of Autophagy by IKK-NF-  κ  B Signaling: Impact on the 

Aging Process. International Journal of Cell Biology 2012, 1–15 (2012). 

93. Verzella, D. et al. Life, death, and autophagy in cancer: NF-κB turns up 

everywhere. Cell Death Dis 11, 210 (2020). 

94. Nazarko, V. Y. & Zhong, Q. ULK1 targets Beclin-1 in autophagy. Nat Cell Biol 

15, 727–728 (2013). 

95. Figueiredo, S. M., Sousa, F. O. C., Lopes, M. A. G., Quinta-Ferreira, R. M. & 

Quinta-Ferreira, M. E. Effect of oxygen levels in cellular activity. Energy Reports 

6, 286–291 (2020). 

96. Weidemann, A. & Johnson, R. S. Biology of HIF-1α. Cell Death Differ 15, 621–

627 (2008). 

97. Mazure, N. M. & Pouysségur, J. Hypoxia-induced autophagy: cell death or cell 

survival? Current Opinion in Cell Biology 22, 177–180 (2010). 

98. Huang, J. & Zhu, X. The Molecular Mechanisms of Calpains Action on Skeletal 

Muscle Atrophy. Physiol Res 547–560 (2016) doi:10.33549/physiolres.933087. 

99. Abe, H., Semba, H. & Takeda, N. The Roles of Hypoxia Signaling in the 

Pathogenesis of Cardiovascular Diseases. J Atheroscler Thromb 24, 884–894 

(2017). 

100. Wagenmakers, A. J. Muscle function in critically ill patients. Clin Nutr 20, 451–

454 (2001). 

101. Orrenius, S., McCabe, M. J. & Nicotera, P. Ca2+-dependent mechanisms of 

cytotoxicity and programmed cell death. Toxicology Letters 64–65, 357–364 

(1992). 

102. Orrenius, S., Zhivotovsky, B. & Nicotera, P. Regulation of cell death: the calcium-

apoptosis link. Nat Rev Mol Cell Biol 4, 552–565 (2003). 

103. Vanderklish, P. W. & Bahr, B. A. The pathogenic activation of calpain: a marker 

and mediator of cellular toxicity and disease states. Int J Exp Pathol 81, 323–339 

(2000). 

104. Long, Y. C. AMP-activated protein kinase signaling in metabolic regulation. 

Journal of Clinical Investigation 116, 1776–1783 (2006). 



54 
 
 

105. Marra, A. M. et al. Pulmonary arterial hypertension-related myopathy: an 

overview of current data and future perspectives. Nutr Metab Cardiovasc Dis 25, 

131–139 (2015). 

106. Kim, J., Tchernyshyov, I., Semenza, G. L. & Dang, C. V. HIF-1-mediated 

expression of pyruvate dehydrogenase kinase: A metabolic switch required for 

cellular adaptation to hypoxia. Cell Metabolism 3, 177–185 (2006). 

107. Yamakawa, M. et al. Hypoxia-Inducible Factor-1 Mediates Activation of Cultured 

Vascular Endothelial Cells by Inducing Multiple Angiogenic Factors. Circulation 

Research 93, 664–673 (2003). 

108. Chan, S. Y. & Rubin, L. J. Metabolic dysfunction in pulmonary hypertension: from 

basic science to clinical practice. Eur Respir Rev 26, 170094 (2017). 

109. Ciciliot, S., Rossi, A. C., Dyar, K. A., Blaauw, B. & Schiaffino, S. Muscle type and 

fiber type specificity in muscle wasting. The International Journal of Biochemistry 

& Cell Biology 45, 2191–2199 (2013). 

110. Schiaffino, S. & Reggiani, C. Fiber Types in Mammalian Skeletal Muscles. 

Physiological Reviews 91, 1447–1531 (2011). 

111. Borges, I. B. P. et al. Exercise Training Attenuates Ubiquitin-Proteasome 

Pathway and Increases the Genes Related to Autophagy on the Skeletal Muscle 

of Patients With Inflammatory Myopathies. J Clin Rheumatol 27, S224–S231 

(2021). 

112. Cunha, T. F. et al. Exercise training prevents oxidative stress and ubiquitin-

proteasome system overactivity and reverse skeletal muscle atrophy in heart 

failure. PLoS One 7, e41701 (2012). 

113. Gleeson, M. et al. The anti-inflammatory effects of exercise: mechanisms and 

implications for the prevention and treatment of disease. Nat Rev Immunol 11, 

607–615 (2011). 

114. Khalafi, M., Aria, B., Symonds, M. E. & Rosenkranz, S. K. The effects of 

resistance training on myostatin and follistatin in adults: A systematic review and 

meta-analysis. Physiology & Behavior 269, 114272 (2023). 

115. Feng, L., Li, B., Xi, Y., Cai, M. & Tian, Z. Aerobic exercise and resistance exercise 

alleviate skeletal muscle atrophy through IGF-1/IGF-1R-PI3K/Akt pathway in 

mice with myocardial infarction. American Journal of Physiology-Cell Physiology 

322, C164–C176 (2022). 



55 
 
 

116. Zeng, Z. et al. Exercise-Induced Autophagy Suppresses Sarcopenia Through 

Akt/mTOR and Akt/FoxO3a Signal Pathways and AMPK-Mediated Mitochondrial 

Quality Control. Front. Physiol. 11, 583478 (2020). 

117. Thirupathi, A., Pinho, R. A. & Chang, Y.-Z. Physical exercise: An inducer of 

positive oxidative stress in skeletal muscle aging. Life Sciences 252, 117630 

(2020). 

118. Murphy, R. M. Calpains, skeletal muscle function and exercise. Clin Exp Pharma 

Physio 37, 385–391 (2010). 

119. Qaisar, R., Bhaskaran, S. & Van Remmen, H. Muscle fiber type diversification 

during exercise and regeneration. Free Radical Biology and Medicine 98, 56–67 

(2016). 

120. Campos, J. C. et al. Exercise prevents impaired autophagy and proteostasis in 

a model of neurogenic myopathy. Sci Rep 8, 11818 (2018). 

121. Koudstaal, T. et al. The Effects of a 10-wk Outpatient Pulmonary Rehabilitation 

Program on Exercise Performance, Muscle Strength, Soluble Biomarkers, and 

Quality of Life in Patients With Pulmonary Hypertension. Journal of 

Cardiopulmonary Rehabilitation and Prevention 39, 397–402 (2019). 

122. Vieira, J. S. et al. Exercise intolerance establishment in pulmonary hypertension: 

Preventive effect of aerobic exercise training. Life Sciences 261, 118298 (2020). 

123. Drummond, F. R. et al. Effects of voluntary running on the skeletal muscle of rats 

with pulmonary artery hypertension. Front. Physiol. 14, 1206484 (2023). 

124. Becker, C. U. et al. Exercise training decreases oxidative stress in skeletal 

muscle of rats with pulmonary arterial hypertension. Archives of Physiology and 

Biochemistry 128, 1330–1338 (2022). 

125. Brown, M. B. et al. High-intensity interval training, but not continuous training, 

reverses right ventricular hypertrophy and dysfunction in a rat model of 

pulmonary hypertension. Am J Physiol Regul Integr Comp Physiol 312, R197–

R210 (2017). 

126. Malenfant, S. et al. Impaired Skeletal Muscle Oxygenation and Exercise 

Tolerance in Pulmonary Hypertension. Medicine & Science in Sports & Exercise 

47, 2273–2282 (2015). 

127. De Man, F. S. et al. Effects of exercise training in patients with idiopathic 

pulmonary arterial hypertension. Eur Respir J 34, 669–675 (2009). 



56 
 
 

128. Esposito, F., Reese, V., Shabetai, R., Wagner, P. D. & Richardson, R. S. Isolated 

Quadriceps Training Increases Maximal Exercise Capacity in Chronic Heart 

Failure. Journal of the American College of Cardiology 58, 1353–1362 (2011). 

129. Wagner, P. D. Determinants of maximal oxygen consumption. J Muscle Res Cell 

Motil 44, 73–88 (2023). 

130. Wagner, P. D. New ideas on limitations to VO2max. Exerc Sport Sci Rev 28, 10–

14 (2000). 

131. Wagner, P. D. Central and Peripheral Aspects of Oxygen Transport and 

Adaptations with Exercise: Sports Medicine 11, 133–142 (1991). 

132. Wagner, P. D. Gas exchange and peripheral diffusion limitation. Med Sci Sports 

Exerc 24, 54–58 (1992). 

133. Atef, H. & Abdeen, H. Effect of exercise on sleep and cardiopulmonary 

parameters in patients with pulmonary artery hypertension. Sleep Breath 25, 

1953–1960 (2021). 

134. Yılmaz, B. C., Güçlü, M. B., Keleş, M. N., Taçoy, G. A. & Çengel, A. Effects of 

upper extremity aerobic exercise training on oxygen consumption, exercise 

capacity, dyspnea and quality of life in patients with pulmonary arterial 

hypertension. Heart Lung 49, 564–571 (2020). 

135. Ozcan Kahraman, B. et al. Effects of Inspiratory Muscle Training in Patients With 

Pulmonary Hypertension. Am J Cardiol 203, 406–413 (2023). 

136. Tran, D. et al. Inspiratory Muscle Training Improves Inspiratory Muscle Strength 

and Functional Exercise Capacity in Pulmonary Arterial Hypertension and 

Chronic Thromboembolic Pulmonary Hypertension: A Pilot Randomised 

Controlled Study. Heart Lung Circ 30, 388–395 (2021). 

137. Chia, K. S. W. et al. The exercise in pulmonary arterial hypertension (ExPAH) 

study: A randomized controlled pilot of exercise training and multidisciplinary 

rehabilitation in pulmonary arterial hypertension. Pulm. circ. 12, e12069 (2022). 

138. Grünig, E. et al. Standardized exercise training is feasible, safe, and effective in 

pulmonary arterial and chronic thromboembolic pulmonary hypertension: results 

from a large European multicentre randomized controlled trial. European Heart 

Journal 42, 2284–2295 (2021). 

139. Nagel, C. et al. Effect of Supervised Training Therapy on Pulmonary Arterial 

Compliance and Stroke Volume in Severe Pulmonary Arterial Hypertension and 



57 
 
 

Inoperable or Persistent Chronic Thromboembolic Pulmonary Hypertension. 

Respiration 100, 369–378 (2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 
 
 

Capítulo 2: Resistance exercise training attenuates skeletal muscle atrophy in 

experimental pulmonary arterial hypertension 

 

Sebastião Felipe Ferreira Costa1, Luciano Bernardes Leite1, Leôncio Lopes Soares1, 

Sara Caco dos Lúcio Generoso1, Mirielly Alexia Miranda Xavier2, Matheus Soares 

Faria1, Arthur Eduardo de Carvalho Quintão1, Luiz Otávio Guimarães Ervilha2, Thainá 

Iasbik Lima2, Bruno Rocha Avila Pelozin3, Tiago Fernandes3, Edilamar Menezes 

Oliveira3, Mariana Machado Neves2, Emily Correna Carlo Reis4, Leandro Licursi 

Oliveira5, Antônio José Natali1,* 

 

1 Department of Physical Education, Laboratory of Exercise Biology Federal University 

of Viçosa, Viçosa, MG, Brazil 

2 Department of General Biology, Laboratory of Structural Biology, Federal University 

of Viçosa, Viçosa, Minas Gerais, Brazil. 

3 University of Sao Paulo, School of Physical Education and Sports, Sao Paulo, Brazil 

4 Veterinary Department, Federal University of Viçosa, Viçosa, Minas Gerais, Brazil. 

5 Department of General Biology, Laboratory of Immunochemistry and Glycobiology, 

Federal University of Viçosa, Viçosa, Minas Gerais, Brazil. 

 

Keywords: muscular atrophy; monocrotaline; histology; proteolysis; oxidative stress. 

 

*Corresponding author: Dr. Antônio J. Natali, PhD, Department of Physical 

Education, Av. Peter Henry Rolfs, s/n, Universidade Federal de Viçosa, 36570-000, 

Viçosa-MG, Brasil, Fax/phone number: + 55 31 38992249 (ajnatali@ufv.br). 

 

 

 

 

 

 

 

 

 

 



59 
 
 

ABSTRACT 
 

Aim: To evaluate the effects of a RT program applied during the development of MCT-

induced PAH on skeletal muscle atrophy in rats. Methods: Forty-two male Wistar rats 

were randomly distributed into three experimental groups (n = 14 per group): 

Sedentary Control (SC), Sedentary Hypertensive (SH), and Trained Hypertensive 

(TH). PAH was induced by a single intraperitoneal injection of monocrotaline (MCT; 60 

mg/kg). Animals in the TH group underwent RT (vertical ladder; 15 climbs with 1-

minute interval; 60% of the maximum load supported), 1 session/day, 5 days/week, for 

approximately 3 weeks. On the 24th day after injection, all animals were euthanized. 

Subsequently, the brachial biceps were removed, processed and destined for 

histological or biochemical analyses. Results: RT increased the tolerance to physical 

effort (i.e., maximum load supported) in rats with PAH. In addition, RT prevented 

adverse remodeling in skeletal muscle by preserving the number and cross-sectional 

area of myocytes and attenuated total collagen deposition. Furthermore, RT mitigated 

the gene expression of proteolytic agents (i.e., MuRF1, atrogin-1, and myostatin) and 

attenuated redox imbalance (i.e., CAT, NO, and CP). However, neither PAH nor RT 

influenced muscle hypertrophy pathways (i.e., Akt, phospo-Akt, eIF4E e phospo- 

eIF4E) in this model. Conclusion: The RT applied during the development of MCT-

induced PAH protects against skeletal muscle atrophy, by mitigating adverse structural 

remodeling and atrophy through proteolysis modulation and attenuation of redox 

imbalance. 

 

 

 

KEYWORDS: muscular atrophy; monocrotaline; histology; proteolysis; oxidative 

stress. 
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1. INTRODUCTION 

 

Pulmonary arterial hypertension (PAH) is a progressive disease characterized 

by increased pulmonary vascular resistance, leading to elevated pulmonary artery 

pressure and right ventricular (RV) overload, which often progresses to heart failure 

and high mortality rates 1. Although RV dysfunction is the main consequence, left 

ventricular impairment and systemic repercussions contribute to skeletal muscle 

atrophy and reduced exercise tolerance, significantly affecting the patients' quality of 

life 2–4. Although advances in drug therapy have improved survival 5,6, current 

treatments are still insufficient to prevent or reverse cardiopulmonary and skeletal 

muscle remodeling, highlighting the need for complementary interventions. 

Muscle fatigue is a prevalent and debilitating symptom in PAH, affecting 

approximately 93% of patients 7. This manifestation is associated with the systemic 

consequences of RV dysfunction, which continuously induce structural and metabolic 

changes in skeletal muscle 8–12. These modifications, such as activation of proteolytic 

pathways (i.e., ubiquitin proteasome, autophagy, and calpains), redox imbalance, and 

mitochondrial dysfunction, can result in progressive muscle atrophy and functional 

decline 13–15. 

The monocrotaline (MCT)-induced PAH model is widely used to investigate 

critical aspects of the pathophysiology of the disease, including pulmonary vascular 

remodeling, ventricular dysfunction, metabolic alterations, and skeletal muscle 

impairment 16–18. Regarding musculoskeletal dysfunctions, the disease significantly 

compromises muscle homeostasis, resulting in mitochondrial dysfunctions that lead to 

reduced oxidative capacity and increased oxidative stress 19–21. These changes, 

associated with the activation of proteolytic pathways and the suppression of anabolic 

mechanisms, exacerbate skeletal muscle atrophy and exercise intolerance 22–24. 

Although previous studies have investigated the mechanisms of muscle atrophy 

in PAH 13–15, the effects of resistance training (RT) on this process are still poorly 

understood. Emerging evidence suggests that RT protects against skeletal muscle loss 

in PAH 4,21,25, but the underlying molecular mechanisms have not yet been fully 

elucidated. Considering the potential of this intervention to preserve skeletal muscle 

mass and functionality, this study investigated the effects of RT applied during the 

progression of MCT-induced PAH on skeletal muscle atrophy. 
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2. METHODS 

 

2.1. Experimental Design 

 

Forty-two young Wistar rats (Body weight: ~ 200 g) were used to carry out this 

study. The animals were housed in polyethylene boxes (3-4 animals per box). The 

housing environment was maintained at a controlled temperature of 22 ± 1 °C, relative 

humidity of approximately 60%, and a 12-hour light/dark cycle. Throughout the 

experimental protocol, the rats had free access to water and food. The animals were 

randomly distributed into three experimental groups (n = 14 per group): Sedentary 

Control (SC), Sedentary Hypertensive (SH), and Trained Hypertensive (TH). The 

experimental protocol was approved by the Ethics Committee for the Use of Animals 

of the Federal University of Viçosa (no. 11/2022 – Anexo 2), following the guidelines 

established by the Guide for the Care and Use of Laboratory Animals. 

 

2.2. Induction of experimental PAH 
 

For the induction of experimental PAH, animals in the SH and TH groups 

received a single intraperitoneal injection (60 mg/kg body weight) of MCT (Sigma-

Aldrich, St. Louis, MO, USA) dissolved in saline solution (140 mM NaCl; pH 7.4) 26. 

Animals in the SC group received the same volume with just saline solution (140 mM 

NaCl; pH 7.4). 

 

2.3. Resistance exercise training protocol  
 

The RT protocol was adapted from Hornberger & Farrar (2004) 27, using a 

vertical ladder (1.1 m height, 0.18 m width, 2 cm between steps, 80º incline). Initially, 

the animals were familiarized with the protocol over the course of two weeks. In the 

first week, the rats performed 10 climbs per day, interspersed with one minute of rest 

at the top of the ladder in a cage (20 x 20 x 20 cm), for 5 days. The climbs were 

performed with a device attached to their tails, but without additional weight. On the 

second week, the same adaptation procedure was repeated, but the animals carried 

~15 g in the device attached to their tails. 

Following the adaptation, a maximum load test was conducted, starting with 
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75% of the animal’s body weight. The load was augmented by 30 g after each 

successful climb, with a 2-minute rest between attempts. Such procedure occurred 

until the animal failed. The maximum weight carried was recorded as the maximum 

carrying load. 

Training sessions were performed 5 times per week at 60% of the maximum 

carrying load test, with each session consisting of 15 climbs and 1-minute rest between 

climbs. The exercise intensity follows the recommendations for patients with 

cardiovascular diseases 28 and has been used in previous investigations conducted by 

our research group using the same experimental model of PAH 4,21,29,30. The maximum 

load test was repeated on day 21 after MCT administration to assess the physical effort 

tolerance. The relative maximum load was determined by dividing the maximum 

carrying load by body weight. 

 

2.4. Echocardiographic examination 

 

Echocardiography was performed on day 23 after MCT administration to confirm 

the development of PAH in animals in the SH and TH groups, as previously described 

3,21. The presence of PAH in these groups was assessed using the tricuspid valve 

annular plane systolic excursion (TAPSE) and pulmonary artery resistance, 

determined by the ratio between acceleration time (AT) and ejection time (ET) of the 

right ventricle (RV). 

 

2.5. Sample collection and processing 
 

2.5.1. Euthanasia 

 

The 24th day after MCT administration was established for euthanasia of 

animals in the experimental groups (SH and TH). This time point was chosen as it 

represents the midpoint of heart failure development, as described in previous studies 

from our laboratory 3,20,26. Animals in the SC group were euthanized on the same day 

to ensure consistency in the analyses. 

Euthanasia was performed by decapitation, without prior anesthesia, using a 

specific guillotine for rodents (Insight EB 271, Ribeirão Preto, SP-Brazil). Then, the left 

and right biceps brachii muscles were dissected, weighed, and stored for later 
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analyses. Additionally, the heart was also dissected, fragmented, and weighed to 

evaluate the development of experimentally induced PAH. 

 

2.5.2. Histological and stereological analysis  

 

Fragments from the upper medial third of the left biceps brachii were stored in 

10% buffered formalin fixative solution for 24 hours. After the fixation period, the 

samples were dehydrated in an increasing series of ethanol (70-100%) and embedded 

in resin. Semi-serial histological sections, 3 μm thick, were obtained using a rotary 

microtome (RM 2255 Leica Biosystems, Nussloch, Germany). To avoid analysis of 

repeated areas, one in every 10 sections was used, respecting a minimum interval of 

30 μm between sections. The histological preparations were then stained with 

hematoxylin and eosin (H&E) to measure cross-sectional area (CSA), proportion of 

muscle fibers and extracellular matrix (ECM) or with picrosirius red to quantify total 

collagen content. 

Slides were viewed under a brightfield photomicroscope (Olympus BX-53, 

Tokyo, Japan) and the images captured using a digital camera (Olympus AX-70; 

Tokyo, Japan). For CSA analysis, 30 random cells were selected per animal, while the 

other analyses were performed using 10 random images (20x magnification) per 

animal/organ. All analyses were conducted with 7 animals per group. 

The proportions of muscle fiber and ECM were determined using the software 

ImageJ® (National Institute of Health, USA). To evaluate the total collagen and myocyte 

CSA, the software Image ProPlus 4.5 (Media Cybernetics, Silver Spring, EUA) was 

used.  

 

2.5.3. Gene expression analysis by Real-Time PCR 
 

To extract total RNA, approximately 100 mg of right biceps brachii fragments 

were homogenized in Trizol Reagent (Invitrogen) and processed with the addition of 

chloroform. After centrifugation, the RNA was precipitated with isopropyl alcohol, 

washed with 75% ethanol, and resuspended in DNAse- and RNAse-free water. 

The cDNA synthesis was performed from 2 µg of total RNA, using Oligo dT as 

a primer. The samples were incubated at 70°C for 5 minutes, followed by incubation 

on ice. Then, a mixture containing nucleotides (dNTPs), RNAse inhibitor, reverse 
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transcriptase, MgCl2, and buffer was added, and the reaction was incubated at 44°C 

for 1 hour and 30 minutes. 

Gene expression quantification was performed by Real-Time polymerase chain 

reaction (RT-PCR) in an Applied Biosystems 7300 system using SYBR Green. 

Reactions, with a final volume of 20 µL, included cDNA, specific primers and SYBR 

Green Master Mix. Cycling conditions followed the manufacturer's protocol and results 

were normalized using β-actin as an endogenous control. The specific primers 

(Thermo Fisher Scientific, EUA) used for real-time PCR analysis were: MuRF1 

(forward 5’-CCC CTT ACA AAG CAT CTT CCA-3’ and reverse 5’-TGT TTT CCT TGG 

TCA CTC GG-3’, atrogin-1 (forward 5’-CAA CAG ACT GGA CTT CTC GAC-3’ and 

reverse 5’-GAA GTT CTT TTG GGC GAT GC-3’), myostatin (5’-forward ACG ATT ATC 

ACG CTA CCA CG-3’ and reverse 5’-CTT TCC ATC CGC TTG CAT TAG-3’), calpain-

1 (foward 5’-ACC CAG GAA CTA GAT GAC CAG-3’ and reverse 5’-CTC CTT GAC 

ACT GAT CTC CAT G-3’) and β-actin (forward 5’-CAC TTT CTA CAA TGA GCT GCG-

3’ and reverse 5’-CTG GAT GGC TAC GTA CAT GG-3’). 

 

2.5.4. Westen blotting  
 

The expression of Akt, phospho-Akt, eIF4E, and phospho-eIF4E proteins was 

determined by Western blotting as described previously 31. Frozen fragments of the 

right biceps brachii (approximately 100g) were homogenized in RIPA buffer (150 mM 

NaCl, 50 mM Tris-HCl [pH 8.0], 0.1% sodium lauryl sulfate, 1% NP-40, and protease 

and phosphatase inhibitor cocktail [1:100; Sigma-Aldrich, St. Louis, MO; PhosSTOP 

1:10; Roche, Basel, Switzerland]). Insoluble biceps tissues were removed by 

centrifugation at 3,000 g, 4°C, for 10 min. Samples were loaded and subjected to 8–

10% polyacrylamide gel electrophoresis by SDS-PAGE. After electrophoresis, proteins 

were transferred to a nitrocellulose membrane (Amersham Biosciences, Piscataway, 

NJ). Sample loading (40 μg) and transfer efficiency were verified by staining with 0.5% 

Ponceau S on the blot membrane. The membrane was incubated in blocking buffer 

(5% nonfat dry milk, 10 mM Tris HCl, pH 7.6, 150 mM NaCl, and 0.1% Tween 20) for 

2 h at room temperature and then incubated with specific antibodies overnight at 4°C. 

Detection of labeled proteins was performed using the Odyssey® Fc imaging system 

(LI-COR; Lincoln, NE, USA).  

The following primary antibodies were used: Akt-1 (#9272), phospho-Akt-1 
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(Ser473) (#9271), eIF4E (#9742), phospho-eIF4E (Ser209) (#9741), and GAPDH 

(#97166), all from Cell Signaling Technology (Danvers, MA, USA). All primary 

antibodies were used at 1:1000 dilution, and the secondary antibodies used were 

IRDye® 680RD or 800CW (1:15,000; LI-COR, Lincoln, NE, USA). Bands were 

analyzed with ImageJ® software (National Institute of Health, USA). 

 

2.5.5. Analysis of antioxidant enzymes activity and oxidative stress markers 
 

To determine the activity of antioxidant enzymes, the left biceps brachii stored 

at -80°C (100 mg/fragment) was homogenized in PBS and centrifuged at 3,500 × g for 

10 minutes at 4°C. The supernatant obtained was used to analyze the activities of the 

enzymes superoxide dismutase (SOD), catalase (CAT) and glutathione S-transferase 

(GST). The activity of SOD was estimated by the pyrogallol method, based on the 

ability of this enzyme to catalyze the reactions of superoxide (O-2) and hydrogen 

peroxide (H2O2) 32. The activity of CAT was evaluated by measuring the decomposition 

rate of H2O2, according to Aebi (1984) 33. The activity of GST was determined as 

previously described 34 based on formadinitrochlorobenzene (CDNB) conjugated with 

glutathione. Malondialdehyde (MDA) levels in biceps brachii homogenate were used 

to assess lipid peroxidation in this organ 35. Nitric oxide (NO) production was indirectly 

measured by nitrite levels in the supernatant of tissue homogenates using the Griess 

reaction 36. To measure carbonyls protein (CP), protein oxidation was assessed by the 

method of de Levine et al. (1990) 37, quantifying the carbonyl groups present in the 

protein structure. Total protein (TP) content was measured to normalize the results of 

SOD, CAT, GST and MDA assays, using the method described by Lowry et al. (1951) 

38. 

 

4.6. Statistical analysis 
 

The data were subjected to the Shapiro-Wilk test to verify normality. One-way 

analysis of variance (ANOVA) was used for comparison between groups when data 

presented normal distribution, followed by Tukey's post hoc test for multiple 

comparisons. For non-parametric data, the Kruskal-Wallis test was used for between 

groups comparisons, followed by Dunn's post hoc test for multiple comparisons. A 

mixed design ANOVA (Split plot ANOVA), followed by Bonferroni’s post-hoc test was 
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used to compare maximum load. Pearson's correlation coefficient was used to 

evaluate the relationship between CSA and the percentage of total collagen, being the 

correlation (r) classified as insignificant (0.0–0.3), weak (0.3–0.5), moderate (0.5–0.7), 

strong (0.7–0.9) and very strong (> 0.9) 39. The data are presented as means ± SD. An 

alpha error probability of up to 5% was considered. All analyses were performed using 

GraphPad Prism Software version 8.0.2. 

 

 

3. RESULTS 
 

3.1. General parameters and echocardiographic data 
 

Rats induced to PAH (SH and TH groups) exhibited significantly lower mean 

values of final BW and Δ BW than those in the control group (SC) (Table 1). Regarding 

the absolute weight of the biceps brachii and its ratio to BW (Biceps/BW) were reduced 

in the groups with PAH, compared with SC group. However, RT was able to attenuate 

such reduction (i.e., SH < TH). 

The animals in the SH groups showed an increase in the absolute weight of the 

heart, RV and their ratios to BW, when compared with rats in the SC group, indicating 

pathological cardiac hypertrophy induced by the disease. However, RT prevented the 

increase in the weight of these cardiac structures (i.e., SH > TH). 

The SH group exhibited significantly lower AT/ET ratio and TAPSE values 

compared with the SC group, respectively. However, RT implemented in the TH group 

partially mitigated the cardiopulmonary impairments induced by the disease, as 

indicated by improved AT/ET ratio and TAPSE values, compared with those of SH 

group. Despite these improvements, the TH group values remained significantly lower 

than those observed in the SC group. 

 
 
 
 
 
 
 



67 
 
 

Table 1. Effects of resistance exercise training on body weight, tissue weight, ratios, and right ventricular 

function. 

 SC SH TH 

Organs parameters    

BW initial (g) 196.70 ± 5.85 199.30 ± 4.03 199.70 ± 4.65 

BW final (g) 281.40 ± 13.64 255.60 ± 23.98* 261.10 ± 8.86 

Δ BW (g) 84.71 ± 14.22 56.29 ± 24.03* 61.43 ± 7.53* 

Biceps brachii (g) 0.17 ± 0.01 0.12 ± 0.01*# 0.15 ± 0.02* 

Heart (g) 0.99 ± 0.07 1.30 ± 0.08*# 0.93 ± 0.06 

RV (g) 0.19 ± 0.03 0.41 ± 0.05*# 0.21 ± 0.04 

Biceps/BW (mg/g) 0.61 ± 0.03 0.45 ± 0.07*# 0.56 ± 0.09 

Heart/BW (mg/g) 3.50 ± 0.31 5.5 ± 0.86*# 3.50 ± 0.17 

RV/BW (mg/g) 0.67 ± 0.12 1.60 ± 0.23*# 0.83 ± 0.13 

RV function    

AT/ET 0.60 ± 0.05 0.21 ± 0.01*# 0.46 ± 0.06* 

TAPSE 2.14 ± 0.12 1.38 ± 0.06*# 1.81 ± 0.06* 

Data are means ± SD of 7 rats in each group. SC, sedentary control; SH, sedentary hypertensive; TH, 

trained hypertensive. BW, body weight; RV, right ventricle; AT/ET, acceleration time/ejection time ratio; 

TAPSE, tricuspid annular plane systolic excursion. * p < 0.05 vs. SC; # p < 0.05 vs. TH. One-way ANOVA 

followed by Tukey's post hoc test. 

 

3.2. Exercise tolerance  

 

Exercise tolerance was not different between groups before MCT injection (Pre 

injection; Fig. 1). However, by the 21st day after MCT injection and RT, rats in the TH 

group showed higher exercise tolerance values than those in the SC and SH groups. 

It was also observed that rats in the SC group showed higher values compared with 

those in the SH group. Additionally, while the SH group showed a trend towards a 

reduction in relative maximum load over time, both SC and TH groups demonstrated 

improved performance, being the most pronounced increase exhibited by the TH 

group. 
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Figure 1. Effects of resistance exercise training on exercise tolerance. Relative maximum load 

tests. Values are means ± SD of 7 animals in each group. SC, sedentary control; SH, sedentary 

hypertensive; TH, trained hypertensive. a p < 0.05 vs. Pre injection; b p < 0.05 vs. SC; c p < 0.05 vs. TH. 

Mixed design ANOVA (Split plot ANOVA) followed by Bonferroni post-hoc. 

 

 

3.3. Structural remodeling of skeletal muscle 
 

 Rats in the SH group showed lower CSA, compared with those in the other two 

experimental groups (Fig. 2C). Although CSA in the TH group was not at the level of 

that in SC group (i.e., TH < SC), RT was able to attenuate this structural loss (i.e., TH 

> SH).  

Concerning the muscle volumetric proportion (Fig. 2D), SH rats exhibited a 

higher proportion of ECM and a lower proportion of muscle fiber as compared to SC 

and TH animals, which indicates a RT protection. 

Regarding total collagen content (Fig. 2E), rats in the SH group had higher 

values than those in the other groups. RT, in turn, was able to avoid this adverse 

remodeling by mitigating the increase in total collagen (TH < SH). Additionally, a strong 

negative correlation (r = -0.89) was observed between CSA and the percentage of total 

collagen (Fig. 2F).  
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Figure 2. Effects of resistance exercise training on skeletal muscle structure. Representative 

photomicrograph of biceps brachii stained with H&E (A) and Picrosirius Red (B); (C) Cross-sectional 

area (CSA); (D) Volumetric proportion; (E) Percentage of total collagen (F) Correlation between CSA 

and percentage of total collagen. Data are means ± SD of 10 images per animal in each group (n = 7 

animals per group). SC, sedentary control; SH, sedentary hypertensive; TH, trained hypertensive; CSA, 
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cross-sectional area. Black dotted line indicates CSA; Black arrow indicates extracellular matrix; Yellow 

arrow indicates muscle fiber; White arrow indicates collagen fiber. * p < 0.05 vs. SC; # p < 0.05 vs. TH. 

One-way ANOVA followed by Tukey's post hoc. The relationship between CSA and percentage of total 

collagen was tested by Pearson's correlation. 

 

3.4. Skeletal muscle gene expression 
 

Regarding gene expression of proteins associated with muscle atrophy, 

experimental PAH promoted an increase in MuRF1 and Atrogin-1 (Fig. 3A and 3B, 

respectively) in rats in the SH group, relative to those in SC and TH. However, RT was 

able to mitigate such augment (i.e. TH < SH), thus evidencing a protective effect 

against muscle atrophy. 

As for calpain-1 (Fig. 3C), the disease augmented its expression in the SH and 

TH groups, compared with SC group. Therefore, RT was not able to impede such 

increase (i.e. TH = SH). 

Finally, myostatin gene expression (Fig. 3D) was greater in the SH group, 

compared with the SC group. Nonetheless, RT downplayed such elevation (i.e. TH < 

SH). 
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Figure 3. Effects of resistance exercise training on the gene expression of proteins associated with 

skeletal muscle atrophy. (A) Atrogin-1 (MAFbx; muscle atrophy F-box); (B) MuRF1 (muscle ring finger-

1); (C) Myostatin; (D) Calpaína-1. Data are means ± SD of 6 animals in each group. SC, sedentary 

control; SH, sedentary hypertensive; TH, trained hypertensive. * p < 0.05 vs. SC; # p < 0.05 vs. TH. One-

way ANOVA followed by Tukey's post hoc. 

 

 

3.5. Skeletal muscle protein expression  
 

Concerning the expression of proteins associated with the skeletal muscle 

hypertrophy, the levels of Akt-1 (Fig. 4A) and p-Akt-1(Ser473) (Fig. 4B) and the p-Akt-

1(Ser473)/Akt-1 ratio (Fig. 4C) did not show significant differences between groups. 

Statistical differences between groups were not observed for gene expression of eIF4E 

(Fig. 4D) and p-eIF4E(Ser209) (Fig. 4E) and the p-eIF4E(Ser209)/eIF4E ratio (Fig. 4F) ratio. 
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Figure 4. Effects of resistance exercise training on the expression of proteins related to skeletal muscle 

hypertrophy. (A) Akt-1, (protein kinase B); (B) p-Akt-1 (phospho-protein kinase B); (C) p-Akt-1/Akt-1 

ratio; (D) eIF4E (eukaryotic translation initiation factor 4E); (E) p-eIF4E (phospho-eukaryotic translation 

initiation factor 4E); (F) p-eIF4E/eIF4E ratio. Data are means ± SD of 6 animals in each group. SC, 

sedentary control; SH, sedentary hypertensive; TH, trained hypertensive. p > 0.05. One-way ANOVA 

followed by Tukey's post hoc. Kruskal-Wallis followed by Dunn's post hoc for p-Akt-1/Akt-1 ratio. 

 

3.6. Oxidative stress in skeletal muscle 
 

The activities of antioxidant enzymes and markers of oxidative stress in skeletal 

muscle were measured. MCT-induced PAH reduced the activities of SOD (Fig. 5A) 

and CAT (Fig. 5 B) in rats in the SH group, related to those in the SC group. The 

employed RT did not avoid the diminution of SOD (i.e., TH = SH), nevertheless, the 

activity of CAT was maintained at the control rats (SC) levels (i.e., TH = SH), indicating 

an RT protection. 

On the other hand, GST activity and MDA levels (Fig. 5C and 5D, respectively) 

were not statistically different between the experimental groups, indicating that neither 

the disease nor exercise influenced these parameters. 

The concentration of NO (Fig. 5E) was lower in rats in the SH group than in 

those in the SC group. However, RT was able to downplayed against such reduction 
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(i.e., TH > SH). In addition, rats from SH group showed higher values of CP 

concentration, compared with those from SC and TH groups (Fig. 5F). Therefore, RT 

attenuated such increase in rats from TH group (i.e., TH < SH). 

 

 

Figure 5. Effects of resistance exercise training on oxidative stress in skeletal muscle. (A) SOD 

(superoxide dismutase); (B) CAT (catalase); (C) GST (glutathione S-transferase); (D) MDA 

(malondealdehyde); (E) NO (nitric oxide); (F) CP (carbonyl protein). Data are the mean ± SD of 6 animals 

in each group. * p < 0.05 vs. SC; # p < 0.05 vs. TH. One-way ANOVA followed by Tukey's post hoc for 

SOD, CAT and NO. Kruskal-Wallis followed by Dunn's post hoc for GST, MDA and CP. 

 

 

 

 
4. DISCUSSION 
 

The present study aimed to investigate the effects of RT applied during the 

development of MCT-induced PAH on skeletal muscle atrophy in rats. The results 

demonstrate that RT improved hypertensive rats’ tolerance to physical effort and 

protected them against disease’s progression by preventing increases in pulmonary 

artery resistance and RV function. Hence, skeletal muscle mass loss was inhibited as 

its redox imbalance, structural adverse remodeling, and gene expression of proteins 

associated with muscle proteolysis pathways were mitigated. 
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The observed reduction in weight, CSA, and the percentage of myocytes in the 

brachial biceps of hypertensive rats indicates muscle atrophy. Indeed, we found that 

increased expression of MuRF1 and atrogin-1 indicated activation of the ubiquitin-

proteasome system (UPS), the main protein degradation system in the body 40,41. 

Furthermore, increased expression of myostatin suggests inhibition of cell growth and 

proliferation in muscle tissue 42, as well as activation of the UPS 14,43, reinforcing the 

contribution of these pathways to muscle mass loss in these rats. The activation of the 

UPS in skeletal muscle in PAH has been linked to central consequences of the 

disease, which trigger a range of systemic abnormalities (i.e., redox imbalance, 

mitochondrial dysfunction, increased inflammation, and tissue hypoxia) 43. These 

alterations may converge to stimulate proteolytic pathways and contribute to the loss 

of muscle mass observed in PAH. More importantly, the employed RT protocol partially 

prevented muscle atrophy, as it mitigated reductions in weight, CSA, and the 

percentage of myocytes in the brachial biceps of hypertensive rats. Moreover, we 

observed reduced expression of MuRF1, atrogin-1, and myostatin in hypertensive 

trained rats, indicating an attenuation of the protein degradation process. 

Reduced physical effort tolerance was observed in animals treated with MCT 

on the 21st day. In contrast, resistance training (RT) improved exercise tolerance, 

suggesting a protective effect against muscle atrophy and functional decline. Although 

this association was not directly evaluated in the present study, previous evidence from 

both MCT-induced PAH models 14,15 and human studies 13 suggests a link between 

decreased muscle CSA and impaired exercise capacity. 

Additionally, PAH increased total collagen deposition and the proportion of ECM 

in brachial biceps, possibly mediated by the pro-inflammatory environment and the 

action of myostatin, which stimulate fibroblasts to promote ECM accumulation, 

including collagen 44,45. These increases are associated with increased muscle 

stiffness and reduced functional capacity 46. In this sense, the increased deposition of 

collagen and ECM may contribute to muscle atrophy and physical effort intolerance. In 

fact, we observed a strong negative correlation between CSA and total collagen 

content (r = -0.89) which suggests that muscle fibrosis may be directly associated with 

PAH-induced atrophy. However, it is noteworthy that the applied RT prevented such 

deleterious effects by reducing muscle adverse remodeling, which has been previously 

reported in the model by our group 21. These results suggest mitigation of skeletal 

muscle morphological and structural changes associated with PAH by RT. 
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Regarding redox imbalance, sedentary hypertensive rats exhibited higher CP 

concentrations, reduced activity of antioxidant agents (i.e., SOD and CAT), and lower 

NO concentrations. The increased oxidative stress in PAH is related to mitochondrial 

dysfunctions induced by systemic alterations like reduced cardiac output and blood 

perfusion and increased inflammation 11,47,48, which results in excessive production of 

ROS and decreased cells’ antioxidant capacity. Consequently, oxidative damage to 

molecules and cellular structures occurs, thus contributing to muscle degradation and 

atrophy. Our results reveal that RT protected hypertensive rats against these 

alterations, promoting therefore redox homeostasis and attenuating deleterious effects 

of PAH on skeletal muscle, which might be related to the UPS modulation 49–51. The 

improvement in redox balance appears to be one of the mechanisms by which RT 

promotes improved muscle capacity and resistance to fatigue, as evidenced by 

increased tolerance to physical exertion. The present protection is supported by 

studies demonstrating that physical exercise can modulate oxidative stress and 

improve muscle function in experimentally induced PAH condition 21,52. 

Interestingly, our study showed that the PI3K/Akt/mTOR/eIF4E signaling 

pathway was not inhibited in this model of PAH, in agreement with findings reported 

by Moreira et al. (2015)14, though different from those by Batt et al. (2014)13. The 

activity of such pathway was preserved in sedentary hypertensive rats, despite the 

increased expression of myostatin, MuRF1, and atrogin-1, suggesting partial 

maintenance of muscle anabolism. Nevertheless, the conservation of such pathway 

did not prevent muscle atrophy together with increased ECM and collagen deposition 

and worse functional capacity, indicating that maintaining the anabolic pathway alone 

was not sufficient to counteract the deleterious effects of PAH.  

On the other hand, the employed RT attenuated muscle mass loss and 

improved physical effort tolerance, possibly by modulating redox homeostasis and 

reducing adverse skeletal muscle remodeling. Moreover, the lower ECM deposition in 

trained hypertensive rats suggests that RT mitigated muscle stiffness and preserved 

contractile function. These effects may be related to the activation of the 

PI3K/Akt/mTOR/eIF4E pathway, which was preserved in rats with PAH, reinforcing the 

role of RT in sustaining skeletal muscle anabolism and lessening PAH-induced muscle 

loss. 

These findings suggest that, although the PI3K/Akt/mTOR/eIF4E pathway was 

preserved in PAH, it was not sufficient to prevent the progression of muscle atrophy 
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and functional impairment in sedentary animals. Resistance training (RT), on the other 

hand, demonstrated a protective effect by attenuating muscle mass loss, improving 

exercise tolerance, and modulating muscle remodeling, involving the 

PI3K/Akt/mTOR/eIF4E pathway, thus reinforcing its therapeutic potential in PAH. 

Finaly, the analyses presented here were restricted to a single skeletal muscle 

(i.e., brachial biceps), restraining the understanding of adaptive responses in muscles 

with different fiber compositions. We consider it as a study limitation, and thus future 

studies should include analyses of different types of skeletal muscle, as well as 

different components in the atrophy and hypertrophy pathways. 

 

 

5. CONCLUSION 
 

In conclusion, the RT applied during the development of MCT-induced PAH 

protects against skeletal muscle, by mitigating adverse structural remodeling and 

muscle atrophy through proteolysis modulation and attenuation of redox imbalance. 

These findings highlight the therapeutic potential of RT as a non-pharmacological 

strategy to preserve muscle functionality and physical effort tolerance in PAH 

conditions. 
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CONSIDERAÇÕES FINAIS 
 

Apresenta-se aqui as considerações finais sobre esta dissertação. No Capítulo 

1, a revisão narrativa destaca a atrofia muscular esquelética na hipertensão arterial 

pulmonar (HAP) envolvendo a ativação de vias de proteólise, especialmente o sistema 

ubiquitina-proteassoma, a autofagia e as calpaínas. Além disso, foram apontadas 

alterações nos tipos de fibras musculares e a inibição de vias de sinalização 

relacionadas à hipertrofia como fatores que contribuem para a degradação muscular. 

Nesse sentido, o exercício físico apresenta-se como uma terapia não-farmacológica 

promissora para o tratamento da atrofia muscular no contexto da HAP. No Capítulo 2, 

o estudo experimental demonstra que o treinamento resistido (TR) realizado durante 

o desenvolvimento da HAP induzida por monocrotalina (MCT) atenua a atrofia 

muscular. Esse efeito protetor está associado à mitigação do remodelamento 

morfoestrutural e o desequilíbrio redox, bem como à modulação das vias de proteólise 

muscular minimizando, assim, a sua ativação. No entanto, estudos futuros são 

necessários para investigar diferentes tipos de músculos esqueléticos e explorar 

outros componentes envolvidos nas vias de sinalização relacionadas tanto à atrofia 

quanto à hipertrofia muscular. 
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Anexo 1 – Primeira página do artigo publicado (Capítulo 1) 
 

 
 
 
 
 
 



85 
 
 

Anexo 2 – Aprovação ética 
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