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TONON, Jair. Lesdao oxidativa nas adaptagcoes cardiacas e da musculatura
esquelética em hamsters com doeng¢a pulmonar obstrutiva crénica, induzida
experimentalmente. 2011, 106f. Tese (Doutorado em Patologia Experimental) —
Universidade Estadual de Londrina, Londrina, 2011.

RESUMO

A denominacédo Doenga Pulmonar Obstrutiva Cronica (DPOC) engloba uma série de
doencgas de diferentes etiologias que tém em comum a obstrugdo irreversivel do
fluxo aéreo. No aspecto morfolégico macroscopico, o enfisema, quando bem
desenvolvido, produz pulmdes volumosos. Os dois mecanismos patogénicos-chave
sao 0 excesso de protease celular com baixos niveis de antiproteases e o0 excesso
de substancias reativas de oxigénio. A patogénese e as manifestagdes clinicas da
DPOC nao sao restritas somente a inflamacédo e ao remodelamento estrutural, mas
extendidas a uma variedade de alteragdes sistémicas. Estes efeitos extra
pulmonares incluem inflamagao sistémica, perda de peso nao intencional, disfungao
musculo-esquelética, doenga cardiaca associada, e efeitos adicionais em alguns
orgaos. A deplegdo de massa e da fungdo musculares é reconhecida como
importantes caracteristicas da DPOC, contribuindo significativamente para o
prognoéstico. A presenga de disfungcdo muscular na DPOC foi reconhecida em
estudos que demonstraram que muitos pacientes tinham capacidade de exercicio
limitada e fadiga. Consequentemente, apareceu um novo campo de pesquisa e
muitos estudos tém confirmado o papel da DPOC na disfungdo musculo esquelética.
Adicionalmente, a variagdo da massa muscular e fungdo cardiacas, que ocorrem
como consequéncia da DPOC, particularmente pela adaptacao ventricular, contribui
substancialmente com controle de massa periférica e do quadro de fadiga e
intolerancia ao exercicio. Pesquisas realizadas durante os anos 1980 e 1990
indicam que Espécies Reativas de Oxigénio (EROs) induzidas por aumento da
atividade muscular ou pela sua inatividade, seriam citotoxicas para as fibras do
préoprio musculo estriado. Pesquisas mais recentes evidenciam que a producao
aumentada de EROs desempenha importante papel na regulacdo de vias de
sinalizagdo necessarias para promover adaptacao da fibra muscular em resposta a
ambos: exercicio e inatividade muscular. A atrofia por desuso ou em estados
patolégicos é um problema clinico importante. Evidéncias tém demonstrado que em
situagdes fisiologicas e de adaptacdo ao exercicio, as EROs tém atuado como
moduladoras de processos de ganho de massa muscular. Varias linhas de
evidéncias também tem implicado as EROs na perda de massa, via controle redox
da protedlise. Um crescente numero de estudos sugere que antioxidantes ou
inibidores de ERO possam servir como agentes terapéuticos na reversao total ou
parcial da atrofia, apesar de numerosas perguntas ainda permanecerem sem
resposta. No que diz respeito ao musculo cardiaco, evidéncias levam a crenca de
que as EROs e as espécies reativas de nitrogénio (ERNs), participam da sinalizag&o
em favor da sintese protéica e consequente hipertrofia muscular do musculo
cardiaco. Assim, a hipotese de trabalho formulada foi a seguinte: Ocorre uma
reducdo dos niveis de antioxidantes e aumento de EROs e da protedlise na atrofia
do musculo gastrocnémio e inversamente, aumento dos niveis de antioxidantes e
diminuicdo de EROs e da protedlise na hipertrofia do musculo cardiaco, em modelo
experimental de DPOC. Com o propdsito de investigar esta hipotese, o presente



16

estudo foi delineado para verificar o envolvimento de EROs e protedlise no
desenvolvimento da perda de massa muscular esquelética, e ganho da massa
muscular cardiaca em hamsters com doencga pulmonar obstrutiva cronica induzida
experimentalmente. Em hamsters com enfisema induzido experimentalmente, pela
instilagcao intratraqueal de duas doses diferentes de papaina (20 mg/ mL - E20 -e
40 mg / mL - E40), nos ventriculos do coragdo foram avaliados: a espessura da
parede, estresse oxidativo por meio do teste de substdncias reativas ao acido
tiobarbiturico (TBARS), quimiluminescéncia induzida por hidroperéxido de tert-butil
(QL), proteinas carboniladas, capacidade antioxidante total e protedlise. No
musculo gastrocnémio foram avaliados: peso, estresse oxidativo, atividade
proteolitica proteasomal. proteinas carboniladas quimiluminescéncia induzida
por tert-butil hidroperoxido  (QL), capacidade  antioxidante total, e atividade
proteolitica proteasomal e peso corporal. Foi verificado, aumento de espessura das
paredes cardiacas (VD-E20, 12%; VD-E40, 29%; VE-E40, 15%), das curvas
de QL (de 3350,68 + 392,44 em VD no grupo controle para
4696,63 + 1076,70 URL/g de tecido no grupo E40, p<0,05; e
de 4044,77 + 503,39 no VE para 5517,10 + 388,27 no E20, 8169,14 £ 1748,77 URL /
g de tecidoem E40). A capacidade antioxidante total aumentou em ambos
os grupos e ventriculos. Nao foram detectadas diferengcas nas TBARS ou
proteinas carboniladas. A atividade proteolitica proteasomal, que avalia a atividade
hidrolitica do barril do proteasoma, foi diminuida em ambos os grupose os
ventriculos também. Em resumo, o] enfisema pode induzir mobilizagao
antioxidante nos ventriculos direito e esquerdo, protegendo contra a formacgédo de
aldeidos de baixo peso molecular e proteinas carboniladas, consequentemente,
inibindo a atividade proteolitica e hipertrofia. Tal resultado ndo foi descrito antes
e merece uma investigagdo mais aprofundada. Com relagdo as doses foi
observada em E20 uma coincidéncia de eventos: embora os valores absolutos
estivessem diminuidos, n&do foi observada diferenca estatistica em geral no que diz
respeito a massa corporal total ou a massa muscular, o que foi acompanhado
por TBARS, proteinas carboniladas, e protedlise proteasomal. A
capacidade antioxidante total foi reduzida enquanto 0s valores de
QL aumentaram. No grupo E40, os eventos foram mais claros: enquanto a lesao
pulmonar foi mais acentuada, o indice de caquexia também aumentou, enquanto
houve diminuicao da massa do musculo gastrocnémio. TBARS,
proteinas carboniladas, curvas QL e capacidade antioxidante total aumentaram
acelerando a protedlise. Parece que, quando MDA ou aldeidos de baixo peso
molecular estdo presentes, o nivel de proteinas oxidadas também aumenta, e a
atividade proteolitica € acelerada.

Palavras-chaves: Doencga pulmonar obstrutiva crénica. Enfisema. Perda de peso.
Miocardio. Estresse oxidative. Protedlise.



TONON, Jair. Oxidative injury in cardiac and skeletal muscle adaptations, in
hamsters with chronic obstructive pulmonary disease, experimentally induced.
2011, 106 p. Tesis (Doctoral Degree Tesis) — Londrina State University. Londrina,
2011.

ABSTRACT

The term (Chronic obstructive pulmonary disease) COPD encompasses a number of
diseases from different etiologies that have in common irreversible airflow
obstruction. In the macroscopic morphological aspects, panacinar emphysema, when
developed, produces voluminous lungs. The two key pathogenic mechanisms are
excess of cellular protease with low levels of antiproteases and excess of reactive
oxygen species. The pathogenesis and clinical manifestations of COPD are not
restricted only to inflammation and structural remodeling, but extended to a variety of
systemic changes. These extrapulmonary effects include systemic inflammation,
nutritional abnormalities, unintended weight loss, musculoskeletal dysfunction,
associated with heart disease, osteoporosis, anxiety, depression, and additional
effects in some organs. In recent years, there is growing interest in the clinical
significance of these systemic manifestations in COPD. Cardiovascular diseases
account for 50% of all hospitalizations and nearly a third of all deaths if the forced
expiratory volume in one second (FEV1) - a spirometric parameter for the diagnosis
of COPD - is 50% higher than predicted. COPD affects lung blood vessels, the right
ventricle and the left ventricle, leading to the development of pulmonary
hypertension, cor pulmonale, and consequent right and left ventricular
dysfunction. Evidence also points to tricuspid regurgitation and multiple valve
dysfunction. The loss of muscle mass and, consequently, function are recognized as
important features of COPD, contributing significantly to the prognosis. The presence
of muscle dysfunction in COPD was first recognized in studies showing that many
patients had limited exercise capacity and fatigue concurrently. These findings
provided an intimate knowledge that these Iimitations were due probably to
dyspnea. Consequently, this observation opened a field of research and many
studies since then have confirmed the role of skeletal muscle dysfunction in the
pathogenesis of COPD. The fact that the control of the heart muscle is directly
related to the issue of ventricular adaptations also refers to the fact that individuals
with COPD also depends on this same mass control device for an ultimate
establishment of a framework of fatigue and exercise intolerance. In addition, during
the years 1980 and 1990 a stream of studies disseminated that Reactive Oxygen
Species (ROS) induced by muscle activity or even inactivity would be cytotoxic to
striated muscle fibers. However, more recent research evidenced that increased
production of ROS plays an important role in the regulation of signaling pathways to
promote adaptation of muscle fiber in response to both: exercise and muscular
inactivity. The disuse atrophy or pathological states is a significant clinical problem.
Evidences have shown that in physiological situations and adaptation to exercise,
reactive oxygen species have been acting as modulators of processes to gain
muscle mass. Several lines of evidence linking ROS and mass loss via redox control
of proteolysis. A growing number of studies suggest that antioxidants or inhibitors of
ROS may serve as therapeutic agents in total or partial reversion of atrophy,
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although many questions still remain unanswered. With regard to the heart muscle,
evidences leads to the belief that the reactive oxygen and nitrogen species, as well
as the process of atrophy, participates in signaling for protein synthesis and
subsequent muscle hypertrophy in cardiac muscle. The objective of this study was to
investigate the involvement of reactive oxygen species in the development of skeletal
muscle mass loss and gain of the cardiac muscle in hamsters with chronic
obstructive pulmonary disease induced experimentally. proteins and total antioxidant
capacity) and proteolysis on gastrocnemius muscles of hamsters hearts with two
different doses of papain (20 mg/mL — E20 — and 40 mg/mL — E40). We observed on
E20 a coincidence of events: although the absolute values were decreased, we had
no statistical differences on general body weigh or muscle gastrocnemius mass, what
was accompanied by TBARS, carbonylated proteins, and proteasomal proteolysis
results. On the other hand, total antioxidant capacity was comsumed while CL curves
enhanced. On E40, the events become clearer: while the pulmonary injury becomes
higher, the cachexia index enhances either, and there is decreasing of muscle mass.
TBARS, carbonyl proteins, CL curves and total antioxidant capacity becomes higher,
accelerating the proteolytic status. It seems that, when MDA or low molecular weight
adducts are present, the level of oxidized proteins increases, and the proteolytic
activity is accelerated.

Keywords: Cronic obstructive pulmonary disease. Emphysema. Weight loss.
Myocardium. Oxidative stress. Proteolysis
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1 INTRODUGAO

1.1 DOENCA PULMONAR OBSTRUTIVA CRONICA

A denominagdo DPOC (Doenga Pulmonar Obstrutiva Crbnica)
engloba uma série de doencas de diferentes etiologias que tém em comum a
obstrucdo irreversivel do fluxo aéreo. A obstrucdo € geralmente progressiva
associada a uma resposta inflamatoria anormal dos pulmdes induzida por particulas,
a gases irritantes, enzimas ou fatores genéticos. Dentre os pacientes com DPOC,
aproximadamente 20% apresentam enfisema, enquanto os outros 80% tém
bronquite crénica ou, ainda, uma combinagdo destas duas doencas (MONTEIRO,
2004). Além disso, pacientes acometidos de DPOC evidenciam um decréscimo no
volume expiratério forgado, medido por provas de fungdo pulmonar espirométricas. A
maioria dos pacientes com enfisema sintomatico € observada aos 60 anos de idade
ou mais, com histéria antiga de dispnéia aos esforgos, porém com tosse nao
produtiva, minima. Os individuos apresentam também perda de peso e usam os
musculos respiratérios acessorios para respirar (RUBIN et al., 2006).

O enfisema € uma DPOC caracterizada pelo aumento permanente
dos espacos aéreos distais aos bronquiolos terminais (Figura 1). Entre os subtipos
estdo o centro acinar (mais comum; relacionado ao tabagismo), panacinar
(observado em deficiéncia de a; —antitripsina), acinar distal e irregular (RUBIN et al.,
2006).

No aspecto morfolégico macroscopico, o enfisema panacinar,
quando bem desenvolvido, produz pulmdes volumosos, que em geral se superpdem
ao coracdo, escondendo-o quando a parede anterior do térax € removida. As
caracteristicas  macroscopicas do enfisema centroacinar sdo menos
impressionantes. Os pulmdes podem nao parecer particularmente palidos ou
volumosos a menos que a doenga esteja em estagios bastante avangados.
Geralmente, os dois tercos superiores dos pulmbes estdo afetados de modo mais
acentuado (KUMAR; ABBAS; FAUSTO, 2008). Grandes alvéolos podem facilmente
ser vistos na superficie de corte dos pulmdes fixados em formol. Microscopicamente,
observam-se alvéolos anormalmente grandes, separados por finos septos que
apresentam somente uma fibrose centroacinar focal. Vé-se o desaparecimento das

fixagdbes dos alvéolos a parede externa das pequenas vias aéreas. Com a
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progressao da doencga, observam-se espagos aéreos anormais ainda maiores e
possiveis bolhas. Geralmente os bronquiolos respiratorios e a vasculatura do
pulmao estdo deformados e comprimidos pela distorcdo enfisematosa dos espacos
aéreos (KUMAR; ABBAS; FAUSTO, 2008).

Figura1 - (A) Diagrama das estruturas normais dentro do &cino, a unidade
fundamental do pulmao. Um bronquiolo terminal (ndo demonstrado) esta
localizado em um ponto imediatamente proximal ao bronquiolo
respiratério. (B) Enfisema centroacinar com dilatagdo que inicialmente
afeta os bronquiolos respiratorios. (C) Enfisema panacinar com
distensao inicial das estruturas periféricas.

Alvéolo

ACINO NORMAL B8 .
ronquiolo

respiratdrio

Alvéclo

B Bronquiolo .
respiratdrio R
P / K“\ ]’_Mi’h Ducto
b 3 \ alveolar
AN
(

Enfisema panacinar

Enfiserma centroacinar

Fonte: Adaptado de Kumar; Abbas; Fausto (2008).

Os dois mecanismos patogenénico principais sdo 0 excesso de
protease celular com baixos niveis de antiproteases (desequilibrio protease-
antiprotease) e o excesso das espécies reativas de oxigénio (desequilibrio oxidante-
antioxidante). As células inflamatérias afetadas sdo a fonte das proteases e dos
oxidantes; juntos causam les&o tecidual e inativacdo das antiproteases (Figura 2).
Muitos individuos com enfisema demonstram, concomitantemente, elementos da
bronquite crénica, visto que o cigarro € um fator de risco para ambos; individuos
simplesmente com enfisema sao caracterizados como “sopradores réseos” (KUMAR,;
ABBAS; FAUSTO, 2008).
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Os termos inflamagao e redugao do fluxo aéreo sao centrais para a
definigdo da DPOC, assim como da asma, embora diferengas marcantes entre essas
duas condi¢cbes devam ser reconhecidas. A inflamacdo na DPOC tem um padrao
celular e de mediadores diferente do padrdo observado na asma e apresenta, na
maioria dos casos, resposta pouco expressiva aos esteréides (BARNES, 2000;
BARNES et al., 2004).

Ademais, a reducédo do fluxo aéreo na DPOC tem um importante
componente irreversivel, secundario a alteragcdes estruturais das vias aéreas, tais
como a fibrose peribronquiolar e o aumento da colapsabilidade decorrente da
destruicdo das fibras elasticas do tecido pulmonar. Essas alteragbes séo provocadas
por um complexo mecanismo iniciado bem antes das primeiras manifestacdes
clinicas e funcionais. Desse modo, uma maior compreensdo dos mecanismos
envolvidos na etiopatogenia da DPOC permite ndo somente um diagnostico mais
precoce, como leva a introdugdo de agentes terapéuticos que modifiquem
favoravelmente o curso da doenca antes do desenvolvimento das alteracbes
estruturais permanentes (MACNEE, 2005).

De maneira geral, quatro mecanismos principais sao responsaveis
pelas alteragdes funcionais observadas na DPOC: o estresse oxidativo, a
inflamacdo, o desequilibrio do sistema protease-antiprotease e a apoptose
(MACNEE, 2005). A contribuicao relativa de cada um desses mecanismos € variavel

e, possivelmente, explica as diferentes formas de apresentacao da doenca.
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Figura 2 - Patogénese do enfisema. O desequilibrio protease-antiprotease e o
desequilibrio oxidante-antioxidante sao aditivos em seus efeitos e
contribuem para o dano tecidual. A deficiéncia de a-1 antitripsina (a-1
AT) pode ser congénita ou “funcional” como um resultado da inativagéo
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Fonte: Kumar, Abbas, Fausto (2008).

1.1.1 Epidemiologia e Importancia Clinica

A DPOC ¢é uma das principais causas de morte e incapacitacdo em
todo o mundo, com mais de 16 milhdes de individuos afetados sé nos Estados
Unidos (BARNES, 2004). De acordo com a Organizagao Mundial da Saude, 80
milhdes de pessoas sofrem de DPOC moderada ou grave (OMS, 2008). A doenga
representa, portanto, a quinta principal causa de morte no mundo e, de acordo com
estimativas recentes, alcangara a terceira posi¢ao até o ano de 2030 (OMS, 2008),

No Brasil, € responsavel por cerca de 30 mil ébitos/ano, sendo a
quinta causa de morte mais frequente. A prevaléncia em grandes centros urbanos,
como a cidade de Sao Paulo, varia de 6% a mais de 15%, dependendo do critério
diagndstico adotado. Estima-se que haja, atualmente, trés milhdes de portadores da
doenca no pais. Ao contrario de diversas doengas cronicas que estdo em declinio, a
progressdo da DPOC é alarmante, exibindo numeros crescentes, mundialmente
(PAULWELS et al, 2001). Segundo os registros do banco de dados do Sistema
Unico de Saude (DATASUS) em 2004, a cada ano sdo hospitalizados 280 mil
brasileiros com DPOC.

O incremento na taxa de mortalidade da DPOC contrasta com a

reducao observada em outras enfermidades, tais como cancer, doenga coronariana,
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acidente vascular cerebral e aids. Essa redugao ¢é atribuida, em grande parte, a uma
maior eficacia no diagnostico e no tratamento dessas condi¢des, parcialmente
decorrente de avangos na compreensao dos seus mecanismos etiopatogénicos e de
suas manifestagdes sistémicas, que causam a doenga incapacitante (MENEZES et
al., 2005).

1.1.2 Manifestagdes Sistémicas Presentes na DPOC

A patogénese e as manifestacbes clinicas da DPOC nao se
encontram restritas somente a inflamagao e ao remodelamento estrutural, mas sao
estendidas a uma variedade de alteragdes sistémicas. Estes efeitos extra
pulmonares incluem inflamacgao sistémica, anormalidades nutricionais, perda de
peso nao intencional, disfungdo musculo-esquelética, doenca cardiaca associada,
osteoporose, ansiedade, depressao e efeitos adicionais em alguns orgaos
(DECRAMER et al., 2005). Nos ultimos anos, ha um crescente interesse na
importancia clinica dessas manifestacbes sistémicas na DPOC. Dentre as
manifestacdées da DPOC encontram-se:

e Inflamacdo sistémica: A inflamagao sistémica anormal no
portador de DPOC foi observada nao somente em nivel pulmonar, mas também em
nivel sistémico. Marcadores inflamatérios séricos (citocinas, proteina C-reativa e
certos fatores de coagulagdo) encontram-se aumentados durante exacerbagdes.
Muitas das manifestacdes sistémicas da doencga sao consequéncias do processo
inflamatorio. Muitos mecanismos foram propostos com o objetivo de explicar este
evento: os mediadores seriam capazes de alcancgar a circulagao sistémica a partir do
compartimento pulmonar; uma reagao inflamatoria secundaria no tecido causada
pela hipdxia; reagdes induzidas por lipopolissacarideos durante as exacerbacdes;
envolvimento da fumacga de cigarro; hiperinsuflagdo pulmonar; disfungcdo musculo-
esquelética; e envolvimento da medula 6ssea (BARBU; IORDACHE; MAN, 2011).

e Anormalidades nutricionais: Muitos estudos tém demonstrado
que a ma nutricdo ou massa corporal reduzida sdo comuns em individuos com
DPOC, afetando aproximadamente 10-15% dos pacientes com doenga leve a
moderada, e 50% dos pacientes com doenca em estado avangado e faléncia
respiratoria cronica. A base fisiopatolégica da perda de massa ainda n&o € muito

bem entendida, apesar de um indice metabdlico alto, embora ndo compensado por
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um aumento correspondente no numero de calorias, parece desempenhar um papel
importante. A causa do aumento da taxa metabdlica basal, no entanto, é assunto de
muitos debates e muitas hipéteses foram propostas. A mais aceita € a do aumento
de energia com aumento no consumo de oxigénio pelos musculos respiratérios.
Além disso, outros fatores também parecem ser considerados, como o0 uso de
algumas medicagbes comumente utilizadas pelos pacientes, e mediadores
inflamato6rios como o Fator de Necrose Tumoral-a (TNF-a) e a proteina C-reativa
(DECRAMER et al., 2005).

e Osteoporose: A osteoporose é um achado comum em pacientes
com DPOC avangada e leva ao aumento da suscetibilidade a fraturas, debilitando
ainda mais esses pacientes. O uso de glicocorticoides, a deficiéncia de vitamina D, o
tabagismo, o baixo IMC e o estilo de vida sedentario estdo envolvidos na etiologia da
osteoporose. A suplementagcdo de calcio e vitamina D nesses pacientes tem-se
mostrado bastante eficiente, principalmente quando se encontram em corticoterapia
(FERNANDES; BEZERRA, 2006).

e Ansiedade e depressao: Ansiedade, depressao e autoconceito
depreciado podem estar presentes numa variedade de doengas agudas e crdnicas.
Nas ultimas duas décadas, um grupo expressivo de pesquisadores investigou as
associacdes entre ansiedade, depressdo e DPOC. Ansiedade tem sido identificada
em pacientes com taxas variando de 21% a 96% dos casos. Disturbios depressivos
estdo presentes em 27% a 79% desses individuos (GODOY; GODOQY, 2002). Estas
manifestagbes podem ter sua origem na baixa qualidade de vida revelada pelos
pacientes.

e Doenca cardiaca associada: Doencgas cardiovasculares sao
responsaveis por 50% de todas as hospitalizagbes e perto de um tergco de todas as
mortes se o volume expiratério forgado no primeiro segundo (VEF1) — um parametro
espirométrico para diagnostico de DPOC — for 50% maior do que o predito. A DPOC
afeta os vasos sanguineos pulmonares, o ventriculo direito, assim como o ventriculo
esquerdo, levando ao desenvolvimento de hipertensdao pulmonar, hipertrofia
cardiaca direita denominado cor pulmonale, e disfungdo ventricular direita e
esquerda. Evidéncias apontam também para regurgitagdo tricuspide e disfungdes
valvares multiplas (GUPTA et al., 2011).
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e Disfuncdo musculo-esquelética: A deplecdo de massa muscular
e, consequentemente, a funcdo sdo reconhecidas como importantes caracteristicas
da DPOC, contribuindo significativamente para o prognostico. A presenca de
disfungdo muscular na DPOC foi primeiramente reconhecida em estudos que
demonstravam que muitos pacientes tinham capacidade de exercicio limitada e
fadiga concomitante. Estes achados sugeriram inicialmente que estas limitagbes se
deviam, provavelmente, a dispnéia. Consequentemente, esta observacao abriu um
campo de pesquisa e muitos estudos desde entao confirmaram o papel da disfungao
musculo esquelética na patogénese da DPOC (DECRAMER et al., 2005).

e Tanto o comprometimento cardiaco quanto o comprometimento
musculo-esquelético merecem especial atencdo pelo seu envolvimento no

estabelecimento da fadiga.

1.1.3 Comprometimento Cardiaco

As lesbes secundarias a tecidos n&do pulmonares em consequéncia
da DPOC tém sido investigadas, mas pouca énfase tem sido atribuida a leséo
cardiaca. A DPOC leve, moderada ou grave esta associada ao risco aumentado de
disfungdo do Ventriculo Esquerdo (VE) principalmente em pacientes submetidos a
cirurgia vascular. Em pacientes com DPOC e disfuncdo do VE, o risco de
mortalidade é elevado quando comparado com pacientes com DPOC e funcao de
VE normal (FLU et al., 2010).

Diversos estudos tém sido realizados para verificar os mecanismos
de coexisténcia de DPOC e insuficiéncia cardiaca. Em 2005, Rutten et al. avaliaram
a prevaléncia de insuficiéncia cardiaca em pacientes com DPOC, com idade acima
de 65 anos, durante periodo de estabilidade clinica. Relataram que a insuficiéncia
cardiaca estava presente em 20,5% dos pacientes com DPOC, e concluiram que a
prevaléncia de insuficiéncia cardiaca em pacientes com DPOC pode ser quatro
vezes maior do que na populagdo geral. Macchia et al. (2007) mostraram que 1 em
cada 4 pacientes com insuficiéncia cardiaca, também estavam em tratamento para
DPOC, sendo que nestes individuos a sobrevivéncia apresentava-se reduzida. A
prevaléncia de disfungdo do VE em pacientes com DPOC pode ser aumentada

porque ambas as doengas apresentam fatores de risco similares, tais como idade,
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sexo masculino e tabagismo, ou por causa de inflamacao sistémica e estresse
oxidativo associado as doencgas crénicas pulmonares.

Monteiro et al. (2004) em um eficiente modelo de indugdo do
enfisema pulmonar com papaina em ratos, no qual foi oberva a destruicao do tecido
alveolar que mimetiza alteragdes morfolégicas encontradas no enfisema pulmonar,
tais lesdes se estabelecem em até 60 dias apds a agressao inicial, sem progresséao.
Neste modelo, a presenca de enfisema pulmonar ndo provocou alteracdes
morfolégicas na parede do ventriculo direito ou septo interventricular, enquanto que
a destruicdo alveolar induziu hipertrofia do ventriculo esquerdo e dilatacdo do
ventriculo direito.

O termo cor pulmonale foi definido pela Organizacdo Mundial de
Saude como uma sindrome, caracterizada pela hipertrofia do ventriculo direito,
resultante de doengas que afetam a funcdo e/ou a estrutura dos pulmdes, exceto
quando as alteracbes pulmonares sdo secundarias a doencas que afetam o lado
esquerdo do coragdo ou a cardiopatias congénitas. Frente ao limitado uso clinico
desta defini¢cdo, por basear-se em um aspecto anatomopatoldgico, redefiniu o termo
hipertrofia por alteracdo na estrutura e fungdo do ventriculo direito. Essa definigao
ainda é imprecisa, pois engloba desde um comprometimento leve a franca faléncia
do ventriculo direito. Tém-se proposto que o termo cor pulmonale seja abandonado
e substituido por uma descrigdo mais clara, distinguindo a hipertrofia, a dilatagéo, a
alteragao funcional e a faléncia do ventriculo direito (OTA; PEREIRA, 1998).

Apesar de a progressao dos niveis da pressao da artéria pulmonar,
na DPOC com hipoxemia e hipercapnia leve a moderada, ser lenta, em média, ha
um aumento de 3 mmHg/ano e raramente se atingem o0s niveis pressoricos
encontrados na hipertensdo pulmonar primaria; existe uma relacdo de pior
prognostico, quando ha hipertensédo pulmonar. Ha indicios de sobrevida de 72% em
quatro anos, em individuos sem hipertensdo pulmonar contra 49% quando
apresentavam hipertensdo pulmonar. Talvez a presenga de hipertensdo pulmonar
possa refletir a gravidade da doengca e nao necessariamente estar influindo
diretamente na sua mortalidade (OTA; PEREIRA, 1998).

O fato de o controle da massa muscular cardiaca estar diretamente
relacionado a questao das adaptacdes ventriculares remete também ao fato de que

o individuo com DPOC depende também deste mesmo controle de massa periférico
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para um estabelecimento definitivo de um quadro de fadiga e intolerancia ao
exercicio (OTA; PEREIRA, 1998).

1.1.4 Comprometimento da Musculatura Periférica

O musculo estriado esquelético é o tecido mais abundante no corpo
humano, sendo responsavel por cerca de 50% da massa corporal total. Nao é
somente o maior local de atividade metabdlica, mas também o maior reservatorio de
energia, servindo como fonte de aminoacidos a serem utilizados como producéo de
energia durante periodos de privagéo alimentar, e desempenhando um papel central
no fluxo de nitrogénio durante algumas doencas (NADER, 2005). Evidéncias tém
sugerido que em muitas doengas ou condigdes nao favoraveis, a massa de musculo
estriado esquelético pode ser consideravelmente reduzida, uma condigdo que leva a
consequéncias indesejaveis para o estado geral de saude do individuo.

A deplegdo da massa muscular em pacientes com doengas
inflamatdrias crénicas € a maior causa da redugao do tempo de sobrevida. Em
pacientes com DPOC a intolerdncia ao exercicio ndo esta somente relacionada a
reducdo do volume pulmonar, mas também a disfungdo do musculo estriado
esquelético (SCHOLS, 1993; GOSSELINK et al., 1996). No entanto, torna-se
importante identificar quais fatores contribuem para a disfuncdo muscular e o
mecanismo pelos quais ocorre a perda de massa deste tecido.

Varios sao os fatores que contribuem para o referido aparecimento
de fadiga e intolerancia aos esforgos:

e Fraqueza e perda de massa muscular: A atrofia muscular pode
ocorrer quando o balango entre sintese de proteinas e sua degradagéo é quebrado
em favor do segundo. Algumas pesquisas também tém demonstrado existir um
papel da diminui¢do da sintese protéica em doencas cronicas (RENNIE et al., 1983).
Essas duas vias podem ocorrer em consequéncia da inflamagao sistémica que
frequentemente acontece em pacientes DPOC. Ainda, alguns estudos indicam que a
capacidade regenerativa do musculo esquelético se encontra diminuida em
camundongos com nivel circulante de TNF-a elevado (GUTTRIDGE et al., 2000;
LANGEN et al., 2006). Além disso, niveis de testosterona, um horménio anabdlico,
estdo diminuidos em pacientes DPOC (CASABURI, 1998). Estes niveis mais baixos

estdo associados com fraqueza muscular (VAN VLIET et al., 2005). Existe
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especulacao a respeito de que a hipoxia cronica (AASEBO et al., 1993) e terapia
com corticosteroides (KAMISCHKE et al., 1998) contribuam para os niveis baixos de
testosterona. Também, estudos com miostatina, um hormdnio que € produzido no
musculo e diminui o crescimento muscular inibindo a atividade das células satélite,
sao escassos e seu papel na perda de massa muscular ainda é desconhecido
(JESPERSEN et al., 2006). Outro fator que deve ser levado em consideragao é a
diminui¢cdo do drive neural aos musculos de pacientes DPOC (RUTHERFORD et al.,
2006).

e Propriedades contrateis e tipo de composicao das fibras:
Durante a vida diaria, muitas atividades requerem poténcia na contragdo muscular.
No entanto, esta poténcia na contracao, que é um produto da forca e da velocidade,
€ mais importante durante a vida diaria do que a habilidade do musculo de gerar
forca isométrica ou de sustentacdo. Esta perda de poténcia em pacientes com
DPOC como resultado da perda de forca pode ser compensada, em alguma
extensao, pela mudanga na composicado das fibras musculares: fibras de contragao
lenta (metabolismo oxidativo), responsaveis por contragdes sustentaveis, como por
exemplo, a manutencao da postura, se transformam em fibras de contragao rapida
(metabolismo glicolitico), responsaveis por atividades que requerem maior poténcia
ou contragao imediata (JOBIN et al., 1998). O musculo passa também a apresentar
uma propor¢cao aumentada de fibras hibridas expressando mais de uma isoforma de
miosina de cadeia pesada (GOSKER, et al., 2002). A transi¢cado de fibras parece
acontecer de maneira mais exacerbada no enfisema do que na bronquite e estar
relacionada com a severidade da doenga (SATTA et al., 1997).

e Metabolismo e capilarizacdo: Em estagios avancados da
doenga, o metabolismo energético se torna gradativamente comprometido
evidenciado pelos baixos niveis de glicogénio, ATP e creatina fosfato. Estes dados
foram encontrados no musculo quadriceps de pacientes com faléncia respiratéria
(JAKOBSSON et al.,, 1990). Poucos trabalhos tém sido feitos a respeito da
capilarizagdo. JOBIN et al. (1998) encontraram uma diminui¢do de quase 50% no
indice capilar/fibra, e densidade capilar, sugerindo que uma perda desproporcional
de capilares pode ocorrer na DPOC (WUST; DEGENS, 2007) e pode estar
relacionada com o baixo aporte de oxigénio ao tecido e, consequentemente, perda

do mesmo.
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e Fadiga muscular propriamente dita: Fadiga muscular pode ser
definida como a inabilidade do musculo de manter certa forca ou poténcia. Como
mencionado, intolerdncia ao exercicio, refletida por baixo pico no consumo de
oxigénio, € um sintoma frequente em pacientes com DPOC. Sob circunstancias
onde o sistema cardio-respiratorio ndo seja o fator limitante, como exercicios
localizados de membros inferiores, ou exercicios para um unico musculo ou para um
unico grupo muscular, a capilarizacédo e a capacidade oxidativa musculares sao
importantes determinantes de resisténcia a fadiga muscular (DEGENS; VEERKAM,
1994).

Juntos, todos estes fatores, tanto os cardiacos quanto os
musculares, levam o individuo portador de doenca muscular obstrutiva cronica, a um
quadro conhecido como caquexia. Do grego, “kakos” - “mau” e “hexis” - “estado”, é
uma sindrome associada a perda de massa muscular, a reduzida ingestdo de
alimento, a diminuicdo de atividade fisica e a acelerada degradacao de proteinas
(WALSMITH; ROUBENOFF, 2002). Esta presente em muitas doengas crénicas tais
como: cancer, aids, insuficiéncia cardiaca cronica, faléncia pulmonar crénica, cirrose
hepatica, insuficiéncia renal, artrite reumatoide e sepse.

Durante os anos 1980 e 1990 uma corrente de estudos disseminava
que Espécies Reativas de Oxigénio (EROs) induzidas por atividade muscular ou até
pela inatividade seriam citotoxicas para as fibras do musculo estriado. No entanto,
pesquisas mais recentes evidenciam que a producdo aumentada de EROs
desempenha importante papel na regulagédo de vias de sinalizagdo necessarias para
promover adaptacao da fibra muscular em resposta a ambos: exercicio e inatividade
muscular (POWERS et al., 2010).

1.2  RADICAIS LIVRES E ESTRESSE OXIDATIVO
1.2.1 Aspectos Gerais

Radical livre é qualquer espécie capaz de uma existéncia independente que
contenha um ou mais elétrons desemparelhados. Um elétron desemparelhado é

aquele que ocupa um orbital atdmico ou molecular sozinho. A presengca de um ou

mais elétrons desemparelhados muitas vezes torna estas espécies altamente
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reativas, apesar de esta reatividade ser variavel (HALLIWELL; GUTTERIDGE,
2007).

Muitos radicais livres existem em sistemas bioldgicos e podem ser formados
de diversas maneiras. Fatores ambientais, como poluentes do ar, hidrocarbonetos,
chumbo, mercurio, organoclorados, paraquat, tetracloreto de carbono, e variados
estados patoloégicos contribuem para o aumento da produgdo de radicais livres
nesses sistemas (FREEMAN; CRAPO, 1982). As fontes de geragéo intracelular
incluem:

e autoxidagdo de pequenas moléculas: uma grande variedade de
moléculas de baixo peso molecular (tidis, hidroquinonas, catecolaminas, flavinas),
capazes de sofrer reacdo de oxiredugdo, contribuem para a producido de radicais
livres no meio celular (FREEMAN; CRAPO, 1982).

e cadeia de transporte de elétrons: uma das principais fontes de
geracao de radicais livres em sistemas fisiolégicos € o escape de elétrons que
ocorre na cadeia respiratéria mitocondrial durante a respiracdo celular aerdbia.
Aproximadamente 85% do oxigénio respirado € utilizado pela mitocdndria na cadeia
respiratoria. Os 15% restantes sdo utilizados por diversas enzimas oxidases e
oxigenases, e também por reagdes quimicas de oxidagao direta (HALLIWELL;
GUTTERIDGE, 1999). Na parte terminal da cadeia de transporte de elétrons, a
enzima citocromo oxidase remove um elétron de cada uma das quatro moléculas
reduzidas de citocromo c, oxidando-as a citocromo c férrico, e adiciona os quatro
elétrons ao O, para formar agua (de 95 a 98% dos 85% utilizado pela mitocéndria).
Os 2 a 5% restantes sao reduzidos univalentemente em metabdlitos classificados
entre as espécies reativas de oxigénio (Figuras 3 e 4) (SCHNEIDER; OLIVEIRA,
2004). A reagao, entao é:

O, +4H" + 4’2 2H,0

e neutrofilos e resposta inflamatéria (NADPH oxidase): os
neutrofilos sdo células importantes para a remogao de proteinas danificadas, restos
celulares, reparo de tecido danificado e resposta imune contra antigenos. Quando
recrutado para o foco de infecgdo, liberam basicamente dois fatores: lisoenzimas e

anion superoxido (O27), uma importante espécie reativa de oxigénio, produzida nesta
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situacao pela reducao univalente do O, na presenca de NADPH, em uma reacéao
catalisada pela enzima NADPH oxidase, um estado chamado de burst respiratorio
(FREEMAN; CRAPO, 1982).

e membrana plasmatica: a oxidacdo do acido araquidbnico por
enzimas ligadas a membrana, como no caso das cicloxigenases, envolve a
formagdo de radicais livres intermediarios e produtos bioativos como as
prostaglandinas, tromboxanos e leucotrienos (MASON et al., 1980).

e reticulo endoplasmatico:. as membranas do reticulo
endoplasmatico contém heme proteinas que podem oxidar acidos graxos
insaturados (CAPDEVILLA et al.,, 1981), drogas e substancias xenobidticas, ao
mesmo tempo que reduzem o dioxigénio (AUST; ROERIG; PEDERSON, 1972).

e peroxissomas: consideradas potentes fontes de H;O, (um
produto de reacao radicalar ao mesmo tempo que € substrato para a formacao de
novos radicais livres) por concentrar grande numero de oxidases (MASTERS;
HOLMES, 1977).

o fissdo homolitica: radicais também podem ser formados quando
uma ligagao covalente é quebrada se um elétron de cada par da ligagdo permanece
em cada atomo. A energia requerida para se dissociar uma ligagdo covalente pode
vir do aquecimento, luz ultravioleta, ou radiagcdo ionizante, por exemplo
(HALLIWELL; GUTTERIDGE, 2007).

Como os radicais livres sao continuamente formados em pequenas
quantidades pelos processos normais do metabolismo, todas as células possuem
mecanismos para mitigar seus efeitos agressores, conhecidos como antioxidantes
(SCHNEIDER; OLIVEIRA, 2004). A composicao das defesas antioxidantes difere de
acordo com o tecido e o tipo de célula (HALLIWELL; GUTTERIDGE, 1999).

Levando em consideracdo os conceitos de radicais livres e de
defesa antioxidante, chegamos ao termo estresse oxidativo, que € utilizado quando
o delicado balango entre produgdo de radicais livres e defesa antioxidante é
quebrado. Apesar de ser amplamente utilizado na literatura referente a radicais
livres, este termo ainda ndo € muito bem definido. Sies (1991) definiu o termo como
o “disturbio no balanco pro-oxidante/antioxidante, a favor do primeiro, levando a
potencial lesdao”. Tal dano é frequentemente chamado de dano oxidativo. Halliwell e

Gutteridge (2007) definem como “uma lesdo de biomoléculas causada por ataque de
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especies reativas geradas por constituintes de organismos vivos”. Nem toda lesao
causada por estresse oxidativo € lesao oxidativa. Uma lesdo oxidativa aumentada
pode resultar ndo somente de estresse oxidativo, mas também de faléncia nos
sistemas de reparo ou substituicdo. Em principio, estresse oxidativo pode resultar

de: diminuicdo de antioxidante, ou aumento na produgao de espécies reativas.

Figura 3 - A cadeia de transporte de elétrons da mitocondria animal. De forma
simplificada, durante a operacdo da cadeia de transporte de elétrons,
NADH ¢ oxidado a NAD" por um multicomplexo enzimatico conhecido
como NADH-coenzima Q redutase (também chamado de NADH
desidrogenase ou complexo 1), e os dois elétrons retirados sdo passados
a Coenzima Q10 (CoQ - ubiquinona). A enzima acido dihidroorético
desidrogenase também alimenta elétrons na cadeia de transporte em
varios pontos da CoQ10. A maquina de proteinas que transferem
elétrons a partir do succinato para a CoQ10 é chamada de complexo Il.
A partir do Q, os elétrons passam por outro complexo multiprotéico
(Coenzima Q-citocromo c¢ redutase ou complexo Ill, que contém
proteinas ferro-enxofre, mais citocromos b e c¢4) e pelo citocromo c.
Citocromos sao heme proteinas que aceitam elétrons permitindo que o
Fe(lll) localizado no centro do seu anel seja reduzida a Fé(ll). Diferentes
citocromos, designados por letras minusculas, contém diferentes
proteinas e diferentes grupos heme. Finalmente, o citocromo ¢ reduzido
€ reoxidado por outro complexo multiprotéico, citocromo c oxidase
(complexo 1V), que contém citocromo a, citocromo as, € cobre. Para
cada quatro elétrons retirados deste complexo, uma molécula de
oxigénio é completamente reduzida a duas moléculas de agua.
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Fonte: Adaptado de Halliwell e Gutteridge, 2007.

Figura 4 - Esquema simplificado da cadeia de transporte de elétrons mitocondrial,
indicando o caminho da transferéncia de elétrons (em preto) e a bomba
de prétons (em vermelho). Elétrons séo transferidos entre os complexos
| e lll e através da CoQ na membrana, e entre os complexos Ill e IV
através do citocromo ¢ da interface da membrana. O complexo Il (n&o
mostrado) transfere elétrons do succinato para a CoQ

Cormpleso |

Cormplxe [11

Espuca
Intermennbrana

Membeana

Mitocoridmal

Mlatzix

Fonte:http://prolina.df.ibilce.unesp.br/valmir/bioquimica/cadeia_transp_e/index.html&usg=__ gKrw
Wzi76F725UY4FGlIOtbxaD4=&h=779&w=747 &sz=45&h|=pt-



br&start=2&zoom=1&itbs=1&tbnid=gQE_
XkbidDGNjM:&tbnh=142&tbnw=136&prev=/images%3Fq%3Dwww.df.prolina%26h1%3Dpt-

br%26gbv%3D2%26tbs%3Disch:1

1.2.2 Espécies Reativas de Oxigénio (EROs) e Nitrogénio (ERNs)

Em razdo de sua configuragdo eletrénica, o oxigénio tem forte
tendéncia a receber um elétron de cada vez. Por este motivo, os radicais livres, na
sua maioria, sao derivados do metabolismo do oxigénio e séo encontrados em todos

os sistemas bioldgicos. Diversos tipos de EROs encontram-se apresentados na

Tabela 1.

Tabela 1 - Diferentes tipos de radicais livres

Comentarios/exemplos

Nome Formula
Hidrogénio H

radical

Triclorometil CCly’
Superdxido 0"
Hidroxil OH’
Tiil/Pertiil RS'/RSS’
Peroxil/Alcoxil RO,, RO’
Radicais CgHsN=N"
centrado no

nitrogénio

Radical clorina CI’

O radical mais simples.

Um radical carbono-centrado (o elétron
desemparelhado reside no carbono). Formado durante
o metabolismo do CCl,; no figado, contribuindo para
seu efeito téxico. Radicais carbono usualmente
reagem rapidamente com O, formando radicais
peroxil.

Um radical centrado no oxigénio.

Um radical centrado no oxigénio altamente reativo.
Radicais com elétron desemparelhado residindo no
enxofre,

Radicais centrados no oxigénio, formados (entre
outras rotas) durante a quebra de peroxidos organicos.
O exemplo apresentado é a fenildiazina radical,
formada durante a oxidacao da fenilhidrazina. Radicais
centrados no nitrogénio sdo frequentemente usados
para medir capacidade antioxidante total.

Produzido por fissdo homolitica da clorina
(p.ex. luz UV).
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Fonte: Adaptado de Halliwell e Gutteridge, 2007.

As espécies reativas de oxigénio (EROs) mais importantes em meios
bioldgicos sao:

e radical superoxido (O.7): é formado em todas as células
aerobias. Cerca de 5% do oxigénio consumido € reduzido a radical anion
superoxido, uma forma muito comum de formacdo de radicais livres nos meios
bioldgicos. O radical superdxido é produzido durante a ativagdo maxima de
neutroéfilos, mondcitos, macréfagos e eosinodfilos no burst respiratéorio (HALLIWELL;
GUTTERIDGE, 1985). A adigdo de um elétron a uma molécula de oxigénio no

estado fundamental gera radical superéxido (O27):

0,+6 — O

e radical hidroperoxila (HO;): representa a forma protonada do
radical superoxido. Existem evidéncias de que o radical hidroperoxila seja mais
reativo que o superdxido por sua maior facilidade em iniciar a destruicdo de
membranas biologicas (HALLIWELL; GUTTERIDGE, 1990).

e peroxido de hidrogénio (H20): o superdxido, ao receber mais
um elétron e dois ions hidrogénio, forma H,0O, através de dismutagédo. Essa reagéo é
catalisada pela enzima superoxido dismutase (SOD).

20,7 +2H 3° H,0,

Apesar de ndo ser um radical por n&o possuir elétrons
desemparelhados, o peréxido de hidrogénio € de grande importancia na leséo
celular, pois na presenga de metais de transi¢ao (como o Fe2+), € capaz de gerar
produtos mais reativos, como o radical hidroxil (pela reacdo de Fenton Haber-Weiss)
(HALLIWELL; GUTTERIDGE, 1989).

e radical hidroxila (OH®): altamente reativo, promove a modificagdo
de bases puricas e pirimidicas, levando a mutagénese (HALLIWELL; GUTTERIDGE,
1990). Pode ainda inativar varias proteinas (enzimas e constituintes de membranas
celulares) ao oxidar seus grupos sulfidrilas (SH) a pontes dissulfeto (SS). Também
pode iniciar a oxidacado dos acidos graxos polinsaturados das membranas celulares
(lipoperoxidagao) (FERREIRA; MATSUBARA, 1997).
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Devido a sua alta reatividade, combina-se rapidamente com metais de
transicdo ou outros radicais no préprio sitio onde € produzido. O radical
hidroxila pode ser formado também através de reacbdes na presenca de
metais de transigcdo (como o Fe** e Cu*) com o peréxido de hidrogénio, via
reacao de Fenton-Haber-Weiss (HALLIWELL; GUTTERIDGE, 1989):

Fe** + 0, — Fe*" + O,
Fe* + H,0, — Fe*" + OH + OH®

02. + H,0, — OH_ + 0, + OH*

e oxigénio singlet ('0O,%): é a forma excitada de oxigénio molecular
e ndo possui elétrons desemparelhados em sua Ultima camada. O '0,* tem
importancia em certos eventos bioldgicos, mas poucas doengas foram relacionadas
a sua presenga (HALLIWELL; GUTTERIDGE, 1990).

Em funcdo de sua aumentada reatividade com biomoléculas, as
EROs em geral sdo capazes de alterar tamanho e forma dos compostos com os
quais interagem (FISCHER, 1987).

O 6xido nitrico (NO) também é considerado uma fonte de geragao
de Radicais Livres. Ha aproximadamente 20 anos, o 6xido nitrico ((NO) tem sido
tema de intensa pesquisa visando a compreensao de seu envolvimento em
processos fisioldgicos e fisiopatoldgicos (ZHOU; BERNHARD, 2005). Existem varias
enzimas envolvidas na liberagdo ou na sintese de 'NO, como a nitrito redutase
(CUTRUZZOLA, 1999), a xantina oxidase (XO) (MILLAR et al., 1998), e enzimas que
agem sobre doadores de ‘NO (FEELISCH, 1998).

O 'NO ¢ sintetizado a partir do aminoacido L-arginina por muitos
tipos celulares. A sintese ocorre a partir da enzima oxido nitrico sintase (NOS), que
pertence a superfamilia das monooxigenases, sendo estruturalmente semelhante as
isoenzimas do citocromo P450. Estas enzimas, nas formas ativas, sdo tetrameros
formados por dois monémeros de NOS e dois monémeros de calmodulina (CaM).
Além da CaM, estas enzimas possuem co-fatores fortemente ligados: (6R)-5,6,7,8-
tetra-hidrobiopterina  (BH4), flavina adenina dinuclecotidio (FAD), flavina
mononucleotideo (FMN) e ferro porfirina IX (heme). A NOS converte L-arginina em
‘NO e L-citrulina utilizando NADPH (POWERS; JACKSON, 2008).
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Trés isoformas distintas de NOS tém sido identificadas como
produtos de diferentes genes, apresentando localizag&o, regulagéo, sensibilidade a
inibidores e propriedades cataliticas caracteristicas: neuronal (nNOS), encontrada
primeiramente no tecido neural, mas também presente em muitos tipos celulares;
endotelial (eNOS), originalmente descrita no endotélio; e induzivel (iNOS),
predominantemente encontrada em condi¢des inflamatorias (ALDERTON; COOPER,;
KNOWLES, 2001). Alguns autores classificam de outra forma: as isoformas da NOS
sendo agrupadas em duas categorias, a NOS constitutiva (c-NOS), dependente de
ions célcio (Ca™) e de calmodulina, que esta envolvida na sinalizacéo celular, e a
NOS induzivel (i-NOS), produzida por macréfagos e outras células ativadas por
citocinas. A c-NOS e a i-NOS diferem quanto ao peso molecular, a forma de ativagao
e a capacidade de sintese de NO. A isoforma constitutiva compreenderia a NOS
neuronal (n-NOS, tipo |), presente normalmente nos neurdnios, € a NOS endotelial
(e-NOS, tipo Ill), presente normalmente nas células endoteliais vasculares e nas
plaquetas (DUSSE; VIEIRA; CARVALHO, 2003). Os efeitos fisioldgicos do ‘NO sao
determinados pela atividade da cNOS, enquanto os citotdéxicos estdo geralmente
associados com a expressdo de iNOS (LIAUDET; SORIANO; SZABO, 2000).

Em algumas circunstancias, a NOS catalisa a sintese do anion
superoxido (PORASUPHATANA,; TSAI; ROSEN, 2003). Estudos in vitro demonstram
que a nNOS possui maior propensao a produzir superoxido sob concentragdes sub-
saturadas de L-arginina ou BH; (POU et al., 2010), ou na presenca de alguns
inibidores de NOS, como o NG-monometil-L-arginina (L-NMMA) (KLATT et al.,
1993), enquanto que a cNOS parece sintetizar quantidades detectaveis, porém
baixissimas de O, (~500 nmol / minuto / mg) (LIST et al., 1997). Todas as isoformas
de NOS sao capazes de gerar 0,7, o que ndo se sabe ainda é se este fendbmeno
acontece fisiologicamente (ALDERTON; COOPER; KNOWLES, 2001). Em virtude
da rapida reacdo entre ‘'NO e O,", a sintese de ambas as espécies pela mesma
enzima possibilita a formagao de peroxinitrito (ONOOQO"), ou a liberagdo de ambas as
espécies. O ONOO" é considerado uma das espécies reativas de nitrogénio (ERNs)
altamente lipoperoxidante envolvida em diversas condigdes patologicas
(HALLIWELL; GUTTERIDGE, 2007).

O 'NO se liga rapidamente a alguns metais de transigéo, tal como o
ion ferro na guanil ciclase, ativando esta enzima e resultando na formacgédo de

monofosfato ciclico de guanosina (cGMP). Esta ligagdo do ‘'NO com o ferro, ndo
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somente se constitui no seu maior mecanismo de ag¢do, mas também parece
desempenhar um papel maior na sua inativagdo e remogao através da sua ligagcéo

ao ferro da hemoglobina.

0;"+NO — ONOO — ONOO +H — OH’

A reacdo do superdxido com o ‘NO para produzir peroxinitrito ocorre
aproximadamente trés vezes mais rapido do que a dismutagcdo do superoxido para
produzir peréxido de hidrogénio, e até mesmo mais rapido do que a reagdo do ‘NO
com proteinas heme. Portanto, esta é a reacdo que acontece quando ambos estao
presentes (POWERS; JACKSON, 2008).

O peroxinitrito (ou sua forma protonada ONOOH) é um forte agente
oxidante e pode levar a deplecdo de grupos tiol, lesdo de DNA, e nitracdo de
proteinas. Um efeito adicional da formagcdo de ONOO é a diminuicdo da
biodisponibilidade de superoxido e 'NO. Além do ‘NO e do ONOO existem outras
ERNs menos conhecidas, como o N,O3 as quais sdo conferidas muitas das acdes
desta familia de compostos (POWERS; JACKSON, 2008).

1.2.3 Capacidade Antioxidante

Uma substancia é considerada antioxidante quando, em baixas
concentragcbes (comparadas aquelas de um substrato oxidavel), diminui
significativamente ou inibe a oxidagcdo daquele substrato (HALLIWELL;
GUTTERIDGE, 1990).

Existem varios mecanismos de defesa naturais constituindo o
sistema de defesa antioxidante. Este sistema é formado por enzimas e substancias
antioxidantes. Como defesa quimica, as vitaminas E, C e o acido urico sao
exemplos. O plasma humano e de animais apresentam efeitos antioxidantes
significativos que, em larga extensao, sdo exercidos por estes compostos. Proteinas
como ceruloplasmina, transferrina e ferritina também podem atuar como
antioxidantes (HALLIWELL; GUTTERIDGE, 1989).

Dentre as enzimas, destacam-se a superoxido dismutase (SOD)
(presente em organismos aerébios), a catalase, e a glutationa peroxidase (GSH-Px).

As enzimas antioxidantes constituem o principal mecanismo de defesa antioxidante
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intracelular, prevenindo as reagdes em cadeia desencadeadas por estas espécies
quimicas (FERREIRA; MATSUBARA, 1997). Abaixo encontramos a descricdo dos
principais sistemas antioxidantes:

e superoxido dismutase (SOD): A primeira defesa contra o radical
superoxido é a enzima superoxido dismutase (SOD). Nos mamiferos, existem duas
isoenzimas de SOD: a Cu-Zn-SOD (citosdlica) e a Mn-SOD (mitocondrial). Catalisa a
dismutagdo do radical O,* em H,O, na presenca de proton H* (HALLIWELL;
GUTTERIDGE, 1989).

2H" + 0" %8P H,0,

e Catalase: E uma hemeproteina citoplasmatica que catalisa a
reacao

CAT
2 H,O, — 2H,0 + O,

A catalase (CAT) é encontrada em todos os 6rgaos, principalmente
nos hepatdcitos e eritrécitos, e esta também presente em grandes concentragdes
nos peroxissomas e em baixas concentragbes nas mitocondrias (HALLIWELL;
GUTTERIDGE, 1989).

e Sistema glutationa peroxidase/glutationa redutase (GSH-
Px/GSH-Rd): a glutationa peroxidase (GSH-Px), responsavel pela detoxificacdo do
H,O,, possui menos especificidade para o substrato, sendo capaz também de
reduzir hidroperoxidos organicos a alcool. Nas duas reacgbes catalizadas pela GSH-
Px, a glutationa reduzida (GSH) funciona como agente redutor, ou seja, doador de
elétrons:

GSH-Rd
H,0, + NADPH + H" — 2GSH + NADP*

A GSH-Rd €& uma proteina dependente de NADPH e, portanto,
também depende da integridade da via das pentoses. Sob condi¢gbes de diminuigéo
de fornecimento de NADPH, como no jejum e na deficiéncia de glicose-6-fosfato
desidrogenase (G6PD), ha prejuizo na funcdo de GSH-Rd (MATSUBARA;
MACHADO, 1991).
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e Antioxidantes n&o-enzimaticos (ANE): existem numerosos
antioxidantes nao-enzimaticos em diversos tipos celulares, cujas a¢des foram bem
descritas em diversas revisdes de literatura (JI, 1999; DICKINSON; FORMAN, 2002;
GLANTZOUNIS et al., 2005). Entre os ANE mais conhecidos encontram-se a GSH, a
bilirrubina, o acido urico, e as vitaminas, destacando-se as A, C e E.

Figura 5 - Representagao esquematica do sistema antioxidante enzimatico.

4 0, + Hy O
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SOD
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+
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1.2.4 Mecanismos de Lesdo a Alvos Celulares Por Estresse Oxidativo:

Lipoperoxidagao e Dano Protéico.

Uma vez que os radicais livres podem iniciar uma cadeia de reagdes
em algumas moléculas biolégicas, um numero de outras espécies radicalares é
formado como parte deste processo. Um exemplo destas espécies radicalares
secundarias inclui os radicais formados durante a peroxidagao lipidica.

A peroxidacéo lipidica é definida como “a deterioragdo de lipidios
poliinsaturados”. Acidos graxos poliinsaturados sdo aqueles que contém duas ou
mais ligacdes duplas entre carbonos. Acidos graxos monoinsaturados ou saturados
também podem ser oxidados, sendo este um evento mais dificil de ocorrer
(HALLIWELL; GUTTERIDGE, 2007).

As membranas celulares e de organelas contém grandes
quantidades de cadeias laterais de acido graxos poliinsaturados (Quadro 1). Sao,
portanto, juntamente com proteinas de membrana, alvos constantes do ataque de

radicais livres as membranas.
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A bicamada lipidica é a estrutura basica de todas as membranas
biolégicas e € composta de lipidios e proteinas. A peroxidacéo lipidica de acidos
graxos polinsaturados como o acido araquiddnico ocorre por meio de multiplos
estagios. O radical hidroxil inicia a peroxidagao abstraindo um atomo de hidrogénio
do carbono do grupo metileno localizado na cadeia lateral. Inicialmente, esta
abstracdo forma um radical lipidico centrado no carbono, e agua (HALLIWELL,
CHIRICO, 1993). O radical formado possui um elétron desemparelhado que se
estabiliza por rearranjo molecular formando um dieno conjugado. Na presenca de
oxigénio, o dieno forma o radical peroxil (LOO’, onde L é o &cido graxo
polinsaturado), o qual pode por sua vez, reagir com outro acido graxo, formando um
outro radical, promovendo assim uma das caracteristicas mais marcantes dos
radicais que € a reagdo em cadeia. A geracdo de um radical lipidico é terminada
pela reagao de dois radicais ou quando encontra um antioxidante. Pode também ser
reduzido a um peroxido ciclico ou endoperéxido e outros produtos da terminacao
(Figura 6). A peroxidacao lipidica pode resultar em degeneracdo da estrutura da
membrana e perda de fungdo das proteinas (GIROTTI, 1985). O desarranjo
estrutural da bicamada lipidica altera sua fluidez e rigidez. Isso permite que
proteinas incrustradas na membrana sejam mais diretamente atacadas, alterando
atividades essenciais das mesmas, como atividade de enzimas intrinsecas e
transportadores, e/ou diminui¢ao da relacao ATP/ADP (POWERS; JACKSON, 2008).

Quadro 1 - Algumas ocorréncias naturais e comuns dos acidos graxos
? nimero de carbonos na cadeia: nimero de duplas ligagoes.

Abreviagao® Nome comum Exemplos de ocorréncia

16:0 Palmitato Gorduras e dleos naturais, principalmente
6leo de palmeira.

18:0 Acido estearico Gorduras e oleos naturais, principalmente
na carne.

18:1 Acido oleico Gorduras e oleos naturais, principalmente
Oleo de oliva.

18:2 Acido linoleico Disseminado, mas principalmente em
Oleos de sementes.

18:3 Acido a-linoléico Folhas de plantas, alguns oleos de
sementes.

20:4 Acido araquidénico Membranas animais

20:5 Acido eicosapentaenoico Oleos de peixes
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22:6 Acido docosahexaenoico Oleos de peixe, cérebro de mamiferos,
retina.

Fonte: Adaptado de Halliwell e Gutteridge, 2007.

A liberagao de enzimas hidroliticas e a formag¢ao de produtos toxicos
(como o malondialdeido) potencializam o dano celular iniciado por radicais livres
(FERREIRA; MATSUBARA, 1997; RHODEN et al.,1998;).

Proteinas também podem ser lesadas pelo ataque direto de radicais
livres, ou por meio de ligagdes entre os produtos finais da cadeia de lipoperoxidagao,
como o 24-hidroxinonenal, ou por glicacdo/glicoxidacdo (HALLIWELL,
GUTTERIDGE, 2007). Além disso, varios estudos apontam para o estresse oxidativo
como modulador de vias proteoliticas dependentes (GOLL et al., 2003;
PURINTRAPIBAN; WANG; FORSBERG, 2003; DU et al., 2004) e independentes de
calcio (GOMES et al., 2001; LI et al., 2003).

Figura 6 - Estagios de iniciagdo e propagacao da peroxidacao lipidica a partir do
acido araquidénico. MDA — malondialdeido.
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Fonte: Adaptado de Halliwell e Gutteridge, 2007.

1.3 ESPECIES REATIVAS COMO MODULADORAS DE PROCESSOS BIOLOGICOS

Muitos estudos indicam que as EROs sdo importantes
mensageiros das vias de sinalizagdo, envolvidas na adaptagao celular (ALLEN;
TRESINI, 2000). Enquanto altas concentragdes de radicais livres podem lesar
componentes celulares, niveis baixos a moderados podem desempenhar multiplas
funcdes regulatorias em vias de sinalizagéo celular, como o controle da expresséo
génica, e modulagao da fungdo do musculo estriado. A sinalizagdo da expressao por
EROs contribui para a adaptagcdo de fibras musculares em resposta tanto ao
aumento da atividade contratii (como no exercicio fisico), quanto em periodos
prolongados de desuso (como na imobilizagdo do musculo estriado esquelético).
Este paradoxo na sinalizacdo quanto a fungcdo das EROs deve-se provavelmente a
diferengas tanto na magnitude, quanto no padrao temporal da produgcao de radicais
livres (POWERS et al., 2010).
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O estresse oxidativo provoca modificagcdo no potencial redox da
célula que conduz a mudangas nos padrbes de regulagdo da sinalizagdo da
expressao génica. O que se sabe € que a sinalizagdo redox pode influenciar uma
série de ativadores transcricionais, levando a alteragdes na expressdo génica e
mudancas no fenétipo da célula. Estas mudancgas seriam especificas para cada tipo
celular ou grupo de células. De maneira geral, o principal mecanismo pela qual a
sinalizagcdo redox controlaria a expressdo génica seria através do controle das
quinases e fosfatases pela fosforilacido/desfosforilacdo de proteinas ou peptideos
responsaveis por sua vez, pelo aumento ou a ativacdo de fatores de transcrigao
(CHIARUGI; CIRRI, 2003; TORRES; FORMAN, 2003). Por exemplo, as EROs sao
conhecidas por ativar o fator de transcricdo nuclear k-B (NF-kB) (KANDARIAN;
JACKMAN, 2006), e isso parece ser fundamental no entendimento da adaptacéao

celular do musculo estriado, tanto em estados fisioldgicos, quanto patoldgicos.

1.3.1 Regulagéo de Fosfatases e Quinases por EROs

Uma das mais importantes familia de proteinas quinase sao aquelas
ativadas por mitégenos (MAPK, do inglés mitogen-activated protein kinase), que sé&o
ativadas por EROs e associadas a adaptacdo celular, principalmente no musculo
estriado. Sabe-se que as MAPKs desempenham um papel chave na sinalizagao
celular pela ativagdo ou desativagdo de proteinas regulatérias, via fosforilacdo
(CUSCHIERI; MAIER, 2005). Estas quinases estdo envolvidas, por exemplo, nas
decisbes de vida e morte celulares em resposta a varios estimulos dentre os quais
se destacam as EROs (MATSUZAWA,; ICHIJO, 2005).

Todas as células eucarioticas possuem multiplas vias MAPK. As trés
subfamilias que foram mais bem caracterizadas sao: (1) quinase c-Jun N-terminal
(JNK); (2) p38 MAPK; (3) de sinal extracelular regulado por quinase (ERK, do inglés
extracellular signal-regulated kinase) (CHEN et al., 2001). Todas as trés vias séo
estruturalmente similares, mas funcionalmente distintas. O mais importante é que
evidéncias demonstram que todas elas sado ativadas por estresse oxidativo e podem
participar de vias que influenciam a degradacdo de proteinas ou apoptose
(TORRES; FORMAN, 2003; LI et al., 2005). A ativagdo classica da cascata das
MAPK ¢é constituida de trés ativacbes de proteinas quinases intracelulares

sequenciais, levando a ativagao de outras numerosas proteinas quinases, proteinas
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nucleares e fatores de transcri¢cao, resultando em ativagcado da transducao de sinal
(CUSCHIERI; MAIER, 2005) em favor da sintese protéica. Uma breve descrigdo do
envolvimento de EROs com as fungdes de ERK, p38, e JNK segue abaixo:

e sinais extracelulares regulados por quinases 1 e 2 (ERK 1 e 2): a
primeira identificada e melhor estudada cascata de MAPK foi a via ERK
(CUSCHIERI; MAIER, 2005; MELOCHE; POUYSSEGUR, 2007). As ERK séao
constituidas de duas isoformas, ERK1 e ERK2. As ERK 1 e 2 podem ser ativadas
por um numero de mitdégenos, incluindo fator de crescimento epidermal, fator de
crescimento derivado de plaquetas e EROs (CUSCHIERI; MAIER, 2005). A ativagéo
de ERK 1 e 2 por estresse oxidativo é consistente com a hipétese de que niveis
baixos e adequados de EROs s&do mitogénicos (Ql; ELION, 2005). A ativacao de
ERK 1 e 2 regula a atividade transcricional do fator ativador de proteinas (AP-1), os
oncogenes c-Myc e Bcl-2, envolvidos na sobrevivéncia mitocondrial (Ql; ELION,
2005). Normalmente, a ativacdo de ERK 1 e 2 promove adaptagao celular em favor
da sobrevivéncia (CHEN et al., 2001).

e p38MAPK: importante membro da familia MAPK, ativada em
resposta a varios estresses fisiolégicos, como estresse osmotico, endotoxinas e
EROs (CHEN et al., 2001). Uma importante ligacdo com o estresse oxidativo e a
ativagdo da p38 ocorre via ASK-1 (do inglés apoptosis-stimulating kinase 1)
(MATSUZAWA,; ICHIJO, 2005). ASK-1 (do inglés, apoptosis signal-regulating kinase
1) € um membro da familia de MAPK capaz de ativar p38 e JNK por fosforilagéo.
Cinco isoformas de p38 foram identificadas: p38a, p38[3, p38B2, p38y, e p380, e a
expressao delas varia de acordo com o tecido (Quadro 2).

Entre os alvos da fosforilagdo a partir do p38 estdo importantes
fatores transcricionais, incluindo p53, e NF-kB. De particular importadncia para a
apoptose é o fato de que a ativacao da proteina supressora tumoral p53 resulta na
expressao da proteina pro-apoptética Bax. Aumento na expressao de Bax nas
células pode promover ativacdo de caspase-3 via mitocondrial (PRIMEAU,;
ADHIHETTY; HOOD, 2002). Além disso, a sinalizagdo via p38 pode promover a

expressao a favor da protedlise (LI et al., 2005).
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Figura 7 - llustracao da interacao das quinases e fosfatases na regulacao de fatores
de transcricdo e subsequente sintese protéica.
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Fonte: Adaptado de Powers et al., 2010.

Quadro 2 - Isoformas de p38 e diferentes tecidos onde sdo expressas.

Isoforma Ocorréncia

P38a Medula 6ssea e leucdcitos
P38 Coracgao e cérebro

P38[2 Coracao e cérebro

P38y Musculo estriado esquelético
P38 Queratindcitos

Fonte: Adaptado de Powers et al., 2010.

e quinase c-Jun N-terminal (JNK): a quinase c-Jun N-terminal

(também conhecida como quinase induzida por estresse) também possui trés

isoformas: JNK1, JNK2, e JNKS3, que sdo codificadas por trés diferentes genes.



44

Todas elas podem ser ativadas em resposta aos mesmos estimulos capazes de
ativar p38, incluindo estresse oxidativo (POWERS et al., 2010). Além disso, como a
p38, a ativagdo de JNK via estresse oxidativo acontece via ASK-1 (SHEN; LIU,
2006).

Os alvos moleculares especificos de JNK incluem muitos fatores
transcricionais, existindo evidéncias de que elas possam desempenhar um
importante papel na apoptose mediada por estresse oxidativo. Ainda, sendo as
EROs incapazes de ativar caspases por si s6, a apoptose mediada por EROs requer
uma via alternativa de sinalizagao, que inclui as JNK (MATSUZAWA; ICHIJO, 2005).

Mudangas no estado de fosforilagdo de moléculas de sinalizagéo
desempenham um importante papel no controle da adaptacdo celular. Neste
aspecto, € importante entender que o estado de fosforilacdo de proteinas
regulatorias e/ou ativadores transcricionais é regulado ndo somente por atividade de
quinases, mas também por mudangas na atividade de fosfatases. Em geral, as
fosfatases sdo divididas em duas maiores classes: fosfatases serina/treonina e
fosfotirosina, ambas conhecidas por serem redox sensiveis em diferentes tipos
celulares (POWERS et al., 2010).

As fosfatases serina/treonina, nomeadas pelos residuos de
aminoacidos de onde os grupos fosfato sdo removidos, contém ions de metais
sensiveis a oxidacao. Inibidores de fosfatases serina/treonina tém demonstrado
ativar NF-kB, outro fator de transcricdo redox sensivel (SEN; TRABER; PACKER,
1996). De maneira similar as primeiras, a fosfotirosina fosfatase também ¢é
suscetivel a inativacido induzida por oxidacao. A sensibilidade se deve por conterem
um residuo de cisteina conservado em seu sitio ativo, sendo que a sua oxidacao
leva a inativagcdo da enzima (TONKS, 2005). Uma subclasse de fosfatases
fosfotirosina, chamada de duplamente especifica, pode remover fosfatos de ambos
os tipos. Esta subclasse contém duas cisteinas em seus sitios ativos, levando a
inativagdo das enzimas durante condigbes de oxidagdo (POWERS et al., 2010). A
familia de MAPK também é regulada por um grupo de fosfatases duplamente
especificas, que inativam MAPKs por meio da clivagem de seus grupos fosfato
(CAMPS; NICHOLS; ARKINSTALL, 2000).
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1.4  BALANCO REDOX E SINALIZAGAO CELULAR

Outra importante ligagdo entre EROs, sinalizagdo celular e
remodelamento, envolve a regulagdo redox da familia de ativadores transcricionais
do NF-kB. Evidéncias tém indicado que o NF-kB regula a expressao de mais de 150
genes, e pesquisas recentes tem identificado alvos especificos requeridos para o
remodelamento celular, principalmente no que diz respeito ao musculo estriado
esquelético (KRAMER; GOODYEAR, 2007).

O Fator Nuclear-kB (NF-kB) abrange uma familia de cinco fatores de
transcricdo (p65, p50, Rel B, c-Rel, e p52). Duas destas proteinas precisam se
dimerizar para facilitar a ligacdo do NF-kB ao DNA que, quando ativado, pode
promover uma série de resultados, dependendo do tipo celular (JACKMAN;
KANDARIAN, 2004). No musculo estriado, todos os cinco membros da familia sao
expressos, mas evidéncias recentes sugerem que as subunidades p65 e p50 s&o
responsaveis pela maior parte da atividade do NF-kB no tecido (JACKMAN;
KANDARIAN, 2004).

Em células nao estressadas, a localizagao nuclear da sequéncia do
NF-kB é ligada a proteina inibitéria IkB no citosol, que previne a dimerizagdo da p65
e p50, e consequentemente o seu movimento para o nucleo. No entanto, aumento
de EROs no citosol pode ativar a IkB-a quinase (IKK), resultando na fosforilagdo da
IkB (Figura 8) (KABE et al., 2005).

Apesar de as EROs poderem promover a ativagcdo no NF-kB e
subsequente expressio génica, a atividade de ligacdo ao DNA do NF-kB oxidado é
diminuida, sugerindo que as EROs também podem inibir a atividade transcricional
do NF-kB (KABE et al., 2005). Portanto, pode-se perceber que o estresse oxidativo
pode tanto promover, quanto inibir a ativagao transcricional do NF-kB, o que tem
levado a um debate com relagéo ao seu controle redox e sinalizacdo (PANTANO et
al., 2006).
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Figura 8 - Representagdo esquematica da ativagdo do NF-kB e sinalizagdo da
transcricao celular.
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1.4.1 Regulagédo da Massa Muscular Esquelética por EROs

Muitos sistemas proteoliticos contribuem para a degradacédo de
proteinas musculares. As proteases mais investigadas no musculo estriado
esquelético sdo as proteases lisossomais, as proteases ativadas pelo Ca** (ou
calpainas) e o sistema proteasomal (POWERS et al., 2004).

Apesar de as proteases lisossomais serem ativadas no musculo
estriado esquelético, levando a atrofia, a importdncia destas proteases parece
limitada (FURUNO; GOLDBERG, 1986). Evidéncias apontam que tanto as
calpainas, quanto o sistema proteasomal desempenham papel importante na perda

protéica durante a atrofia (IKEMOTO et al.,, 2001). Estudos revelam que outra
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protease, a caspase-3, também pode contribuir para formas especificas de atrofia
muscular (DU et al., 2004).

As proteinas musculares (50-70%) existem em forma de complexos
de actina e miosina. Enquanto o sistema proteasomal pode degradar formas
monomeéricas de proteinas contrateis (ou seja, actina dissociada da miosina), as
proteases lisossomais ndo degradam complexos intactos de actina-miosina
(TIDBALL; SPENCER, 2002). Essa observacdo sugere que a liberagdo de
miofilamentos seja o limite para ativagdo da degradacao protéica. Alguns trabalhos
indicam que tanto as calpainas quanto a caspase-3 sdo capazes de produzir
dissociagado dos complexos de actina-miosina (DU et al., 2004; GOLL et al., 2003). A
ativagdo de uma ou ambas as proteases € necessaria para a degradagao protéica
de miofilamentos durante a perda muscular.

e protedlise mediada por calpainas: as calpainas (I e Il) sédo
proteases com um grupo cisteina, dependentes de Ca®*, que sdo ativadas no
musculo estriado esquelético durante o desuso ou estados patoldgicos (GOLL et al.,
2003). Apesar de as calpainas ndo degradarem diretamente as proteinas contrateis,
liberam proteinas sarcoméricas pela clivagem de proteinas do citoesqueleto (como
titina e nebulina) responsaveis pela ancoragem dos elementos contrateis
(PURINTRAPIBAN; WANG; FORSBERG, 2003). A atividade das calpainas é
regulada por muitos fatores, incluindo calcio citosdlico e concentragdao de
calpastatina, um inibidor endégeno de calpaina (GOLL et al., 2003). Além disso, a
atividade da calpaina pode ser aumentada por qualquer fator capaz de elevar
concentracdes de calcio citosolico e/ou diminuir niveis de calpastatina. Sabe-se que
a inatividade muscular esta associada com sobrecarga de calcio e ativagao de
calpaina (KOURIE, 1998). Apesar de 0s mecanismos responsaveis por esta
sobrecarga de calcio ainda serem desconhecidos, € provavel que haja envolvimento
de EROs no disturbio idbnico das células (KONDO; NISHINO, ITOKAWA, 1994). Uma
explicacdo para esta hipotese é que a formagao de aldeidos provenientes da cadeia
de lipoperoxidagdo, como o 2,4-hidroxinonenal e o malondialdeido, reduzem a
atividade da Ca*-ATPase (SIEMS et al., 2003), retardando a remogdo do Ca®* do
meio intracelular, promovendo seu acumulo, e consequentemente ativando as vias
dependentes de calcio. A ativacdo do sistema de calpainas no musculo estriado

esquelético encontra-se resumida na Figura 9.
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Figura 9 - llustragao da liberacdo de miofilamentos mediada por calpaina na atrofia.

Actina Miosina

Nebulina

[ J
Titina

Linha Z — Calpainaina’(iva

Miofilamentos

intactos Ca?

@ Calpaina

!

[Calpastatina] |

Dissociagéao de
miofilamentos

ativa

Liberacao de
miofilamentos

FR
Degradacéo de Eﬂ — :’ .
miofilamentos ~%_ Aminoacidos

Proteasoma 20S/26S

Fonte: Adaptado de Powers et al., 2004.

e caspase-3 e atrofia muscular: numerosas vias de sinalizacao
podem levar a ativagao de um unico grupo de proteases denominado de “caspases”.
Juntas, as caspases sao endoproteases que degradam proteinas e, em alguns
casos, causam morte celular programada (apoptose). Na célula, as caspases s&o
expressas como precursores inativos chamados de pro-caspases (POWERS et al.,
2004). Evidéncias sugerem que a caspase-3 possa desempenhar um papel
importante na perda de massa magra desenvolvida no diabetes, promovendo
degradacgao dos filamentos de actina e miosina (no complexo). A supressdo da
atividade da caspase-3 suprime a perda de massa desencadeada pelo diabetes (DU
et al., 2004). O controle da caspase-3 € complexo e envolve muitas vias de
sinalizagcdo. No caso do diabetes, é possivel que a caspase-3 seja ativada pela
ativacdo da caspase-12 (via liberagao de calcio), e/ou ativagado da caspase-9 (via
mitocondrial). A chave da interacdo entre as vias de ativagcdo da caspase-3 € que
ambos os caminhos podem ser ativados por EROs (PRIMEAU; ADHIHETTI; HOOD,
2002). A liberagao de caélcio ativa caspase-3 por uma via de sinalizagao que culmina

na ativacdo da caspase-12. A ativagao da calpaina também pode contribuir para a
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ativacdo da caspase-3 via liberacao de calcio (Figura 10). A via mitocondrial de
ativacdo da caspase-3 € complexa e pode ser iniciada por numerosas interacoes
incluindko as EROs e um indice pro-apoptdtico alto na mitocdndria
(LEEUWENBURGH, 2003). As EROs podem levar a liberagdo do citocromo c,

resultando na ativagao da caspase-9 e na subsequente ativagao da caspase-3.

Figura 10 - Representacdo esquematica das vias de sinalizagdo que levam a
ativacdo de caspase-3, e que podem ser ativadas por estresse
oxidativo, aumentando caélcio intracelular e atividade de calpaina.
Existe interagdo entre as linhas. ROS — espécies reativas de oxigénio;
MPT — transicdo da permeabilidade mitocondrial; Cyt ¢ — citocromo c;
SR - reticulo sarcoplasmatico.
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Fonte: Adaptado de Powers et al., 2004.

e protedlise mediada pelo proteasoma: no sistema proteasomal de
protedlise, as proteinas podem ser degradadas pelas partes proteasomais 20S e
26S (GRUNE et al., 2003). A porgdo 26S do proteasoma € composta pela parte
central 20S com um complexo regulatério 19S (também chamado de PA700), que
possui atividade de ATPase e desempenha um papel importante na degradagao
ATP-dependente de proteinas ubiquitinadas (Figura 11). No 26S, a ubiquitina se liga
covalentemente aos substratos de proteina e os marca para degradacdo. As
proteinas ubiquitinadas sdo reconhecidas e ligadas pela parte 19S. A energia da

hidrélise do ATP remove as cadeias de poliubiquitina, liberando as proteinas que
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alimentam a porcao 20S, que, por sua vez, pode reconhecer proteinas
oxidativamente modificadas sem ubiquitinacdo (GRUNE; DAVIES, 2003). Parece
possivel que o estresse oxidativo de maneira isolada possa acelerar a quebra
protéica via 20S.

A ligacao de ubiquitina a substratos de proteina requer uma enzima
ativadora (E1), uma enzima conjugadora (E2), e, em muitos casos, uma enzima
ligadora tecido-especifica (E3). Duas E3, a atrogina-1 (também chamada de F-box)
e ring finger-1 sédo especificas do musculo, utilizadas em pesquisa como importantes

marcadores de perda de massa muscular (GOMES et al., 2001).

Figura 11 - Representagdo esquematica da via proteolitica ATP-ubiquitina-
proteasoma.
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Tem sido demonstrado que as EROs regulam a expressdo génica
destes componentes basicos do proteasoma (LI et al., 2003), assim como todas as
outras vias proteoliticas.

A primeira evidéncia de que os oxidantes desempenham um papel
na sinalizacdo da atrofia por desuso foi demonstrada por Kondo, Miura e ltokawa
(1991). Seus trabalhos mostraram que a imobilizagdo do musculo estriado
esquelético esta associada com aumento na producdo de EROs, resultando em

lesdo oxidativa nas fibras musculares inativas.
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Levando em consideragdo que calpainas e caspases sao ativadas
pelo calcio, um mecanismo que provavelmente liga estresse oxidativo com
sobrecarga de Ca’* é que a formagado de aldeidos induzida pelas EROs é capaz de
inativar a Ca®*-ATPase, diminuindo a remogao do calcio da célula, com conseqliente
ativacao das vias (KOURIE, 1998). Além disso, a via de Caspase-3 também pode
ser ativada diretamente por EROs, ou, indiretamente, ser ativada pela saida do
citocromo ¢ da mitocdndria, por meio da acdo de EROs (POWERS; KAVASIS;
McCLUNG, 2007). O envolvimento das principais vias proteoliticas e das espécies

reativas de oxigénio encontram-se resumidos na Figura 12.

Figura 12 - Espécies reativas de oxigénio sdo capazes de ativar varias vias
proteoliticas, incluindo calpainas, caspase-3 e o sistema proteasoma no
musculo esquelético. Fonte: Adaptado de Powers, et al. (2010).
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A atrofia por desuso ou em estados patoldégicos € um problema
clinico importante. Como visto, varias evidéncias vém demonstrando, que, em
situagdes fisioldgicas e de adaptagao ao exercicio, as espécies reativas de oxigénio
tém atuado como moduladoras de processos de ganho de massa muscular. Varias

linhas de evidéncias ligam EROs e perda de massa, via controle redox da protedlise.
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Um crescente numero de estudos sugere que antioxidantes ou inibidores de EROs
possam servir como agentes terapéuticos na reversdo total ou parcial da atrofia,

apesar de numerosas perguntas ainda permanecerem sem resposta.

1.4.2 Regulagdo da Massa Muscular Cardiaca por EROs

Varias sdo as doengas que promovem hipertensdo sistémica e
pulmonar. Dentre elas podem ser citadas diabetes, aterosclerose, arteriosclerose,
doencas renais e DPOC. Como dito a respeito da DPOC, também é comum, em
todas essas doengas que geram alteragdes pressoricas, aumento da massa
cardiaca e alteracdes no volume dos ventriculos.

Muitas sdo as semelhancas no que diz respeito ao controle de
ganho ou perda de massa muscular entre o0 musculo estriado cardiaco e o musculo
estriado esquelético. Durante anos, evidéncias tém sugerido que em muitas doengas
ou condigdes ambientais desfavoraveis, as massas cardiaca e muscular podem
estar ao mesmo tempo, aumentadas e reduzidas, respectivamente, uma condicéo
que pode ter consequéncias devastadoras para o estado geral do individuo. Por
outro lado, algumas formas de atividade fisica podem produzir, ao mesmo tempo,
ganho de massa nos dois tecidos. Claramente, estas duas situagbes culminam na
representacado de dois mecanismos envolvidos no balango das forgas que regulam a
massa muscular estriada (NADER, 2005).

Trabalhos tém demonstrado evidéncias do papel de uma molécula
chamada AKT1 na sinalizagdo, como moduladora, da expressao de dois importantes
genes envolvidos na progressdo do controle da massa muscular: as ja citadas
atrogin-1 e MuRF-1, e sua regulagdo por uma familia de fatores de transcricéo
chamados de Fork-head box O (FOXO). Novas evidéncias demonstram que as
expressdes de atrogin-1 e MURF-1 s&do controladas por uma rede de sinalizagdes
que culmina na FOXO e na sua regulagdo pela AKT1. Estes novos achados séo
importantes ndo somente do ponto de vista da atrofia, mas também no aspecto da
integracdo da rede de regulagao celular, criando um cenario onde uma molécula
chave que esta positivamente envolvida no crescimento celular (via sintese protéica)
quando no seu estado ativo, também se encontra negativamente envolvida na
regulacéo do processo oposto (degradagao protéica) (NADER, 2005). Tal interagao

sugere que a regulagcdo dinamica da massa muscular ndo seja simplesmente um
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balango entre sintese e degradacao de proteinas, mas um processo finamente
regulado.

Em geral, a hipertrofia muscular é o resultado de um aumento no
tamanho das fibras musculares ja existentes. Este aumento é refletido pelo aumento
na area de secgcao transversa destas fibras, que por sua vez acontece em
consequéncia do acumulo de proteinas contrateis na fibra. Como visto o processo
contrario, pela diminuicdo de fibras contrateis, acontece na atrofia (GLASS, 2003).
Alguns estudos recentes apontaram uma unica série de mecanismos de sinalizagéao
associados a hipertrofia muscular. O uUnico alvo é a maquinaria de sintese de
proteinas (RENNIE et al., 2004). Os trabalhos iniciais demonstraram que uma unica
série de exercicio de resisténcia, causando aumento subito da carga cardiaca, era
capaz de induzir aumento na sintese protéica por pelo menos 24 horas apds a
realizacdo da série (HERNANDEZ et al., 2000). Este aumento na sintese de
proteinas foi correlacionado com a ativagao da phosphoinositide-3-kinase (PI3K), da
mTOR (HERNANDEZ et al., 2000), e da AKT (NADER; ESSER, 2001). Em estudos
a partir de 2001 descobriu-se que a AKT se encontra no centro da rede de regulagao
e sua inativagdo permite a expressao de atrogin-1 e MuRF-1 e, possivelmente,
outros atrogenes. Estimulacdo muscular com outros agentes anabdlicos, como IGF-
1 levam a ativacdo da AKT e estimulo da sintese protéica via mTOR por inativar os
repressores da sintese de proteinas. Da mesma forma, agentes catabdlicos, como
glicocorticoides, resultam na inativagdo de AKT, levando a defosforilagdo da FOXO,
sua translocagao nuclear e subsequente regulacao dos atrogenes (NADER, 2005).
Este complexo mecanismo encontra-se resumido na figura 13.

LI, et al. (2004), mostraram a participagdo da atrogin-1 no musculo
cardiaco, por sua interacdo com a calcineurina, modulando o processo de hipertrofia

cardiaca.
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Figura 13 - Mecanismos de sinalizagao na hipertrofia e na atrofia.
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Fonte: Adaptado de Nader, 2005.

O fator mais obscuro nesta rede de sinalizagdo ainda é: quais os
fatores que permitem a ativagdo ou ndo da AKT1?

Devido a numerosas evidéncias mostrando a participacdo de
espécies radicalares na ativacdo e modulagdo da protedlise, alguns trabalhos
apontam para as EROs ou ERNs sendo responsaveis por esta atuagdo. Pouco tem
sido demonstrado neste sentido no que diz respeito ao musculo cardiaco,
principalmente na DPOC. Uma evidéncia neste sentido é o fato de proteinas de
choque térmico, conhecidas por sua agao antioxidante, terem sido encontradas onde
ha hipertrofia cardiaca. Kee e Hardeman (2008) demonstraram, em um modelo
experimental, a indu¢do de HSP70 na hipertrofia cardiaca. Shao et al. (2011)
mostraram haver carbonilacdo de proteinas em coragdes de animais diabéticos com
hipertrofia cardiaca.

Estas evidéncias levam a crengca de que as EROs e nitrogénio,
assim como no processo de atrofia, participam da sinalizagdo em favor da sintese
protéica e consequente hipertrofia muscular, tanto no musculo estriado esquelético,

quanto no musculo cardiaco.
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1.5 MODELOS EXPERIMENTAIS DE DPOC

Modelos animais de DPOC foram criticos nos ultimos anos para o
estudo da doencga. Gross e colaboradores, em 1965, demonstraram pela primeira
vez que a administragdo intratraqueal, em animais, de papaina resultava em
enfisema. Esta descoberta, combinada com achados clinicos de pacientes com
deficiéncia de a-1-antitripsina, formou a base da hipotese elastase-antielastase para
a patogénese da doenga (SHAPIRO, 2000). Hoje, 35 anos depois, esta ainda é a
teoria que prevalece para explicar o desenvolvimento do enfisema, e os modelos
animais de DPOC ainda permanecem uma ferramenta util.

Desde os experimentos iniciais, pesquisadores tém instilado uma
série de proteinases nos pulmdes de pequenos e grandes animais. A administragéo
de elastase pancreatica porcina (1-4 mg/kg) tem induzido o mais reproduzivel e
consistente alargamento dos espacgos alveolares em roedores, porcos da india,
cachorros, e primatas. Resulta em recrutamento agudo de neutréfilos, e acumulo
subagudo de macrofagos nos pulmdes. O alargamento dos espacgos alveolares
continua pelo primeiro més apods a instilagdo, e entdo se estabiliza (SHAPIRO,
2000). O modelo de enfisema provocado pela instilagdo de papaina tem sido usado
como uma ferramenta mais econdmica, produzindo resultados muito similares
(FUSCO et al., 2002).

Assim, a hipétese de trabalho formulada foi a seguinte: Ocorre uma
reducao dos niveis de antioxidantes e aumento de EROs e da protedlise na atrofia
do musculo gastrocnemio e inversamente, aumento dos niveis de antioxidantes e
diminuicdo de EROs e da protedlise na hipertrofia do musculo cardiaco, em modelo
experimental de DPOC. Com o propdsito de investigar esta hipotese, o presente
estudo foi delineado para verificar o envolvimento de EROs e protedlise no
desenvolvimento da perda de massa muscular esquelética, e ganho da massa
muscular cardiaca em hamsters com doencga pulmonar obstrutiva cronica induzida
experimentalmente. Os resultados resultaram na elaboracdo de dois artigos

cientificos.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Verificar o envolvimento de EROs no desenvolvimento da perda de
massa muscular esquelética, e ganho da massa muscular cardiaca em hamsters

com doenca pulmonar obstrutiva crénica induzida experimentalmente.

2.2 OBJETIVOS ESPECIFICOS

Avaliar, 60 dias apdés a inducdo experimental de enfisema em
hamster:

e Se o0 aumento de espécies radicalares na musculatura estriada
esquelética possui relagdo com ativacao da protedlise;

e Se o0 aumento de espécies radicalares na musculatura estriada
esquelética possui relagao com diminuicdo da massa muscular;

e Se o0 aumento ou diminuicdo de espécies radicalares na
musculatura estriada cardiaca possui relagdo com ativacéo da protedlise;

e Se o0 aumento ou diminuicdo de espécies radicalares na
musculatura estriada cardiaca possui relagdo com a hipertrofia cardiaca e o quadro
de cor pulmonale;

e Se existe diferenca entre o musculo estriado esquelético e o
musculo cardiaco no que diz respeito a adaptacao celular, nestas condi¢cbes e se

estas diferencas dependem da intensidade da lesao pulmonar.



57

REFERENCIAS

AASEBO, U.; GYLTNES, A.; BREMNES, R.M.; et al. Reversal of sexual impotence in
male patients with chronic obstructive pulmonary disease and hypoxemia with long-
term oxygen therapy. J Steroid Biochem Mol Biol, Oxford, v.46, p. 799-803, 1993.

ALDERTON, W. K.; COOPER, C. E.; KNOWLES, R. G. Nitric oxide synthases:
structure, function and inhibition. Biochem J, London, v. 357, n. 3, p. 593-615, Aug.
2001.

ALLEN, R. G.; TRESINI, M. Oxidative stress and gene regulation. Free Radical Biol
Med, New York, v. 28, n. 3, p. 463—499, Feb. 2000.

AUST, S. D.; ROERIG, D. L.; PEDERSON, T. C. Evidence for superoxide generation
by NADPH-cytochrome c-reductase of rat liver microsomes. Biochem Biophys Res
Commun, New York, v. 47, n. 5, p. 1133, June. 1972.

BARBU, C.; IORDACHE, M.; MAN, M.G. Inflamation in COPD: patogenesis, local
and systemic effects. Rom J Morphol Embr, Bucharest, v.52,n.1, p.21-27, 2011.

BARNES, P.J. Chronic obstructive pulmonary disease. N Engl J Med, Boston, n.4,
v.343, p.269-280, 2000.

BARNES, P.J.; ITO, K.; ADCOCK, I|.M. Corticosteroid resistance in chronic
obstructive pulmonary disease: inactivation of histone deacetylase. Lancet, London,
n.9410, v.363, p.731-733, 2004.

CASABURI, R. Rationale for anabolic therapy to facilitate rehabilitation in chronic
obstructive pulmonary disease. Bailliers Clin Endocr Metab, New York, v.12, p.407-
418, 1998.

CHIARUGI, P.; CIRRI, P. Redox regulation of protein tyrosine phosphatases during
receptor tyrosine kinase signal transduction. Trends Biochem Sci, Amsterdam, v.
28, p. 509-514, 2003.

CUSCHIERI, J.; MAIER. R.V. Mitogen-activated protein kinase (MAPK). Crit Care
Med, New York, v.33(12suppl), p.417-419, 2005.

CUTRUZZOLA, F. Bacterial nitric oxide synthesis. Biochem Biophys Acta,
amsterdam, v. 1411, p. 2-3, 1999.

DECRAMER, M.; DE BENEDETTO, F; DEL PONTE, A.; MARIANI, S. Systemic
effects of COPOD. Respiratory medicine, lessons from a small thiol. Ann N'Y Acad
Sci, New York, v.99, p.3-10, 2005.

DEGENS, H.; VEERKAMP, J.H. Changes in oxidative capacity and fatigue resistance
in skeletal muscle. Int J Biochem, Oxford, v.26, p. 871-878, 1994.

DICKINSON, D. A.; FORMAN, H. J. Glutathione in defense and signaling An New
York Academ Sci, New York, v. 973, p. 488-504, 2002.



58

DU, J.; WANG, X.; MIERELES, C.; BAILEY, J. L.; DEBIGARE, R.; ZHENG, B
PRICE, S. R.; MITCH, W. E. Activation of caspase-3 is an initial step triggering
accelerated muscle proteolysis in catabolic conditions. J Clin Invest, New York, v.
113, p. 115-123, 2004.

DUSSE, L.M.S.; VIEIRA, LM.; CARVALHO, M.G. Reviséo sobre 6xido nitrico. J Bras
Patol Méd Lab, Rio de Janeiro, v.39, n.4, p.343-350, 2003.

FEELISCH, M. The use of nitric oxide donors in pharmacological studies. Naunyn-
Schm Arch Pharm, Berlim, v. 358, n. 1, p. 113-122, 1998.

FERNANDES, A. C.; BEZERRA, O.M.P.A. Terapia nutricional na doenga pulmonar
obstrutiva crénica e suas complicagbes nutricionais. J Bras Pneum, Sio Paulo,
v.32, n.5, 20086.

FERREIRA, A. L. A.; MATSUBARA, A. Radicais livres: conceitos, doencas
relacionadas, sistema de defesa e estresse oxidativo. Rev Assoc Méd Bras, Séo
Paulo, v. 43, n. 1, p. 61-8, 1997.

FISCHER, A. B. Intracellular production of oxygen-derived free radicals. Proc Acad
Nat Sci Phila, Philadelphia, v. 18, n. 4, p. 118-125, 1987.

FLU, W.J.; YVETTE R.B.M.; GESTEL, Y.R.B.M.; VAN KUIJK, J.P.V; HOEKS S. E;
KUIPER R.; VERHAGEN H.J.M.;BAX J. J.; SIN D. D.; POLDERMANS D. Co-
existence of COPD and left ventricular dysfunction in vascular surgery patients.
Respir Med, Oxford, v.104, p. 690-696, 2010.

FREEMAN, B. A.; CRAPO,J. D. Biology of disease. Lab Invest, Hagerstown, v. 47,
p. 412-423, 1982.

FUSCO, L.B.; PEGO-FERNANDES, P.M.; XAVIER, AM.; PAZETTI, R.; RIVERO,
D.H.R.F.; CAPELOZZI, V.L.; JATENE, F.B. Modelo experimental de enfisema
pulmonar em ratos induzido por papaina. J Pneumol, Brasilia, v.28, p. 1-7, 2002.

GIROTTI, A, W. Mechanisms of lipid peroxidation. Free Rad Res Commun, New
York, v. 1, p. 87-95, 1985.

GODOQY, D. V.; GODOY, R.F.G. Reducédo nos niveis de ansiedade e depressao de
pacientes com doenca pulmonar obstrutiva crénica (DPOC) participantes de um
programa de reabilitacdo pulmonar. J Pneumol, Sdo Paulo, v.28,n.3, p.120-124,
2002.

GOLL, D. E.; THOMPSON, V. F.; LI, H.; WEI, W.; CONG, J. The calpain system.
Physiol Rev, Bethesda, v. 83, p. 731-801, 2003.

GOMES, M. D.; LECKER, S. H.; JAGOE, R. T.; NAVON, A.; GOLDBERG, A. L.
Atrogin-1, a muscle specific F-box protein highly expressed during muscle atrophy.
Proc Nat Acad Sci U S A, Washington, v. 98, p. 14440-14445, 2001.

GOSSELINK, R.; TROOSTERS, T.; DECRAMER, M. Peripheral muscle weakness
contributes to exercise limitation in COPD. Am J Respir Crit Care Mes, New York,
v.153, p. 976-980, 1996.



59

GUPTA, N.K.; AGRAWAL, R.K.; SRIVASTAV,AB.; VED, M.L.Echocardiographic
evaluation of heart in chronic obstructive pulmonary disease patient and its co-
relation with the severity of disease. Lung India, Jaipur, v.28, n.2, p.105-109, 2011.

GUTTRIDGE, D.C.; MAYO, M.W.; MADRIS, L.V.; et al. NG-kappaB-induced loss of
MyoD messenger RNA: possible role in muscle decay and cachexia. Science,
Washington, v.289, p.2363-2366, 2000.

HALLIWELL, B., GUTTERIDGE, J. M. C. The antioxidants of human extracellular
fluids. Arch Biochem Biophys, New York, v. 280, p. 1-8, 1990.

HALLIWELL, B.; CHIRICO, S. Lipid peroxidation: its mechanism, measurement and
significance. Am J Clin Nutr, New York, v. 57, n.5, p. 715S-724S, May. 1993.

HALLIWELL, B.; GUTTERIDGE, J. M. C. The chemistry of oxygen radicals and other
oxygen-derivated species. In: HALLIWELL, B.; GUTTERIDGE, J. M. C. Free Radical
Biol Med, Oxford: Clarendon Press, p. 22-58, 1989.

HALLIWELL, B.; GUTTERIDGE, J. M. C. The importance of free radicals and
catalytic metal ions in human diseases. Mol Aspects Med, Eimsford NY, v.8, p.89-
193, 1985.

HALLIWELL, B.; GUTTERIDGE, J. M. Free Radical Biol Med. Oxford: Oxford
University Press, 1999.

JESPERSEN, K.; KIAER, M.; SCHJERLING, P. The possible role of myiostatin in
skeletal muscle atrophy and cachexia. Scand J Med Sci Sports. Copenhage, v.16,
p. 74-82, 2006.

KANDARIAN, S. C.; JACKMAN, R. W. Intracellular signaling during skeletal muscle
atrophy. Musc & Ner, Boston, v. 33, p. 155-165, 2006.

KUMAR,V.; ABBAS, A.K.; V; NELSON, F.; MITCHELL, R.N. O Pulmao in Robbins
Patologia Basica. 8. ed. Rio de Janeiro: Elsevier, 2008.

LI, Y. P.; CHEN, Y.; LI, A. S.; REID, M. B. Hydrogen peroxide stimulates ubiquitin-
conjugating activity and expression of genes for specific E2 and E3 proteins in
skeletal muscle myotubes. Am J Physiol Cell Physiol, Bethesda, v. 285, p. c806—
c812, 2003.

LIAUDET, L.; SORIANO, F. G.; SZABO, C. Biology of nitric oxide signaling. Crit Care
Med, New York, v. 28, n. 4, p. 37-52, 2000.

LIST, B. M.; KLOSCH, B.; VOLKER, C.; GORREN, A. C. F.; SESSA, W. C;;
WERNER, E. R.; KUKOVETZ, W. R.; SCHMIDT, K.; MAYER, B. Characterization of
bovine endothelial nitric oxide synthase as a homodimer with down-regulated
uncoupled NADPH oxidase activity: tetrahidrobiopterin binding kinetics and role of
haem in dimerization. Biochem J, London, v. 323, n. 1, p. 159-165, 1997.

Macchia, A.; Monte,S.; Romero, M.; D’Ettorre, A.; Tognoni, G. The prognostic
influence of chronic obstructive pulmonary disease in patients hospitalised for chronic
heart failure. Eur J Heart Fail, New York, n.9, p. 942-948, 2007.



60

MACNEE, W. Pathogenesis of chronic obstructive pulmonary disease. Proc Am
Thorac Soc, New York, n.4, v.2 p.258-266, 2005.

MASON, R. P., KALYANARAMAN, B., TAINER, B. E., ELING, T. E. A carbon-
centered free radical intermediate in the prostaglandin syntase oxidation of
arachdonic acid: spin trapping and oxygen uptake studies. J Biol Chem, Baltimore,
v. 255, n. 11, p. 5019-5022, June. 1980.

MASTERS, C., HOLMES, R. Peroxisomes: new aspects of cell physiology and
biochemistry. Physiol Rev, Bethesda, v. 57, p. 816, 1977.

MATSUBARA, L. S.; MACHADO, P. E. Age-related changes of glutathione content,
glutathione reductase and glutathione peroxidase activity of human erytrocytes. Braz
J Med Biol Res, Ribeirdo Preto, v. 24, n. 5, p. 449-454, 1991.

MENEZES A.M.; JARDIM J.R.; PEREZ-PADILLA, R.; CAMELIER, A.; ROSA F.;
NASCIMENTO, O. Prevalence of chronic obstructive pulmonary disease and
associated factors: the PLATINO Study in Sdo Paulo, Brazil. Cad Saude Publica,
Rio de Janeiro n.21,v.5, p.1565-1573, 2005.

MILLAR, T. M.; STEVENS, C. R.; BENJAMIN, N.; EISENTHAL, R.; HARRISON, R;;
BLAKE, D. Xanthina oxidoreductase catalyses the reduction of nitrates and nitrite to
nitric oxide under hypoxia conditions. FEBS Letters, Amsterdam, v. 427, n. 2, p.
225-228, 1998.

MITCH, W.E.; GOLDBERG, A.L. Mechanisms of muscle wasting: the role of the
ubiquitin proteasome pathway. N Engl J Méd, Massachusetts v.335, n.25, p.1897-
1905, 1996.

MONTEIRO, R.; JATENE, F.B.; PAZETTI, R.; CORREIA, A.T.; MANOEL, L.A;
BERNARDO, W.M.; RIVERO, H.R.F.; OLIVEIRA, S.A. Evaluation of the cardiac
morphological alterations secondary to the pulmonary emphysema: experimental
study in rats Braz J Cardiovasc Surg,Sao Paulo, v.19,n.4 p.371-347, 2004.

OTA, J.S.; PEREIRA, C.A.C. Cor pulmonale. Med Rib Preto, Ribeirdao Preto, v.31:
p.241-246, 1998.

PAUWELS, R.A.; BUIST, A.S.; CALVERLEY, P.M.A. Global strategy for the
diagnosis, management and prevention of chronic obstructive pulmonary disease.
NHLBI/WHO Global initiative for chronic obstructive lung disease (GOLD) workshop
summary. Am J Respir Crit Care Med, New York, v.163, p.1256-1276, 2001.

PORASUPHATANA, S.; TSAI, P.; ROSEN, G. M. The generation of free radicals by
nitric oxide synthase. Comp Biochem Physiol., Part C: Toxicol Pharmacol, New
York, v. 134, n. 3, p. 281-289, Mar. 2003.

POU, S.; POU, W. S.; BREDT, D. S.; SNYDER, S. H.; ROSEN, G. M. Generation of
superoxide by purified brain nitric oxide synthase. J Biol Chem, Baltimore, v. 267, n.
34, p. 24173-24176, 2010.



61

POWERS, S. K.; DUARTE, J.; KAVASIS, A. N.; TALBERT, E. E. Reactive oxygen
species are signaling molecules for skeletal muscle adaptation. Exp Physiol,
Cambridge, v. 95, n. 12, p. 1-9, Oct. 2010.

POWERS, S. K.; JACKSON, M. Exercise-induced oxidative stress: cellular
mechanisms and impact on muscle force production. Physiol Rev, New York, v. 88,
p. 1243-1276, 2008.

PURINTRAPIBAN, J.; WANG, M. C.; FORSBERG, N. E. Degradation of sarcomeric
and cytoskeletal proteins in cultured skeletal muscle cells. Com Biochem Physiol.
Part B, Biochem Mol Biol, Oxford, v. 136, n. 3, p. 393—401, Nov. 2003.

RENNIE, M.J.; EDWARDS, R.H.; EMERY, P.W.; et al. Depressed protein synthesis
is the dominant characteristic of muscle wasting and cachexia. Clin Physiol, Oxford,
v.3, p. 387-398, 1983.

RHODEN, E. L.; MAURI, M.; PETTEFFI, L.; DACANAL, F. Efeitos do alopurinol
sobre a lipoperoxidacdo de membranas celulares renais na sindrome da isquemia e
reperfusdo: estudo experimental em ratos. Acta Cir Bras, Sdo Paulo, v. 13, n. 2,
1998.

RUBIN, E.; GORSTEIN, F.; RUBIN, R; SCHWARTING, R; STRAYER, D. Sistema
Respiratério in Rubin’Pathology 4. ed.Guanabara Koogan, Rio de Janeiro, 2006.

RUTHERFORD, O.M.; JONES, D.A.; NEWHAM, D.J. Clinical and experimental
application of the percutaneous twitch superimposition techinique for the study of
human muscle activation. J Neurol Neurosurg Psychiatry, London, v.49, p.1288-
1291, 1986.

RUTTEN, F.H..; CRAMER, M.J.; GROBBEE, D.E.; SACHS, A.P.; KIRKELS, J.H.;

RUTTEN, F.H.; CRAMER, M.J.; GROBBEE, D.E.; SACHS, AP.; KIRKELS, J.H;
LAMMERS, J.W. Unrecognized heart failure in elderly patients with stable chronic
obstructive pulmonary disease. Eur Heart J, London, v.26, n.18, p.1887-1894, 2005.

SATTA, A.; MIGLIORI, G.B.; SPANEVELLO, A. et al. Fibre types in skeletal muscle
of chronic obstructive pulmonary disease patients related to respiratory function and
exercise tolerance. Eur Respir j, London, v.10, p.2853- 2860, 1997.

SCHNEIDER, C. D.; OLIVEIRA, A. R. Radicais livres de oxigénio e exercicio:
mecanismos de formacao e adaptacédo ao treinamento fisico. Rev Bras Méd Esp,
Niterdi, v. 10, n. 4, p. 308-313, July/Aug. 2004.

SCHOLS, A.M.; SOETERS, P.B.; DINGEMANS, A.M.; et al., Prevalence and
characteristics of nutritional depletion in patients with stable COPD eligible for
pulmonary rehabilitation. Am Rev Respir Dis, New York, v.147, p. 1151-1155, 1993.

SEN, C. K.; SIES, H.; BAEUERLE, P.A.; Reactive oxygen species as costimulatory
signal of cytokine-induced NF-kappa B activation pathways. In: BAEUERLE, P. A;;
Antioxidant and redox regulation of genes, Academic Press, San Diego, p. 185,
2000.



62

SHEN, H.M.; LIU, Z.G. JNK signaling pathway is a key modulator in cell death
mediated by reactive oxygen and nitrogen species. Free Radical Biol Med, New
York, v. 40, p. 928-939, 2006.

SIES, H. Oxidative stress: from basic research to clinical application. Am J Med,
New York, v. 9, n. 3c, p. 31-38, 1991.

TORRES, M.; FORMAN, H. J. Redox signaling and the MAP kinase pathways.
BioFact, Oxford, v. 17, n. 14, p. 287-296, 2003.

VAN VLIET, M.; SPRUIT, M.A.; VERLEDEN, G.; et al. Hypogonadism, quadriceps
weakness, and exercise intolerance in chronic obstructive pulmonary disease. Am J
Respir Crit Care Med, New York, v.172, p.1105-1111, 2005.

WALSMITH, J.; ROUBENOFF, R. Cachexia in rheumatoid arthritis. Int J Cardiol,
Amsterdan, v.85, n.1, p. 89-99, 2002

ZHOU, J.; BERNHARD, B. NO and transcriptional regulation: from signaling to death.
Toxicology, Amsterdam, v. 208, n. 2, p. 223-233, Mar. 2005.



ANEXOS

63



64

ANEXO A

ARTIGO 1

Oxidative stress and proteolysis at right and left ventricles hypertrophy on an
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ABSTRACT

Although cardiac muscle hypertrophy has been studied on several diseases, the mechanism by
which its occurs in emphysematous individuals, mainly in respect to oxidative stress and
proteolysis is still unknown. Thus, we evaluated the oxidative stress and proteolysis
involvement on right and left ventricles hypertrophy of emphysematous hamsters induced by
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two different doses of papain (20 mg/mL — E20 — and 40 mg/mL — E40). Thickness of cardiac
ventricles, total and cardiac weight, lipid peroxidation, carbonyl proteins, total antioxidant
capacity (TAC) and proteasomal proteolytic activity were evaluated on right (RV) and left
ventricles (LV) of control and emphysema hamsters. On the RV, thickness was 12% enhanced
on E20, while 29% was found on E40. Lipid peroxidation measured by chemiluninescence
presented higher levels only on E40 group (from 3350.68 + 392.44 URL/g tissue to 4696.63 +
1076.70 URL/g tissue, p<0.05) TAC also increased only on E40. On LV, chemiluminescence
values increased from 4044.77 + 503.39 to 5517.10 + 388.27 on E20 and 8169.14 + 1748.77
URL/g tissue on E40 (p<0,05 for both). TAC significantly increased on E20 and E40. No
differences were detected on substances reactive to thiobarbituric acid or carbonyl proteins
when compared ventricles or doses. Proteasomal proteolytic activity significantly decreased
on both groups and ventricles. Emphysema can induce right and left ventricles lipid
peroxidation and consequent antioxidant mobilization. In consequence, protection against
aldehydes and carbonyl proteins formation and inhibition of proteolysis and hypertrophy.

Keywords: Emphysema. Oxidative stress. Proteolysis. Cardiac muscle.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a major cause of
morbidity and mortality throughout the world. The disease is mainly caused by smoking, but
environmental pollution and al-antitrypsin deficiency may also cause its development (Wiist
and Degens, 2007). Pulmonary emphysema is considered one of the COPD and patients
suffering with disease have constant exercise intolerance. This limitation has primarily been
attributed to blood-gas perturbations stemming not only from a decrease in lung function
(Mattson and Poole, 1998), but from the typical heart failure presented in this cases (Tan and
Wood, 2009).

It 1s well known that emphysema can have disastrous impact on the heart.
On the right ventricle there is often hypertrophy or even failure, which may lead to disease of
the left, or the lung disease itself may overcharge the left ventricle (Senior, Lefrak, and
Klieger, 1976). Ordinarily, the left ventricle becomes hypertrophic it becomes important since
only minimal left ventricular failure can seriously compromise respiratory and, consequently,
functions with increased load. In the last decades, several researches have demonstrated
skeletal muscle loss and adaptation in animals and patients with emphysema (Farkas and
Roussos, 1984; Gosselink et al., 1996; Serres et al., 1998; Mattson and Martin, 2005).
Diminished contractile function (Mattson and Martin, 2005), differences in fiber composition
and oxidative capacity (Mattson et al., 2002a), activation of the ubiquitin-proteasome

proteolytic pathway (Ottenheijm et al., 2006), and lipid peroxidation (Mattson et al., 2002b)
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are events that have been studied. All of these phenomenons have been positively correlated
with oxidative species and their influence on the pathways control. Increased Reactive
Oxygen Species (ROS) production plays an important role in the regulation of signalling
pathways that are required to promote skeletal muscle adaptation in response to both exercise
and muscle inactivity (Powers et al, 2010).

Although skeletal muscle hypertrophy and atrophy pathways have been
studied on several states such as cancer, AIDS, arthritis, exercise, chronic heart failure and
chronic obstructive pulmonary disease, the cardiac muscle hypertrophy and the mechanism by
which its occurs in emphysematous individuals, mainly in respect to oxidative stress and
proteolysis is still widely unknown. Still, is not clear if both cardiac and skeletal muscle have
the same pathway as far as regulation mass is concerned, mainly on cardiac compromise in
chronic inflammatory diseases. Recently, Usui et al (2011) demonstrated that deletion of
Muscle atrophy F-box (MAFbx, Atrogin-1), an E3 ubiquitin ligase, which plays a critical role
in mediating skeletal muscle atrophy causes enhancement of cardiac hypertrophy in response
to exercise, suggesting that MAFbx negatively regulates physiological hypertrophy in the
heart. In this work, authors demonstrated that system downregulation inhibited cardiac
hypertrophy through stabilization nuclear factor-«B, a very known atrophic pathway regulated
by oxygen species on skeletal muscle. Before this, Galasso et al. (2010) suggested that in
human heart failure, the protein synthesis pathways decreases signaled by induction of
degradation, thereby leading to a molecular state that favours heart muscle loss and left
ventricular dysfunction. On the other hand, Kee et al (2008) showed increasing on heat shock
protein 70, known by its antioxidant potential, on an experimental model of cardiac
hypertrophy. Other study demonstrated protein carbonylation on hearts of diabetic rats with
cardiac hypertrophy (Shao et al., 2010). No evidences were found in this respect related to
COPD and cardiac complications of the disease. Additionally, there is no evidences related to
oxidative stress and proteolisis in this disease.

Therefore, we hypothesized that downregulation of proteassomal
proteolysis is an important mechanism associated to right and left hypertrophic ventricles of

emphysematous hamsters hearts and that oxidative stress may madiate this pathway.

MATERIALS AND METHODS

Animals
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Adult male Syrian Golden hamsters, weighing 130-150g, were used
(n=8/group). The animals were given water and commercial food (Nuvilab CR1, Nuvital
Nutrients Ltda., Curitiba, Brazil) ad libitum, and the environment was controlled on a 12-h
ligh: 12-h dark cycle. In all respects, the protocols conformed to the Guide for the Care and Use
of Laboratory Animals [DHEW Publication No. (NIH) 86-23, Revised 1985, Office of Science
and Health Reports, DRR/NIH, Bethesda, MD 20892].

The animals were randomly divided into four groups, according to instillation
procedure and dose of papain used to induce emphysema. Under deep ketamine/xylazine
anesthesia (150/30 mg/kg im), either saline (0.3 mL/100 g body weight) or papain [20 or 40
mg/100 g body weight (Viafarma, Brazil) in 0.3 mL of normal saline] was instilled intratracheally
using a 27-gauge hypodermic needle, according to described by Mattson et al. (2002b). To ensure
a more uniform papain distribution throughough the lungs each hamster was submitted to a gently
manual negative pressure maneuver. The three groups were named: Control + saline (CS):
animals instilled only with approximately 0.3 mL of saline; Emphysema 20 mg/mL (E20):
animals instilled with approximately 0.3 ml of 20 mg/mL papain on saline; and Emphysema 40
mg/mL (E40): animals instilled with approximately 0.3 mL of 40 mg/mL papain on saline. After
the surgery, the animals were returned to their cages and have their appearance and body weight

monitored daily for the first two weeks, and once a week thereafter for 60 days.

Tissue preparation

Sixty days after papain injection, hamsters were weighed, euthanized, the
heart was weighed and the ventricles were separated. Part of this material was frozen in N;
liquid and stored at -86°C until the use. The other part of the right and left ventricles, and the
middle lobe of the left lung were put on formaline 10% in order to perform morphometric
evaluations. In addition, a cachexia index, adapted from Guarnier et al. (2010), was calculated
to determine a pattern of general body mass wasting.

For oxidative stress analysis, left and right ventricles from CS, E20 e E40
were prepared as described. Tissues were placed on ice and homogenized for 60-s periods at
60-s intervals in an Ultraturrax homogenizer containing 10 mg/mL or 50 mg/mL of tissue in
10 mM KH,PO4/K,HPO, buffer and 120 mM KCI at pH 7.4. Total homogenate (10 mg/mL)
was used for the tert-butyl hydroperoxide-stimulated chemiluminescence and thiobarbituric
acid reactive substances (TBARS) assays. The supernatant from total homogenate (50

mg/mL) was obtained by centrifugation at 11,000 x g for 15 min at 4°C, and used for the total
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antioxidant capacity. For total protein carbonylation, tissues were specially treated according
to Reznick and Parker (1994) with adaptations as described later. For proteolytic analysis,
during muscle excision, a segment of right and left ventricles of each animal was frozen in

liquid N, pulverized and frozen at -86°C.

Morphometric analysis

After middle lobe of the right lung, right and left ventricles have been
separated, samples were fixed in paraformaldehyde for 48 h and embedded in paraffin for
histological studies. Tissues were sectioned into ~7um thick for heart and ~5um for lung.
Sections were stained with hematoxylin and eosin (H&E).

In order to verify emphysema stablishment and severity, alveolar
destruction was determined by the number of times that a predetermined group of coherent
lines (1.25mm’ of area and 1,50mm of total length) crosses parenchimal structures. The
groups identifications were covered and lungs images were captured (5 fields/section, 3 semi-
serial sections/animal) on an optical microscope (50x). Images were obtained using a high-
resolution camera coupled to the microscope. Then, base of lines was superposed, and, the
less times structures are crossed, more extense is the lesion (Fusco et al., 2002). An image
analysis system (Image-Pro-Plus® 4.0, Media Cybernetics, Siver Spring, MD, USA) was used
to determine and count times of intersection.

To evaluate thickness of right and left ventricles, both were cut together on
transverse sections. As in lungs, ventricles were fixed in paraformaldehyde, embedded in
paraffin and stained with H&E. Two semi-serial sections/ animal were made, identifications
were covered and analysis were captured on the same equipments. On each image, five
measurements (um) were performed in order to determine medium thickness of left and right

ventricles.

Determination of thiobarbituric acid reactive substances (TBARS)

The lipid peroxidation of heart homogenates of all groups was determined
by TBARS reaction. Malondialdehyde (MDA) formed during peroxidation reacts in the
thiobarbituric acid (TBA) test to generate a colored product, a (TBA), — MDA adduct. In acid
solution, (TBA), — MDA absorbs light at 532 nm, and is readily extractable into organic
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solvent such as butan-1-ol. MDA levels were measured, and the results were expressed in

nmol/g tissue, as described by Oliveira and Cecchini (2000).

Carbonyl protein content

Carbonyl protein content was measured as described by Reznick and Parker
(1994), with modifications. About 200 mg of right and left ventricles from all animals were
placed in glass homogenization tubes containing 4 mL of homogenizing buffer (50 mM
phosphate buffer, | mM EDTA, pH 7.4). Tissue samples were homogenized and incubated for
15 min in an ice bath. The samples were centrifuged at 3,000 x g for 10 min at RT, and 1 mL
of each protein extract was placed in glass tubes. A volume of 4 mL of 24-
dinitrophenylhydrazine (DNPH) solution prepared in 2.5 N HCI was added to each tube, and
the reaction mixtures were incubated for 1 h at RT, with vortexing every 15 min. Next, the
samples were washed with 5 mL of 20% TCA (w/v) and centrifuged for 10 min to collect the
protein precipitates. Another wash was performed using 10% TCA, and protein pellets were
dispersed mechanically. Finally, the pellets were washed 3 times with 4 mL of ethanol-ethyl
acetate (1:1, v/v) to remove free DNPH and lipid contaminants. The final precipitates were
dissolved in 2 mL of 0.6 M guanidine hydrochloride, and any insoluble materials were
removed by additional centrifugation. Carbonyl content was calculated by reading the peak
absorbance at 355-390 nm of the DNPH-treated samples, versus samples treated with only 2.5
M HCI. A formula was used to calculate the concentration of carbonyls: C = Abs (355-
390nm) x 45.45 nmol/mL, where C is the concentration of DNPH/mL, and 45.45 its
absorption coefficient. The procedures were performed in an ice bath until the TCA wash.

Carbonyl content was expressed in nmol/mg total protein.

Measurement of tert-butyl hydroperoxide-initiated chemiluminescence

Reaction mixtures were placed in 2-mL luminescence tubes containing the
following: total RV or LV heart homogenates (10 mg/mL), 10 mM KH,PO4+/K,HPO, buffer
(with 120 mM KCI, pH 7.4), and 3 mM tert-butyl hydroperoxide, in a final volume of 1 mL.
The tert-butyl hydroperoxide-initiated chemiluminescence (CL) reaction was assessed in a
TD/20 20 luminometer (Turner Designs), with a response range of 300-650 nm. The tubes
were kept in the dark until the moment of assay, which was carried out in a room at 33°C

(Oliveira and Cecchini, 2000; Gonzalez-Flexha et al., 1991). For each animal, an 40-min
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curve, where each point represented the differential smoothing of 600 readings, was obtained
by interpolation. The results were expressed in relative light units/g tissue (RLU/g tissue).
The area under the curve, extracted by integral calculus of each animal curve, was used to

determine the lipid hydroperoxides present in the sample.

Total antioxidant reactive potential (TRAP)

This technique measures antioxidant potential due to low molecular mass
soluble antioxidants. Homogenates were prepared as described before was measured by CL,
in a reaction medium containing 20 uM 2-azo-bis-(2-amidinopropane) and 200 pM luminol.
After maximal emission was attained, 70 uL of tissue supernatant or trolox were added to the
reaction medium. The time of total quenching was compared with trolox quenching, and the

results were expressed in uM trolox (Repetto et al., 1996)

Proteolytic activity

Proteolytic activity was measured by a Proteasome Glo'" Chymiotrypsin-
like Cell Based Assay kit (Promega, Madison, USA). Briefly, the addition of Proteasome-
Glo™ Cell-Based Reagent to the sample results on substrate cleavage by sample proteasome
and generation of a luminescent signal produced by the reaction with lucipherase, which
signal was catched on a Glo-Runner™ microplate reader luminometer (Turner Designs,
Sunnyvale, CA, USA). This technique measures proteolytic activity on proteasome,
dependent or not to ubiquitination.

During heart excision, a segment of right and left ventricles of each animal
were frozen in liquid N, pulverized and frozen at -86°C. At the moment of assay, 25mg of the
powder were added to ImL of KH,PO; 10mM, pH 7,4 on NaCl 0,9% and gently
homogenized. 50 pL. from homogenate were pipeted in duplicates on a 96 wells microplates
and final reagent mixture was added to the medium. After 5 minutes, under light protection,

the plate was read. The results were expressed on Relative Light Units (RLU)/mg tissue.

Protein concentration
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Protein was determined by the method of Lowry et al. (1951), modified by
Miller (1959). The method used bovine serum albumin (BSA) as standard.

Statistical analysis

The results are shown as means = SEM for eight animals. All values were compared
by one-way ANOVA followed by Bonferroni multiple comparison test. p < 0.05 was

considered significant.

RESULTS

Emphysema condition

Representative images of lung injury are presented on figure 1. The
evaluation of lung emphysema was supported by decreased number of crossed alveolar
intercepts. No lung injury was present on group instilled with saline solution (CS) only (94.36
+ 7.3 crossed intercepts). On the other hand, the groups instilled with 20mg/mL (E20) and 40
mg/mL (E40) of papain had the values significantly decreased (60.52 + 2.8 and 52.27 + 4.7
crossed intercepts, respectively, p<0.05) when compared with CS. The comparison between
papain instilled groups (E20 vs. E40) also demonstrated significant difference (p<0.05). The
final body weight of E20 and E40 groups presented decreased values of 157.5 £ 10.3g and
137.37 £ 7.2g, respectively, with p<0.05 only on E40 group when compared to CS group
(171.6 +_15.9¢g). Cachexia index, is calculated taking into account not only the loss of total
body weight, but what was gained when compared to the control group without any
manipulation (C) and the results expressed in percentage.  Thus, the cachexia index were
0.96+0.32% on CS to 6.28+0.91% and 9.45+0.76% on E20 and E40, respectively), The
thickness of right ventricle of the E20 group was 12% enhanced in E20, and 29% E40, when
CS was used on the comparison. On the left ventricle, no difference was detected on both CS
and E20 groups, but 15% of increase was identified on E40 group. All these data, as absolute
values for total heart weight, are presented on table 1. In the beginning of experiments, a
Control group that suffered no intervention (nor saline or papain) was evaluated showing no

representative differences when compared with CS group in any paramenter (data not shown).

Oxidative stress
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Figure 2A represents CL areas under the curves on both right and left
ventricles. On the RV, no difference was verified when C (3385.59 + 527.32) was compared
with CS (3350.68 + 392.33) and when CS was compared with E20 (3965.28 + 265.73).
However, when E40 was compared with CS, increased CL curves were obtained (4696.63 +
1076.70, p<0.01). When LV was analyzed, differences were verified on E20 (5517.10 +
388.27) and E40 (8169.14 + 1748.77) when compared with CS (4044.77 + 503.39), and when
E20 and E40 were compared each other (p<0.001). Figure 2B reveals the total antioxidant
capacity of RV and LV. On RV, only E40 group demonstrated significantly increased values
(3.46 = 0.27 uM trolox) when compared with CS RV (2.78 + 0.17 uM trolox, p<0.05). As
expected, the comparison between E20 and E40 showed 25.3% of increasing for the second.
The LV analysis presented significantly increased antioxidant capacity on both E20 and E40
groups (5.37 £ 0.19 and 6.24 + 0.52 uM trolox, respectively), when compared with CS (2.93
+ 0.26 uM trolox). When this two groups were compared each other, as in CL analysis, an
enhancement of 16.27% was found for E40. Figure 3 (A and B) shows that neither TBARS,

nor carbonylated proteins demonstrated significant differences between groups.

Proteolytic activity

Significant proteolytic activity decrease was detected on RV when both E20
(925.38 £+ 264.33 URL/mg tissue) and E40 (482.86 £ 69.58 URL/mg tissue) groups were
compared with CS (1585.72 + 537.10 URL/mg tissue, p<0.05 for both). On the left ventricle,
the phenomenon seemed the same. E20 (1361.81 £223.81 URL/mg tissue) and E40 (1094.58
+ 120.70 URL/mg tissue) showed significant decrease when compared with CS (1959.09 +

102.77 URL/mg tissue), and no differences were presented between controls (Figure 4).

DISCUSSION

The role of oxidative stress in the mechanism of cardiac hypertrophy was
investigated in emphysema induced hamsters, in two different doses. Cardiac hypertrophy
have been associated with obstructive pulmonary diseases for many years. In COPD right
hypertrophy is known as a state called cor pulmonale. Right cardiac chambers become
insufficient and hypertrophic due to pressure overload. In emphysema, this pressure overload
is caused mainly by capilar destruction that happens as consequence of alveolar injury

(Franchini, 2001). In some cases, left ventricle is also compromised (Louridas et al., 1981).
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This fact has demonstrated to be a relationship with severity of chronic obstructive pulmonary
disease (Gupta et al., 2011). In our experimental model, we instilled two different doses of
papain, leading to two different levels of pulmonary injury. In our study, in order to
demonstrate that emphysema was stablished, impaired crossed alveolar intercepts both in E20
and E40 were detected, and when they were compared each other, E40 demosntrated more
severe alveolar desctruction than E20. In agreement, both right ventricles had their wall
thickness enhanced on both doses, and the left ventricle demonstrated increased thickness
only when 40 mg/mL papai were instilled. This data reinforce the fact that the heart suffered
adaptation recurrent to the disease, and that RV and LV have different responses to the
stimuli. Systemic adaptations also happened, as demonstrated by general body mass loss.
Cardiac and skeletal muscles have a lot in common. Their structure and
cellular components have no such differences and their behaviour in what is related to trophic
aspects has the same profile. Recent studies of our laboratory (Guarnier et al., 2011) and other
recent researches (Mattson, 2002; Powers, 2010) have been demonstrating the involvement of
oxidative stress on skeletal muscle loss. It seems that ROS have been proposed to contribute
to skeletal muscle dysfunction in a variety of ways. For example, Brotto and Nosek (1996)
demonstrated a blunted Ca’" release from the sarcoplasmic reticulum and Andrade et al
(1998) demonstrated reduce Ca*’ sensitivity in skeletal muscle exposed to H,O,. ROS have
been implicated in enzymatic dysfunction within the glycolytic pathway, the citric acid cycle,
and the electron transport system, suggesting that elevated ROS may impair cellular
energetics within skeletal muscle (Andersson et al., 1998; Corretti et al., 1991). Additionally,
nitric oxide has been demonstrated to depress myosin ATPase activity in skeletal muscle.
Besides, a previous study demonstrated that the treatment of C,C;, myotube cells with
FeSO4/H,0, causes a significant rise in MDA levels with concomitant increase in the
catabolism of myofibrillary protein and expression of the major components of the ubiquitin-
proteasome pathway (Gomes-Marcondes and Tisdale, 2002). The authors of that study
suggested that mild oxidative stress increases protein degradation in skeletal muscle by
causing upregulation of the ubiquitin-proteasome proteolytic pathway in this “in vitro” model.
The role of reactive oxygen and nitrogen species in this context remains obscure. In the
present study, we employed a very sensitive CL method (Zimiani et al., 2005; Oliveira and
Cecchini, 2000; Barbosa et al., 2003) which estimates both membrane lipid hydroperoxide
formation and antioxidant depletion (Zamburlini et al., 1995; Llesuy et al., 1990). This assay
indicates that the increase in CL is closely related to the oxidative stress previously

demonstrated by the tissue. It induces the consumption of antioxidants and augments the
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formation of lipid hydroperoxides, which results in increased photon emission (Oliveira and
Cecchini, 2000; Barbosa et al., 2003). Area under the CL curves showed increased values on
RV of animals instilled with 40 mg/mL of papain. This fact was coincident to antioxidant
capacity analysis, that presented significant increasing only on E40. The LV presented
enhanced CL curves on 20 and 40 mg/mL instilled doses. In this analysis, as in CL, TRAP
showed increased values on both E20 and E40 groups. In respect to the increased values, and
not impaired, as expected, Palace at al. (1999) demonstrated that the supply of vitamin A to
the myocardium by storage organs during increased oxidative stress subsequent to myocardial
infarction (MI) was showed in hemodynamically assessed rats using compartment analysis of
a radio-labeled vitamin A. It seems there is a transport of antioxidants stimulated by free
radicals presence, inhibiting the progression of lipid peroxidation chain. It also seems the case
demonstrated in our analysis.

Mild oxidative stress has been shown to induce protein oxidation with
increased intracellular proteolysis (Grune et al, 1995; Davies, 2001; Grune et al., 2003).
Additionally, it has been postulated that mammalian cells are able to selectively remove
moderately aldehyde-modified proteins from their intracellular protein pools and that the
proteasomal system is responsible for this activity (Grune and Davies, 2003). The bulk of
oxidized protein can be degraded by the proteasomal system (Gomes-Marcondes and Tisdale,
2002; Mastrocola et al., 2008; Shang, Gong and Taylor, 1997), particularly those modified by
aldehydes and peroxides (Grune et al., 1995; Grune and Davies, 2003). In line with this, we
can hypothesize that enhanced antioxidant capacities in RV and LV in both doses were able to
prevent formation of end products of lipid peroxidation since no differences on MDA or
carbonyl protein levels were demostrated. Thus, antioxidant capacity was crucial on lipid
peroxidation and protein protection. The importance of these findings is reinforced when
considering the high reactivity of malondialdehyde and 4-HNE with proteins (Grune and
Davies, 2003). Moreover, malondialdehyde was the most reactive bifunctional aldehyde
among several others tested, and it also showed 10-fold more reactivity than H,O, (Yuan, Zhu
and Sayre, 2007).

Besides, Usui et al (2011) demonstrated that downregulation of atrogin-1
influences cardiac trophy in part through stabilization of IxkB-a and inactivation of nuclear
factor-kB, important factors on proteolysis signaling. Taken together, inhibition of atrogin
could attenuate pathological hypertrophy, thereby protecting the heart from progression into
heart failure. The importance of these findings is that atrogin was discovered as a molecule

skeletal muscle specific (Gomes et al., 2001) and now, apparently, cardiac regulation of
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muscle mass has the same mechanism present on skeletal muscle: proteolysis signaling
through a kinase cascade (Powers, 2010). Our results of proteolytic activity clearly
demonstrates the effect of oxidative inbalance on proteolysis inhibition. In our study, the
assay employed is able to measure total proteolysis related to proteasome, and not only that
one connected to ubiquitin-marked proteins. It seems important since oxidized proteins can be
degradated by 20S proteasome without ubiquination (Davies, 2001). We found impaired
proteasomal proteolytic activity both E20 and E40 groups, in RV and LV.

Structure and function of contractile proteins on skeletal and cardiac
muscles are practically the same. Guarnier et al (2010) demonstrated in skeletal muscle of rats
with cachexia induced by cancer that oxidative stress is related with proteolysis and when rats
were treated with an antioxidant, there were reversion on CL, TBARS, carbonyl proteins, and
also proteolysis. It seems reasonable to suppose that, when hypertrophy happens on cardiac
muscle, there is, at the same manner, involvement of reactive species.

In summary, despite the increasing in the heart weight, the thickness of left
and right ventricles at E20 and E40 and no change in TBARS or protein carbonylation, there
is an antioxidant mobilization of antioxidants towards the heart in order to preserve its
function, also preserving structural proteins. This was evidenced by the decrease in
proteasomal proteolytic activity. Moreover, the increase of oxidative stress evidenced by CL

signs towards to the long term cardiac dysfuntion on emphysema.
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Figure 1 - Histological images from lungs of hamsters instilled or not with papain in order to
induce emphysema. (A) Control + saline (CS): animals instilled only with
approximately 0.3 mL of saline; (B) Emphysema 20 mg/mL (E20): animals instilled
with approximately 0.3 ml of 20 mg/mL papain on saline; and (C) Emphysema 40
mg/mL (E40): animals instilled with approximately 0.3 mL of 40 mg/mL papain on
saline. Animals were euthanized after 60 days. x50 (HE). Alveolar destruction was
determined by the number of times that a predetermined group of coherent lines
(1.25mm? of area and 1.50mm of total length) crosses parenchimal structures. The
less times structures are crossed, more extense is the lesion.
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Table 1 - Animal and cardiac adaptation characteristics.

CS E20 E40
Crossed Alveolar 94.36 + 7.3 60.52+2.8" 5227 +4.7"
Intercept

Total body weight 171.6+15.9 157.5+10.3 137.4+7.2%7
9)

Cl (%) 6.28+0.91 9.45+0.76
Heart Weight (mg) 497.7+39.2 501.1+13.2 590.75+38.3"
RV (mm) 0.34+0.03 0.36+0.01" 0.39+0.02"
LV (mm) 0.34+0.03 0.38+0.05 0.44+0.02"

CS — Group instilled with 300 uL of NaCl 0.9%; E20 — Group instilled with 300 pL of papain
20 mg/mL in NaCl 0.9%; E40 — Group instilled with 300 pL. of papain 40 mg/mL in NaCl
0.9%. RV — thickness of right ventricle wall; LF — thickness of left ventricle wall; CI —
Cachexia index = (initial body weight — final body weight + body mass gain of CS group) /
(initial body weight — body mass gain of CS group) x 100. p<0.05 when compared with CS

and "p<0.05 when compared with E20 by One way ANOVA followed by Bonferroni’s
multiple comparison test.
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Figure 2 - Effect of emphysema at right and left ventricles on lipid hydroperoxides and
antioxidant capacity in hamsters. (A) The tert-butyl hydroperoxide initiated
chemiluminescence was monitored continuously for 40 min. Area under the curve
of each animal curve was determined in order to compare groups. (B) Effect of
emphysema on total antioxidant capacity (TRAP) in supernatant of right and left
cardiac muscles of hamsters treated with two different doses of papain. Results
are expressed in uM trolox. Both analyses were performed by One way ANOVA,
followed by Bonferroni as post test. p<0.05 was considered significant. RV — right
ventricle; LV — left ventricle; CS — Group instilled with 300 pL of NaCl 0.9%;
E20 — Group instilled with 300 pL of papain 20 mg/mL in NaCl 0.9%; E40 —
Group instilled with 300 pL of papain 40 mg/mL in NaCl 0.9%.
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Figure 3 - Effect of emphysema at right and left ventricles on TBARS and carbonyl proteins
in hamsters (A) TBARS levels in heart ventricles homogenates of hamsters
instilled with two different doses of papain. (B) Levels of protein carbonylation in
RV and LV homogenates of control and emphysema hamsters. Results represent
means = SD (n=8). For both graphs, RV — right ventricle, LV — Left ventricle. No
statistic differences detected by One-way ANOVA followed by Bonferroni
multipli comparison test as post hoc. CS — Group instilled with 300 uL of NaCl
0.9%; E20 — Group instilled with 300 pL of papain 20 mg/mL in NaCl 0.9%; E40
— Group instilled with 300 pL of papain 40 mg/mL in NaCl 0.9%.
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Figure 4 - Proteasomal proteolytic activity based on chimiotrypsin-like activity were
evaluated on right and left ventricles of hamsters instilled intratracheally, or not,
with papain. RV- right ventricle; LV — Left ventricle. Differences statistically
significant are pointed on the graph as detected by One-way ANOVA followed by
Bonferroni’s multiple test comparison. CS — Group instilled with 300 pL of NaCl
0.9%; E20 — Group instilled with 300 pL of papain 20 mg/mL in NaCl 0.9%; E40
— Group instilled with 300 pL of papain 40 mg/mL in NaCl 0.9%.
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Lung injury-dependent oxidative status and chymotrypsin-like proteolytic activity of

skeletal muscles in hamsters with experimental emphysema.

Jair Tonon', Alessandra Lourenco Cecchini®, Claudia Roberta Brunnquell®, Sara Santos

Bernardes4, Rubens Cecchini’ , Flavia Alessandra Guarnier®™.

ABSTRACT

Background: Peripheral skeletal muscle is altered in patients suffering from emphysema and
chronic obstructive pulmonary disease (COPD). Oxidative stress have been demonstrated to
participate on skeletal muscle loss of several states, including disuse atrophy, mechanical
ventilation, and chronic diseases. Methods: We evaluated body weight, muscle loss,
oxidative stress, and proteolysis in the gastrocnemius muscle of emphysemic hamsters. The
experimental animals had 2 different severities of lung damage from experimental
emphysema induced by 20 mg/mL (E20) and 40 mg/mL (E40) papain. Results: The severity
of emphysema increased significantly in E20 (60.52 = 2.8, p < 0.05) and E40 (52.27 + 4.7;
crossed the alveolar intercepts) groups. As compared to the control group, there was a
reduction on body (171.6 = 15.9 g) and muscle weight (251.87 + 24.87 mg) in the E20 group
(157.5 = 10.3 mg and 230.12 + 23.52 mg, for body and muscle weight, respectively), which
was accentuated in the E40 group (137.4 = 7.2 g and 197.87 £+ 10.49 mg, for body and muscle
weight, respectively). The cachexia index was high in the E20 (6.28 + 0.91%) and E40 (9.45
+ 0.76%) groups. Additionally, the thiobarbituric acid reactive substances (TBARS), tert-
butyl hydroperoxide-initiated chemiluminescence (CL), carbonylated proteins, and
chymotrypsin-like proteolytic activity were elevated in the E40 group as compared to the E20
group (p < 0.05 for all comparisons). The severity of emphysema correlated well with the loss
of body (r = 0.90) and muscle (r = 0.77) weight, as well as with the progressive increase in CL
(r=-0.97, p <0.05), TBARS (r = —0.65), carbonyl proteins (r = —0.99, p < 0.05), and total
proteolysis (r = —0.89, p < 0.05). Furthermore, augmentation of proteolysis correlated
significantly with CL (r = 0.97, p < 0.05), TBARS (r = 0.97), and carbonyl proteins (r = 0.78).
Conclusions: Taken together, the results of the present study suggest that muscle atrophy
observed in this model of emphysema is mediated by increased muscle proteolysis, with
possible involvement of oxidative stress in a severity-dependent manner.

Laboratory of Free Radicals and Pathophysiology, Department of General Pathology, Rodovia Celso Garcia
Cid, PR445, km 380, Campus Universitario, 86051-990 Londrina, Brazil. e-mail: tonon@uel.br

Laboratory of Molecular Pathology, Department of General Pathology, Rodovia Celso Garcia Cid, PR445, km
380, Campus Universitario, 86051-990 Londrina, Brazil. e-mail: alcecchini@uel.br

Laboratory of Free Radicals and Pathophysiology, Department of General Pathology, Rodovia Celso Garcia
Cid, PR445, km 380, Campus Universitario, 86051-990 Londrina, Brazil. e-mail:
claudiabrunnquell@hotmail.com

Laboratory of Molecular Pathology, Department of General Pathology, Rodovia Celso Garcia Cid, PR445, km
380, Campus Universitario, 86051-990 Londrina, Brazil. e-mail: sara.sbernardes@gmail.com

Laboratory of Free Radicals and Pathophysiology, Department of General Pathology, Rodovia Celso Garcia
Cid, PR445, km 380, Campus Universitario, 86051-990 Londrina, Brazil. e-mail: cecchini@uel.br

6 "Laboratory of Free Radicals and Pathophysiology, Department of General Pathology, Rodovia Celso Garcia
Cid, PR445, km 380, Campus Universitario, 86051-990 Londrina, Brazil. e-mail: faguarnier@uel.br




86

Keywords: Emphysema. Cachexia. Skeletal muscle loss. Reactive oxygen species.
Proteolysis.

BACKGROUND

Emphysema is a form of chronic obstructive pulmonary disease (COPD),
which is associated with high morbidity and mortality worldwide. Emphysema is primarily
caused by smoking, although environmental pollution and al-antitrypsin deficiency may also
lead to its development [1]. Patients typically present altered muscle mass and exercise
intolerance [2]. Human studies demonstrated that emphysema is associated with muscle
weakness [3], reduced oxidative enzyme activities [4], and elevated exercise-induced muscle
phosphocreatine activity [5]. Unfortunately, whether these alterations result from reduced
physical activity or from COPD itself is yet to be determined in humans. In addition, data
about extension of lung damage and extension of systemic manifestations are scarce.
Experimental models of pulmonary emphysema using proteolytic enzymes such as papain or
elastase, either instilled or nebulized into the airways of animals, are based on imbalanced
protective and aggressive substances in pulmonary tissue. These models result in
morphological and histological alterations equivalent to those in humans [6]. The
inexpensive, papain-induced emphysema model results in pulmonary and systemic alterations
characteristic of emphysema patients. Ventilatory mechanical alterations, increased residual
functional capacity, total lung volume, pulmonary complacence [7], cardiac overload [8], and
skeletal muscle mass loss [9] are previously reported emphysema-associated alterations.

Mattson and Poole [10] demonstrated that decreased citrate synthase activity
in peripheral skeletal muscle of emphysemic hamsters was not associated with the level of
animal activity. In addition, the same group of authors [2] reported increased lipid
peroxidation, as assessed by malondyaldehyde (MDA) and glutathione levels in the skeletal
muscle of hamsters with emphysema. Since the 1990s, investigators have demonstrated that
patients suffering from emphysema, chronic bronchitis, and asthma have increased lipid
peroxidation, a marker of oxidative stress [11]. Furthermore, previous studies have indicated
that elevated levels of reactive oxygen species (ROS) may predispose muscle tissue to fatigue
[12] and that ROS are signaling molecules involved in muscle adaptation; furthermore, redox-
sensitive kinases, phosphatases, and nuclear factor-xB have been implicated in muscle loss
[13]. Previous studies have described the connection between redox signaling and skeletal

muscle adaptation in response to increased muscular activity (i.e., exercise training) [14, 15]
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and prolonged periods of muscular inactivity (i.e., immobilization) [16]. Several lines of
evidence indicate that ROS signaling is involved in the regulation of the ubiquitin—
proteasome system. For example, oxidative stress has been shown to stimulate ubiquitin
conjugation to muscle proteins through the transcriptional regulation of the enzymes (i.e., E2
and E3 proteins) that conjugate ubiquitin to muscle proteins to promote proteolysis [17]. In
theory, increased expression of the E2 and E3 proteins in skeletal muscles would lead to
accelerated proteolysis via the 26S proteasome. Furthermore, evidence indicates that the 20S
(core) proteasome can degrade oxidized proteins without ubiquitination [18]. Therefore, it is
likely that oxidative stress can accelerate muscle protein breakdown via both the 20S
proteasome (alone) and the 26S proteasome complex [13]. The 26S proteasome is a 2.5-MDa
multi-protein complex found in both the nucleus and cytosol of eukaryotic cells; it is
comprised of a single 20S core particle and 19S regulatory particles at one or both ends. Three
major proteolytic activities (described as chymotrypsin-like, trypsin-like, and post-glutamyl
peptide hydrolytic or caspase-like activity) occur in the 20S core. Together, these 3 activities
are responsible for most of the protein degradation required for maintaining cellular
homeostasis, including degradation of damaged cellular proteins. This system is also involved
in essential cellular processes such as the response to hypoxemia and muscle tissue
regeneration. Existing evidence links the activity of the ubiquitin-proteasome system and the
cellular events that occur in the respiratory and peripheral muscles of COPD patients [19].
Thus far, no studies have indicated whether proteasome activity and oxidative stress are
correlated with COPD severity.

To determine whether oxidative stress plays an important role in the
regulation of skeletal muscle mass in a COPD model and if it is dependent of the severity, we
evaluated body weight, muscle loss, oxidative stress, and chymotrypsin-like proteolysis in
gastrocnemius muscle tissue in hamsters with 2 different severities of experimental
emphysema. This paper reports that emphysema induces increased muscle loss in a way
dependent on lung injury extension. In addition, oxidative stress, protein degradation, and

chymotrypsin-like proteolytic activity seem to contribute to this mechanism.

METHODS

Animals
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Adult male Syrian Golden hamsters, weighing 130—150 g, were used (n =
8/group). The animals were given water and commercial food (Nuvilab CR1; Nuvital
Nutrients Ltd., Curitiba, Brazil) ad libitum, and the environment was controlled on a 12-h
light/dark cycle. The protocols conformed to the Guide for the Care and Use of Laboratory
Animals [DHEW Publication No. (NIH) 86-23, Revised 1985, Office of Science and Health
Reports, DRR/NIH, Bethesda, MD 20892], and the study was approved by Ethics Committee on
Animal Experimentation from the Universidade Estadual de Londrina, Brazil (ref. 5500).

The animals were randomly divided into 3 groups, according to the instillation
procedure and dose of papain used to induce emphysema. Under deep ketamine/xylazine
anesthesia (150/30 mg/kg im), either saline (0.3 mL/100 g body weight) or papain (20 or 40
mg/100 g body weight [Viafarma, Sdo Paulo, Brazil] in 0.3 mL of normal saline) was instilled
intratracheally using a 27-gauge hypodermic needle, according to the procedure described by
Mattson et al. [2]. To ensure a uniform papain distribution throughout the lungs, each hamster was
submitted to a gentle manual negative pressure maneuver. Briefly, just after papain instillation, in
the moment of final expiration, thorax was momently restrained in order to avoid lung expansion.
After active inspiration, a negative pressure is generated and thorax released. This maneuver,
through acute differences of pressure, allows complete spread of papain until distal airways. The 3
groups were labeled as follows: control + saline (CS), animals instilled with only approximately
0.3 mL of saline; emphysema 20 mg/mL (E20), animals instilled with approximately 0.3 mL of
20 mg/mL papain in saline; and emphysema 40 mg/mL (E40), animals instilled with
approximately 0.3 mL of 40 mg/mL papain in saline. After surgery, the animals were returned to
their cages; their appearance and body weights were monitored daily for the first 2 weeks and

once a week thereafter, for 60 days.

Tissue collection and preparation

Sixty days after papain injection, the hamsters were weighed and
euthanized. The gastrocnemius muscle was excised, weighed, frozen in liquid nitrogen, and
stored at —86°C until use. The gastrocnemius muscle has previously been demonstrated as a
good indicator of alterations in the skeletal muscle of emphysemic hamsters [20], including
those in lipid peroxidation [2]. In hamsters, there is no obvious gross division of fibers in this
muscle [21], and therefore, the whole muscle is typically analyzed.

The middle lobe of the left lung was fixed in 10% formalin for

morphometric evaluations. For the oxidative stress analysis, muscles from CS, E20, and E40
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mice were prepared as described above. Tissues were placed on ice and homogenized for 60-s
periods at 60-s intervals in an Ultraturrax homogenizer containing 10 mg/mL or 50 mg/mL of
tissue in 10 mM KH,PO4/K,HPO,4 buffer and 120 mM KCIl at pH 7.4. The total homogenate
(10 mg/mL) was used for the tert-butyl hydroperoxide-stimulated chemiluminescence (CL)
and thiobarbituric acid reactive substances (TBARS) assays. For total protein carbonylation
determination, tissues were treated according to the method of Reznick and Packer [22], with
adaptations as described below. For proteolysis analysis, during muscle excision, a segment
of the gastrocnemius muscle of each animal was frozen in liquid nitrogen, pulverized, and
frozen at —86°C. Additionally, the cachexia index was determined (considering initial and
final body weight of the emphysemic animals and body weight gain in the CS group) in order
to identify a pattern of general wasting [23].

Morphometric analysis

After the middle lobe of the right lung was removed, samples were fixed in
paraformaldehyde for 48 h and embedded in paraffin for histological studies. Paraffin-
embedded tissues were sectioned into ~5 um per lung. Sections were stained with
hematoxylin and eosin.

To verify emphysema establishment and severity, alveolar destruction was
determined by the number of times that a predetermined group of coherent lines (1.25 mm”* of
area and 1.50 mm of total length) crossed the parenchymal structures. The group
identifications were covered, and lung images were captured (5 fields/section, 3 semi-serial
sections/animal) using an optical microscope (50% magnification). Images were obtained
using a high-resolution camera coupled to the microscope. The base lines were then
superposed onto the images; the lesser the structures were crossed, the more extensive was the
lesion [6]. An image analysis system (Image-Pro-Plus 4.0; Media Cybernetics, Silver Spring,

MD, USA) was used to determine and count the number of intersections.

Determination of TBARS

The extent of lipid peroxidation of the muscle homogenates from each
group was determined by the TBARS reaction. MDA formed during peroxidation reacts in the
TBA test to generate a colored product, a (TBA),~MDA adduct. In an acid solution, (TBA),—

MDA absorbs light at 532 nm and is readily extractable by an organic solvent such as butanol.
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MDA levels were measured, and the results were expressed in nmol/g tissue, as described by

Oliveira and Cecchini [24].

Carbonyl protein content

The carbonyl protein content was measured as described by Reznick and
Parker [22], with modifications. Approximately 200 mg of gastrocnemius muscle were placed
in glass homogenization tubes containing 4 mL of homogenizing buffer (50 mM phosphate
buffer, ] mM Ethylenediamine tetraacetic acid, pH 7.4). Tissue samples were homogenized
and incubated for 15 min in an ice bath. The samples were centrifuged at 3,000 x g for 10 min
at room temperature (RT), and 1 mL of each protein extract was placed in glass tubes. A
volume of 4 mL of 2,4-dinitrophenylhydrazine (DNPH) solution prepared in 2.5 N HCI was
added to each tube, and the reaction mixtures were incubated for 1 h at RT, with vortexing
every 15 min. Next, the samples were washed with 5 mL of 20% trichloroacetic acid (TCA)
(w/v) and centrifuged for 10 min to collect the protein precipitates. Another wash was
performed using 10% TCA, and protein pellets were dispersed mechanically. Finally, the
pellets were washed 3 times with 4 mL of ethanol-ethyl acetate (1:1, v/v) to remove free
DNPH and lipid contaminants. The final precipitates were dissolved in 2 mL of 6 M
guanidine hydrochloride, and any insoluble materials were removed by additional
centrifugation. The carbonyl content was calculated by reading the peak absorbance at
355-390 nm of the DNPH-treated samples, versus samples treated with only 2.5 M HCI. The
following formula was used to calculate the concentration of carbonyls: C = Abs (355—
390nm) % 45.45 nmol/mL, where C is the concentration of DNPH/mL, and 45.45 is its
absorption coefficient. The procedures were performed in an ice bath until the TCA wash

step. The carbonyl content was expressed as nmol/mg total protein.

Measurement of tert-butyl hydroperoxide-initiated CL

Reaction mixtures were placed in 2-mL luminescence tubes containing the
following: total muscle homogenate (10 mg/mL), 10 mM KH,PO4/K,HPO, buffer (with 120
mM KCl, pH 7.4), and 3 mM tert-butyl hydroperoxide, in a final volume of 1 mL. The tert-
butyl hydroperoxide-initiated CL reaction was assessed using a TD 20/20 luminometer
(Turner Designs, Sunnyvale, CA, USA), with a response range of 300—650 nm. The tubes

were kept in the dark until the assay was carried out in a room at 33°C [24, 25]. For each
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animal, a 40-min curve, in which each point represented the differential smoothing of 600
readings, was obtained by interpolation. The results were expressed in relative light units/g
tissue (RLU/g tissue); after the final calculation, the area, extracted by integral calculus of
each animal curve, were used to determine the amount of lipid hydroperoxides present in the

sample.

Chymotrypsin-like proteolytic activity

Chymotrypsin-like proteolytic activity was measured using a Proteasome
Glo Chymiotrypsin-like Cell Based Assay kit (Promega, Madison, WI, USA). This kit
estimates the activity of the 20S proteasome; the assay involves the use of a specific
luminogenic  substrate  (succinyl-leucine-valine-tyrosine-aminoluciferin) to determine
chymotrypsin-like activity. The proteasome cleavage of the substrate produces a luminescent
signal by the luciferase contained in the reaction medium. The 3 major proteolytic activities
(chymotrypsin-like, trypsin-like, and post-glutamyl peptide hydrolytic or caspase-like
activity), occurring within the 20S core of the 26S proteasome complex are responsible for
most of the protein degradation, which includes degradation of damaged cellular proteins.
Therefore, this coupled-enzyme system, with simultaneous proteasome cleavage of substrate
and luciferase consumption of the released aminoluciferin, results in a luminescent signal that
is proportional to the amount of proteasome activity in the muscle tissue.

During muscle excision, a segment of the gastrocnemius muscle of each
animal was frozen in liquid nitrogen, pulverized, and frozen at —86°C. For the assay, 25 mg of
the muscle powder was added to 1 mL of 10mM KH,PO4, pH 7.4, in 0.9% NaCl and gently
homogenized. Fifty microliter of the resulting muscle homogenate was pipetted in duplicate
onto 96-well microplates, and the final reagent mixture was added to the medium. After 5
minutes, under light protection, the plate was read. The luminescent signal was detected with
a Glo-Runner microplate reader luminometer (Turner Designs), and the results were

expressed as RLU/mg tissue.

Protein concentration

The protein concentration was determined by the method of Lowry et al.
[26], with modifications as described by Miller [27]. This method involved the use of bovine
serum albumin (BSA) as a standard.

Statistical analysis
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The results are presented as mean + standard error of the mean (SEM) for 8
animals. All values were compared using one-way analysis of variance followed by
Bonferroni’s multiple comparison test, with p < 0.05 considered significant, To evaluate the
correlation between oxidative variables and emphysema severity and between oxidative
variables and chymotrypsin-like proteolytic activity, Pearson’s correlation test was used.

Values of p < 0.05 were considered significant for all analyses.

RESULTS

Emphysema condition

The extent of lung damage in the emphysema groups was evaluated by the
number of crossed alveolar intercepts. No lung injury was detected in the saline-treated group
(CS) relative to a control group (no saline or papain instillation). Likewise, no difference was
observed in any other parameter that was analyzed in CS animals (data not shown). In
contrast, the E20 and E40 groups had significantly decreased crossed intercept values (60.52
+ 2.8 and 52.27 + 4.7, respectively) as compared to the CS group (94.36 £+ 7.3) with p < 0.05
for both groups. The comparison between E20 and E40 also demonstrated significant
differences in emphysema severity (p < 0.05). Representative images of lung injury are
presented in Figure 1. Table 1 shows that the final body weight of CS animals (171.6 + 15.9
g) increased as compared to the E20 and E40 group animals, which presented decreased
values (157.5 +10.3 gand 137.37 + 7.2 g, respectively, p < 0.05 only for the E40 group). The
cachexia index (expressed as a percentage) reflects not only the loss of total body weight but
also the absence of weight gain. This index in the E20 and E40 groups reduced by 6.28% +
0.91% and 9.45 £+ 0.76%, respectively, as compared to the CS group. The weight of the
gastrocnemius muscle was significantly different between the CS (251.87 + 24.87 mg) and
E40 (197.87 + 10.49 mg) groups, and the E20 (230.12 + 23.52 mg) and E40 groups, with p <
0.05. These results represented an 8.6% muscle loss in the E20 group and a 21.4% muscle

loss in the E40 group as compared to the gastrocnemius muscle weight of the CS animals.
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Oxidative stress

Figure 2 represents CL areas under the curves extracted from individual 40-
min CL curves of each animal. The E20 and E40 groups (3517.24 + 365.40 URL/g tissue)
presented increased curves (4268.36 + 295.63 and 4835.16 + 178.12 URL/g tissue,
respectively, p < 0.001 for both groups) as compared to the CS group. The E20 vs. E40
comparison also presented significant differences in oxidative stress level (p < 0.05).

Figure 3A shows TBARS levels in the CS, E20, and E40 groups. Only E40
animals (1.12 + 0.18 nmol MDA/g tissue) showed significantly increased TBARS relative to
the CS group (0.71 + 0.15 nmol MDA/g tissue, p < 0.01). Figure 3B shows the carbonyl
protein levels of each group. Similar to the TBARS data, only E40 animals (3.88 + 0.66 nmol
carbonyl/mg total proteins) were significantly different from CS animals (2.67 + 0.63 nmol
carbonyl/mg total proteins, p < 0.05) in terms of carbonyl protein level. No differences were

detected between the E20 and E40 groups.

Chymotrypsin-like proteolytic activity

A significant increase (113.46%) in the chymotrypsin-like proteolytic
activity was detected in the E40 group (2013.06 + 394.50 URL/mg tissue) compared with the
CS group (943.53 + 262.52 URL/mg tissue, p < 0.001); a significant increase (50.84%) of
chymotrypsin-like proteolytic activity was also observed in the E40 group as compared to the
E20 group (1334.49 + 285.77 URL/mg tissue, p < 0.001). No significant differences were

detected between the CS animals and E20 animals. These results are presented in Figure 4.

Correlation analysis

As demonstrated in Table 2, the analysis between emphysema severity (evaluated by
the number of crossed alveolar intercepts) and several variables showed high correlation values
(body weight = 0.90, muscle weight = 0.77, CL = -0.97, TBARS = —0.65, carbonyl proteins =
—0.99, and proteolytic activity = —0.89). In addition, chymotrypsin-like _proteolytic activity and
the oxidative variables also showed high correlation (CL = 0.97, TBARS = 0.97, and carbonyl
proteins = 0.78).
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DISCUSSION

Emphysema induces human skeletal muscle loss [3], reductions in
locomotory skeletal muscle contractile function [28], lipid peroxidation, and alterations in the
glutathione redox system in skeletal muscles of hamsters [2]; it also decreases skeletal muscle
oxidative enzyme capacity in hamsters [10].

Our results showed significantly impaired crossed alveolar intercepts in E20
animals, which was worse in the E40 group. The comparison between E20 and E40 was also
significantly different, showing injury enhacement on E40. The damaged lungs are shown in
tissue micrographs in Figure 1. The total body weight and gastrocnemius muscle weight were
decreased in the E20 group and were statistically significant in the E40 as compared to the CS
group. The cachexia index was high in E20 animals, but higher in the E40 group. A positive
correlation between emphysema severity and both body and muscle weight indicated a weak
relationship between lung damage and cachexia.

Mechanisms underlying muscle wasting observed in several diseases remain
largely unknown. Since ROS are demonstrated to be envolved on cellular adaptation, recent
studies in our laboratory [23] and others [2, 13] have demonstrated the involvement of
oxidative stress in skeletal muscle loss. In the present study, concomitant muscle wasting and
lipid peroxidation indicated that lipid peroxidation might be an important factor in the
mechanism of muscle protein hyper-catabolism. Tert-butyl hydroperoxide-initiated CL was
originally used to analyze the integrity of non-enzymatic antioxidant defenses and the levels
of lipid hydroperoxides in muscle homogenates of animals inoculated with tumor cells.
Previous studies using this assay indicated that the increase in CL is closely related to the
oxidative stress previously suffered by the tissue. Oxidative stress induces the consumption of
antioxidants and augments the formation of lipid hydroperoxides, which results in increased
photon emission [24, 29]. We observed a strong association between chymotrypsin-like
proteolytic activity and lipid peroxidation markers (CL and TBARS) in this emphysema
model. It appears that ROS contribute to skeletal muscle dysfunction in a several ways. For
example, Brotto and Nosek [30] demonstrated a blunted Ca®" release from the sarcoplasmic
reticulum, and Andrade et al. [31] demonstrated reduced Ca*" sensitivity in skeletal muscles
exposed to H,O,. ROS have been implicated in enzymatic dysfunction within the glycolytic
pathway, the citric acid cycle, and the electron transport system, suggesting that elevated ROS
may impair cellular energetics within skeletal muscles [32]. In addition, Mattson et al. [2]

demonstrated increased lipid peroxidation (evaluated by MDA levels) in gastrocnemius
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muscles of hamsters with single-dose elastase-induced emphysema; these findings are in
agreement with our results. Moreover, we further confirmed the association between oxidative
stress and loss of muscle mass and proteolysis by using a sensitive CL method [24, 29, 33],
which estimates the chain reaction of lipid peroxidation earlier, i.e., it measures both
membrane lipid hydroperoxide formation and antioxidant depletion [34, 35]. Our results
showed a progressive increase in TBARS and CL, which were strongly correlated with
proteasomal proteolytic activity and increased tissue damage. In addition, progressive protein
carbonylation was observed, which was well correlated with chymotrypsin-like proteolytic
activity and lung tissue damage.

A previous study demonstrated that treatment of C,C,, myotube cells with
FeSO4/H,0, caused a significant rise in MDA levels, with a concomitant increase in the
catabolism of myofibrillary proteins and expression of the major components of the ubiquitin-
proteasome pathway [36]. The authors suggested that mild oxidative stress increases protein
degradation in skeletal muscles by causing upregulation of the ubiquitin-proteasome
proteolytic pathway in this in vitro model. In line with these findings, in the present study,
chymotrypsin-like proteolytic activity was well correlated with CL, TBARS, and carbonyl
proteins, and a reduction of body and muscle weight and an increase in emphysema severity
were observed. It is worth considering that increased MDA levels are associated with
increased proteolysis, which is related to carbonyl proteins levels. It is likely that when MDA
or low-molecular-weight adducts are present, the level of oxidized proteins increases, and
chymotrypsin-like proteolytic activity is accelerated, leading to muscle atrophy. Some authors
have demonstrated that mild oxidative stress induces protein oxidation, with increased
intracellular proteolysis [18, 37, 38]. Additionally, it has been postulated that mammalian
cells are able to selectively remove moderately aldehyde-modified proteins from their
intracellular protein pools and that the proteasomal system is responsible for this activity [36].
The bulk of oxidized proteins can be degraded by the proteasomal system [36, 39, 40],
particularly those modified by aldehydes and peroxides [18, 37]. Of note, the assay employed
in our study can be used to measure proteolysis related to 20S proteasome, and not only the
proteasome connected to ubiquitin-marked proteins. The 20S proteasome is also important, as
it can degrade oxidized proteins without ubiquitination [38]. Only Debigaré et al. [19]
demonstrated that ubiquitination and proteolysis occur in the limb and respiratory muscles of
patients with COPD, although no links were established between these processes and the

oxidative status.
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For the first time, the present study demonstrated that emphysema promotes
body weight and skeletal muscle loss in a severity-dependent manner and is related to
oxidative stress and chymotrypsin-like proteolytic activity. Additionally, oxidative stress
variables and muscle proteolytic activity were well correlated. Thus, it is reasonable to
assume that muscle atrophy observed in this model of emphysema is mediated by increased
muscle proteolysis, with possible involvement of oxidative stress.

In summary, emphysema induces increased muscle loss, oxidative stress,
contractile protein degradation, and chymotrypsin-like proteolytic activity in a lung injury-
dependent manner. It is possible that this mechanism can help elucidate the skeletal muscle
dysfunction in animal models of emphysema and also in human COPD patients, thus
contributing to the establishment of therapeutic countermeasures against emphysema-induced

muscle damage and cachexia.

CONCLUSIONS

Emphysema induces increased muscle loss, oxidative stress, contractile
protein degradation, and chymotrypsin-like proteolytic activity in a lung injury-dependent
manner. It is possible that this mechanism can help elucidate the skeletal muscle dysfunction
in animal models of emphysema and also in human COPD patients, thus contributing to the
establishment of therapeutic countermeasures against emphysema-induced muscle damage

and cachexia.

LIST OF ABBREVIATIONS USED

COPD - chronic obstructive pulmonary disease; TBARS — thiobarbituric
acid reactive substances; CL — chemiluminescence; MDA — malondialdehyde; ROS — reactive
oxygen species; CS — control + saline; E20 — emphysema instilled with 20mg/mL of papain;
E40 — emphysema instilled with 40mg/mL of papain;, ip. — intraperitoneally;
KH,PO4/K,;HPO,4 — monobasic potassium phosphate buffer; KCl — sodium chloride; TBA —
thiobarbituric acid; RT — room temperature; DNPH — dinitrophenyhydrazine; HCI — chloridric
acid; TCA — trichloroacetic acid; RLU — relative light units; BSA — bovine serum albumine;

SEM - standart error mean; H,O, — hydrogen peroxide; FeSO, — ferrous sulfate.
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TABLES AND CAPTIONS

Table 1 - Animal and skeletal muscle adaptation characteristics.

CS E20 E40
Crossed Alveolar 9436+ 7.3 60.5242.8" 5227 +4.7°"
Intercept
Total body 171.6£15.9 157.5+10.3 137.4£7.2%71
weight (g)
Cl (%) 6.28+0.91 9.45+0.76
Gastrocnemius 251.87+24.87 230.12+23.52 197.87+10.49"
weight (mg)
% of variation on -8.6 -21.4
gastrocnemius
(compared with CS)

CS — Group instilled with 300 pL of NaCl 0.9%; E20 — Group instilled with
300 pL of papain 20 mg/mL in NaCl 0.9%; E40 — Group instilled with 300 pL of papain 40
mg/mL in NaCl 0.9%. CI — Cachexia index = (initial body weight — final body weight + body
mass gain of CS group) / (initial body weight — body mass gain of CS group) x 100. 'p<0.05
when compared with CS and p<0.05 when compared with E20 by One way ANOVA

followed by Bonferroni’s multiple comparison test.

Table 2 - Sume of correlations presented between emphysema severity, proteolytic activity
and oxidative stress variables.

Body | Gastrocnemius | TBARS | Carbonyl Lipid Proteolytic
weight weight proteins | peroxidation | activity
loss by CL
Emphysema | 0.90 0.77 -0.65 -0.99* -0.97* -0.89%*
severity
Proteolytic -0.99%* -0.99%* 0.97 0.78 -0.97* -
activity

TBARS — Thiobarbituric acid reactive substances. Positive values mean positive correlation;
negative values mean negative correlation, as evaluated by Pearson’s
correlation test. *p<0.05.
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Figure 1 - Histological images from lungs of papain- and saline-treated hamsters. (A) control
+ saline (CS): animals treated with approximately 0.3 mL of saline only; (B)
emphysema 20 mg/mL (E20): animals treated with approximately 0.3 mL of 20
mg/mL papain in saline; and (C) emphysema 40 mg/mL (E40): animals treated with
approximately 0.3 mL of 40 mg/mL papain in saline. Animals were euthanized after
60 days. Hematoxylin and eosin (H & E) images are shown at 50% magnification.
Alveolar destruction was determined by the number of times that a predetermined
group of coherent lines (1.25 mm® of total area and 1.50 mm of total length)
crossed the parenchymal structures. The lesser these structures are crossed, the
more extensive is the lesion.
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Figure 2 - Effect of muscle loss on gastrocnemius muscle lipid hydroperoxide and
antioxidant levels in emphysemic hamsters and controls. Tert-butyl
hydroperoxide-initiated chemiluminescence was monitored continuously for 40
min. The area under the curve for each animal was determined for comparisons
between groups. The bars represent the means of 8 animals. Statistical analyses
were performed by one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test, with p < 0.05 considered significant.
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Figure 3 - Effect of emphysema on skeletal muscle in terms of thiobarbituric acid reactive

TBARS (nmols MDA/g tissue)
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substances (TBARS) and carbonyl proteins in hamsters. (A) TBARS levels in
muscle homogenates of hamsters treated with 2 different doses of papain. (B)
Levels of protein carbonylation in muscle homogenates from control and
emphysema hamsters. Results are presented as mean + standard error of the mean
(SEM; n = 8). Statistical differences were detected by one-way ANOVA followed
by Bonferroni’s multiple comparison test. Control + saline (CS): animals treated
with approximately 0.3 mL of saline only; emphysema 20 mg/mL (E20): animals
treated with approximately 0.3 mL of 20 mg/mL papain in saline; and emphysema 40
mg/mL (E40): animals treated with approximately 0.3 mL of 40 mg/mL papain in
saline.
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Figure 4 - Chymotrypsin-like proteolytic activity was evaluated in the gastrocnemius muscle
of hamsters subjected to intratracheal instillation of papain or saline. *p < 0.001 to
CS; "p < 0.001 relative to E20, as detected by one-way ANOVA followed by
Bonferroni’s multiple comparison test.
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