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BLEGNISKI, Fernanda Paschoal. Plasticidade mitocondrial e de reticulo
sarcoplasmético em musculos com diferentes tipos de fibras e correlagdo com
parametros oxidativos na pré-caquexia induzida por tumor de Walker-256.
2017. 86 f. Dissertacdo (Mestrado em Patologia Experimental) — Universidade
Estadual de Londrina, Londrina, 2017.

RESUMO

A caquexia pelo cancer pode ser definida como sindrome multifatorial, na qual ha
perda continua de massa muscular, com perda ou auséncia de perda de massa
gorda, que ndo pode ser totalmente revertida pela terapia nutricional convencional,
conduzindo ao comprometimento funcional progressivo do organismo. Esta
sindrome é raramente identificada ou diagnosticada, e ainda com menor frequéncia,
tratada e representa causa direta de mortalidade em até 40% dos pacientes. A perda
de massa muscular, caracteristica proeminente da caquexia, surge através de uma
combinacdo de hipoanabolismo, com aumento do catabolismo de proteinas
miofibrilares. No entanto, a perda muscular durante a progressédo da caguexia pelo
cancer ocorre de forma distinta em diferentes tipos de fibras musculares. Assim, o
presente trabalho objetivou avaliar a plasticidade mitocondrial e do reticulo
sarcoplasmatico (RS) em musculos esqueléticos com diferentes tipos de fibras, de
ratos Wistar portadores da forma sélida do tumor de Walker-256 no estagio de pré-
caquexia, assim como investigar o envolvimento do estresse oxidativo nestas
alteracdes, por meio do tratamento com um antioxidante que tem demonstrado atuar
positivamente sobre a atrofia. Apds 5 dias de implantacdo tumoral, foram coletados
0s musculos soleo e extensor longo dos dedos (EDL). A caracterizacdo de
parametros fisioldgicos foi realizada para classificacdo do estagio de caquexia. A
area de seccdo transversa foi determinada por morfometria. Os parametros de
estresse oxidativo foram analisados através das técnicas de quimiluminescéncia
estimulada por terc-butil hidroperéxido (QL), quantificacdo de proteinas carboniladas
e quantificacdo de glutationa reduzida (GSH) e oxidada (GSSG). Analises
quantitativas mitocondriais e de RS foram determinadas por microscopia eletronica.
A implantacdo tumoral promoveu diminuicdo no peso corpdreo dos animais
compativel ao estagio de pré-caquexia, seguido de perda significativa de peso do
musculo EDL (-15,33%), contrastando com uma pequena perda demonstrada pelo
musculo séleo (-5,14%). As areas de seccao transversa revelaram fibras atréficas no
s6leo e EDL, parcialmente prevenidas no grupo tumor tratado com N-acetilcisteina
(T5NAC). Os niveis de GSH do sdéleo foram significativamente menores no grupo
tumor (T5) (5,04 £ 0,78 mmol / mg de proteina) quando comparados com 0 grupo
controle (C5) (7,49 = 2,34). Houve aumento significativo na curva de
guimiluminescéncia em T5 somente no musculo EDL, parcialmente prevenida em
T5NAC. Os musculos EDL e soleo ndo apresentaram alteracfes na quantificacéo de
grupos carbonilicos. O volume do RS diminuiu no grupo T5, tanto no musculo EDL
(18,89%) quanto no soleo (22,09%) em relacdo ao grupo C5. Contudo, apenas as
fibras do musculo EDL de T5 mostraram volume mitocondrial significativamente
reduzido, totalmente revertido em T5NAC. Ainda, o tratamento foi capaz de
promover fissdo nas mitocéndrias no grupo TSNAC do musculo EDL. Com base nos
resultados apresentados, pode-se concluir que durante a fase de pré-caquexia, a
perda de massa muscular, acompanhada de alteragcbes oxidativas e ultraestruturais



ocorre primariamente em musculo com metabolismo predominantemente glicolitico,
o EDL. Entretanto, adaptacdo de RS pode ser observadas no musculo séleo,

independentemente da ocorréncia de perda de massa muscular ou alteracéao
oxidativa.

Palavras-chave: Mitocondia. Reticulo sarcoplasmatico. Séleo. EDL. Caquexia.



BLEGNISKI, Fernanda Paschoal. Mitochondrial and sarcoplasmic reticulum
plasticity in different muscle fiber type and its correlation with oxidative
parameters in an experimental model of Walker-256 induced precachexia. .
2017. 86 p. Dissertation (Master’'s Degree in Experimental Patology) — Universidade
Estadual de Londrina, Londrina, 2017.

ABSTRACT

Cancer cachexia is defined as a multifactorial syndrome defined by an ongoing loss
of skeletal muscle mass, with or without loss of fat mass, which cannot be fully
reversed by conventional nutritional support and leads to progressive functional
impairment. This syndrome is rarely identified or diagnosed, and still less frequently
treated, and represents a direct cause of mortality in up to 40% of patients. Muscle
mass loss, preeminent characteristic of cachexia, arises through a combination of
hypoanabolism, with increased catabolism of myofibrilar proteins. However, muscle
wasting during cancer cachexia progression does not occur similarly in all types of
muscle fibers. Therefore, the purpose of this study is to investigate extensor
digitorum longus (EDL) and soleus ultrastructural changes related to mitochondria
and sarcoplasmic reticulum (SR), and also the correlation with oxidative modifications
in a very early stage of cachexia induced by Walker-256 tumor. Five days after tumor
implantation soleus and EDL muscle were excised. Characterization of physiological
parameters was performed in order to classify cachexia stage. Cross sectional area
was determined. Oxidative stress parameters were analyzed by measurement of tert-
butyl hydroperoxide-initiated chemiluminescense, quantification of carbonyl protein
content, reduced glutathione (GSH) and oxidized glutathione (GSSG). Mitochondrial
and RS guantitative analyzes were determined by electron microscopy. Tumor
implantation promoted a decrease in body weight in accordance with the precachexia
stage, followed by a significant weight loss in EDL muscle (-15.33%), contrasting with
a small loss demonstrated by the soleus muscle (5.14%). Cross sectional areas
revealed atrophic fibers in soleus and EDL muscles, partially prevented in tumor
group treated with N-acetylcysteine (TSNAC). Soleus GSH levels were significantly
lower in tumor group (T5) (5.04 + 0.78 mmol / mg protein) when compared to control
group (C5) (7.49 £ 2.34). There was a significant increase in T5 chemiluminescence
curve only in EDL muscle, partially prevented in TSNAC. The EDL and soleus
muscles did not present changes in carbonyl protein content quantification. SR
volume decreased in T5 group, both in EDL (18.89%) and soleus (22.09%) when
compared to C5 group. However, only T5 EDL muscle fibers showed significantly
reduced mitochondrial volume, fully reversed in T5NAC. In accordance with this
results, it can be concluded that during the pre-cachexia stage, muscle mass loss
accompanied by oxidative and ultrastructural changes occurs primarily in muscle with
predominant glycolytic metabolism. However, RS adaptation can be observed in the
soleus muscle, although there is no muscle waste or oxidative alteration.

Key words: Mitochondria. Sarcoplasmic reticulum. Soleus. EDL. Cachexia.
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1 INTRODUCAO

1.1 CAQUEXIA PELOCANCER

A caquexia € uma sindrome metabllica complexa
caracterizada pela perda involuntaria de peso corpéreo, que por muitos anos foi
reconhecida como um efeito adverso do céncer (FEARON et al.,, 2011). A
palavra “caquexia” deriva do grego ‘kakos”, ma e ‘hexis”, condi¢do
(CONSENSO BRASILEIRO DE CAQUEXIA/ANOREXIA, 2011) e atualmente
ndo é mais um estado exclusivamente restrito aos pacientes portadoresde
neoplasias, ja que a desordem acomete pacientes com diferentes doencas
cronicas, como: diabetes, AIDS, doenca pulmonar obstrutiva crénica (DPOC),
sepse e insuficiéncia cardiaca congestiva (WALSMITH & ROUBENOFF, 2002).
Anorexia, inflamacéo e resisténcia a insulina estdo frequentemente presentes
durante a evolucdo do quadro caquético, além de reducdo da atividade fisica,
reduzida tolerdncia a terapias e, muito notadamente, reduzida sobrevida
(FEARON et al., 2011; ARGILES et al., 2014). Desta forma, o carater
multifatorial e sistémico da caquexia acaba por dificultar a organizacédo de
critérios que a definam de forma indiscutivel. Tanto na experimentacdo animal
quanto na pratica clinica, os sinais variam consideravelmente entre o0s
individuos e a heterogeneidade das manifestacbes € aceita como prépria
caracteristica do quadro.

Em termos estatisticos, a caquexia associada ao cancer
representa causa direta de mortalidade em até 40 % dos pacientes. A sindrome
€ raramente identificada ou diagnosticada, e ainda, com menor frequéncia,
tratada. Estudos do inicio dos anos 2000 mostram que apenas 2,4 % dos
pacientes portadores de tumor recebem o diagnéstico de caquexia. Deste
percentual, apenas 6,4 % recebem tratamento (CONSENSO BRASILEIRO DE
CAQUEXIA/ANOREXIA, 2011).

Apesar da corrente inconsisténcia sobre a definicdo do termo
caquexia para fins de diagndstico, o critério mais utilizado na deteccdo da
sindrome é ainda a perda de peso. No entanto, ha mais de 15 anos a caquexia
é distinguida da ma nutricdo. No que diz respeito a historia da definicdo, em
2009, Bozzetti et al. definiram a caquexia como “processo na qual ha perda de

12
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peso e massa celular, em concomitancia a reducéo da ingestao”. Finalmente,
Fearon et al. (2011), estabeleceram, por meio da publicacdo de um Consenso,
gue a caquexia pelo cancer pode ser definida como “sindrome multifatorial, na
qual h&a perda continua de massa muscular, com perda ou ausénciade perda
de massa gorda, que ndo pode ser totalmente revertida pela terapia nutricional
convencional, conduzindo ao comprometimento funcional progressivo do
organismo”.

Os critérios diagnosticos estabelecidos pelo grupo internacional
proponente da definicdo incluem: perda involuntaria de peso superior a 5%, ou
2% (em individuos j& abaixo dos valores esperados de peso, segundo o indice
de massa corporal — IMC < 20kg/m?) ou presen¢a de sarcopenia. Ainda, no
mesmo documento, foi proposta uma classificacdo de acordo com a gravidade
em: pré-caguexia, caquexia e caquexia refrataria. O primeiro estagio seria
definido pela perda de peso inferior a 5%, e presenga de anorexia associada a
algum tipo de alteracdo metabdlica; o segundo estagio, como perda de peso
igual ou superior a 5%, ou de 2% com IMC <20 kg/m?, ou sarcopenia
acompanhada de perda de peso corporal equivalente ou superior a 2%. Ainda,
deve-se levar em conta a presenca frequente de reducao da ingestao alimentar
e de inflamacao sistémica. O terceiro estagio inclui os pacientes com diferentes
graus de caquexia, mas nos quais ha intenso catabolismo e que nao
respondem ao tratamento anti-cancer. Um quadro representativo dos estagios
da caquexia, segundo a definicdo de Fearon et al. (2011) encontra-se
apresentado na Figura 1.

Talvez o fato mais importante a ser considerado seja que a
sindrome da caquexia no cancer esta diretamente associada ao aumento da
mortalidade e diminuicdo da expectativa de vida (RUBIN, 2003), apesar de nao
haver homogeneidade de incidéncia entre os tipos de cancer. A ocorréncia é
mais comum em pacientes com cancer de pulmao, pancreatico, prostatico e do
trato gastrointestinal superior, enquanto que em pacientes com cancer de
mama e hematoldgico sua manifestacdo clinica é rara (MARTIGNONI et al,
2003; GORDON et al, 2005). No entanto, estes dados séo influenciados pela
auséncia de diagnéstico precoce e, nesta fase, a caquexia jAé comumente
refrataria. Durante a evolugdo do quadro caquético, o paciente esta propenso a

apresentar sintomas como fadiga, fraqueza, perda de forca muscular, baixa da

13
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1 atividade fisica e da resposta ao tratamento quimioterapico, diminuindo assim a
2 qualidade e expectativa de vida (DONOHOE et al, 2011).

EstAcios pA CaquExia (ADAPTADO DE FearoN ET AL, 2011)

Caquexia , Caquexia
1 Refrataria

Precaquexia

. Perda de peso <5% . Perda de peso>5% ou i . Catabolismo
IMC<20 e perda i .Naoresponsivo ao MORTE
.Anorexiae de peso>2% OU | tratamento anticincer
alteracdes metabdlicas sarcopenia e perdade | . Baixo score de

peso>2% i desempenho

-Reducdodaingestio !  .Expectativadevida

alimentar| inflamacao ' < 3 meses
sistémica [

Lecenpa: IMC - Inpice D Massa CorRPORAL

Figura 1. Estagios da caquexia. Sindrome da caquexia associada ao céncer classificada
segundo a gravidade, em pré caquexia, caquexia e caquexia refrataria. Retirado de consenso
brasileiro de caquexia/anorexia, 2011.

A fadiga parecer ser a comorbidade de maior prevaléncia,

acometendo 74 % dos pacientes, e estando intimamente relacionada a perda

© 0 N o o1 A W

de massa magra. A caguexia pelo cancer é evidenciada pela perda progressiva
10 de massa muscular, com ou sem deplecéo de tecido adiposo. A perda de 30 %
11 de peso corpbéreo € equivalente ao catabolismo de 75 % de proteinas
12 musculares, enquanto proteinas ndo musculares sao relativamente
13 preservadas. Aparentemente, a atrofia muscular se deve a diminuicdo na
14  sintese de novas proteinas com aumento da ativacdo de vias de degradacéo
15  proteica, promovida pela presenca tumoral (TISDALE, 2010). Neste fato parece
16  residir a principal explicagdo para a perda de massa, principalmente muscular,
17 comecgar a ocorrer antes da diminuigcdo da ingesta alimentar, nos pacientes
18 portadores de neoplasias (TISDALE, 2001). Atualmente, ndo existem
19  alternativas terapéuticas eficientes na reversao da perda de massa muscular e,

20 consequentemente, da fadiga apresentada por estes individuos.
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1.2 MUSCULO ESTRIADOESQUELETICO

O musculo estriado esquelético representa cerca de 40% da
massa corporea total e € o maior sitio de atividade metabdlica em mamiferos,
além da maior fonte de reserva energética. A heterogeneidade das fibras
musculares que o compdem é a responsavel por permitir que um mesmo
musculo seja recrutado para diferentes tarefas: atividade continua de baixa
intensidade (postura), contragbes subméximas repetidas (locomocgédo) e
contragcdes maximas rapidas e fortes (pulo e chute). O repertério de fungbes
metabdlicas e motoras € mediado por fibras musculares especializadas
(SCHIAFFINO & REGGIANI, 2011).

O tecido muscular esquelético € composto, basicamente, pelo
arranjo de células multinucleadas alongadas, por isso também chamadas de
fibras musculares, associadas ao tecido conectivo. O tamanho de um musculo
€ determinado, principalmente, pelo nimero e tamanho de fiboras musculares
individuais, ainda que processos patolégicos possam alterar esta relacao.
Ademais, células satélites, localizadas entre o sarcolema e a lamina basal,
fazem parte do arranjo muscular com a finalidade de contribuir para o
crescimento e regeneracdo muscular, através da ativacdo de fatores
miogénicos (FRONTERA & OCHALA, 2015).

Musculos individuais sao circundados por uma camada de
tecido conectivo, o epimisio; grupos de fibras sdo dispostas em feixes e
envoltas pelo perimisio; uma Unica fibra muscular € envolvida pelo sarcolema.
Associado ao sarcolema existe um complexo de diversas proteinas fisicamente
conectadas a estrutura interna contratil, particularmente a actina. A auséncia
(parcial ou completa), ou mesmo a disfuncdo de qualquer estrutura
componente do tecido muscular pode resultar em dano ao sarcolema, fragueza
muscular e atrofia (FRONTERA & OCHALA, 2015). Os filamentos contrateis de
actina e miosina (também denominados filamentos finos e grossos,
respectivamente), sdo envoltos por invaginacdes da membrana plasmatica,
reticulo sarcoplasmatico e pelas mitocondrias. Filamentos de actina e miosina
se dispdem-se de tal maneira que bandas claras e escuras alternam-se ao
longo da fibra muscular: As bandas claras contém somente filamentos de

actina e sdo denominadas de banda I; As bandas escuras possuem filamentos

15
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de actina e miosina e sao denominadas de banda A. No centro da banda I, ha
uma linha escura, a linha Z (de Zwischenscheibe, linha intermediaria em
alemao), esta delimita a unidade repetitiva das miofibrilas, o sarcémero, que
apresenta a metade de duas bandas | e uma banda A central e mede 2,5 um
de comprimento no muasculo em repouso. Ao microscépio eletronico,
reconhece-se, no centro da banda A, uma regido mais clara, a banda H (do
aleméo hell, claro), onde somente filamentos de miosina sdo encontrados. No
centro dessa banda, ha uma faixa escura, a linha M (do aleméao Mitte, meio). A
organizacdo das bandas de fibras musculares encontra-se na figura 2
(JUNQUEIRA & CARNEIRO, 2011; GARTNER & HIATT, 2007).

o \ . >
Figura 2. Ultra-estrutura de fibra muscular estriada esquelética. Imagem observada em

microscopia eletrénica de transmissédo. Miofibrilas organizadas em banda A, |, H e linhas Z e M.
Retirado de SILVA & CARVALHO, 2007.

Originalmente, a classificacdo dos tipos de fibras se baseava
na cor do musculo; vermelho (muita mioglobina) e branco (pouca mioglobina); e
se correlacionava com a forca de contracao (lenta e rapida, respectivamente).
Posteriormente, com base na expressao de cadeias pesadas de miosina, 0s
tipos de fibra foram divididos em: fibras do tipo 1 (contracdo lenta) e fibras do
tipo 2A, 2X e 2B (contracdo rapida, apresentando caracteristicas oxidativas
diferentes de 2A a 2B) (SCHIAFFINO & REGGIANI 2011). A representacéo

16
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esquematica da estrutura do musculo esquelético e dos diferentes tipos de fibra
de acordo com a expressdo das cadeias pesadas de miosinaencontram-se
apresentados na tabela 1.

Ainda, fibras 2A sdo rapidas intermediarias, possuindo
potencial moderadamente desenvolvido para geracao de forca, utilizando tanto
o0 metabolismo oxidativo como o glicolitico para a producdo de energia durante
a contracado muscular, sendo rapida, porém com certa resisténcia a fadiga.
Fibras 2B utilizam, predominantemente, o metabolismo glicolitico para a
producdo de energia, sendo mais rapida, porém mais fadigavel que a 2A. A
composicdo do musculo em relacdo aos diferentes tipos de fibras depende da
funcdo do musculo. Musculos posturais como, por exemplo, o musculo séleo,
possuem maior proporcao de fibras de contracéo lenta (tipo 1), oxidativas e
resistentes a fadiga, enquanto os musculos envolvidos em atividades rapidas e
que exigem forca, como por exemplo biceps braquial, possuem maior
quantidade de fibras de contracao rapida (tipo 2) altamente fadigaveis (LIBERA
et al., 1997; GOLDSPINK, 2005).

Na literatura, os musculos extensor longo dos dedos (EDL, do
inglés extensor digitorium longus) e soOleo sdo representantes tipicos de
musculos de contragéo rapida e contracéo lenta, respectivamente (JURGENS,
2002). O sdéleo, um musculo antigravidade localizado na porcao posterior da
panturrilha, é responsavel por sustentar atividade prolongada. Este € composto
majoritariamente de fibras do tipo 1, e um numero variavel, no entanto,
geralmente baixo de fibras 2A, oscilando de acordo com a espécie animal
avaliada. Por sua vez, o musculo EDL, localizado na regido antero-lateral da
perna, é composto por trés subtipos diferentes de fibras: poucas fibras do tipo 1
e porcbes variaveis de fibras tipo 2A e 2B, de acordo com a espécie animal
analisada (NOVAK etal., 2010). No entanto, fibras de tipo 2B representam
maioria.

Os diferentes tipos de fibras se mostram diversamente
susceptiveis ao processo atréfico, com fibras oxidativas mais resistentes e
fibras glicoliticas mais propensas a perda de proteinas e organelas
(ROMANELLO & SANDRI, 2010), sugerindo que a expressdo de genes
importantes na fosforilacdo oxidativa e glicolitica s&o coordenadamente
suprimidas (LECKER et al., 2004). Como demonstrado por Sandri et al., (2006),
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a PGC-1a, gene regulador para a biogénese mitocondrial, se mostra
negativamente regulada em diferentes modelos de perda de massa muscular.
Além disso, quando os niveis de PGC-1a sao mantidos, seja pelo usode
animais transgénicos ou transfeccao de fibras musculares adultas, o tecido
muscular é protegido de atrofia induzida experimentalmente. Estes resultados,
contribuem para o entendimento da resisténcia de fibras oxidativas frente ao
processo de perda de massa muscular (LI et al., 2007), apesar de néo explica-
lo por completo.

A massa do musculo estriado esquelético e o tamanho das
fiboras que o compéem podem variar de acordo com condicdes fisiologicas e
patolégicas. Um processo hipertrofico pode ser instalado em decorréncia da
exposi¢cdo a estimulo hormonal anabdlico, como testosterona e agonistas (-
adrenérgicos ou em resposta a sobrecarga mecéanica. Ja um processo de
atrofia muscular pode ocorrer em resposta ao uso de corticosteroides, ou
resultar do processo de envelhecimento, diabetes, caréncia de nutrientes,
imobilizacdo e cancer, ou mesmo devido a producdo crénica de espécies
reativas de oxigénio (ERO) (SCHIAFFINO, 2013).

Tabela 1. Representacado esquematica da estrutura do musculo esquelético

nos diferentes tipos de fibra.

Método de
classificacéo das Terminologia da classificagéo das fibras
fibras
Histoquimico Tipo 1 Tipo 2A Tipo 2B
Coloracéao Vermelha Branca Branca
Bioquimico Lenta Rapida Oxidativa | Rapida Glicolitica
Oxidativa
Metabolismo Oxidativo Oxidativo- Glicolitico
Glicolitico
Limiar de fadiga Alta Moderada Baixa resisténcia a
resisténcia a resisténcia a fadiga
fadiga fadiga
Imunohistoquimico MHC | MHC lla MHC IIb e MHC lIx

MHC: myosin heavy chain (cadeia pesada de miosina). Fonte: Elaborada pelo autor.
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1.3 ULTRAESTRUTURA DO MUSCULO ESTRIADOESQUELETICO

A contracdo muscular, em mamiferos, é dependente de ions
calcio (liberados do reticulo sarcoplasméatico) e adenosina trifosfato (ATP —
produzido pela mitocondria) (PIETRANGELO et al., 2015). Desta forma, a
intima associacdo entre reticulo sarcoplasmatico (RS) e mitocondrias no

processo de adaptacao a novas demandas energéticas se faz necesséria.

1.3.1 RETICULO SARCOPLASMATICO

Os ions célcio (Ca?*) séo versateis segundos mensageiros
(BONCOMPAGNI et al., 2009). Elevacbes transientes na concentracao
intracelular de Ca?* ([Ca?*]i) desempenham papel em diferentes fungées
fisiologicas; expressdo de genes, diferenciacdo celular, liberacdo de
neurotransmissores, motilidade e contracdo celular (Rasmussen et al., 1976;
Endo, 2006). No musculo esquelético, mudancas na [Ca?*]i, responsaveis pela
contracdo muscular, sdo decorrentes da rapida liberacdo deste ion,
subsequente a despolarizacao do sarcolema (PAOLINI et al, 2007).

O reticulo sarcoplasmatico (RS) € um sistema altamente
especifico, composto por uma rede de membranas em estreito contato com as
fibras musculares, e constitui o depésito intracelular de Ca?* (INESI & DE MEIS,
1989). A despolarizacdo do sarcolema culmina em sinalizacao para a rapida
liberacdo de Ca?* pelo RS, através dos canais de rianodina (RyR), resultando
em aumento de Ca?* citoplasmatico, o qual se liga a troponina C, permitindo a
formacdo de pontes-cruzadas entre os filamentos de actina e miosina, com
consequente encurtamento do sarcébmero, dando inicio ao processo de
contracdo muscular (DIRKSEN, 2009). Ainda, ao RS sado atribuidos dois
processos essenciais ao acoplamento de excitagdo-contracdo: recaptacédo de
Ca?* ao inicio do relaxamento muscular e armazenamento de Ca?* durante o
estado muscular quiescente (AUBIER, 1998). A organizacdo do RS na
estrutura do musculo e a sua distribuicdo encontram-se apresentados na figura
3.

O aumento de Ca?* mioplasmico durante o periodo contratil é

transitério, com rapido retorno aos niveis basais, através da recaptura via
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bomba Ca?*-ATPase do RS (SERCA, do inglés sarcoplasmic-endoplasmic
reticulum Ca?*-ATPase) (MURPHY et al, 2009). No mdusculo estriado
esquelético, as SERCA estdo localizadas ao longo da membrana do RS. A
SERCA 1 é encontrada em fibras de contracao rapida, enquanto SERCA 2 é a
principal isoforma em fibras de contracao lenta (ROSSI & DIRKSEN, 2006).

Reticulo

sarcoplasmatico Abertura Nucleo

tubulo-T

Tubulo transverso

Mitocondria

Miofibrila

Sarcoplasma

Cisterna Terminal
Figura 3. Organizacéo do reticulo sarcoplasmético muscular esquelético. Adaptado de
Frontera & Ochala, 2015.

A calsequestrina (CASQ), localizada no lumen do RS e em
estreita proximidade aos locais de liberacdo de Ca?*, é uma proteina com alta
capacidade de se ligar a este ion (JORGENSEN et al. 1983; FRANZINI-
ARMSTRONG et al. 1987). Em mamiferos, duas isoformas sdo descritas e
caracterizadas: isoforma muscular esquelética e muscular cardiaca, CASQ 1 e
CASQ 2, respectivamente. Em fibras de contracdo lenta de mamiferos, a
isoforma CASQ 2 é a mais abundante e é co-expressa juntamente a CASQ 1
em uma taxa 1:3 em adultos (DAMIANI et al., 1990), entretanto em fibras de
contracdo rapida, CASQ 1 é a unica isoforma encontrada (SACCHETTO et
al., 1993). A representacdo esquematica do sistema de contracdo-excitacéo e
as suas respectivas proteinas encontra-se apresentada na figura 4.

A concentracdo de Ca?*intraluminal livre reflete na limitacéo de
seu transporte ativo (INESI & DE MEIS, 1989). A recaptura de Ca?* pela
SERCA ocorre contra um gradiente de concentracao altamente elevado, dessa
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forma, a CASQ torna-se fundamentalmente importante na manutencdo da
baixa [Ca*?]i no lUmen sarcoplasmatico. Particularmente, a promog¢do de menor
gradiente é importante para fibras de contracdo rapida, uma vez que a
qguantidade de Ca?‘liberada e recapturada é muito maior quando comparadas
as fibras de contracédo lenta (FRYER & STEPHENSON, 1996).

\ | Jungdo

Neuromuscular

Neurdénio §
Motor :\ Sarcolema

Canais de calcio

Tdbulo T

Triade

Figura 4, Sistema de contrac&o-excitacéo. Adaptado de:
http://slideplayer.com.br/slide/295297/.

O RS de fibras de contracéo rapida e contracdo lenta
apresentam diferencas estruturais, quando comparados (OGATA & MURATA
1969; GAUTHIER 1969; SCHIAFFINO et al., 1970; TOMANEK et al., 1973). O
RS é ricamente desenvolvido no EDL, diferentemente do muasculo séleo, com
excec¢ao da regido proxima a linha-Z (SCHIAFFINO et al., 1970). Entretanto, as
taxas de liberacdo de Ca*? do RS dos musculos EDL e séleo parecem néo
variar (SMITH et al., 2013). Como descrito por Murphy et al. (2009), este fato
parece estar associado a alta concentragédo de CASQ em fibras musculares do
EDL, capazes de prevenir a saida excessiva de Ca*?.

Estudos recentes demonstraram que durante a atrofia
desencadeada por ventilagdo mecéanica e também no desuso, o RS aumenta
sua capacidade de liberacdo de Ca*?, e isso se deve a oxidacdo/nitrosilacdo
dos canais de rianodina (MATECKI et al., 2016; LAMBOLEY et al.,2016).
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Nenhum estudo avalia com profundidade as alteragdes nesta organela durante

o desenvolvimento da caquexia pelo cancer.

1.3.2 MITOCONDRIA

As mitocondrias sdo organelas de sinaliza¢do e bioenergética
essenciais na deteccdo de estresse celular, permitindo adaptacdo ao meio.
Uma das principais funcdes desta organela € a producdo de ATP. Contudo,
desempenham muitas outras atividades além da producdo de energia,
incluindo regulacdo de sinalizacdo celular e de morte celular (VYAS et al.,
2016).

O musculo estriado esquelético apresenta duas populagcbes de
mitocondria fenotipicamente distintas: As mitocondrias intermiofibrilares (IMF),
inseridas entre as miofibrilas, e as mitocondrias subsarcolemais (SS),
localizadas logo abaixo da membrana plasmatica. Estas duas populagfes
apresentam propriedades funcionais e bioquimicas caracteristicas.
Mitocondrias SS fornecem energia para eventos relacionados ao sarcolema,
tais como sinalizacdo e transporte de ions e substrato, enquanto mitocéndrias
IMF fornecem ATP para a realizacdo da contragcdo muscular (VITORINO,
2015).

Uma das diferencas classicas e distintas de diferenciacdo do
tipo de fibra, se baseia na diferenca de densidade do volume mitocondrial.
Fibras oxidativas sao ricas em mitocéndrias, as quais sdo mais abundantes em
musculos de contracdo lenta. Fibras glicoliticas, presente em musculos de
contracdo rapida, apresentam volume mitocondrial diminuido. Dessa forma,
segundo a classificacdo metabdlica, as fibras podem ser classificadas em:
oxidativa-lenta, ricas em mitocondria (tipo 1); rapida-oxidativa, ricas em
mitocondria (tipo 2A e 2X); rapida-glicolitica, com poucas mitocondrias (tipo 2B)
(SCHIAFFINO & REGGIANI, 2011).

Ainda, é possivel correlacionar diferencas quantitativas de
proteinas mitocondriais e atividade enzimatica entre os tipos de fibras.
Proteinas envolvidas no metabolismo de acidos graxos, como a carnitina-
palmitoil transferase Il (CPT 11), que estad 6 vezes mais presente em fibras do

tipo 1 quando comparada as fibras do tipo 2X e 2B. Esta caracteristica é
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claramente consistente com o fenétipo metabdlico de muasculos de contracéo
lenta, que derivam uma porc¢ao significativa da sua energia a partir da oxidacao
de acidos graxos e expressam niveis mais elevados de proteinas envolvidas no
transporte deste, no sarcolema (FAT/CD36, FATP e FABPpm), quando
comparado com musculos de contracdo rapida (PICARD et al., 2012). Em
contraste, a desidrogenase glicerol-3-fosfato (Gpd2), uma enzima intermediaria
da via glicolitica, € 10 vezes mais abundante em fibras do tipo 2B quando
comparada as fibras do tipo 1 e 2A (MURGIA et al., 2015).

Em termos estruturais, as mitocondrias IMF distribuem-se em
um complexo sistema de redes ao longo das miofibrilas. Seu numero e area de
superficie muda de acordo com a necessidade de eficiéncia energética. Em
termos préaticos, da-se o nome de relacdo fusdo/fissdo mitocondrial a
capacidade das mitocondrias de compartilharem membranas conforme a
demanda energética aumenta (PICARD et al., 2013).

Morfologia e niumero de mitocéndrias sdo dependentes do
balanco de dois processos antagonistas: Fusao e fissdo. A fusao de
mitocondrias isoladas promove a formacdo de uma extensa rede
interconectada. Este processo possibilita a conjuncdo de conteddos
intracelulares por estas organelas, proporcionando redistribuicdo de
metabolitos, proteinas e DNA mitocondrial (mtDNA), com consequente
aumento da eficiéncia na producdo de ATP. Em contrapartida, o processo de
fissdo ou fragmentacdo é um mecanismo capaz de segregar componentes da
rede mitocondrial que apresentem dano, permitindo sua remogdo por via
lisossomal. Este processo previne acumulo local de mitocéndrias alteradas (LIU
et al., 2009; ROMANELLO et al., 2010).

Multiplos estudos tém demonstrado um desbalanco nas
atividades de fusdo e fissdo na progressao do cancer, com consequente
elevacdo no processo de fissdo e decréscimo nas taxas de fusdo, resultando
em fragmentacdo da rede mitocondrial muscular. Com o exposto, pode-se
concluir que a progressédo tumoral € capaz de induzir alteracdes em numero e
funcionalidade mitocondrial no musculo esquelético (PADFIELD et al, 2005;
HANAI et al, 2007). Como demostrado por Romanello et al. (2010), a ativacao
de fissdo mitocondrial € capaz de induzir a atrofia muscular. Ainda,

mitocondrias danificadas podem gerar ERO localmente, promovendo assim a
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ativacado de fatores indutores do catabolismo proteico muscular, como FoxO e
NFkB.

1.4 PROTEOLISE

A adaptacdo celular esta relacionada com a producéo de ERO,
sendo que a producdo aguda induz respostas diferentes da producédo croénica.
A Ultima, em intensidades de baixa a moderada, pode modular vias de
sinalizacao que resultam em ativacado de mecanismos proteoliticos (POWERS
et al., 2005; POWERS, 2007). As principais proteases envolvidas na
degradacdo de proteinas musculares séo as proteases ativadas pelo Ca?*
(calpainas), as caspases, 0 sistema proteassomal e 0s lisossomos.

As calpainas sdo proteases citosOlicas normalmente
encontradas em estado quiescente ou inativadas (COSTELLI et al., 2005). Sua
ativacdo exige elevacdo na concentragdo de Ca?* intracelular, que ativadas
promovem proteolise irreversivel de proteinas do citoesqueleto e associadas a
membrana, além de miofilamentos de ancoramento do sarcémero. Elevacao da
concentragdo de ERO no musculo promove aumento citosdlico dos niveis de
Ca?* livre por diferentes mecanismos: inibicdo da atividade dotransportador
Ca?* ATPase do RS, com prejuizo na recaptura do Ca?* livre; inibicédo da
atividade do transportador Ca?* ATPase da membrana plasmatica, impedindo a
remocao do Ca?* intracelular; liberacdo do Ca?* armazenado no RS (POWERS
et al., 2009).

As caspases sdo endoproteases relacionas com a degradacéo
proteica e apoptose. A ativacdo da caspase-3 € capaz de promover
degradacdo do complexo intacto de actina-miosina, responsaveis pela
contracdo da estrutura sarcomérica (DU et al., 2004; MCCLUNG et al., 2007).
O controle de sua ativagao envolve diferentes vias interconectadas, no entanto
ja foi demonstrado que o aumento de ERO contribui para sua ativacao pelas
vias de sinalizagdo mitocondrial e do RS no tecido muscular (PRIMEAU et al.,
2002).

No musculo, bem como em os outros tecidos, o sistema
ubiquitina- proteassoma € responsavel pela maioria dos processos proteoliticos

intracelulares. A estrutura do complexo proteassomal € composta pela
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subunidade 20S, envolvida na hidrélise proteica e pela subunidade regulatoria
19S. O reconhecimento da proteina pela subunidade 19S é dependente das
enzimas: E1, responsavel pela ativacdo da ubiquitina; E2, responséavel por
carreamento da ubiquitina ativada; E3, responsavel por catalisar a ligacdo da
ubiquitina a cadeia amino-terminal da proteina. O aumento na producdo de
ERO regula atranscricdo das enzimas E2 e E3, aumentando a velocidade do
processo proteolitico (CAO, 2005). O desdobramento e desnaturacao parcial
de proteinas oxidadas resulta na exposicdo de sitios hidrofobicos dos
aminoacidos, promovendo seu reconhecimento pelo core 20S sem a
necessidade de ubiquitinagdo (HOHN, 2013).

Os diferentes sistemas proteoliticos descritos podem ser
ativados de formas diversas pela presenca de ERO ou ERN, induzindo atrofia.
Atualmente, é muito bem aceito que o estresse oxidativo, em decorréncia da
presenca tumoral, promove alteracdes na regulacao de vias de sinalizacdo que
contribuam para o remodelamento muscular (GUARNIER et al., 2010;
POWERS et al., 2009). Esses diferentes mecanismos encontram-se resumidos

na Figura 5.

Calpaina Caspase-3 Sistema Proteasomal

-® * &P %j e ool =

Mitocéndria MAP quinase

Caicio citosslico aumentado \ "1 \\ l / r— \\l /

|
@ o e

Aumento da
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Ativac@o de Calpaina Ativacao de Caspase-3
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T — e S — — S
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Liberacao de Miofilamentos Degradagdo proteica aumentada

Figura 5: Ativacdo de vias proteoliticas pelas espécies reativas de oxigénio no musculo
esquelético. Fonte: Adaptado de POWERS et al., 2009.

Esses sistemas vém sendo muito bem descritos nos ultimos
anos, particularmente em diversas doengas que levam ao catabolismo do

musculo esquelético. Tem sido demonstrado que as ERO regulam a expressao
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génica dos componentes basicos do proteassoma (LI et al., 2003), assim como
todas as outras vias proteoliticas. No que diz respeito a caquexia pelo cancer, a
perda de massa muscular pode ser devida a diminuicdo na sintese de
proteinas, aumento no catabolismo ou combinacdo de ambos. Ainda que a taxa
de sintese proteica esteja substancialmente diminuida na caquexia, a perda de
massa muscular, parece estar diretamente relacionada com a degradacao
aumentada, em decorréncia da ativacao de vias proteoliticas. (TISDALE, 2001).
Além dos sistemas de degradacéo de proteinas interligados
pela acdo proteassomal, o sistema lisossomal de degradacdo também parece
ter intima relacdo com a eficiéncia do turnover de proteinas musculares durante
a progressao de doencas. O sistema lisossomal é responsavel pela remocéao
de organelas e pela tentativa de degradacdo de agregados proteicos,
conhecidos como lipofuscinas. Estas moléculas foram popularizadas como
“age pigment” e sédo formadas devido a modificacbes oxidativas extensas de
proteinas, que se tornam as responsaveis pela perda da estrutura terciaria de
proteinas constitutivas. No interior da célula, as lipofuscinas, durante o seu
processo de formacédo, sdo capazes de gerar compostos radicalares, induzindo
a oxidacdo de novas proteinas. A presenca de agregados proteicos de
lipofuscina no interior das células é capaz de inibir a degradacdo de proteinas
oxidadas por meio de ligacdo competitiva com enzimas proteoliticas, incluindo
0 proteassoma e proteases lisossomais (SITTE et al., 2000). O mecanismo de
interrupcdo da degradacdo de proteinas pela formacdo de agregados de

lipofuscina encontra-se descrito na Figura 6.
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Figura 6. Processo de formacé&o dos agregados de lipofuscina. A formagéo dos agregados
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tem inicio pelo dano oxidativo proteico e na sua ndo remoc¢éo pelo sistema proteassomal, com
consequente englobamento pelos lisossomos. O preenchimento total desta organela e falha na
degradacédo, promove a ruptura de membrana e liberacdo de lipofuscinas no citosol.

1.5 ALTERACOES OXIDATIVAS RELACIONADAS A MITOCONDRIA E AO
RETICULO SARCOPLASMATICO NA CAQUEXIA PELO CANCER

Nos ultimos anos, a disfuncdo mitocondrial tem sido descrita
como um evento chave no desenvolvimento da caquexia pelo cancer, apesar
da heterogeneidade dos modelos usados nos estudos. Diversos trabalhos, com
distintas abordagens, tém consistentemente relatado diminui¢éo da capacidade
oxidativa durante a perda de massa muscular relacionada ao crescimento
tumoral. A disfuncdo mitocondrial ¢ comumente relacionada a caquexia pelo
cancer, independente do modelo tumoral usado no estudo. Considerando uma
maior proporcdo de mitocondrias IMF do que SS (aproximadamente 80 vs.
20%, respectivamente), pode-se especular que as adaptacdes mitocondriais
em decorréncia da caquexia pelo céancer, ocorrem preferencialmente na
populacao intermiofibrilar (VITORINO et al., 2015).

A manutencdo da dindmica mitocondrial é particularmente
importante em células, como neurbnios, musculo cardiaco e musculo
esquelético. A este truncado mecanismo adaptativo, da-se o nome de

mitoplasticidade (JOSE et al., 2012). Estudos recentes mostram que na



© 0O N O O &~ W N

W W W W W NN NN DN DN DN DNDDNDDDN P PP R R, PR P
A WO N P O © 00 N OO O B WO N P O ©O 0O N OO O B W DM —» O

caquexia pelo cancer a disfuncdo mitocondrial € um evento comumente
relatado, independente do modelo tumoral utilizado. Entretanto, ainda ndo se
conhece a susceptibilidade de populacdes mitocondrial distintas frente a perda
de massa muscular pelo cancer, ainda que bem estabelecido que o fendtipo
muscular seja caracterizado pela reducdo no numero de mitocondrias e
diminuicdo na expressdo de fatores de regulacdo envolvidos na biogénese
mitocondrial (VITORINO et al., 2015).

A mitocondria e 0 RS interagem de forma sinérgica durante
processos fisiologicos e adaptativos, no musculo estriado esquelético. Os
mecanismos disparadores e reguladores desta sinergia ainda nao séo
compreendidos. Sabe-se que a liberacdo de maior ou menor quantidade de
Ca?* a partir do RS é capaz de promover mudanca de posicdo mitocondrial em
relagdo ao proprio RS e ao tdbulo T. Alguns mecanismos bioquimicos e
moleculares disparadores destas alteracOes fornecem algumas pistas, mas
evidéncias sélidas ainda ndo foram construidas. A producdo de ATP é
necessaria para a realizacdo das pontes cruzadas actina-miosina, onde a
ligacdo da molécula de ATP a miosina promove a dissocia¢do actina-miosina.
Além disso, a ATP fornece energia para a recaptacdo de Ca?* pelas SERCA
durante o relaxamento muscular. A entrada de Ca?* na matriz mitocondrial é
responsavel pela estimulacdo da cadeia respiratéria, com consequente
aumento da producdo de ATP, requerido nas diversas funcbes celulares.
Especificamente, a elevacdo das concentracdes de Ca?* na matriz estimula
diversas desidrogenases mitocondriais responsaveis pela geracdo de NADH
(piruvato, isocitrato e 2-oxoglutarato) e a capacidade de sintese de ATP pela
FiFo-ATPase (BONCOMPAGNI et al., 2009).

Estudos prévios demonstram o sequestro de Ca?* pelas
mitocondrias durante a oscilacdo de Ca?* citoplasmatico em diferentes tipos
celulares, incluindo células musculares. No entanto, a discrepancia entre a
magnitude do transiente de Ca? e a baixa afinidade mitocondrial pelo ion é
minimizado pelo posicionamento estratégico desta organela em proximidade a
fontes de fluxo de Ca?* e a superficie do RS. Ainda, como demonstrado por
Boncompagni et al. (2009), as mitocdndrias e as unidades liberadoras de Ca?*
estdo intimamente justapostas e conectadas por cadeias eletrodensas — as

chamadas “tethers” (Figura 7). A captura de Ca?* pelas mitocondrias deve ser
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precisamente controlada. Excesso na entrada de Ca?' pode resultar na
formacdo do poro de permeabilidade mitocondrial, com consequente colapso
da membrana interna e liberacdo do citocromo, acarretando em morte celular
(DUCHEN, 2000; JOZA et al.,, 2001; NEWMEYER & FERGUSON-MILLER,
2003). A interacédo entre o RS e as mitocondrias possui papel fundamental na
funcdo muscular. O Ca?* liberado pelo RS durante a contragdo muscular é
capaz de estimular a producdo de ATP pelas mitocdndrias, favorecendo o
suprimento da demanda energética durante a contracdo muscular. Ainda, as
mitocondrias sdo capazes de inibir a liberacdo indesejada de Ca?* pelo RS,
através do controle redox local das unidades liberadoras de Ca?* (CRU, do
inglés calcium release units).

Pouco se sabe sobre o real papel do RS durante os processos
atréficos, ainda que evidéncias apontem sua participacdo na modulacdo de
massa muscular desencadeada por ventilagdo mecéanica, desuso e exercicio
(MATECKI et al., 2016; LAMBOLEY et al., 2016; MAMMUCARI et al., 2015). No
que diz respeito a caquexia pelo cancer, nenhum estudo até o momento se
propds a uma avaliacédo efetivamente sélida sobre o papel da organela frente a

ativacao de vias proteoliticas e consequente perda de funcao.

Banda A

f . Bandall
Linha Z i Linha M i Linha Z
< <

e
< e
-2z

-

?ﬁv\a—%\v e
o D

D @ -

Triade Mitocdndria Calsequestrina “Tether”  Nanodominios

Figura 7. Relacdo entre RS e mitocéndrias. Adaptado de ROSSI et al., 2011.
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1.6 ANTIOXIDANTES COMO PROPOSTA TERAPEUTICA NA CAQUEXIA
PELO CANCER

Segundo o Consenso Brasileiro de Caquexia/Anorexia (2011), os
tratamentos clinicos disponiveis para a sindrome da caquexia destinam-se ao
aumento da ingestdo alimentar. Como a maioria dos estudos controlados
randomizados ndo tem demonstrado beneficios consistentes da intervencdo
nutricional isolada no ganho de peso e na qualidade de vida, o tratamento da
caquexia passou a ser associado ao uso de grande variedade de agentes
farmacoldgicos, cujo objetivo principal é obter melhora na qualidade de vida do
paciente oncoldgico. No entanto, poucos estudos avaliam o aumento da
sobrevida destes individuos.

Os tratamentos em voga, apesar de pouco utilizados e de
apresentarem resultados pouco consistentes, dividem-se em: (1) estimulantes
do apetite; (2) antinflamatérios; e (3) modificadores do metabolismo energético.
Dentre os estimulantes do apetite, encontram-se encontram-se 0 magestrol, a
mirtazapina, o cloridrato de ciproetadina e os canabioides. Dentre os
antinflamatorios, encontram-se a dexametasona, a talidomida, a pentoxifilina, a
indometacina, o naproxeno e o celecoxibe. Finalmente, dentre a classe dos
modificadores do metabolismo energético encontram-se o cipionato de
testosterona e os nutracéuticos, como o dmega-3, a L-carnitina, a leucina, o
hidroximetilbutirato (um dos mais utilizados em ambiente hospitalar) e a
melatonina. Todos estes compostos citados como nutracéuticos possuem
alguma capacidade antioxidante, o que parece evidenciar um alvo terapéutico
interessante para tratamento efetivo desta sindrome negligenciada
(CONSENSO BRASILEIRO DE CAQUEXIA/ANOREXIA, 2011).

O aumento na producdo de ERO além de niveis basais pode
ser balanceado por um sistema enddgeno de defesas antioxidantes naturais.
Dentre as enzimas, destacam-se a superéxido dismutase (SOD), catalase e
glutationa peroxidade (GSH-Px). Estas sédo capazes de impedir a ocorréncia de
reacoes em cadeia pelas espécies quimicas e sédo consideradas o principal
mecanismo de defesa antioxidante (MASELLA, 2005). A alimentacdo pode ser
fonte de antioxidantes como as vitaminas C e E, flavonoides e carotenoides.

Proteinas como ceruloplasmina, transferrina e ferritina podem atuar, também,
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como antioxidantes, bem como os metabalitos bilirrubina e acido lipdico
(HONH, 2013).

A N-acetilcisteina (NAC) € associada ao tratamento de doencgas
pulmonares com hipersecrecdo de muco, como bronquite crdnica e fibrose
cisticas, além de ser o tratamento de escolha na intoxicagdo por paracetamol
(MOLDEUS & COTGREAVE, 1994; SHIMIZU et al., 2005). O grupamento tiol
presente em sua estrutura confere-lhe capacidade antioxidante direta, através
do sequestro de ERO presentes no meio (TERRIL et al., 2011). A NAC ao ser
metabolizada é desacetilada sendo convertida a cisteina, que no interior da
célula ira se conjugar com os aminoacidos glicina e acido glutamico, formando
glutationa reduzida (GSH), exercendo efeito antioxidante indireto (RUFFMANN
et al.,, 1991). Estudos tém apontado para o envolvimento do sistema
antioxidante da glutationa na regulacdo de algumas reacdes endbégenas
(COTGREAVE et al., 2002).

A NAC parece atuar como antioxidante indireto nas fibras do
musculo esquelético pela protecdo de sitios celulares especificos, como RS,
sarcolema e/ou proteinas mitocondriais, do estresse oxidativo severo em
diferentes modelos (SHINDOH et al. 1990; REILLY et al. 1991; VAN SURELL
et al. 1992; KHAWLI & REID, 1994; REID et al. 1994; BARREIRO et al. 2005).
Ainda, a administragdo de NAC foi eficaz na melhora significante da atividade
do complexo IV mitocondrial no mdasculo de animais caquéticos.
(FERMOSELLE et al., 2013).

Evidéncias recentes tém demonstrado a eficacia da NAC na
reversdo da perda de massa muscular esquelética na atrofia por desuso,
induzida experimentalmente (DOWLING, 2012), jA que outros estudos vém
indicando o envolvimento do estresse oxidativo em processos catabdlicos
(POWERS et al., 2009; BONNETO et al., 2009; POWER et al., 2012).
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2 JUSTIFICATIVA

O diagndstico de caquexia em pacientes com cancer € um
estado frequentemente negligenciado na pratica clinica, apesar de exercer
Obvia influéncia sobre a qualidade de vida, sobrevida e mortalidade de
individuos portadores de neoplasias. Dos poucos individuos diagnosticados,
uma porcentagem ainda menor é tratada. Estudos demostram que células
tumorais sdo capazes de promover anormalidades metabdlicas que culminam
em sinalizagdo e adaptagdo a distancia no musculo estriado esquelético,
conhecida como caquexia. Contudo, a mitocondria e o RS, por interferirem
diretamente no equilibrio do Ca?* citoplasmatico livre, tém recebido pouca
atencdo no mecanismo de desenvolvimento da doenca, principalmente nas
suas fases iniciais — que parecem ter fundamental importancia para o efeito
terapéutico. Estudos tém sugerido plasticidade mitocondrial no
desenvolvimento da sarcopenia senil, fato que sugere mudanca de
posicionamento e adequacao da organela frente a desafios que modulem a
massa muscular. Pouco se sabe sobre a real participacdo da interacédo entre
mitocondria e RS em doencas de componente caquético. Além disso, a falta de
opcOes terapéuticas realmente eficientes durante o desenvolvimento da
sindrome afeta diretamente a opcédo de tratar o paciente em estagios precoces.
O estado de astenia do paciente é forte determinante, inclusive, da dose,
frequéncia, e do quimioterapico de escolha. A nutracéutica, dentre as op¢oes
terapéuticas disponiveis, vem sendo utilizada na tentativa de melhora do
estado geral do individuo, o que impactaria diretamente na sobrevida. Todos os
nutracéuticos utilizados na pratica clinica possuem em alguma extensao,
capacidade antioxidante, o que torna esta classe de substancias potenciais
terapéuticos para o tratamento da sindrome. Seus efeitos durante a fase
precoce da caquexia pelo cancer ainda nao foram testados, assim como 0s
mecanismos determinantes da adaptacdo muscular antes que a atrofia

efetivamente aconteca.
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3 OBJETIVOS

3.1 OBJETIVOGERAL

Avaliar a plasticidade mitocondrial e do RS em musculos
esqueléticos com diferentes tipos de fibras, de ratos Wistar portadores da
forma solida do tumor de Walker-256, assim como investigar o envolvimento do
estresse oxidativo nestas alteracbes, por meio do tratamento com um
antioxidante que tem demonstrado atuar positivamente sobre a atrofia por

desuso.

3.2 OBJETIVOSESPECIFICOS

1. Classificar o nivel de caquexia, apds 5 dias de implantacdo da forma soélida
do tumor de Walker-256;

2. Avaliar se a adaptacdo muscular, neste modelo, acomete
predominantemente musculos glicoliticos ou oxidativos;

3. Verificar se as modificacdes adaptativas precoces estdo correlacionadas as
alteracBes mitocondriais ou de RS por meio de analise de ultraestrutura;

4. Investigar a correlacdo das alteracdes especificas de organelas com as
modificacdes oxidativas de proteinas indutoras de protedélise muscular;

5. Avaliar se o antioxidante N-acetilcisteina seria capaz de alterar as
modificacdes iniciais evidenciadas nos objetivos especificos anteriores.
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ARTIGO

Associacao entre perda de massa muscular fibra-especifica e
anormalidades ultra estruturais e oxidativas, em um modelo experimental de pré-

caquexia induzida pelo cancer.

Specific fiber type wasting is associated with ultrastructure
abnormalities and alterations of oxidative stress parameters in an experimental model of

cancer-induced precachexia.

O presente artigo serd submetido ao periodico cientifico “The Journal of Cachexia,
Sarcopenia and Muscle (JCSM)”.
F.I. 2015: 7.883 / Qualis CAPES 2014 (Medicina I1): Al.



© 00 N o o B~ W DN

W W W wWR RN RNNDNDNDNDNDRNRNRDRR R B B B P P P
W N P O © ® N o 00 & W NP O © © N o o b w DN P O

35

SPECIFIC FIBER TYPE WASTING IS ASSOCIATED WITH
ULTRASTRUCTURE ABNORMALITIES AND ALTERATIONS OF
OXIDATIVE STRESS PARAMETERS IN AN EXPERIMENTAL MODEL OF
CANCER-INDUCED PRECACHEXIA

Fernanda Paschoal Blegniski'; Simona Boncompagni?; Claudia Pecorai 2; Rubens

Cecchini ®; Feliciano Protasi 2; Flavia Alessandra Guarniert

! pathophysiology Laboratory of Muscular Adaptations, Department of Pathological
Sciences, Universidade Estadual de Londrina, Londrina, Brazil

2 Center for Research on Ageing and Department of Neuroscience and Imaging,
Universita G. d’Annunzio, Chieti, Italy

3 pathophysiology Laboratory of Free Radicals, Department of Pathological Sciences,

Universidade Estadual de Londrina, Londrina, Brazil

Corresponding author:

Flavia Alessandra Guarnier

Pathophysiology Laboratory of Muscle Adaptations
Department of Pathological Sciences

Londrina State University

E-mail: faguarnier@uel.br, faguarnier@yahoo.com.br
Phone: +55 43 3371 45 21

86051- 990 Londrina, Brazil


mailto:faguarnier@uel.br
mailto:faguarnier@yahoo.com.br

© 0O N oo O B~ w DN

NI SR R N R el e T e e O i o =
A W N P O © 00 N O 0o M W N BB O

ABSTRACT

Muscle wasting during cancer cachexia progression does not occur similarly in all types
of muscle fibers. The purpose of this study was to investigate EDL and soleus
ultrastructural changes related to mitochondria and sarcoplasmic reticulum (SR), and
correlation with oxidative stress profile in a very early stage of cachexia induced by
Walker-256 solid tumor. Oxidative stress parameters was quantified. Mitochondria, SR
and cross sectional area quantitative analysis were traced. Tumor implantation caused
decrease in general body weight, followed by a significant weight loss in EDL muscle (-
15.33%), contrasting with the small loss demonstrated by soleus (-5.14%) muscle. Cross
sectional area revealed atrophic fibers in soleus and EDL. Soleus GSH levels were
significantly lower in tumor group (T5) (5.04 £ 0.78 mmol/mg protein) when compared
with control group (C5) (7.49 = 2.34). EDL showed a significant increase in T5
chemiluminescence curve, but not in soleus. EDL and soleus muscles presented no
alterations in carbonyl groups content. SR volume area decrease in T5 group, both in
EDL (18.89%) and soleus muscle (22.09%) compared to C5. However, only EDL fibers
from T5 showed significantly reduced mitochondrial volume. In addition, mitochondria
are more fragmented in T5 group. Analyzed parameters were significantly modified in
animals treated with N-acetylcysteine. In conclusion, during pre-cachexia stage, muscle
mass loss followed by oxidative and ultrastructural changes occurs primarily in muscle
with predominant glycolytic metabolism. However, RS adaptation can be observed in

soleus muscle, regardless muscle waste or oxidative alteration.

Key words: Mitochondria. Sarcoplasmic reticulum. Soleus. EDL. Cachexia. Oxidative

stress.
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INTRODUCTION

Although cachexia has a profoundly adverse effect on the quality of
life and survival of patients, weight loss is rarely recognized or managed actively. Only
2.4% of all patients with cancer are diagnosed with cachexia. The treatment of the
syndrome is observed in only 6.4% of this population (SARHILL, et al. 2003). Patients
with severe muscle wasting, ongoing catabolism, and low performance status are
unlikely to have clinically important benefits from treatments intended to result in gain
of lean tissue and function. In accordance with international cachexia consensus, the
severity of depletion can be classified according to the rate of ongoing loss in
combination with depletion of energy stores and body protein mass. Pre cachexia, the
initial and often barely perceptible beginning of cachexia trajectory, is classified as an
involuntary weight loss (i.e., < 5%) preceded by metabolic alterations and anorexia
(FEARON, 2006).

Muscle mass loss, the preeminent characteristic of cachexia, arises
through a combination of hypoanabolism, with increased catabolism of myofibrilar
proteins (TISDALE, 2010). However, muscle wasting during cancer cachexia
progression does not occur similarly in all types of muscle fibers (BARACOQOS, et al.
1995; ACHARYYA, et al.,, 2004). The different fiber types display a diverse
susceptibility to atrophy, with oxidative muscle fibers more resistant to atrophy than
glycolytic fibers (LI, et al, 2007). Some studies indicate metabolic and structural
adaptations in atrophying muscle (SANDRI, 2008; FONTES-OLIVEIRA, et al. 2012),
although few studies have proposed a consistent comparison of muscles with different
fiber types in early stages of cachexia.

Oxidative stress has been proposed to be involved in the pathogenesis
of skeletal muscle wasting in multifaceted ways (BONNETO et al., 2009). Reactive
oxygen species (ROS) have been suggested to play a significant role in activating at
least some of the mechanism leading to cancer cachexia (LAVIANO et al., 2007).
Target molecules of ROS can be membrane lipids, structural and regulatory proteins, or
nucleic acids, and these reactions could potentially damage cell structures and functions
(MARTIN & BARRETT, 2002). In addition, the modifications imposed by ROS
interactions have the potential of modifying cellular structures, altering their functions.
In this sense, mitochondria are extremely dynamic organelles, and abnormalities in

muscle mitochondrial morphology and function have been reported in cancer-induced
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cachexia (FONTES-OLIVEIRA, et al. 2012; CONSTANTINOU, et al. 2011). This
organelle exists as either fused, tubular networks or as fragmented granules, depending
on cellular state, including mitochondrial metabolism, respiration, and oxidative stress
(MISHRA & CHAN, 2016). Several studies have demonstrated mitochondrial network
fragmentation on the skeletal muscle during cancer development, with pathological
consequences (BROOKES, et al. 2004; SENFT & RONAI, 2016).

It has been demonstrated that mitochondria and sarcoplasmic
reticulum (SR) have key roles during normal muscle activity (DIRKSEN, 2009). These
two organelles possess a structural association that provides an optimal bidirectional
SR-mitochondrial communication that improves Ca?* release and excitation-contraction
coupling during skeletal muscle activity (ROSSI, et al. 200). Although SR-
mitochondrial communication has positive effects (FONTES-OLIVEIRA etal., 2012),
this communication needs to be regulated appropriately (e.g., by structural proximity),
and any perturbation in the mitochondrial or SR homeostasis (or membrane integrity)
might severely impair cellular functions such as ATP synthesis, permeability of
transition pores, and additional ROS generation (BROOKES et al., 2004). As a result of
the close proximity to SR, significant mitochondrial Ca®* uptake has been demonstrated
(DIRKSEN, 2009). Since disturbances on Ca?* balance can activate several mechanisms
of signaling, damage, or even cellular death, this could explain, at least in part,
weakness and asthenia demonstrated by cachectic patients during disease evolution.

At present, current literature refers that cancer progression promotes
mitochondrial functional and morphological abnormalities in the skeletal muscle. Yet,
no study evaluates in-depth disruption of mitochondrial networks associated with
alterations in other structures, such as sarcoplasmic reticulum in different muscles with
diverse fiber types, as well as the relationship with oxidative modifications in the early
stages of the cachexia syndrome. Few information is provided about SR role and
behavior during cachexia development, and also the importance of this organelle on the
already described mitochondrial adaptation. Therefore, the purpose of this study is to
investigate extensor digitorum longus (EDL) and soleus ultrastructural changes related
to mitochondria and SR, and also the correlation with oxidative modifications in a very

early stage of cachexia induced by Walker-256 tumor.

38



© 00 N O O B~ W N -

& B B B

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

METHODS

Animals

Adult male Wistar rats (190-230g), obtained from the animal house of
the Biological Sciences Center at the Universidade Estadual de Londrina were used.
The animals were kept at a constant temperature (23 + 2°C) and under an automatically
controlled photoperiod (12 h light/12 h dark) with free access to water and commercial
food (Nuvilab®, Nuvital Nutrientes Ltda., Curitiba-PR, Brazil).The food intake and
weight were controlled daily. 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, Maryland]. In
addition, procedures were approved by Ethics Committee for Animal Experimentation
from our institution (069/2015 and 143/2016).

Tumor implantation and treatment

The rats were divided into three groups, designated as controls (C5);
tumor bearing rats (T5), and tumor hosts treated with N-acetylcysteine (TSNAC - 1% in
drinking water). The former group received 0.5 mL injection of phosphate-buffered
saline (PBS), the second groups received a Walker-256 cell suspension (8x10’ cells in
0.5 mL of PBS) injected subcutaneously into the right hindlimb flank, and the final
group received the same cell suspension plus treatment with NAC. Tumor cells were
maintained intraperitoneally in our laboratory as an ascitic intraperitoneal tumor. At the
moment of inoculation, cells were removed from the peritoneal cavity as described by
Guarnier et al. (2010). Briefly, after removal with 8 uL/mL of 5000 1U/mL heparin,
tumor cells were centrifuged at 1000 x g / 4°C. Intermediate cell phase was collected
and the percentage of viable cells was determined by trypan blue dye exclusion method

(nonviable cells stained blue), using a Neubauer chamber.

Characterization of physiological parameters and cachexia classification

In order to determine cachexia stage (FEARON et al., 2006), food
intake, body weight and temperature were controlled daily in all groups. Handgrip
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strength test was performed with a commercial digital grip force meter (EEF 305 Grip
Strength Meter, Insight) and animals were familiarized with the device and procedures
for 4 days previously the implantation. After tumor implantation, all animals were
exposed to the grip force test daily. The mean of four consecutive trials was recorded in
grams and further normalized by body weight (MEYER et al., 1979).

Body mass index (BMI), an anthropometrical parameter, is defined as
body weight in grams divided by the square of the nose—anus length in centimeters
(g/cm?). The measurements were taken in the anaesthetized animals, before euthanasia
(NOVELLI et al., 2007).

Tissue preparation

Five days after subcutaneous tumor implantation or PBS
administration, animals in both groups were weighed and euthanized by decapitation.
The period of euthanasia was determined based on previous observations of our group,
pointing that 5 days corresponded to one third of maximal survival time. 5 days, though,
can be considered an early stage of cachexia. The contralateral gastrocnemius, soleus
and EDL muscles were quickly excised, weighed and divided. One portion was frozen
in liquid nitrogen and stored at -86°C until use for biochemical assays, and the other
portion was fixed and kept in 4% glutaraldehyde in 0.1M Na-cacodylate buffer
(NaCaCo) until further use, as described above. The tumor was carefully excised and
weighed. Retroperitoneal adipose tissue was removed in all groups and then discarded.

For the oxidative stress analysis, soleus and EDL muscles from C5,
T5 and T5NAC were prepared as described by Guarnier et al. (2010). Muscles were
placed on ice and homogenized on a single cycle of 45 seconds in an Ultraturrax
homogenizer (Marconi® - MA102/mini) containing the appropriate buffer. Total
homogenate was used for the tert-butyl hydroperoxide-stimulated chemiluminescence.
The supernatant from total homogenate was obtained by centrifugation at 11,300 x g for
15 min at 4°C, from a homogenate containing 50 mg of tissue per milliliter of buffer,
and used for glutathione assay. For total protein carbonylation, tissues were specially
treated according to the method described by Reznick and Packer (1994), with

adaptations as described later.
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Oxidative stress analysis

Measurement of tert-butyl hydroperoxide-initiated
chemiluminescense - In order to determine lipid hydroperoxide levels, or oxidative
membrane modifications, a sensitive chemiluminescense assay initially reported by
Gonzalez-Flecha (1991) was used. The reaction initiated by tert-butyl hydroperoxide
induces sample non-enzymatic antioxidants consumption, which results in increased
photo emission. An increased in chemiluminescense assay is related to oxidative stress
previously suffered by the tissue. Homogenate (15 mg/mL in 10 mM KH2PO4/K>2HPO4
buffer) was used after a 150 x g centrifugation. Addition of 6 mM tert-butyl
hydroperoxide initiated chemiluminescense reaction. The assay was carried out in a
dark room at 35 + 1°C. For each sample, a 30 minutes curve was obtained by
interpolation, which each point representing the differential smoothing of 600 readings.
The area under chemiluminescense curve was extracted by integral calculus of each
animal curve. The results are expressed in relative light units per SR volume.

Carbonyl Protein Content - Protein carbonyl groups are
consequence of protein oxidation and consequently degradation. DNPH tagging of
protein carbonyls has been one of the most common measures of oxidative stress. The
carbonyl protein content was measured using the principle described by Reznick and
Parker (1994), with modifications. Muscle samples (50 mg/mL) were homogenized in
50 mM KH2POs buffer, 1 mM ethylenediamine tetraacetic acid, pH 7.4. The
homogenized tissues were centrifuged at 130 x g for 10 minutes at 4°C. A volume of
200 pL of 2,4-dinitrophenylhydrazine (DNPH) were added to 200 pL of supernatant
and incubated at room temperature. After 30 minutes incubation, 100% trichoroacetic
acid (TCA) were added, placed on ice for 5 minutes, and spined at maximum speed for
2 minutes. Supernatant was removed and discarded without disturbing pellet. Pellets
were then washed with cold acetone and placed at -20°C for 5 minutes. Acetone was
removed and pellets were dissolved in 2 mL 6M guanidine hydrochloride and read at
375 nm. To calculate the protein carbonyl content, the following formula was used: C =
[(OD 375 nm)/6.364) x (100)] nmol/well, were 6.364 is the extinction coefficient using
the enclosed 96 well plate in mM (= 22 mM™* cm™ x 0.2893 c¢m path length in well).
The results were expressed as nmol carbonyl per milligram of total protein.

Glutathione Assay - Soleus and EDL muscles (50 mg/mL) from all
three groups were homogenized in 10 mM KH2PO4 buffer, pH 7.4. Samples were
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centrifuged at 11.300 x g for 15 minutes at 4°C, to obtain a supernatant containing
glutathione. In order to determine redox imbalance, the levels of total (GSH)
glutathione were determined by tritation with 5,5’-dithio-bis (2-nitrobenzoic acid)
(DTNB), evidenced by a yellow color formation. Oxidized glutathione (GSSG) was
determined in the same manner in the supernatant previously incubated with 4-vinyl-
pyridine for 60 min at room temperature, according to the method described by Tietze
(1969). The rate of TNB formation is proportional to GSH concentration in the sample,
measured at 412 nm. The results were expressed in milimoles per milligram of protein.
Total protein concentration — For data normalization, total protein
concentration was determined by the method of Lowry et al. (1951) modified by Miller
(1959) or determined using ultraviolet absorption at 280 nm in order to determine the

amount of protein per sample. Bovine serum albumin (BSA) was used as a standard.

Light and electron microscopy (EM) of EDL and soleus muscle fibers

Soleus and EDL were dissected from sacrificed animals, and small
muscle pieces were pinned on a dish, fixed at room temperature with 4% glutaraldehyde
in 0.1 M Na-Cacodylate buffer (NaCaCo, pH 7.2) and stored in the fixative at 4°C.
Small bundles of fixed muscle were then post-fixed, embedded, stained en-block, and
sectioned for EM, as described previously (Boncompagni et al., 2009a; Boncompagni et
al., 2009b; Squecco et al, 2009). Briefly, samples were post fixed in 2% OsOs for 2
hours, and overnight block-stained in aqueous saturated uranyl acetate (UO30COCH?3)>.
Dehydration was followed with progressive ethanol washes and acetone. Samples were
embedded in Epon 812 resin.

For histological analysis, 800 nm thick cross sections were stained in a
solution containing 1% toluidine blue O and 1% sodium tetraborate in distilled water for
2 minutes on a hot plate at 55-60°C. After washing and drying, sections were mounted
with mounting medium (DPX Mountant for Histology, SIGMA) and observed with a
Leica DMLB light microscope (Leica Microsystem, Germany). For EM, ultrathin
sections (~45 nm) were cut in a Leica Ultracut R microtome (Leica Microsystem,
Vienna, Austria) using a Diatome Diamond knife (Diatome Ltd. CH-2501 Biel,
Switzerland). After staining in 4% uranyl acetate and lead citrate, sections were
examined with a Morgagni Series 268D electron microscope (FEI Company, Brno,

Czech Republic), equipped with Megaview 111 digital camera (Munster, Germany).
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Quantitative analysis of images

Electron Microscopy - Micrographs of non-overlapping regions were
randomly collected from transversal sections of internal fiber areas. Estimation of
relative fiber volume occupied by intermyofibrillar mitochondria (7,100 X
magnification) and SR (8,900 X magnification) was measured in transversal sections by
using the stereology point and intersections counting method as described elsewhere
(Mobley & Eisenberg, 1975). Briefly, a minimum of 20 micrographs/muscle were taken
at the specific magnification from cross sections, excluding nuclei and subsarcolemal
regions. Two different types of grids were superimposed to each image: (1) an
orthogonal array of dots at a spacing of 0.35 pum and (2) a grid of lines arranged in two
orthogonal arrays, separated by a distance of 0.61 um. The ratio of numbers of dots
falling over a mitochondrion or SR to the total number of dots covering the image was
used to approximate relative volume occupied by mitochondria or SR. (Mobley &
Eisenberg, 1975). To estimate mitochondrial surface area, the frequency of intersections
between the external profile of the sectioned mitochondria and the grid lines was
counted. The ratio of mitochondrial surface area to total fiber volume (um? pm?®) was
obtained from the formula C/2d*Ptest, where C is the number of intersections between
the grid lines and the mitochondria, d is the spacing between the grid lines, and Ptest is
the number of grid line intersections in the test area. The denominator, 2d*Ptest, equals
the total length of grid lines in the test grid (Knollmann et al., 2006). To evaluate the
extent of mitochondrial network we estimated size (surface area) and length (along the
long axis) of each individual mitochondrion using the Megaview Il digital camera and
AnalySIS software (Olympus Soft Imaging Solutions GmbH, Munster, Germany) by
manually tracing mitochondria outlines as previously described (AINBINDER etal.,
2015). Aspect ratio (AR) is computed as [major axis/minor axis] and reflects the length-
to-width ratio (considered fusion index); form factor (FF) [perimeter?/4nsurface area]
reflects the branching aspect of mitochondria (considered fission index). Computed
values were imported into GraphPad Prism 6 software (GraphPad Software Inc., San
Diego, USA) for data analysis.

Muscle fiber morphometry — To establish a histological parameter
of muscle adaptation, the cross sectional area of fibers was measured. Slides
identifications were covered, and muscle images were captured, (approximately 100

measured fibers/animal), using an optical microscope (200 x magnification). Images
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were obtained using a high-resolution camera coupled to the microscope. An image
analysis system (Image-Pro-Plus 4.0; Media Cybernetics, Silver Spring, MD, USA) was
used to determine fiber area in squared micrometers. The frequency distribution was
estimated based on area intervals, and percentiles determined to quantify the changes
between groups. As there is a natural heterogeneity in the fiber size distribution within
groups, values were grouped by procedure (C5, T5 e T5NAC) and frequency of

distribution was estimated based on area intervals (31 bins) from 2 to 31 um?.

Statistical analysis

Normality test was conducted by D'Agostino-Pearson omnibus
test. Parametric values were compared by One-way ANOVA followed by Tukey post
test. Non-parametric values were compared using Kruskall-Wallis test followed by
Dunn’s multiple comparison. Mitochondrial quantitative analysis, core temperature and
hand grip strength test were compared by Student’s t-test. Comparison between groups
in multiple time point analysis, as curves of chemiluminescence induced by tert-butyl
hydroperoxide were compared by two-way ANOVA. For the muscle morphometry data,
histograms of the fiber cross-sectional areas were constructed and absolute frequencies
calculated. All statistical analysis were carried out using the GraphPad Prism 6 software
(GraphPad Software Inc., San Diego, USA). Differences were considered statistically

significant for P values < 0.05.

RESULTS

Characterization of cachexia, body, skeletal muscle mass and adipose tissue loss

In order to establish which stage of cachexia we were evaluating, the
percentage of general body mass loss within the experimental period (indicative of
weight loss), hand grip test (indicative of mass loss), food intake (indicative of
anorexia), and temperature (indicative of metabolic changes) were monitored. Figure 1
shows characterization of cachexia stage 5 days after the implantation of Walker-256
solid tumor. While the control group presented, in the time interval of 5 days, a weight
gain of 10.51 £+ 2.78% when compared to its initial weight, tumor-bearing animals
showed loss of 2.77 £ 9.11% of general body wasting (p<0.05, Figure 1A). Although
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not demonstrated in the graph bar, treatment with N-acetylcysteine 1% ad libitum
partially prevented the development of general body mass loss (5.12 + 5.91%). In
addition, food intake progressively decreased during tumor development. C5 group kept
a regular amount of food consumed during the five days (from 23.06 + 1.8 on day 1 to
22.75 = 1.0 g/day/animal on day 5), whereas T5 achieved 16.49% lower consumption
on the 5th day (from 22.37 + 0.75 on day 1 to 18.68 + 1.43 g/day/animal on day 5;
p<0.05; Figure 1B). The core temperature revealed also decreased values when C5 and
T5 were compared (p<0.05). Tumor-bearing rats had mean lower temperature during
almost the entire experimental time course (from 35.70 £ 0.18 °C on day 1 to 35.85 +
0.26 °C on day 5) when compared to C5 (from 34.91 + 0.16 °C on day 1 to 35.40 +
0.0.22 °C on day 5). Figure 1C shows core temperature expressed by delta (A),
calculated by subtracting the zero-time mean measurement from the mean measurement
(indicated time points) after tumor implantation. Hand grip strength showed no
significant (p>0.05) difference in five days, or even when C5 (from 1.92 + 0.11 on day
1to 2.34 £ 0.42 HGT(g)/weight(g) on day 5) was compared to T5 (2.12+ 0.32 on day 1
t0 1.99 + 0.21 HGT(g)/weight(g) on day 5; Figure 1D). Yet, BMI did not present any
difference in the comparison C5 (0.49 + 0.02 g/cm?) versus T5 (0.49 +0.01 g/cm?;
Figure 1E). When placed together, these results allowed the classification of cachexia
stage as pre-cachexia, considering the parameters described elsewhere (FEARON et al.,
2006): weight loss < 5%, anorexia, and apparent metabolic changes.
Results from muscle, tumor and adipose tissue weights are showed on Table 1.

From the muscles collected, the most sensitive to cachexia was the EDL that showed
significant reduction of 15.33% on wet weight when compared to control (from 98.34 +
6.7 on C5 to 83.26 + 17.33 mg on T5, p<0.05). Gastrocnemius (-10.30%) and soleus (-
5.14%) muscles showed a discreet muscle mass reduction when compared to C5, but no
statistical significance was found. Gastrocnemius muscle was used only as a parameter
of mixed fiber type muscle loss. On EDL, muscle weight loss was partially (and
significantly) protected by treatment with NAC 1% (94.9 £ 9.2 mg, p = 0.05). Similarly,
gastrocnemius (from 1001 = 154.3 on T5 to 1089 * 90.63 mg on T5NAC) and soleus
(from 199.2 + 32.4 for T5 to 207.9 = 22.9 mg for TSNAC) muscles showed some
protection, but also not significant. With respect to tumor size, no statistical difference
was found between T5 (4.62 + 1.87 g) and T5NAC (5.30 + 2.14 g). In the same way,
after 5 days of tumor implantation, tumor presence did not interfere significantly in the

retroperitoneal adipose tissue content.
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Cross sectional area

The frequency of distribution of EDL and soleus muscles cross
sectional area are presented in Figures 2, respectively. In EDL muscle the 90" (Pgo)
percentile (i.e. up to 90% of total measured areas) occurred in the 17™ bin (Pgo = 18.14
um?) for C5 group, while in T5 group Pg was 12.57 um? and demonstrated to be
located at 11" bin. As expected, soleus muscle showed to suffer less the stimuli for
atrophy triggered by cachexia. The Pgo was 20.99 um? and occurred at 18" bin for C5,
and was 17.55 um? on the 15" bin for T5. NAC treatment reinforced the results
obtained from wet weight. EDL showed a Pgo of 14.23 um? (partial atrophy protection)
with the value ascending to the 13" bin, while soleus treated with NAC demonstrated a
Pgo of 20.05 pm?, returning to the same bin as control group. Yet, it can be seen that
soleus fibers has generally a larger area when compared to EDL, in all groups.

Oxidative Stress Parameters

Alterations in the production of reduced glutathione (GSH) and the
differential redox balance in soleus and EDL were determined by the levels GSH and
oxidized glutathione (GSSG). Data are presented in figures 3A and B. In EDL, nor GSH
or GSSG levels were significantly different among groups. In contrast, soleus GSH
levels were significantly lower in T5 (5.04 £ 0.78 mmol/mg protein) when compared to
C5 (7.49 = 2.34 mmol/mg protein, p<0.05). In addition, in EDL, TS5NAC (4.02 + 0.18
mmol/mg protein) did not demonstrate statistical difference when compared to T5,
although significance in the comparison to C5 was maintained. However, soleus GSSG
showed any significant difference within groups.

When levels of oxidatively modified proteins were evaluated by the
amounts of carbonylated proteins, EDL muscle did not presented any differences in the
comparison between C5 group (2.89 + 0.63 nM carbonyl proteins/mg total protein)
when and T5 (2.99 = 0.69 nM), and also in the comparison with TSNAC (2.65 = 0.77
nM). In soleus muscle, no difference in the comparison between C5 group (3.29 + 0.21)
and T5 (3.46 £ 0.34 nM) was detected. All these data are presented in Figures 3C and
D.

As a large part of the skeletal muscle is composed by membranes, in

order to evaluate membranes oxidation/modification tert-butyl hydroperoxide-initiated
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chemiluminescence was assayed with the main goal of analyze integrity of cell and
organelle membranes. Resulting chemiluminescence curves are presented in figures 3E
and F. EDL showed significant increase in T5 chemiluminescence curve when
compared to C5, which was partially diminished in TSNAC (p < 0.0001 for all
comparisons). These results are in accordance with weight and crossed sectional area.
On the other hand, soleus analysis showed no statistical difference when T5 curve was
compared to C5. However, TSNAC produced the highest emission compared to C5 and
T5, showing a time-course highly significant curve elevation during the entire analysis
(p <0.0001).

Electron microscopy analysis

Electron microscopy analysis in EDL and soleus control muscle
revealed that myofibrils are surrounded by the junctional SR and longitudinal SR in A
band and | band. The first noticeable change in the SR morphology is the prominent
loss of this network in tumor implanted animal, although it seems that in TSNAC this
morphological change is less expressive in the A band when compared to T5. The |
band SR in the C5 visibly occupies two layers well aligned between myofibrils. T5 SR
organization is constituted of a single irregular layer in different regions around
myofibrils. This characteristic is less prominent in TSNAC compared to T5. The SR
vesicles shape in SR tubules in T5 and TSNAC present smaller dilatation, both in EDL
and soleus muscle fibers, when compared to control groups. All these events can be
observed in representative micrographs of Figures 4 (EDL) and 5 (Soleus). This
morphological SR changes could be traced quantitatively and number of occurrences
determined (Fig. 6). The SR volume area decreased in T5 group, both in EDL muscle
(18.89%, p < 0.005) and soleus muscle (22.09%, p < 0.0001) when compared to control
group. In none of the evaluated muscles, the antioxidant treatment revealed some level
of protection.

As revealed by mitochondrial EM quantitative analysis, EDL skeletal
fibers from T5 shows significantly reduced mitochondrial volume as demonstrated in
table 2 (column A) and mitochondrial surface (column B) when compared to C5 group
(22.41% and 16.11%, respectively). In support to these quantitative data, representative
electron micrographs are presented on Figure 7 (A, C, E for EDL and B, D, Ffor

soleus). In tumor group, mitochondria appears more rounded in | band (Fig. 7C, black
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arrow) in comparison to elongated mitochondria in control group (Fig. 7A, black
arrow). Yet, T5NAC exhibits an extensive mitochondrial network and larger
mitochondria organelles (black arrow, fig. 7E) in the comparison between C5 and T5. In
addition, mitochondria are more fragmented in T5 group, as supported by measurements
of aspect ratio (AR) and form factor (FF) (Fig. 8). Treatment with NAC 1% was able to
restore all these features, including mitochondrial network. However, the short-term
tumour-induction and treatment with NAC 1% seemed to have a different effect in
soleus muscle. Indeed no difference was showed in mitochondrial fibers volume and
surface from soleus T5 when compared to C5. In contrast to EDL, treatment with NAC
1% had the effect to reduce mitochondrial volume and surface (12.19% and 4.41%,

respectively) when compared to control groups (table 3, columns A and B).

DISCUSSION

In the present study, the role of muscle wasting has been investigated
during precachexia, in glycolytic and oxidative muscle of rats implanted with Walker-
256 solid tumor, which induces the cachectic syndrome very quickly. In addition, we
treated animals with a known antioxidant, N-acetylcysteine, to determine the
involvement of oxidative stress on the early events of muscle mass induction.

The tumor implantation in T5 group already caused a lightly decrease
in general body weight (-2.77 = 9.11%) when compared to control animals. This loss of
body mass was accompanied by progressively decrease in food intake and core
temperature during tumor development. Cancer cachexia has three very well defined
stages of clinical relevance: precachexia, cachexia and refractory cachexia (FEARON et
al., 2006). In precachexia, early clinical and metabolic signs (e.g. anorexia, altered
temperature, and impaired glucose tolerance) can precede substantial involuntary weight
loss (<5%). In the present study, since weight loss demonstrated to be around 2%
(mean), no consistent sarcopenia, strength and BMI loss was found, and parameters of
anorexia and decreased metabolism could be observed, the stage of cancer cachexia was
classified as precachexia, i.e. a previous stage to massive muscle catabolism without
loss of adipose tissue.

In addition to moderate general body waste, a significant weight loss
in EDL muscle (-15.33%) was found, contrasting with the small loss demonstrated by

soleus (-5.14%) muscles. In rats, EDL is composed by more than 90% of type Il fibers
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(distributed between 1A, IIB and IIC), characterizing the muscle as prominently
glycolytic metabolism. In soleus, the number of fiber type | varies between 87 and
100% and fibers I1A 13 and 0% (NOVAK et al., 2010). Thus, it seems that the first fiber
type that suffer cachexia stimuli are the glycolytic, being EDL (or white muscles) a
more sensitive muscle during all cancer cachexia development. These data corroborate
previous findings that showed that different fiber types display a diverse susceptibility
to atrophy, being atrophy stimuli-dependent (LI, et al. 2007). A fast-to-slow shift with
preferential atrophy of fast glycolytic muscle fibers demonstrated to be induced by
fasting (LI & GOLDBERG, 1976), glucocorticoid administration (GOLDBERG &
GOODMAN, 1969), streptozotocin-induced diabetes (ARMSTRONG et al, 1975) or
sepsis (TIAO et al., 1997). Similar changes were also observed in cancer cachexia
(ACHARYYA et al., 2005). Additionally and curiously, Li et al. (2007) suggested in an
experimental model of chronic heart failure, that oxidative phenotype renders myofibers
resistant to pathological atrophic insults. Yet, it is important to notice that the partial
prevention of all analyzed parameters by antioxidant treatment did not involve
reductions of tumor size, demonstrating that oxidative stress has its action on muscle
and not tumor cells.

Among several factors, oxidative stress is a major player in the
etiology of skeletal muscle dysfunction (FERMOSELLE et al., 2013). Oxidative attack
to membranes, proteins and consumption of cytosolic antioxidants have been described
in cancer-induced atrophy muscles (GUARNIER et al., 2010; MARIN CORRAL et al.,
2010). However, a lot of attention has been paid on protein oxidation, and the
conclusions have been based on very well established cachexia stages (massive body
waste, muscle loss and catabolism). NAC is a glutathione precursor, an important
antioxidant defense mechanism against oxidative stress (RUFFMANN & WENDEL,
1991; TERRIL et al., 2011; MICHELUCCI et al., 2015). It provides sulfhydryl groups
(SH) and scavenges reactive oxygen species as well (AGTEN et al., 2010). Several
studies demonstrated that GSH, a known parameter of redox balance, is frequently
diminished in skeletal muscle atrophy (GUARNIER et al., 2010; BERNARDES et al.,
2014; MARINELLO et al., 2016). In the present study, while in EDL GSH remained at
control levels both in T5 and also in T5 treated with NAC, soleus showed consumption
of GSH levels in T5 and also TSNAC, which indicates that this muscle suffer some kind
of redox cytosolic adaptation due to tumor presence. Curiously, no difference in the
comparison between T5 and TSNAC GSH levels were found, indicating that NAC
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treatment did not promote the expected increasing on water soluble antioxidant effects.
When cytosolic oxidative stress is present, the expected phenomenon is the
consumption of GSH with consequent increase of GSSG (HALLIWELL &
GUTTERIDGE, 2007). However, no differences were detected on soleus GSSG levels,
indicating that GSH could have been used in another pathway, such as protein
glutathiolation (BACHI et al., 2013). An important result in this assay was that
evaluated parameters corroborates that different fiber types display a diverse response at
the same stimuli that leads to early stage muscle wasting.

Among oxidative events involved in muscle cancer cachexia, protein
oxidation seems to be a critical one. During the past years, the different levels of protein
oxidation have been pointed as the main responsible for the skeletal muscle atrophy in
well-established cachexia (BARREIRO et al., 2005; MARIN-CORRAL et al., 2010;
GUARNIER et al., 2010). In the present study, both EDL and soleus muscles presented
no alterations in carbonyl groups content 5 days after tumor implantation. This data
agreed with previous results from our group in gastrocnemius muscle (GUARNIER et
al., 2010), that showed significant protein carbonylation in this muscle only after 10
days of tumor implantation, reinforcing that protein oxidation is not an early event in
muscle catabolism. Some studies have demonstrated that protein oxidation could be a
consequence of membrane modifications through adducts formation between its end-
products (e.g. 2-4-hydroxynonenal, malodialdehyde) and tissue proteins by means of
oxidation (CASTRO et al., 2016). Thus, modifications to membranes are hypothesized
to be an event preliminary to protein oxidation.

Tert-butyl hydroperoxide-initiated chemiluminescence was used to
evaluate the levels of lipid hydroperoxides in muscles homogenate of animals
inoculated with tumor cells. This is a highly sensitive assay that indicates that increased
chemiluminescence is closely related to the oxidative stress previously demonstrated by
the tissue and the consequence modification of lipid membranes (GONZALEZ-
FLECHA et al., 1991). In this study it was evidenced a qualitative difference in all
chemiluminescence curves, indicating alteration in cell membrane properties.
Additionally, it was also observed that EDL and soleus presented distinct results when
the comparison T5 x C5 was performed in both muscles. If on the one hand EDL
muscles demonstrated around 40% of increased lipid peroxidation levels on T5 group
when compared to control, on the other hand soleus showed no significant difference in

the same comparison. NAC treatment protected from lipid peroxidation in EDL, but
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worse photon emission in soleus. These results reinforce the fact that oxidative
modifications (and also the type of chemical structure compromised) is different
between predominantly glycolytic and oxidative muscles. Since in precachexia EDL is
more sensitive to weight loss and atrophy (determined by cross-sectional area) than
soleus, it is reasonable to assume that membrane oxidation is a modification that occurs
previous to protein oxidation during cachexia development and that is also critical for
massive cachexia that occurs afterwards. Recently, Antunes et al. (2014) identified in a
chemical-induced animal model of bladder cancer cachexia that muscle mitochondria
suffer from specific phospholipid dynamic modification that directly interfere in the
organelle function and consequently production of reactive oxygen species. However,
the experiments were performed in gastrocnemius muscle, and the 28 weeks model
produced a very consistent cachexia (>10% of weight loss) at this time-point. In line of
this, as SR and mitochondria (FRANZINI-ARMSTRONG, 1994) are the main
constitutive organelles on the striated muscle, we decided to investigate in EM cuts,
which organelle demonstrated lesser volume in precachexia at EDL and soleus muscles.
Abnormalities in muscle mitochondrial content, morphology and
function have been reported in several muscle wasting conditions, including limb
muscles of chronic obstructive pulmonary disease (COPD) patients (GOSKER et al.
2007; NAIMI et al. 2011; PUENTE-MAESTU et al. 2012), and diaphragm under
mechanical ventilation (KAVAZIS et al. 2009). Mitochondrial dysfunction is a common
event reported in cancer-related skeletal muscle wasting. At present, literature refers
that skeletal muscle phenotype in cancer cachexia is characterized by a reduced number
of mitochondria (WHITE et al., 2012; JULIENNE et al., 2012). The organelle was
already suggested to be the place of energy wasting in cancer cachexia. However,
although mitochondrial oxidative capacity has been detected on cachectic muscles, this
fact does not seem to produce alteration in ATP production efficiency (JULIENNE et
al., 2012). In addition, every conclusion about mitochondria in atrophy-related cachexia
is based on well-established cachexia (JULIENNE et al., 2012; TZIKA et al., 2013),
what avoid inferences about which is the critical phenomenon that develops
mitochondrial injury. Here, in tumor group we found significant reduced mitochondrial
volume and surface in EDL, which was coincident to the muscle loss, crossed sectional
area and lipid peroxidation. The treatment with a water soluble antioxidant was able to
completely protect the waste observed in these values (but not muscle weight and cross

sectional area). In contrast, in soleus, no mitochondrial content changes were found,
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followed by a lightly and non-significant weight loss. These findings corroborate
literature findings that EDL is a more sensitive and soleus more resistant to muscle
waste in cancer cachexia, and also the fact that mitochondria is related in some way in
the mechanism. The novelty in this study is that mitochondria volume and surface are
completely restored by NAC treatment in the muscle that is sensitive, directly
interfering in the muscle wasting.

In line with this, in the last years, mitochondrial biogenesis and
fragmentation have been pointed as one the main responsible by degradation on striated
muscle (ROMANELLO & SANDRI, 2013; ROMANELLO & SANDRI, 2016). The
changes of mitochondrial network influence the production of reactive oxygen species
that play important roles on muscle function and also on degradation pathways
(ROMANELLO AND SANDRI, 2016). Probably, the most efficient treatment would be
able to interfere directly on optimizing mitochondrial function that is directly correlated
with its fusion and fission (ROMANELLO & SANDRI, 2013). Mitochondrial dynamics
(or plasticity) is defined by the capacity of the organelle to rapidly change its size, shape
and distribution by continuously alternating fusion and fission events. Fusion leads to
elongated mitochondria with increased interconnectivity into a tubular network. On the
contrary, fission fragments the network into unconnected shorter organelles. Increased
mitochondrial fusion facilitates the redistribution of metabolites, proteins and mtDNA
within the network (ROMANELLO & SANDRI, 2016). Moreover, fusion between
healthy and damaged organelles allows to dilute the damaged material into the healthy
network, avoiding the accumulation of dysfunctional mitochondria and maintain their
overall fitness (function) (TWIG et al., 2008). On the other hand, mitochondrial
fragmentation is a mechanism that segregates dysfunctional or damaged components of
the mitochondrial network, allowing their removal via mitophagy (OTERA &
MIHARA, 2011). In the present study, mitochondrial network was evaluated only in
EDL muscles, since no differences were detected on soleus. Aspect ratio (AR) was the
parameter related to fission, whereas form factor (FF) was the parameter related to
fusion (AINBINDER et al., 2015). As observed in micrographs and also in quantitative
analysis, T5 produced in EDL a huge amount of fusion (redistribution of mitochondria
for energy optimizing and functional maintenance), whereas NAC treatment, produced a
great amount of fission (removal of damaged mitochondria via mitophagy). These
results indicate that, although NAC does not alter intracellular GSH levels, its

mechanism of action interferes directly on mitochondrial dynamics, optimizing energy

52



© 00 N O O B~ W N -

W W W N DN N DD DN DN NN P PR PR P PP P
N P O © 00 N O O B WO N P O O 0N OO0 O B W N, O

and avoiding excessive ROS production. Chemiluminescence results reinforce these
conclusions, since lipid peroxidation is also reduced under NAC treatment, and
decreased area and surface of mitochondria were found in soleus treated with NAC.

It is known that mitochondria and SR possess a structural association
that provides an optimal bidirectional SR-mitochondrial communication (ROSSI, et al.
2009). Different types of molecular mechanisms contribute to energy expenditure and,
therefore, involuntary body weight loss; among them, adenosine triphosphate (ATP)
consumption by sarcoplasmic reticulum Ca?* pumps (SERCA) could represent a key
mechanism. The amount of SERCA is dependent from the amount of SR membranes on
the muscle (ARGILES et al., 2014). The decreased amount of SR volume found in EDL
and soleus of tumor-bearing animals, when soleus muscle still did not develop weight
loss, lead us to the SR would be the organelle that go off the initial events to muscle
weakness and atrophy (before or on a different pathway but mitochondria). Decreased
SR volume could be an easy indicative that oxidative muscles are more prompt to adapt
to energy demands without mitochondrial disturbance, decreasing the risk of atrophy,
by means of decreasing SERCA units. This can suggest that targeting SR dysfunction
might be a new promising area of research to prevent or limit muscle wasting, since
targeting mitochondria on oxidative muscles worse organelle quality. NAC may act as
a direct antioxidant in skeletal muscle fibers by protecting specific cellular sites from
oxidative damage in several models (FERMOSELLE et al., 2013). Yet, it has already
been demonstrated that NAC also has the potential to act as a pro-oxidant when there is
no need of scavenge antioxidants (OIKAWA et al., 1999). In this study, we found that
NAC promotes diverse effects on cellular structure of the two different fiber types
analyzed.

In conclusion, in precachexia, where body mass waste is still not very
well established, EDL is already sensitive to muscle waste, lipid peroxidation and
mitochondrial and SR dynamics alterations. When mitochondria is the treatment target,
a glycolytic muscle can be recovered, but some worse is observed on oxidative muscles.
On the other hand, when there is no muscle waste, oxidative muscle already
demonstrates SR adaptation, indicating that this organelle could be the responsible for
energy adaptation and resistance. These findings suggest that targeting SR dysfunction

might be an area of research to prevent or limit muscle wasting.
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Table 1: Muscle, tumor and adipose tissue weights in tumor-induced cachexia.

Analyzed Groups
Parameters C5 T5 T5NAC
Weight gain (%0) 10.51+ 2.78 -2.77 £ 9.11%** 5.12+£591
Gastrocnemius (mg) 1116 + 56.82 1001 +154.3 1089 + 90.63
EDL (mg) 98.34 + 6.7 83.26 +17.33 * 94.9+£9.210
Soleus (mg) 218 +20.25 199.2 £ 32.44 207.9 £ 22.96
Adipose Tissue (g) 1.21+0.48 0.934 £ 0.25 1.06 £ 0.36
Tumor size (g) — 4.62 +1.87 530+214

Values are expressed as mean = SD. (*) P < 0.05, (***) P < 0.001 compared with C5. Positive values

represent gain, and negative values decrease. —, no comparison.
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1  Table 2: Quantitative analyses of EDL mitochondrial volume and surface in tumor-

2 induced cachexia.

A B
Mitochondrial volume/ Mitochondrial surface/
total fiber volume, % fiber volume, pm-!
C5 5.8+ 0.5(110) 18.0 £ 0.5 (149)
T5 4.5+ 0.5* (102) 15.1 £ 0.6* (127)
T5CNA 6.3 + 0.5" (133) 206 + 1.6 (133)
3 Quantitative analyze of EDL muscle mitochondria. (A) Mitochondria volume. (B) Mitochondria surface.
4 Values are expressed as mean + SE . (*) P < 0.01 compared with C5. (¥) P < 0.01 compared with T5.
5
6 Table 3: Quantitative analyses of soleus mitochondrial volume and surface in tumor-
7 induced cachexia.
A B
Mitochondrial volume/ Mitochondrial surface/
total fiber volume, % fiber volume, pm-!
C5 8.2+ 0.7 (40) 25.5+ 2.1 (45)
T5 8.0 £ 0.6 (58) 25.3+2.0(74)
T5NAC 7.2x0.9 (44) 24.4 + 3.3 (44)

8 Quantitative analyze of soleus muscle mitochondria. (A) Mitochondria volume. (B) Mitochondria surface.
9 Values are expressed as mean + SE.
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Figure 1. Characterization of physiological parameters in tumor-induced cachexia. (A) Weight gain (%)
after 5 days of tumor implantation. (B) Food intake. (C) Core temperature. (D) Hand grip strength test.
(E) Body-mass index. Values are expressed as mean + SD (column bar graph) or mean + SEM (points
graph). Positive values represent gain and negative values represent decrease. (*) P < 0.05 compared with
C5.
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4 T5or T5SNAC) and frequency distribution determined. Data are presented as 50™, 75" and 90™ percentile (n=3). Original magnification 200X.
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Figure 3. Oxidative stress parameters. Reduced glutathione and oxidized glutathione redox balance from EDL
(A) and soleus (B). Levels of protein carbonylation from (C) EDL and (D) soleus. Levels of lipid hydroperoxides
measured by chemiluminescence stimulated by tert-butyl hydroperoxide from EDL (E) and soleus (F). (**) P <
0.005, (****) P < 0.0001 compared with C5. P < 0.0001 compared with T5.
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1 Figure4

2 Figure 4: Representative electron micrographs of sarcoplasmic reticulum from EDL muscle. Black small arrow:
3 Z line in the | band; large black arrow: mitochondria; white arrow: sarcoplasmic reticulum. Original
4 magnification 8,900X.
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1 Figure5
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2 Figure 5: Representative electron micrographs of sarcoplasmic reticulum from soleus muscle. Blacksmall
3 arrow: Z line in the | band; large black arrow: mitochondria; white arrow: sarcoplasmic reticulum. Original

4 magnification 8,900X.
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2 Figure 6: Quantitative analyze of sarcoplasmic reticulum volume (A) EDL muscle. (B) Soleus muscle. Values
3 are represented as a scatter plot and median. (**) P < 0.005, (****) P < 0.0001 compared with C5.
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1 Figure?7

EDL Soleus

2 Figure 7: Representative electron micrographs of mitochondrial morphology from EDL and soleus muscle.
3 Mitochondria (black arrow) occupies A band and | band. Original magnification 7,100X.
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CONCLUSAO

Em concluséo, durante o fase de pré-caquexia, a perda de massa
muscular, a perda de massa muscular, acompanhada de altera¢gbes oxidativas e
ultraestruturais  ocorre  primariamente em muasculo com  metabolismo
predominantemente glicolitico, o EDL. Entretanto, adaptacdo de RS pode ser
observadas no musculo séleo, independentemente da ocorréncia de perda de

massa muscular ou alteracao oxidativa.



10

11

12

13

14

15

16

17

18

19

20

72

REFERENCIAS

ARGILES, J. M. et al. Cancer cachexia: understanding the molecular basis. Nat

Rev Cancer. v. 11, p. 754-762, 2014.

AUBIER, M.; VIIRES, N. Calcium ATPase and respiratory muscle function. Eur

Respir J. v. 11, p. 758-766. 1998.

BARREIRO, E. et al. N-acetylcysteine increases manganese superoxide dismutase

activity in septic rat diaphragms. Eur Respir J. v. 26, p. 1032-1039, 2005.

BALON, T. W.; NADLER, J. L. Nitric oxide release is present from incubated skeletal

muscle preparations. J Appl Physiol. v. 77, p. 2519- 2521, 1996.

BONETTO, A. et al. Are antioxidants useful for treating skeletal muscle atrophy?

Free Radic Biol Med. v. 47, p. 906-916, 2009.

BONCOMPAGNI, S. et al. Mitochondria are linked to calcium stores in striated
muscle by developmentally regulated tethering structures. Mol Biol Cell. v. 20, p.

1058-1067, 2009.

BOZZETI, F.; SCRINIO WORKING GROUP. Screening the nutritional status in
oncology: a preliminary report on 1,000 outpatients. Support Care Cancer. v. 17, p.

279-284, 20009.

CAO, P. R,; KIM, H. J.; LECKER, S. H. Ubiquitin-protein ligases in muscle wasting.

Int J Biochem Cell Biol. v. 37, p. 2088-2097, 2005.


https://www.ncbi.nlm.nih.gov/pubmed/25291291
https://www.ncbi.nlm.nih.gov/pubmed/25291291
https://www.ncbi.nlm.nih.gov/pubmed/18581148

10

11

12

13

14

16

17

18

19

73

Consenso brasileiro de caquexia/anorexia em cuidados paliativos. Revista

Brasileira de Cuidados Paliativos. Suplemento 1. v. 3, p. 3-42, 2011.

COSTELLI, P.; BACCINO, F. M. Mechanisms of skeletal muscle depletion in wasting
syndrome: role of ATP-ubiquitin-dependent proteolysis. Curr Opin Clin Nutr Metab

Care. v. 6, p. 407-412, 2003.

COSTELLLI, P. et al; Ca?* -dependent proteolysis in muscle wasting. Int J Biochem

Cell Biol. v. 37, p. 2134-2146, 2005.

COTGREAVE, I. A. et al. Differentiation-specific alterations to glutathione synthesis
in and hormonally stimulated release from human skeletal muscle cells. Faseb J. v.

16, p. 435-437, 2002.

DALLE-DONNE, I. et al. Actin carbonylation: from a simple marker of protein
oxidation revelant signs of severe functional impairment. Free Radic Biol Med. v. 31,

n. 9, p. 1075-1083, 2001.

DAMIANI, E.; VOLPE, P.; MARGRETH, A. Coexpression of two isoforms of
calsequestrin in rabbit slow-twitch muscle. J Muscle Res Cell Motil. v. 11, p. 522—

530, 1990.

DIRKSEN, R. T. Sarcoplasmic reticulum-mitochondrial “through-space” coupling in

skeletal muscle. Appl Physiol Nutr Metab. v. 34, p. 389-395, 2009.

DONOHOE, C. L.; RYAN, A. M.; REYNOLDS, J. V. Cancer cachexia: mechanisms

and clinical implications. Gastroenterol Res Pract. 2011.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Cotgreave%20IA%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=11821257
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2748314/
https://www.ncbi.nlm.nih.gov/pubmed/21760776

10

11

12

13

14

15

16

17

18

19

21

74

DOWLING, J. J. Oxidative stress and successful antioxidant treatment in models of

RYR1-related myopathy. Brain, v. 135, p. 2115-2127, 2012.

DU, J.; et al. Activation of caspase-3 is an initial step triggering accelerated muscle

proteolysis in catabolic conditions. J Clin Invest. v. 113, p. 115-123, 2004.

DUCHEN, M. R. Mitochondria and calcium: from cell signalling to cell death. J

Physiol. v. 529 (Pt 1), p. 57—68, 2000,

ENDO, M. Calcium ion as a second messenger with special reference to excitation-

contraction coupling. J Pharmacol Sci. v. 100, p. 519-524, 2006.

FEARON, K.; et al. Definition and classification of cancer cachexia: an international

consensus. Lancet Oncol. v. 12, p. 489-495, 2011.

FERMOSELLE, C. et al. Mitochondrial dysfunction and therapeutic approaches in
respiratory and limb muscles of cancer cachectic mice. Exp Physiol. v. 98, p. 1349-

1365, 2013.

FRANZINI-ARMSTRONG. C; KENNEY, L. J.; VARRIANO-MARSTON, E.The
structure of calsequestrin in triads of vertebrate skeletal muscle: a deep-etch study. J

Cell Biol. v. 105, p. 49-56, 1987.

FRYER, M. W.; STEPHENSON, D. G. Total and sarcoplasmic reticulum calcium
contents of skinned fibers from rat skeletal muscle. J Physiol. v. 493, p. 357-370,

1996.

FRONTERA, W. R; OCHALA, J. Skeletal muscle: a brief review of structure and

function. Calcif Tissue Int. v. 96, p. 183-195, 2015.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Mitochondrial%2Bdysfunction%2Band%2Btherapeutic%2Bapproaches%2Bin%2Brespiratory%2Band%2Blimb%2Bmuscles%2Bof%2Bcancer%2Bcachectic%2Bmice

10

11

12

13

14

15

16

17

18

75

GARTNER, L. P.; HIATT, J. L. Tratado de Histologia em Cores. 3. ed. Rio de

Janeiro (RJ): ELSEVIER, 2007.

GAUTHIER, G. F. On the relationship of ultrastructural and cytochemical features to

color in mammalian skeletal muscle. Zellforsch. v. 95, p. 462-482, 1969.

GOLDSPINK, G. Mechanical signals, IGF-I gene splicing, and muscle adaptation.

Physiology. v. 20, p. 232-238, 2005.

GORDON, J. N.; GREEN, S. R.; GOGGIN, P. M. Cancer cachexia. QIJM. v. 98, p.

779-788, 2005.

GUARNIER, F. A. et al. Time course of skeletal muscle loss and oxidative stress in

rats with Walker 256 solid tumor. Muscle nerve. v. 42, p. 950-958, 2010.

HANALI, J. I. et al. The muscle-specific ubiquitin ligase atrogin-1/MAFbx mediates

statin-induced muscle toxicity. J Clin Invest. v. 117, p, 3940-3951, 2007.

HALLIWELL, B; GUTTERIDGE, J. M. C. Free Radicals in Biology and Medicine. 4.

ed. Oxford: Oxford University Press, 2007.

HOHN, A.; KONIG, J.; GRUNE, T. Protein oxidation in aging and the removal of

oxidized proteins. J Proteomics. v. 92, p. 132-159, 2013.

KHAWLI, F. A.; REID, M. B. N-acetylcysteine depresses contractile function and

inhibits fatigue of diaphragm in vitro. J Appl Physiol. v. 77, p. 317-324, 1994.



10

11

12

13

14

15

16

17

76

INESI, G. de MEIS, L. Regulation of steady state filling in sarcoplasmic reticulum.
Roles of back-inhibition, leakage, and slippage of the calcium pump. J Biol Chem. v.

264, p. 5929-5936, 1989.

JONES, D. Redefining oxidative stress. Antioxid Redox Signal. v. 8, p. 1865-1879,

2006.

JORGENSEN, A. O. Ultrastructural localization of calsequestrin in rat skeletal muscle
by immunoferritin labeling of ultrathin frozen sections. J Cell Biol.v. 97, p. 1573—

1581, 1983.

JOSE, C., et al. Mitoplasticity: adaptation biology of the mitochondrion to the cellular
redox state in physiology and carcinogenesis. Antioxid Redox Signal. v. 18, p. 1-42,

2012.

JOZA, N., et al. Essential role of the mitochondrial apoptosis-inducing factor in

programmed cell death. Nature. v. 410, p. 549-554, 2001.

JUNQUEIRA, L.C.; CARNEIRO, J. Biologia Celular e Molecular. 9a Edicao, Editora

Guanabara e Koogan, Rio de Janeiro, 2011.

JURGENS, K. D. Etruscan shrew muscle: the consequences of being small. J Exp

Biol. v. 205, p. 2161-2166, 2002.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Redefining%2Boxidative%2Bstress%2BAND%2Bjones
https://www.ncbi.nlm.nih.gov/pubmed/?term=Redefining%2Boxidative%2Bstress%2BAND%2Bjones

10

11

12

13

14

15

16

17

18

19

77

LAMBOLEY, C. R. et al. Effect of 23-day muscle disuse on sarcoplasmic reticulum
Ca2+ properties and contractility in human type | and type 1l skeletal muscle fibers. J

Appl Physiol. v. 121, p. 483-492, 2016.

LECKER, S. H. et al. Multiple types of skeletal muscle atrophy involve a common

program of changes in gene expression. Faseb J. v. 18, p, 39-51, 2004.

LI, Y. P. 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. v. 285, p. 806—812, 2003.

LI, P. et al. Oxidative phenotype protects myofibers from pathological insults induced

by chronic heart failure in mice. Am J Pathol. v. 170, p, 599-608, 2007.

LIU, X. et al. Mitochondrial ‘kiss-and-run’: interplay between mitochondrial motility

and fusion—fission dynamics. The EMBO Journal. v. 28, p. 3074-3089, 2009.

LIBERA, L. D.; CARPENE, E. Myosin heavy and light chains and myosin light chain
kinase in skeletal and smooth muscle of some wild avian species. Comp Biochem

Physiol. v. 116, p. 45-50, 1997.

MAMMUCARI, C. et al. The mitochondrial calcium uniporter controls skeletal muscle

trophism in vivo. Cell Rep. v. 10, p. 1269-1279, 2015.

MARTIGNONI, M.E.; KUNZE, P.; FRIESS, H. Cancer cachexia. Mol Cancer. v. 2,

p.1-3, 2003.


https://www.ncbi.nlm.nih.gov/pubmed/27365282
https://www.ncbi.nlm.nih.gov/pubmed/27365282
https://www.ncbi.nlm.nih.gov/pubmed/14613583

12

13

14

15

16

17

18

19

20

78

MASELLA, R. et al. Novel mechanisms of natural antioxidant compounds in
biological systems: involvement of glutathione and glutathione-related enzymes. J

Nutr Biochem. V. 16, P. 577-586, 2005.

MATECKI, S. et al. Leaky ryanodine receptors contribute to diaphragmatic weakness
during mechanical ventilation. Proc Natl Acad Sci US A. v. 113, p.9069-9074,

2016.

McCLUNG, J. M.; et al. Caspase-3 regulation of diaphragm myonuclear domain
during mechanical ventilation-induced atrophy. Am J Respir Crit Care Med. v. 175,

p. 150-159, 2007.

MOLDEUS, P.; COTGREAVE, |. A. N-Acetylcysteine. In: PACKER. L. (Org.).
Methods in Enzymology. San Diego: Ed. Academic Press. v. 234, p. 482-492,

1994.

MORAIS, H.; et al. Decreased response to cAMP in the glucose and glycogen
catabolism in perfused livers of Walker-256 tumor-bearing rats. Mol Cell Biochem. v.

368, p. 9-16, 2012.

MURGIA, M. et al. Single muscle fiber proteomics reveals unexpected mitochondrial

specialization. EMBO Rep. v. 16, p, 387-395, 2015.

MURPHY, R. M. et al. Calsequestrin content and SERCA determine normal and
maximal Ca2+ storage levels in sarcoplasmic reticulum of fast- and slow-twitch fibres

of rat. J Physiol. v. 587, p. 443-460, 2009.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Masella%20R%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=16111877
https://www.ncbi.nlm.nih.gov/pubmed/16111877
https://www.ncbi.nlm.nih.gov/pubmed/16111877
https://www.ncbi.nlm.nih.gov/pubmed/27457930
https://www.ncbi.nlm.nih.gov/pubmed/25643707

10

11

12

13

14

15

16

17

18

19

79

NOVAK. P.; ZACHAROVA, G.; SOUKUP, T. Individual, Age and Sex Differences in
Fiber Type Composition of Slow and Fast Muscles of Adult Lewis Rats: Comparison

With Other Rat Strains. Physiol. Res. v. 59, p. 783-801, 2010

SANDRI, M. et al. PGC-1alpha protects skeletal muscle from atrophy by suppressing
FoxO3 action and atrophy-specific gene transcription. Proc Natl Acad Sci USA. v.

103, p. 16260-16265, 2006.

SITTE, N. et al. Proteasome inhibition by lipofuscin/ceroid during postmitotic aging of

fibroblasts. Faseb J. v. 14, p. 1490-1498. 2000.

NEWMEYER, D. D.; FERGUSON-MILLER, S. Mitochondria: releasing power for life

and unleashing the machineries of death. Cell. v. 112. p, 481-490, 2003.

OGATA, T.; MURATA, F. Cytological features of three fiber types in human striated

muscle. J Exp Med. v. 99, p. 225-245, 1969.

PAOLINI, C. et al. Reorganized stores and impaired calcium handling in skeletal

muscle of mice lacking calsequestrin-1. J Physiol. v. 583 (part 2), p. 767-784, 2007.

PICARD, M.; HEPPLE. R. T.; BURELLE, Y. Mitochondrial functional specialization in
glycolytic and oxidative muscle fibers: tailoring the organelle for optimal function. Am

J Physiol Cell Physiol. v. 302, p. 629-641, 2012.

2+
PIETRANGELDO, L. et al. Age-dependent uncoupling of mitochondria from Ca

release units in skeletal muscle. Oncotarget. v. 6, p. 35358-35371, 2015.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Age-dependent%2Buncoupling%2Bof%2Bmitochondria%2Bfrom%2BCa2%2B%2Brelease%2Bunits%2Bin%2Bskeletal%2Bmuscle

10

13

14

15

16

17

18

19

20

80

POWERS, S. K.; KAVAZIS; A. N.; DERUISSEAU; K. C.; Mechanisms of disuse
muscle atrophy: role of oxidative stress. Am J Physiol Regul Integr Comp Physiol.

v. 288, p. 337-344, 2005.

POWERS, S. K.; KAVAZIS; A. N.; MCCLUNG, J. M.; Oxidative stress and disuse

muscle atrophy. J Appl Physiol. v. 102, p. 2389-2397, 2007.

POWERS, S. K.; et al. Reactive oxygen species are signaling molecules for skeletal

muscle adaptation. Exp Physiol. v. 94, p. 1-9, 20009.

PRIMEAU, A. J.; ADHIHETTY, P. J.; HOOD, D. A.; Apoptosis in heart and skeletal

muscle. Can J Appl Physiol. v. 27, p. 349-395, 2002.

RASMUSSEN, H. et al. Calcium ion as second messenger. Clin Endocrinol. 1976.

REILLY, P. M.; SCHILLER, H. J.; BULKLEY, G. B. Pharmacologic approach to tissue
injury mediated by free radicals and other reactive oxygen metabolites. Am J Surg.

v. 161, p. 488-503, 1991.

ROMANELLO, V. et al. Mitochondrial fission and remodelling contributes to muscle

atrophy. EMBO Journal. v. 29, p. 1774-1785, 2010.

ROMANELLO, V.; SANDRI, M. Mitochondrial biogenesis and fragmentation as
regulators of muscle protein degradation. Curr Hypertens Rep. v. 12, p. 433-439,

2010.

REID, M.B. et al. N-acetylcysteine inhibits muscle fatigue in humans. J Clin Invest.

V. 94, p. 2468-2474, 1994.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Romanello%20V%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=20967516
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sandri%20M%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=20967516
https://www.ncbi.nlm.nih.gov/pubmed/20967516

10

11

12

13

14

15

16

17

18

19

20

81

ROSSI, A. E; DIRKSEN, R. T. Sarcoplasmic reticulum: the dynamic calcium governor

of muscle. Muscle Nerve. v. 33, p. 715-731. 2006.

ROSSI, A. E. Differential impact of mitochondrial positioning on mitochondrial Ca(2+)
uptake and Ca(2+) spark suppression in skeletal muscle. Am J Physiol Cell Physiol.

v. 301, p. 1128-1139, 2011.

RUBIN, H. Cancer cachexia: Its correlations and causes. Proc Natl Acad Sci USA.

v. 100, p. 5384-5389, 2003.

RUFFMANN, R; WENDEL, A. GSH rescue by N-acetylcysteine. Klin Wochenschr.

V. 69, p. 857-862, 1991.

SACCHETTO, R. et al. Postnatal development of rabbit fast-twitch skeletal muscle:
accumulation, isoform transition and fibre distribution of calsequestrin. J Muscle Res

Cell Motil. v.14, p. 646-653, 1993.

SCHIAFFINO, S. et al. Mechanisms regulating skeletal muscle growth and atrophy.

The FEBS Journal. v. 280, p. 4294-4314, 2013.

SCHIAFFINO, S.; HANZLIKOVFI, V.; PIEROBON, S. Relations between structure

and function in rat skeletal muscle fibers. J Cell Biol. v. 47, p. 107-119, 1970.

SCHIAFFINO, S.; REGGIANI, C. Fiber types in mammalian skeletal muscle. Physiol

Rev. v. 91, p. 1447-1531, 2011.

SHIMIZU, M. H. et al. N-acetylcysteine attenuates the progression of chronic renal

failure. Kidney Int. v. 68, p, 2208-2217, 2005.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Differential%2Bimpact%2Bof%2Bmitochondrial%2Bpositioning%2Bon%2Bmitochondrial%2BCa%2Buptake%2Band%2BCa2%2B%2Bspark%2Bsuppression%2Bin%2Bskeletal%2Bmuscle
https://www.ncbi.nlm.nih.gov/pubmed/12702753
https://www.ncbi.nlm.nih.gov/pubmed/?term=GSH%2Brescue%2Bby%2BN-acetylcysteine%2BAND%2Bruffmann
https://www.ncbi.nlm.nih.gov/pubmed/?term=N-acetylcysteine%2Battenuates%2Bthe%2Bprogression%2Bof%2Bchronic%2Brenal%2Bfailure

10

11

14

i

21

82

SHINDOH, C. et al. Effect of N-acetylcysteine on diaphragm fatigue. J Appl Physiol.

V. 68, p. 2107-2113, 1990.

SILVA, M. D. P.; CARVALHO, R. F. Mecanismos celulares e moleculares que
controlam o desenvolvimento e o crescimento muscular. Revista Brasileira de

Zootecnia. v. 36, p. 21-31, 2007.

SMITH, I. C. et al. ATP Consumption by Sarcoplasmic Reticulum Ca2+ Pumps
Accounts for 40-50% of Resting Metabolic Rate in Mouse Fast and Slow Twitch

Skeletal Muscle. Plos One. v. 8, p. 1-11, 2013.

TRACHOOTHAM, D.; ALEXANDRE, J.; HUANG, P. Targeting cancer cells by ROS-
mediated mechanisms: a radical therapeutic approach? Nat Rev Drug Discov. v. 8,

p. 578-591, 20009.

TERRILL, J. R. et al. N-Acetylcysteine treatment of dystrophic mdx mice results in
protein thiol modifications and inhibition of exercise induced myofibre necrosis.

Neuromuscul Disord. v. 22, p. 427-434, 2011.

TISDALE, M. J. Cancer anorexia and cachexia. Nutrition. v. 17, p. 438-442, 2001.

TISDALE, M. J. Cancer cachexia. Curr Opin Gastroenterol. v. 26, p. 146-51, 2010.

TOMANEK, R. J. etal. Fine structure of fast-twitch and slow-twitch guinea pig

muscle fibers. J Morphol. v. 139, p. 47-66, 1973.

VAN SURELL, C. Effects of N-acetylcysteine on diaphragmatic function and
malondialdehyde content in Escherichia coli endotoxemic rats. Am Rev Respir Dis.

v. 146, p. 730-734, 1992.


https://www.ncbi.nlm.nih.gov/pubmed/?term=.%2B%2BTargeting%2Bcancer%2Bcells%2Bby%2BROS-mediated%2Bmechanisms%3A%2Ba%2Bradical%2Btherapeutic%2Bapproach%3F
https://www.ncbi.nlm.nih.gov/pubmed/19918173

10

11

83

VITORINO, R.; MOREIRA-GONCALVES, D.; FERREIRA, R. Mitochondrial plasticity
in cancer-related muscle wasting: potential approaches for its management. Curr

Opin Clin Nutr Metab Care. v. 18, p. 226-233. 2015.

VYAS, S. Mitochondria and cancer. Cell. v. 166, p. 555-566, 2016.

WALSMITH, J.; ROUBENOFF, R. Cachexia in rheumatoid arthitis. Int J Cardiol. v.

85, n. 1, p. 89-99, 2002.

WARREN, S. The immediate cause of death in cancer. Am J Med Sci. v. 184, p.

610-613, 1932.

XU, K. Y.; ZWEIER, J. L.; BECKER, L. C. Hydroxyl radical inhibits sarcoplasmic
reticulum Ca?* ATPase function by direct attack on the ATP binding site. Circ Res. v.

80, p. 76-81, 1997.



Apéndice A

84











