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RESUMO

O remodelamento cardiaco pos-infarto agudo do miocérdio (IAM) envolve a participagdo do
estresse oxidativo. A N-acetilcisteina (NAC) é um antioxidante que pode ter atividade pro-
oxidante, devido a presenca de ions de ferro. A associagdo de um quelante de ferro pode
potencializar os efeitos antioxidantes da NAC. Nosso objetivo foi testar a associacdo de NAC
com um quelante de ferro (deferoxamina - DFX) para avaliar pardmetros bioquimicos,
ecocardiograficos e histologicos em um modelo animal de IAM. Para isso, ratos Wistar machos
(60 dias de idade) foram submetidos a uma cirurgia do SHAM (sem oclus&o da coronaria) ou de
infarto. Doze horas depois, o IAM foi confirmado por avaliagdo da troponina | e os animais foram
alocados aleatoriamente nos seguintes grupos de tratamento: veiculo, NAC (25 mg/kg por 28
dias ), DFX (40 mg/kg por 7 dias), ou NAC mais DFX (NAC 25 mg/kg durante 28 dias mais DFX
40 mg/kg durante 7 dias ). Todos os animais foram acompanhados por 28 dias. O |AM promoveu
aumento nos niveis totais de ferro plasmatico 7 dias apds o procedimento e todos os tratamentos
foram capazes de diminuir a concentragdo de ferro. O Unico tratamento capaz de diminuir os
niveis de ferro ao final do protocolo foi NAC/DFX, quando comparado ao grupo veiculo (184
Mg/dL vs. 210 pg/dL). As avaliagbes morfofuncionais foram feitos em série pelo ecocardiograma.
Os animais tratados com NAC/DFX apresentaram uma diminuicdo no didmetro de camara
sistolico (7,9 mm £ 0,7 mm vs. 8,7 mm £ 1 mm) e um aumento na fragdo de ejecao (45,2% +
10,9% vs 34,7% + 8,7% , p = 0,03), ambos aos 28 dias, quando comparados com 0 grupo
veiculo. Na analise histologica (em 28 dias), o grupo NAC / DFX apresentou uma diminui¢&o do
estresse oxidativo (imunohistoquimica anti- HNE), quando comparado com o grupo veiculo (p =
0,059). Portanto, a associagdo de NAC/DFX foi capaz de atenuar o remodelamento de camara e
melhorar a fungéo do ventriculo esquerdo em um modelo animal de IAM enquanto que nenhum
dos tratamentos teve algum efeito quando administrados sozinhos. Provavelmente, os radicais
livres e o0s niveis de ferro contribuem para piora desse modelo, mas sdo necessarios mais

estudos para comprovar a eficacia dessa associacao.
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1. INTRODUGAO

1.1 Doengas cardiovasculares

As doencas crénicas nao transmissiveis (DCNT) crescem espantosamente em todo o
mundo. A taxa de mortalidade por este tipo de doenga € de 255 a cada grupo de 100 mil
habitantes (DATASUS, 2012). No Brasil, as DCNT concentram 72% do total de dbitos, conforme
dados de 2009 do Sistema de Informagédo de Mortalidade. Isso representa 742 mil mortes por
ano e as doengas cardiovasculares estdo no topo do ranking, contribuindo com 31,3% das
mortes dos brasileiros (DATASUS, 2012). Apesar das doengas cardiovasculares estarem
diminuindo ao longo do tempo, ainda assim, € a enfermidade com a maior taxa de mortalidade

quando comparada a outras DCNT, como pode ser visto na figura 1, em um periodo de 20 anos.
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Figura 1: Taxas de mortalidade (por 100 mil habitantes) pelas principais doencas cronicas nao
transmissiveis (DCNT) — Brasil para todas as idades. Fonte: DATASUS, 2011,
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No pais, 0 numero de internagbes hospitalares em 2012 por insuficiéncia cardiaca (IC)
foi de aproximadamente 245.000, isto é 21,5% das internagdes por doengas do aparelho
circulatorio (DATASUS, 2012). Além das inestimaveis mortes devidas a algum problema
cardiovascular, estas doencas também causam um impacto na economia do pais, seja pelo
custo do tratamento seja pela diminuigdo de individuos da populagédo economicamente ativa
(Abegunde, Mathers et al. 2007). O valor médio por internagao do paciente com IC esta estimado
em R$ 1.228,60, sendo assim, o custo anual é de aproximadamente R$ 300 milhdes (DATASUS,
2012), representando o alto custo dessa doenga. Portanto, faz-se necessario investigar

mecanismos que possam interferir nos fatores de morbimortalidade.

1.2 Infarto agudo do miocardio, remodelamento ventricular e insuficiéncia cardiaca

O coragdo € um 6rgdo muscular essencial para vida. Através dele, o sangue flui de
areas de alta pressdo sanguinea para areas de baixa pressdo sanguinea. A medida que as
paredes dos atrios se contraem, aumenta a pressdo do sangue em seu interior. Esse aumento
de pressdo sanguinea forca a abertura das valvas atrioventriculares (AV), permitindo que o
sangue flua para os ventriculos. Depois que o0s atrios terminaram sua contragao, as paredes dos
ventriculos se contraem, aumentando a pressé@o sanguinea ventricular, e impulsionam o sangue
para o tronco pulmonar e aorta, distribuindo o fluido para o restante do corpo (Bonow et al.,

2011).

Justamente por funcionar como uma bomba mecénica, o coragdo é um érgéo altamente
metabdlico e apresenta uma grande demanda de suporte sanguineo com oxigénio e substrato
energético. O infarto agudo do miocérdio (IAM) é acontece apés a ocluséo arterial coronariana
resultando em obstrugcdo do suprimento sanguineo do miocéardio, levando a profundas
consequéncias funcionais, bioquimicas e morfoldgicas. Apds segundos de obstrugéo vascular, a

glicolise aerdbica dos cardiomidcitos se interrompe, prejudicando a producéo de adenosina tri
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fosfato (ATP). A isquemia do miocardio também contribui para arritmias, provavelmente por

causar instabilidade elétrica das regides miocardicas isquémicas (Kumar, V; Abbas, A. K e

Fausto, N., 2004).

O IAM ¢ caracterizado por diversas alteragdes morfofuncionais que acontecem no

coragao ao longo do tempo. Na tabela 1 compreendemos melhor a evolugcdo dessa patologia.

Tabela 1: Evolugéo das alteragdes morfolégicas do IAM.

Tempo

Aspectos macroscopicos

Achados ao microscépio optico

Achados ao microscopico
eletronico

Lesao reversivel

0-1/2 horas

Les&o irreversivel

1/2 - 4 horas

4 -12 horas

12 - 24 horas

1-3dias

3-T7dias

7-10 dias

10 - 14 dias

2 - 8 semanas

>2 meses

Sem alteragéo

Sem alteragéo

AS vezes manchas escuras

Manchas escuras

Manchas escuras com a area central

do infarto amarelo-acastanhado

Borda hiperémica; amolecimento
central amarelo-acastanhada

Grau méaximo do amolecimento e da

coloragdo  amarelo-acastanhada;
margens escavadas e vermelho
acastanhadas

Area do infato com bordas
escavadas vermelho-acinzentadas

Cicatriz cinza-esbranquicada que
progride na borda para o centro da
area infartada

Cicatrizagdo completa

Sem alteragdo

Geralmente sem alteragdo; ondulagdo nas fibras
da borda

Inicio de necrose de coagulacdo, edema,
hemorragia

Continuagéo da necrose de coagulagdo, midcitos
hipereosinofilianos, necrose marginal com faixas
de contragao; inicio de infiltrado neutrofilico

Necrose de coagulagdo com perda dos nucleos e
das estriacbes, infiltrado intersticial de neutréfilos

Inicio da desintegragdo das miofibras mortas, com
morte de neutréfilos, inicio da fagocitose das
células mortas pelos macréfagos na borda da area
do infarto

Fagocitose avangada das células mortas,

formagdo inicial de tecido de granulagéo
fibrovascular nas margens

Tecido de granulagdo bem organizado, com novos
vasos sanguineos e deposito de colageno

Aumento do depdsito de colageno, com redugéo
da celularidade

Cicatriz densa de colageno

Relaxamento de  miofibrilas;
tumefagao, perda de glicogénio;

Ruptura do sarcolema;
mitocondrias com densidades
amorfas

Adaptado de: Kumar, V; Abbas, A. K e Fausto, N. (2004)
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A fibrose e a dilatacdo ventricular, consequéncias do 1AM, séo fatores que contribuem para a
progressao da IC, devido a proliferagéo de fibroblastos, deposigéo de colageno | e lll e da agéo
das metaloproteinases de matriz (MMP), uma familia de enzimas que catabolizam o colageno,
elastina e gelatina e que sao centrais no processo de remodelamento cardiaco (Thomas, Coker
et al. 1998). Portanto, uma série de alteragdes morfofuncionais torna o coragéo cada vez mais
insuficiente e todos estes processos (hipertrofia ventricular, perda de contratilidade, fibrose e
dilatag&o ventricular) s@o os principais componentes do remodelamento cardiaco (figura 2)

(Swynghedauw, 1999).

Remodelamento Ventricular apds infarto do miocardio
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Figura 2: Dilatagédo ventricular associada a IC progressiva. Apds o insulto inicial, ocorre a expanséo do infarto e
da parede do ventriculo, causando aumento da pressao intraventricular e diminuicdo do débito cardiaco. Adaptado
de Jessup e Brozena (2003).

Na IC, o coragdo é incapaz de bombear o sangue no mesmo nivel das necessidades
metabolicas dos tecidos ou s6 € capaz de fazer isto com pressdes de enchimento maiores que o
normal. Na maioria dos casos de IC, o coragdo ndo consegue atender as demandas periféricas
basicas; e por isso pode ser definida ainda como uma sindrome clinica e complexa que ocorre
secundariamente a anormalidades da estrutura efou fungdo cardiaca que prejudicam a
capacidade do ventriculo esquerdo para receber ou ejetar sangue. Consequentemente, com

esse conjunto disfuncional surgem algumas alteragdes patoldgicas importantes, como disturbios
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estruturais, apoptose de midcitos, alteragdes no citoesqueleto e remodelagem da matriz

extracelular (Bonow et al., 2011).

1.3 Radicais livres, estresse oxidativo e antioxidantes

Sucintamente, podemos descrever um radical livie como qualquer molécula ou atomo capaz
de existir independentemente e que contenha um ou mais elétrons paramagnéticos em sua
drbita molecular ou atémica. Radicais livres podem ser formados pela perda de um unico elétron,
ou ainda, pelo acréscimo de mais um elétron, conforme esquema abaixo (Gutteridge e Halliwell,

1992).

X —e — Xe* (radical cation)

Y + e — Y- (radical &nion)

Espécies reativas de oxigénio (ERO) sdo um termo mais abrangente que inclui radicais livres
e outras moléculas potencialmente reativas, mas também alguns n&o-radicais derivados do
oxigénio, como peroxido de hidrogénio, acido hipocloroso e 0zénio. Portanto, todos os radicais
livres de oxigénio sdo ERO, mas nem todas as ERO sé&o radicais livres de oxigénio (Halliwell,
Gutteridge et al. 1992). Abaixo, na tabela 2, verificamos os diferentes tipos de radicais e ndo-

radicais.

Tabela 2: Diferentes tipos de espécies reativas de oxigénio. O simbolo * representa o elétron desemparelhado

no Ultimo nivel eletronico da molécula ou &tomo em questao.

ERO
Radicais livres Nao-radicais
Atomo de hidrogénio, H* Perdxido de hidrogénio, H202
Superoxido, 02°* 0zbnio, O3
Hidroxil, OH*® Oxigénio singlet, O2'Ag
Peroxil, RO*2 Peroxinitrito, ONOO-
Radical de cloro Cl® Acido hipocloroso, HOCI

Adaptado de Halliwell e Gutteridge (1992).
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Em organismos aerdbios, a produgéo de espécies reativas (ER) é necessaria, uma vez que
este mecanismo auxilia, por exemplo, na reciclagem celular, atuando na senescéncia, morte e
proliferacdo das células (Perez-Campo et al., 1998). Entretanto, 0 aumento excessivo de ER
pode gerar um processo de estresse oxidativo, que é caracterizado por dano a biomoléculas
(lipideos, proteinas e DNA) (Halliwell, Gutteridge et al. 1992) com prejuizos ao funcionamento

celular (Chen, Bartholomew et al. 1998; Brown, Miller et al. 1999).

Para neutralizar a reatividade dos radicais livres, os sistemas vivos empregam substancias
que possuem o potencial de amenizar as agressdes das ER, prevenindo, desta forma, os danos
oxidativos no organismo. A essas substancias denominamos antioxidantes, incluindo
componentes enzimaticos (linha de defesa primaria) e nao-enzimaticas (linha de defesa
secundaria). Pode-se simplificar a definigdo de antioxidantes como qualquer substancia que,
quando presente em baixas concentragbes comparadas com as de um substrato oxidavel,
retarde significativamente ou impega a oxidagdo do referido substrato. Dessa forma, um
antioxidante deve atrasar, prevenir ou remover o dano oxidativo de uma molécula alvo

(Gutteridge e Halliwell, 2010).

Moléculas antioxidantes como as vitaminas A, C, E, glutationa, albumina e outros reagem
com os radicais doando elétrons para seus orbitais desemparelhados e/ou conjugando o radical
a sua estrutura (Lobo, Patil et al., 2010). Outros antioxidantes incluem o acido a-lipoico,
coenzima Q1o, minerais (cobre, zinco, manganés e selénio) e diversos cofatores (acido félico,
vitaminas B+, B, Bs, B12). Todos eles trabalham em sinergia uns com os outros e em relagéo a
diferentes tipos de radicais livres (Maritim, Sanders et al., 2003). Contudo, do ponto de vista
bioldgico, moléculas antioxidantes ndo sdo suficientes para combater a agdo deletéria dos
radicais, posto que estes reagem com velocidades proximas ao limite de difusdo. No entanto,
moléculas capazes de catalisar as reagdes de neutralizagdo de radicais s@o cruciais para a

manutenc¢&o do equilibrio redox intracelular (Chaudiere e Ferrari-lliou, 1999).
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Dentre as defesas enzimaticas podemos destacar as superoxidos dismutases (SODs); sao
metaloenzimas que constituem a primeira linha de defesa contra os radicais livres, possuem a
capacidade de catalisar a dismutagdo do superdxido em oxigénio e perdxido de hidrogénio. Em
humanos, existem trés tipos de SOD. A SOD1 encontra-se no citoplasma das células e possui no
seu centro reativo o cobre e o zinco, assim como, a SOD3. A SOD2 esta presente nas
mitocondrias e usa o manganés como cofator reativo e a SOD3 localiza-se no liquido
extracelular (Weisiger and Fridovich 1973; Marklund 1982; Chang, Slot et al. 1988). A catalase
(CAT) é a principal enzima responsavel pela eliminagdo do perdxido de hidrogénio, reduzindo-o
a agua e oxigénio molecular. Em animais a CAT esta presente em todos os o6rgdos; a CAT
eritrocitaria ajuda a proteger as células contra o peroxido de hidrogénio, gerado pela dismutacéo
do radical superdxido, proveniente da auto-oxidagdo da hemoglobina (Chance, et al. 1979).
Embora a atividade varie entre os tipos celulares, o cérebro, o coragdo e o musculo esquelético
possuem baixos niveis de catalase. Por fim, complementando as defesas enzimaticas, a
glutationa peroxidase (GPx), atua removendo os perdxidos organicos e inorganicos, usando
como cofator a glutationa reduzida (GSH). Estas enzimas estéo distribuidas amplamente nos
tecidos e sé@o principalmente especificas para GSH como doadoras de hidrogénio (Halliwell,

1996).

A producdo de ER é compensada pelas defesas antioxidantes. Porém, este balango pode
ser perdido, principalmente em enfermidades. Para Sies (1991) o estresse oxidativo é definido
pelo distirbio do balango pr6 e antioxidante em favor do pré-oxidante, conduzindo ao dano
celular. Logo apos foi entdo chamado de dano oxidativo, definido por Halliwell e Gutteridge
(2010) que o conceituou como lesdo biomolecular causado por ataque de ER sobre os
componentes de organismos vivos. O aumento do estresse oxidativo pode resultar ndo somente
do aumento da producdo de ER, mas também a partir da falha dos sistemas de defesa,

recuperacao e/ou substituicdo (Sies, 1991), conforme exemplificado na Figura 3.
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J Defesas antioxidantes
Isquemia e reperfusdo
Insuficiéncia cardiaca
Inflamacao
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Figura 3: Desequilibrio entre as espécies reativas de oxigénio (ERO) e antioxidantes. Estresse oxidativo por
deplegdo de antioxidantes (ex.: dieta, mutagdes), ou ainda, estresse oxidativo por excesso de ERO (ex.: IAM,
inflamagao, radiag&o).

1.4 O estresse oxidativo na insuficiéncia cardiaca

O processo inflamatério que decorre do insulto isquémico, pos-IAM, associado a liberagédo
de ferro e disfungdo mitocondrial € um fator que contribui para a expansao da leséo, fibrose e
dilatag&o ventricular. Por uma perspectiva molecular, é possivel afirmar que o estresse oxidativo

desempenha papel central no desenvolvimento da IC (Bolli and Marban 1999).

Existem estudos que supdem que o estresse oxidativo em modelos de hipertrofia cardiaca,
cujas principais fontes seriam NADPH oxidase (Sirker, Zhang et al. 2007) e a xantina oxidase
(Gladden, Zelickson et al. 2013), ambas as enzimas produtoras do radical superéxido. Como ja
foi dito, as ER danificam, sobretudo proteinas, lipideos e DNA. As ER (incluindo OH, RO, Os,
HOCI, ONOO- e o0 O singlet) oxidam residuos de aminoacidos formando produtos de proteinas
carboniladas (Halliwell, Gutteridge et al. 1992). As proteinas danificadas perdem sua fungao
inicial e podem desenvolver outros papéis potencialmente nocivos, como por exemplo, a
estimulagéo de receptores ligados ao processo inflamatério. Um bom exemplo desse papel é a

ligacdo de proteinas modificadas por estresse oxidativo aos RAGEs (receptores de produtos
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finais de glicacdo avangada) (Hartog, Voors et al. 2007). Portanto, as alteragdes morfofuncionais

que o |AM causa no tecido devem ser estudadas mecanicamente.

As ER também podem participar na disfungdo contratil do coragdo. Diversos estudos
demonstram que o estresse oxidativo desempenha um papel critico no coragdo “hibernado”
(coragao viavel, porém com dificuldade de contragéo) (Kaplan, Matejovicova et al. 2002). Sabe-
se que a geragéo de radicais superoxido diminui a sensibilidade dos miofilamentos ao calcio e
isso pode estar envolvido na modificagdo de proteinas miofibrilares num coragdo hibernado
(Gao, Liu et al. 1996). Ainda, as alteragdes nas proteinas miofibrilares expostas a varias ERO

podem ocorrer pela oxidagao dos seus grupos tidis (Suzuki, Kaneko et al. 1991).

Pacientes que sofreram episédios de |AM apresentaram niveis séricos de proteinas
carboniladas mais elevadas do que individuos saudaveis (Maneewong, Mekrungruangwong et al.
2011). Interessantemente, pacientes com IC estabilizada também apresentaram maior
concentrag@o de proteinas carboniladas e dano oxidativo em lipideos, sendo que este ultimo
marcador apresentou-se associado com o tempo de sobrevida em um seguimento médio de 13
meses (Radovanovic, Savic-Radojevic et al. 2012). Ainda, o dano oxidativo em proteinas de
contratilidade (actina e tropomiosina) pode ser demonstrado em bidpsias do ventriculo esquerdo
de pacientes transplantados quando comparados a coragdes de doadores sem IC. Além dessas
proteinas estarem comprometidas, também foram correlacionadas com a diminui¢do da fragéo
de ejecdo e com 0 aumento dos niveis da troponina | destes pacientes (Canton, Menazza et al.

2011).

A geragdo exacerbada de ER pode esgotar um ou mais antioxidantes. A diminui¢do de
antioxidantes e/ou a geragdo de produtos oxidados podem ser mensurados como indice do
estresse oxidativo (Bartosz 2003). O consumo de antioxidantes nao significa, necessariamente,

que o dano oxidativo ocorreu; pode simplesmente significar que o mecanismo de defesa
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removeu as ER e protegeu o sistema (Huang, Ou et al. 2005). Por isso, diversas tentativas de
avaliar a capacidade total de antioxidantes tém sido testadas ao invés de identificar o que tem

acontecido a cada componente da rede de defesas.

A homeostase redox é muito importante para o equilibrio da fungao cardiaca, visto que
mesmo a exposi¢ao ao ar poluido em camundongos saudaveis é capaz de diminuir as defesas
antioxidantes plasmaticas e induzir o alargamento de ventriculo esquerdo e a perda de fungdo
cardiaca (Wold, Ying et al. 2012). No cenario da doenga cardiaca isquémica, os niveis de
antioxidantes encontram-se diminuidos, provavelmente em decorréncia da produgéo de espécies
reativas em uma fase aguda da doenga (Mulholland and Strain 1991). Com o intuito de averiguar
o comportamento antioxidante do grupamento tiol, Tang et al. (1991) administraram trés
compostos de sulfidrila (SH) (N-acetilcisteina [NAC], cisteina e cistamina) em coragdes
hibernados de ratos Wistar. Tanto a NAC quanto a cisteina atenuaram a disfuncéo ventricular no
periodo poés-isquemia, enquanto a cistamina ndo apresentou o mesmo efeito. Os autores
sugeriram que o grupamento SH livre é necessario por ser benéfico, promovendo prote¢éo ao
miocardio contra 0 dano de isquemia e reperfusao recente, particularmente, por melhorar o fluxo
coronario durante o dano (Tang, Sun et al. 1991). Por isso, com esses estudos, podemos sugerir
que a administragdo de um antioxidante em poucas horas apds o inicio da lesao pode ser efetiva

em prevenir o estresse oxidativo.

1.5 O excesso de ions de ferro pés-IAM

Os metais de transigcdo, em pequenas quantidades, s&o necessarios para o organismo, pois
ajudam a manter o equilibrio da funcdo celular. Estes metais sdo chamados de transicao pela
capacidade de alternar entre o estado oxidado e reduzido. Sao absorvidos a partir da dieta pelo
duodeno e transportado para os locais de utilizagéo dos tecidos, sendo usados como cofatores

de reagbes enzimaticas. Os niveis desses metais devem ser sempre monitorados e regulados,
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uma vez que a deficiéncia leva a perda de atividades enzimaticas cruciais, bem como o acumulo
gera reagdes inadequadas, como o dano oxidativo gerado pelas ER e, eventualmente, morte

celular (Nelson, 1999).

O ferro € um metal de transi¢do essencial para a fisiologia celular, pois desempenha um
papel fundamental no metabolismo, como por exemplo, na sintese do grupo heme, proliferagéo
celular e atividade da enzima citocromo P450. A importéncia do ferro é crucial para muitos
processos cataliticos devido a sua atividade redox, que Ihe permite fazer a transi¢do do ferro
ferroso (Fe*?, estado reduzido) para o ferro férrico (Fe*3, estado oxidado) (Aisen, Enns et al.
2001). No entanto, esta reatividade do ferro permite que 0 mesmo participe da reagdo de Fenton
como doador de elétrons para o perdxido de hidrogénio, produzindo desta maneira um dos
radicais livres mais reativos (e prejudiciais), o radical hidroxil (OH-) (Wardman e Candeias, 1996),

conforme pode ser visto na figura 4 abaixo:

NADPH Oxidase
Xantina Oxidase

\ @ Fee
—— H.0; ¥—9 Fe®* +OH

Reacao de Fenton
ONOO- 0O, + H

Reacdo de Haber — Weiss

Figura 4: Reagdo de Fenton (destacada em rosa) e Reagdo de Haber-Weiss. A cadeia transportadora de
elétrons na mitocondria € a agéo das enzimas NADPH oxidase e xantina oxidase sdo fontes constantes de
superdxido (O2). O superdxido € precursor de diversas ERO, por agdo da SOD, formando H202, e que por agao das
reagdes de Fenton e Haber-Weiss geram o radical hidroxil (OH-).

A sobrecarga aguda e crénica de ferro promove o aumento dos niveis desse metal no
coragéo, acompanhado de danos estruturais nas mitocdndrias (Bartfay, Butany et al. 1999). A

sobrecarga de ferro cardiaco e a disfungéo cardiaca contribuem para lesdo ao DNA mitocondrial,
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fazendo com que haja uma diminuigdo dessas organelas e consequentemente alterando a
respiragao celular e, portanto, prejudicando a eficiéncia do processo contratil (Gao, Qian et al.
2010). Da mesma forma, mitocdndrias isoladas e incubadas na presenga de Fe*2 apresentaram
quebra de duplas-fitas de DNA, redugéo da transcricdo de RNA mitocondrial e diminuigdo da

producdo de ATP (Asin, Perez-Martos et al. 2000).

As cardiomiopatias estao associadas com o acumulo de ions de ferro que podem catalisar a
geracdo de radicais livres e, com isso, agravar a doenca (Guertl, Noehammer et al. 2000).
Assim, estratégias para capturar ions de ferro tém sido pensadas. Em humanos submetidos a
circulagdo extracorporea, o uso continuo da deferoxamina (DFX) (6 mg/kg/horas) foi capaz de
proteger contra a disfuncdo cardiaca, sugerindo um papel protetor desse quelante de ferro

(Paraskevaidis, lliodromitis et al. 2005).

Outro estudo teve como objetivo avaliar se o tratamento com DFX em pacientes com 1AM e
supra desnivel de segmento ST (grau mais severo de isquemia miocardica), tratados com
intervengdo coronariana percutanea, diminuiria 0 estresse oxidativo e reduziria o tamanho de
infarto, determinado por ressonancia magnética. O DFX foi administrado em bolus intravenoso
de 500 mg (5-10 minutos antes da reperfusao) e depois por infusdo de 50 mg/kg em 12 horas. O
DFX néo exerceu efeito benéfico na area de infarto, porém, reduziu significativamente os niveis
de isoprostano F2 (um tipo de prostaglandina originada pela peroxidacdo dos radicais livres)
quando comparados aos do grupo placebo, confirmando seu efeito protetor contra o estresse
oxidativo (Chan, Taylor et al. 2012). Coletivamente, esses resultados sugerem que a intervengéo

com quelantes de ferro podem trazer beneficios ao paciente com IAM ou IC.

1.6 Tratamento com N-acetilcisteina
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A N-acetilcisteina (NAC) é um composto tidlico, altamente antioxidante e usada como agente
mucolitico, devido a sua capacidade de reduzir pontes dissulfeto presentes no muco (Aruoma,
Halliwell et al. 1989). A NAC é absorvida rapidamente pelo organismo e apresenta meia-vida
plasmatica curta, com cerca de 2,5 horas, sendo indetectavel apos 12 horas de administragdo
(De Caro, Ghizzi et al. 1989). Estima-se que a biodisponibilidade da NAC quando tratada
oralmente seja de apenas 10% (Borgstrom and Kagedal 1990). Durante a absorgéo, a NAC é
rapidamente metabolizada a cisteina, cujo grupo tiol, que possui propriedades antioxidantes,
aumenta a sintese da glutationa, considerada um potente antioxidante, e contribui para a
diminuicdo de agentes toxicos, como por exemplo, sequestrando radicais livres e impedindo a

formacao do estresse oxidativo (Forman, et al. 1988).

A NAC esta sendo amplamente avaliada tanto em estudos experimentais quanto em estudos
com pacientes. Em humanos, a NAC foi eficiente em diminuir a area necrosada pelo infarto
quando usada simultaneamente ao processo de recanalizag&o da coronaria em pacientes com
IAM (Sochman, Vrbska et al. 1996). Além disso, a NAC foi capaz de potencializar os efeitos do
dinitrato de isorbida (farmaco utilizado contra angina e IC congestiva) em pacientes com IC
(Mehra, Shotan et al. 1994). Entretanto, a literatura cientifica ainda nao apresenta consenso
sobre a efetividade da terapia com NAC, pois alguns trabalhos comprovam beneficio do seu
tratamento (Adamy, Mulder et al. 2007), enquanto outros confirmam ineficacia do seu uso, por
exemplo, no tamanho da éarea de infarto (Kingma and Rouleau 1989; Calvillo, Masson et al.

2003).

Diversos estudos experimentais em modelos de IAM demonstram melhora em parametros
cardiovasculares com o emprego de NAC. Por exemplo, Lee et al. (2010) iniciaram o tratamento
com NAC (administragéo intra-gastrica) 24 horas ap6s a indugdo do IAM e mantiveram o
tratamento por 28 dias. Ocorreu uma discreta melhora na contratilidade cardiaca e no processo

de remodelamento ao final do tratamento. Esses beneficios foram creditados ndo aos efeitos
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antioxidantes da NAC, mas sim ao seu papel no controle da expressdo de alguns genes
envolvidos na inervagao simpatica com consequente melhora nas arritmias (Lee, Lai et al. 2010).
Um estudo utilizando 100 mg/kg de NAC em modelo canino demonstrou que o antioxidante
preveniu a extensao da necrose do |AM, comparado com o grupo controle, depois de 2 horas de
isquemia e 2 horas de reperfusdo (Sochman, Kolc et al. 1990). Ainda, um estudo utilizando
leitdes em modelo de hipoxia e reperfusdo demonstrou que a NAC melhorou o indice cardiaco e
diminuiu os niveis de lipoperoxidagdo, caspase 3 (ativagdo da apoptose) e lactato quando
comparado ao grupo veiculo, comprovando que a administracdo de NAC pds-ressuscitagao

reduziu o estresse oxidativo no miocardio (Liu, Lee et al. 2010).

Apesar destes estudos experimentais apresentarem vantagens nestes modelos, se sabe que
a NAC pode apresentar um papel dualistico. In vitro, os efeitos antioxidantes e pré-oxidantes de
NAC e glutationa dependem do destino de seu uso. Por exemplo, na presenca de ferro e
perdxido de hidrogénio, concentragdes crescentes de NAC aumentam a oxidagédo de substratos
organicos, confirmando um efeito oxidante quando em altas concentragdes (Sagrista, Garcia et
al. 2002). Da mesma forma, um estudo utilizando ratos endotoxémicos (ratos injetados com
lipopolissacarideo [LPS] que induz a mortalidade) demonstrou que os ratos que receberam a
menor dose de NAC (275 mg/kg) tinham menor mortalidade e baixos niveis de H20,, enquanto
que a medida que a dose aumentava (550 e 950 mg/kg) a mortalidade dos animais subia
significativamente, acompanhada pela progressao do estresse oxidativo (Sprong, Winkelhuyzen-

Janssen et al. 1998).

Portanto, é razoavel admitir que a administragéo de um quelante de ferro juntamente com a
NAC possa evitar o seu papel pré-oxidante. Nesse sentido, a associagdo de NAC e DFX vem
sendo empregada com sucesso em variados modelos animais de sepse (Ritter, Andrades et al.
2004; Andrades, Ritter et al. 2009), faléncia hepatica (Ritter, Reinke et al. 2004) e lesdo aguda

pulmonar (Ritter, da Cunha et al. 2006). Essa associagédo de NAC/DFX foi capaz de diminuir a
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concentragdo de moléculas marcadoras de estresse oxidativo e também de mortalidade, mesmo
quando administrada algumas horas ap6s o inicio da doenga. Além disso, 0 NAC/DFX associada
a terapia basica (antibioticos e reposicdo volémica) potencializou o tratamento aumentando a
sobrevida quando comparado ao suporte basico sozinho (figura 4) (Ritter, Andrades et al. 2004).
Por fim, esta associagdo potencialmente benéfica nao foi testada em modelos de IAM com vistas

a examinar seus efeitos sobre parametros de remodelamento ventricular e estresse oxidativo.
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Figura 5: Ratos Wistar foram submetidos a sepse por ligagdo e pungédo cecal e a sobrevivéncia ao final de 5
dias foi avaliada. Esse modelo rende uma mortalidade de 90% em ratos ndo-tratados (salina). O tratamento com
antibidticos (clindamicina e ceftriaxone) e reposi¢éo volémica reduz a mortalidade para 60% (Suporte Basico),
similar & terapia com NAC/DFX. A terapia antioxidante conjuntamente com o suporte basico foi capaz de diminuir a
mortalidade para 30% (Suporte Basico+NAC+DFX). Adaptado de Ritter, Andrades et al. (2004).
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2. HIPOTESE

O efeito protetor da NAC sobre as alteragdes ecocardiograficas, histoldgicas e bioquimicas

induzidas pelo IAM pode ser potencializado pela coadministragdo com DFX.
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3. OBJETIVOS

3.1 Objetivo geral
Avaliar o efeito do tratamento com NAC/DFX sobre pardmetros de fungdo e

remodelamento ventricular no coragao de ratos submetidos ao procedimento de IAM e mantidos

com terapia farmacoldgica.

3.2 Objetivos especificos

3.2.1  Avaliar se o tratamento associado diminui area de infarto avaliada por histologia;

3.2.2 Avaliar se o tratamento associado administrado poés-IAM altera parémetros
estruturais e funcionais por ecocardiografia;

3.2.3 Avaliar se o tratamento associado diminui o dano oxidativo em biomoléculas no

coragao de ratos por imunohistoquimica.
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ABSTRACT

Aim: To test the association of N-acetylcysteine (NAC) and (deferoxamine — DFX) with
cardiac remodeling in a rodent model of ischemic heart failure. Methods and
results: Male Wistar rats (2 months-old) were subjected to a SHAM surgery or acute
myocardial infarction (AMI) by the occlusion of the left anterior descending artery.
Twelve hours after, AMI was confirmed by cTnl evaluation and the animals were
randomized in the following treatments: vehicle, NAC (25 mg/kg for 28 days), DFX (40
mg/kg for 7 days), or NAC plus DFX (NAC 25 mg/kg for 28 days plus DFX 40 mg/kg for
7 days). Plasma iron levels increased in AMI group at 7 days after the surgery (261
pg/dL) when compared with SHAM group (167 pg/dL) (p=0.001) and at 28 days, only
NAC/DFX was able to decrease (184 pg/dL) levels of iron compared to AMI group (210
pg/dL) (p<0.05). All animals were followed for 28 days and morphofunctional
assessments were measured by echocardiography. Animals treated with NAC/DFX
showed an increase in ejection fraction at 28 days when compared with vehicle group
(45.2% = 10.9% vs. 34.7% £ 8.7%, p=0.03). On histological analysis (at 28 days), no
treatment had effect on oxidative stress (immunohistochemistry anti-HNE)
(p=0.06). Conclusion: The association of NAC/DFX was able to attenuate chamber
remodeling and improve left ventricle function in an animal model of AMI whereas

either NAC or DFX had no effect when given alone.

KEYWORDS: N-acetylcysteine, Deferoxamine, Heart Failure, Myocardial Infarction,

Oxidative Stress.
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INTRODUCTION

Acute myocardial infarction (AMI) is defined as an interruption of the myocardial
blood flow promoting myocardial injury and the release of cell content’, such as
troponins, miRNA, and iron® In this scenario, free radical generation and oxidative
stress take place and may be caused both by inflammatory cells infiltrating the
myocardium and by cardiomyocytes after the onset of necrosis®. Free radical
generation is central in the events that follow ischemic injury, such as cardiomyocytes
death, impaired contractility, and fibrosis®. Depending on the extension of myocardial
injury caused by AMI, left ventricular pump failure may occur, leading to a condition
called heart failure®.

N-acetylcysteine (NAC) is an antioxidant that has been used in clinical practice
for several decades. NAC may be used as mucolytic agent and for the treatment of
numerous disorders, such as acetaminophen intoxication, doxorubicin-induced
cardiotoxicity, stable angina pectoris, ischemia-reperfusion cardiac injury, acute
respiratory distress syndrome, and others®. The beneficial effect of NAC may be
credited to its antioxidant potential, either directly, and indirectly, by replenishing
glutathione levels’. However, NAC use in cardiology is still under debate since clinical
studies have not completely agreed with animal studies® °. The likely explanation could
be the latent pro-oxidant potential of NAC that may occur when it reacts with iron ions'®

11

Deferoxamine (DFX) is a well-known iron chelator that has been employed with

I*2, cardiomyopathies®®, and percutaneous

some success in the management of AM
angioplasty™. DFX has an extremely high affinity for Fe™ decreasing its availability for
reactive oxygen species (ROS) production®. A promising feature of DFX is its ability of
improving antioxidant potential of NAC when given together, as previously

I** and experimental setting'” *. Despite this well-known

demonstrated in both clinica
potential, the association of NAC and DFX has not been explored in experimental

cardiovascular injury setting. Thus, the aim of this study is to verify the effects of the
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combination of NAC and DFX in histological, biochemical, and echocardiograph

parameters, in a model of AMI in Wistar rats.

MATERIALS AND METHODS
All procedures followed during this investigation conform to the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85 — 23, revised 1996) following the ARRIVE guidelines, and the
experimental protocol was approved by the Ethics Committee of the Hospital de
Clinicas de Porto Alegre (CEUA) by the number 110202.
Animals

A total of 48 male Wistar rats (2 months old) were subjected to AMI (n=37) or
SHAM surgery (n=11) as described below. The actual sample number used for each
analysis is presented in respective figures or table legends, since due to technical
issues the set of data available varied from one animal to another. All animals were
kept in a vivarium in a light cycle scheme: dark 12 hours: 12 hours, 22°C, with food and
water ad libitum.
Myocardial infarction and SHAM procedures

The animals were weighed and anesthetized with Ketamine (100 mg/kg) and
Xylazine (10 mg/kg) intraperitoneally. After being placed in the supine position and
intubated with a peripheral intravenous catheter for mechanical ventilation (Harvard
Apparatus, Holliston, MA, USA) (frequency: 75-80 breaths/min, tidal volume: 2 mL) with
O, supplementation and maintained on a 37°C hot plate. Sequentially, a surgical small
incision was made in the chest and pectoral muscles being put away using a retractor
between the ribs to allow better visualization. The pericardium was broken away and
left atrium to visualize the left anterior descending coronary artery, which was occluded
with a mononylon 6.0 thread, causing myocardial ischemia. After ligation of the
coronary artery, the thoracic incision was closed using mononylon 5.0 thread and

pneumothorax drained through the air suction with a 10 mL syringe. Analgesic was

37



given (bupivacaine 1 mg/kg, intramuscular) and animals were removed from
mechanical ventilation and placed in a heated environment and enriched with O, to the
recovery™ ?°. The procedure has a mortality trans and postsurgical of 25%. Control
animals (SHAM) underwent the same surgical procedure without artery occlusion.
Treatment

Rats were randomly assigned into either vehicle (saline, n=10) group, NAC (25
mg/kg/day for 28 days, n=9), DFX (40 mg/kg/day for 7 days, n=9), or NAC plus DFX
(NAC 25 mg/kg/day for 28 days plus DFX 40 mg/kg/day for 7 days, n=9). Drugs were
started 12 hours after myocardial infarction. All animals were followed for 28 days. The
drugs were administered by subcutaneous injection.
Troponin | (cTnl) and total iron measurements

Heparinized blood samples (1 mL) were drawn by retro-orbital plexus puncture
12 hours after surgery under 2.5% of isoflurane anesthesia. Samples were immediately
centrifuged at 1000 x g for 10 min, and the plasma was stored at -80°C for posterior
biochemical analysis. The  cTnl concentration  was  evaluated by
electrochemiluminescence immunoassay (ADVIA Centaur CP, Tnl-Ultra™, Siemens
Healthcare Diagnostics Inc., Tarrytown, NY, USA). This ultra-sensitive method is
capable to identify cTnl values ranging between 0.006 up to 50 ng/mL and presents

d?* %, The total iron was

cross-reactivity with rat c¢Tnl, as previously demonstrate
evaluated by Fe*? quelation by ferrozine?® in an automated method (ADVIA Centaur
CP™) capable of identifying values ranging between 2 up to 1000 pg/dL. The method
uses guanidinium chloride to avoid protein precipitation and is free from interference of
cooper. The end product absorbs light at 571/658 nm and the results were expressed
as pg/dL.
Echocardiogram

Echocardiographic analyses were performed in order to follow the progression

of cardiac remodeling after myocardial infarction. The images were collected at 2, 14,

and 28 days after AMI. To this end, the animals were induced anesthesia with 2.5% of
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isoflurane and maintained anesthetized with 1.5%, shaved and placed in the left lateral
position (45° angle). We used echocardiography Philips Systems — HD-7 (Andover,
MA, USA) with a 12-3 MHz transducer and a depth of 2 cm. We measured longitudinal
and transverse axis (two chambers). The linear measurements taken from images
obtained by M-mode were: left ventricular (LV) diameters at end-diastole (LVDD) and
end-systole (LVSD). The ejection fraction (EF) was calculated by Teicholz formula
(EF= (Diastolic ventricular volume) 3 — (Systolic ventricular volume) 3/ (Diastolic
ventricular volume) 3 x 100) and the fractional shortening (FS) by formula (FS=
(Diastolic ventricular volume — Systolic ventricular volume)/ Diastolic ventricular
volume)®. The extent of infarction (Ml %), assessed by measuring the length of
akinetic and / or region area hypokinetic (RAH) of the ventricular walls is expressed as
a percentage of the total perimeter of endocardial (PE) in three transverse sections of
the LV (the edges of the mitral valve leaflets, papillary muscles and apical), using the
formula: MI %=(RAH/PE) x 100%°. The images were captured by an operator who was
blinded to the study groups.
Histological and immunohistochemical assessment

After the last echocardiographical assessment, the animals were euthanized
and had the hearts removed and separated in three shares (basal, medial, and apical).
Immediately the sections were fixed in 10% formalin and embedded in paraffin for
determination of infarct size and oxidative stress. Slices were stained with Picrosirius
Red to estimate the infarct size. Sections were photographed using Q Capture Pro
Software v.5.1.1.14 (Q Imaging Co. Burnaby, BC, Canada). For each section of the
heart (basal, medial, and apical), five partial photos were obtained (at 10-fold
magnification). The red staining area indicates the infarcted zone whereas the green
staining area indicates the healthy zone. The pixels for each stain was determined with
the aid of software (Adobe Photoshop CS2) and the infarcted area was estimated by

the formula: pixels zone infarct area/ (pixels zones infarct area + pixels zone healthy
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area) x 100. The values represent the mean value among the basal, medial, and apical
areas.

Tissue oxidative stress was determined by immunodetection of 4-
hydroxynonenal, which is a marker of lipid peroxidation. Briefly, paraffin-embedded
tissues were sectioned (5 um), deparaffinized, and rehydrated. The slides were
incubated with unmasking buffer (sodium citrate 10 mM, pH 6) at 95°C for 30 min for
antigen retrieval and them subsequently incubated with 5% nonfat milk in TTBS (Tris
20 mM, NaCl 150 mM, Triton 0.025% pH 7.6) for 1 hour to block the nonspecific
binding sites. After several washes with TTBS the sections were incubated with a rabbit
anti-4-hydroxy-2-nonenal (4-HNE) (25 pug/mL diluted in TTBS) overnight at 4°C. After 3
washes with TTBS the sections were incubated in 3% hydrogen peroxide (25 minutes)
to block endogenous peroxidase. After washes, the antigen was demonstrated using
secondary anti-rabbit polymer HRP and DAB chromogen and counterstaining with
haematoxylin. The proportion of lipid peroxidation products was quantified using Image
J software and the colour deconvolution plugin. DAB intensity was measured in the
apical heart. The final DAB intensity was calculated according to the formula: f=255-i,
where f is final DAB intensity and i is the mean DAB intensity varying from 0 (dark
brown, highest expression) to 255 (white, no expression)?°.

Determination of sulfhydryls group in plasma

This assay was performed according to Soszynski et al*’ to detect reduced thiol
groups as an indicative of plasma redox status. The protein samples were previously
assayed by the Bradford method. Briefly, free SH groups of plasma sample (45 L)
were reacted with 10 pL of 10 mM DNTB (diluted in ethanol). The reaction was
measured spectrophotometrically at 412 nm in microplate by following the formation of
the yellowish 2-nitro-5-thiobenzoate (TNB). The concentration of color complex protein
was determined using the linear equation obtained with a standard curve of reduced
glutathione. Results were reported as nmol of SH/mg protein.

Determination of protein carbonyl content in plasma
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Protein carbonyl content, a marker of oxidized proteins, was measured
spectrophotometrically according to Levine et al®®. The protein samples were
previously assayed by the Bradford method. We used 20 uL of sample for the reaction.
After proteins precipitation with 20% TCA and centrifugation at 1.100 g for 3 min at 4
°C, pellet was dissolved in 10 mM of 2,4-dinitrophenylhydrazine (DNPH) diluted in 2 M
HCI. After 3 washings with ethanol-ethylacetate (1:1), pellet was dissolved in 20 mM
potassium phosphate (pH 2.3) containing 6 M guanidine-HCI and absorbance
measured at 380 nm in plastic plate using the molar extinction coefficient of 22.000 M’
'em™. Results were expressed as nmol carbonyl residues/mg protein.

Determination of total antioxidant capacity of plasma by FRAP assay

The antioxidant plasma capacity, assayed in terms of the ferric reducing ability
of plasma (FRAP), was performed according to Benzie and Strain®. At low pH the
plasma mediated reduction of ferric-tripyridyltriazine (Fe3*-TPTZ) to a ferrous form
(Fe?) produces blue color. Seven microliters of plasma were diluted with distillated
water (18 pL) and reacted with 175 pL of FRAP reagent (0.83 mM TPTZ, 1.67 mM
FeCl;, 250 mM acetate buffer). A standard curve was constructed with FeSO, (range:
0.75 — 12.5 nmol) and assayed in the same conditions described above. The
absorbance was measured in microplate reader at 593 nm and the results were
expressed as umol/L.

Statistical analysis

Quantitative analyses were performed using the Software Package for
Statistical Science (SPSS for Windows, version 16, SPSS Inc.; Chicago, IL). Data are
presented as means + standard error. After verifying that the variables were normally
distributed by means of Shapiro-Wilk normality testing, the effects of NAC/DFX in
different groups were examined by one-way analysis of variance (ANOVA) followed by
LSD test. The temporal analyses of the plasma samples were examined by

Generalized Estimating Equations (GEE) followed by Bonferroni test. Differences with

a p value of <0.05 were considered to be statistically significant.
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RESULTS
Plasma cTnl and iron levels

Plasma cTnl levels increased in the AMI group when compared with SHAM
group 12 hours after the surgery (Figure 1). Also, cTnl levels did not differ among the
animals before the start of the treatment, (data not shown) indicating that ischemic
lesions were similar. Plasma iron levels increased in AMI group at 7 days after the
surgery (261 pg/dL) when compared with SHAM group (167 pg/dL) (p=0.001). All
treatments prevented this increase, keeping the values at the SHAM levels. At 28 days
only NAC/DFX group decreased the levels of iron (184 ug/dL) when compared to AMI
group (210 pg/dL) (Figure 2).
Echocardiogram analysis

All echocardiographic analyses were performed sequentially at 2, 14, and 28
days in order to follow the cardiac remodeling overtime. Homogeneity between infarcts
was confirmed by echocardiographic analyses 2 days after the surgery, which
demonstrated no difference in akinetic areas, dilation or function (Table 1). Treatments
had no effect on echocardiographic parameters at 2 and 14 days. However, at the end
of experimental design (28 days) NAC/DFX group presented decreased systolic
diameter (7.9 mm = 0.7 mm vs. 8.7 mm £ 1 mm, p=0.04) compared to AMI group
(Figure 3A), and improvement in ejection fraction when compared with vehicle treated
group (45.2% + 10.9% vs. 34.7% £8.7%, p=0.03) (Figure 3B). Neither NAC nor DFX
modified the functional characteristics when given alone. Others additional
echocardiographic data are shown in Table 1.
Infarct size by histology

As expected, fibrosis was higher in AMI group compared to SHAM
(SHAM=1.5% =+ 5% vs. AMI=31% * 11%). None of the treatments had any effect on in
infarct size (Figure 4A).

Cardiac oxidative stress
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To investigate whether the NAC/DFX association altered cardiac oxidative
stress we examined a lipid peroxidation marker, namely 4-HNE, by
immunohistochemistry. The lipid peroxidation was reduced in the group that received
NAC alone (Figure 4B). Unexpectedly, the association NAC/DFX did not alter this
oxidative parameter (p=0.06).

Plasma oxidative stress

Plasma oxidative markers were evaluated overtime. Unexpectedly, no change

was detected among the groups in plasma carbonyl, sulfhydryl, or total antioxidant

potential (assessed by FRAP) (Table 2) within each time.

DISCUSSION

In this study, we have investigated the role of the association of an antioxidant
with an iron chelator in a model of AMI in Wistar rats on echocardiographic,
biochemical, and histological parameters. We show, for the first time, that the
association of NAC and DFX improved cardiac function 28 days after AMI in an animal
model, whereas neither NAC nor DFX exerted beneficial effects when given alone.

NAC has been tested as a treatment for AMI in both experimental and clinical
settings with controversial results® 3'. Despite being a potent antioxidant, NAC may
present a pro-oxidant property when contacting iron ions™. In fact, it has been
demonstrated that patients suffering of AMI presented increased serum iron levels,
which are followed by lipid peroxidation products after the ischemic event®. Since the

10.11 it can

reaction between iron and NAC may vyield free radicals in biological systems
be suggested that the lack of beneficial effect seen in some studies that employed NAC
alone may be related to presence of high levels of iron. This suggestion finds support
on previous studies in animal model of sepsis'’ and liver failure® that demonstrated the
effectiveness association of NAC and DFX.

The levels of iron ions presented no difference between the SHAM and AMI

groups at 12 hours after the myocardial insult, perhaps due to the early evaluation. The
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total iron levels were increased 7 days after the AMI and all treatment groups
prevented this increase. NAC/DFX group was the only group capable of reducing iron
levels until the end of the protocol. In this study, we measured total plasma iron, which
is composed by both catalytic and non-catalytic pool and the values are in agreement
with previous study®. However, it is suggested that only the catalytic iron pool is
involved on iron-induced oxidative stress through the Fenton Reaction. Catalytic iron
levels in plasma were two orders of magnitude below the levels found for total plasma
iron® 3°. Thus, despite evidencing effects of NAC/DFX on plasma iron levels, we
suggest that a more accurate assay should be employed in order to unveil the effects
of the treatments in the catalytic iron pool.

In the current protocol the rats received DFX for only 7 days following the AMI
whereas NAC was given every day for 28 days. The DFX dose and regimen were
chosen based on previous studies that have already employed this combination*”
and on the behavior of iron release post-AMI described in humans® The cardiac
function was followed by echocardiography for 28 days and an improvement could be
seen only at the end of protocol for NAC/DFX treated rats, with a net improvement of
10% in ejection fraction and decreased of systolic chamber diameter. However, no
improvement in cardiac remodeling parameters could be seen. Lee et al. (2010)
demonstrated that rats subjected to myocardial infarction and treated for 28 days with
NAC 250 mg/kg (intragastric) had improvement of nearly 4% in the fractional
shortening and a reduction in chamber dilation. This beneficial effect attributed to NAC
alone may be regarded to some differences seen when comparing the studies designs,
such as NAC dose or route of administration. Moreover, it cannot exclude the fact that
the effect of NAC could be enhanced if we reduced the iron overload system*®.

We also attempted to uncover the mechanism underlying the improvement in
cardiac function in rats treated with NAC/DFX. First, we tried a non-invasively approach
where the systemic oxidative stress was assessed in time-course fashion. Previously,

we and others have demonstrated that plasma oxidative stress is a reliable surrogate
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of the organ oxidative stress*’'®. In the present study, we evaluated oxidative stress
parameters in plasma and we did not detect important effects of the treatments in the
times assessed. Some authors evaluated parameters of oxidative stress in plasma and
found a decrease of these parameters'®. Surprisingly, AMI group also did not differ
from SHAM group in all measurements. To exclude the possibility that plasma
evaluation could mask organ differences, we decided to evaluate cardiac oxidative
stress using an antibody designed against 4-HNE, the main lipoperoxidation side
product®’. Despite the NAC/DFX group did not reach statistical significance, it is clearly
perceived a decrease in oxidative stress compared with AMI group. Curiously, NAC-
treated rats also presented lower levels of 4-HNE in the heart tissue and this suggests
that other mechanisms than lipoperoxidation are involved in cardiac dysfunction.

Increased production of ROS during heart failure impacts on proteins involved
in the excitation-contraction coupling and the Ca®*" handling, such as ryanodine
receptor®®, Moreover, mitochondrial calcium influx is one of the most common factors of
inducing mitochondrial derived ROS generation. The mitochondrial DNA (mtDNA)
could be a major target for ROS mediated damage for any reasons. The mitochondria
do not have a complex chromatin organization consisting of histone proteins that may
serve as protection against ROS. The mtDNA has a limit repair activity against DNA
damage and a large part of superoxide radical is formed inside the mitochondria and
cannot pass thought the membranes. Hence, ROS damage may be contained largely
within the mitochondria®.

Our study had some limitations that should be considered. First, the total iron
measured in this study is not the catalytic iron, or iron that participates in oxidative
stress. Instead, due to the assay characteristics, we measured total iron, which is two
order of magnitude higher than catalytical iron. Thus, we suggest that the major
changes of NAC/DFX in this fraction could not be detected. Second, we did not perform

oxidative stress analyses in cardiac tissue, except for HNE, the major lipid peroxidation
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by-product. The effect of NAC/DFX on HNE levels indeed suggests that a further

assessment must be performed in other oxidative stress markers in cardiac tissue.

CONCLUSION

In summary, our study showed the association of NAC and DFX was able to
improve left ventricle function in an animal model of AMI in spite of not decreasing
myocardial oxidative stress. This suggests that the antioxidant effects of NAC
(potentiated by association with DFX) are protectively acting on cardiac function.
Nevertheless, these data may be provocative into the development of novel treatment
strategies to attenuate or prevent myocardial remodeling that leads to ventricular
dysfunction and heart failure. Therefore, more strategy must be designed to explore

these results.
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FIGURE LEGENDS

Figure 1: Plasma cTnl levels 12 hours after myocardial infarction induction. The
cTnl levels were assessed in the SHAM group (n=11), AMI (n=10), AMI+NAC (n=5),
AMI+DFX (n=9), and in AMI+NAC/DFX (n=9) animals. AMI (acute myocardial
infarction), NAC (N-acetylcysteine), DFX (deferoxamine). Bars represent mean *
standard error. The means were compared using ANOVA one-way post-hoc LSD.
Values of SHAM: 6.49 * 3.08 (ng/mL). (*) indicates difference between SHAM with AMI
group; p<0.05.

Figure 2: Plasma total iron on subsequent days.

The total iron levels were assessed in all groups. Symbols represent mean. The means
were compared using GEE test post-hoc Bonferroni. SHAM (n=9), AMI (n=10),
AMI+NAC (n=5), AMI+DFX (n=8), and in AMI+NAC/DFX (n=8) animals. AMI (acute
myocardial infarction), NAC (N-acetylcysteine), DFX (deferoxamine), (*) indicates
difference between SHAM and AMI group. (1) indicates difference between AMI, and
NAC/DFX group; p<0.05.

Figure 3: Cardiac functions assessed by echocardiography at 2, 14 and 28 days
post-surgery. Evaluation by echocardiography was performed in SHAM group (n=11),
AMI (n=10), AMI+NAC (n=5), AMI+DFX (n=9), and in AMI+NAC/DFX (n=9) animals.
(A) Systolic diameter. Values of SHAM: 2 days (3.3 £ 0.9 mm), 14 days (3.7 £ 0.7 mm),
and 28 days (4.0 £ 0.9 mm). (B) Ejection fraction. Values of SHAM: 2 days (85.3 +
3.2%), 14 days (86.1 + 1.8%), and 28 days (82.1 + 2.9%). AMI (acute myocardial
infarction), NAC (N-acetylcysteine), DFX (deferoxamine). Bars represent mean =
standard error. The means were compared using ANOVA one-way post-hoc LSD. (*)
indicates difference between SHAM and AMI group; p<0.05. (1) indicates difference
between AMI, and treatment groups; p<0.05.

Figure 4: Histological evaluations performed 28 days after surgery. (A) The

percentage of fibrosis evaluated by Picrosirius was performed in SHAM group (n=11),
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AMI (n=10), AMI+NAC (n=5), AMI+DFX (n=9), and in AMI+NAC/DFX (n=9) animals.
Values of SHAM: 1.45 + 1.3 (%). (B) The lipid peroxidation was evaluated in order to
monitor the oxidative stress in tissue, the immunohistochemistry was performed in
SHAM group (n=6), AMI (n=5), AMI+NAC (n=4), AMI+DFX (n=6), and in
AMI+NAC/DFX (n=4) animals. Values of SHAM: 21.7 + 3.5 (pixels). AMI (acute
myocardial infarction), NAC (N-acetylcysteine), DFX (deferoxamine). Bars represent
mean * standard error. The means were compared using ANOVA one-way post-hoc
LSD. (*) indicates difference between SHAM and AMI group; p<0.05. (1) indicates
difference between AMI and NAC group; p<0.05.

Table 1: Echocardiographic analysis at 2, 14, and 28 days.

Values are expressed as mean * standard error.

SHAM (n=11), AMI (n=10), AMI+NAC (n=5), AMI+DFX (n=9), and in AMI+NAC/DFX
(n=9) animals. AMI (acute myocardial infarction), NAC (N-acetylcysteine), DFX
(deferoxamine). (*) indicates difference between SHAM and AMI group; p<0.05. (1)
indicates difference between AMI and NAC/DFX group; p<0.05.

Table 2: Assessments of oxidative stress at 12 hours, 2, 7, and 28 days.

Values are expressed as mean * standard error.

SHAM (n=9), AMI (n=10), AMI+NAC (n=5), AMI+DFX (n=8), and in AMI+NAC/DFX
(n=8) animals. AMI (acute myocardial infarction), NAC (N-acetylcysteine), DFX
(deferoxamine), FRAP (ferric reducing ability of plasma). (*) indicates difference

between SHAM and AMI group; p<0.001.
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Table 1

Variables Groups 2 days 14 days 28 days
Infarcted Area SHAM 0 0 0
(%)
AMI 40.7 £ 2.8* 37.4 +£3.3* 34.5+2.3*
AMI+NAC 415+ 1.7* 38.2 £ 2.4* 315+ 1.9*
AMI+DFX 40.9 + 2.6* 35.3+2.0* 35.1+3.2*
AMI+NAC/DFX 37.2+1.9* 33.9+2.6* 33.4+1.8*
Fractional shortening SHAM 49.8+ 3.6 495+2.3 454 + 3.3
(%)
AMI 19.3+2.1* 15.3+2.1* 13.3+1.3*
AMI+NAC 21.2+£2.3* 141 +1.7* 14.2 + 1.4*
AMI+DFX 21.8+2.1* 16.5+ 1.4* 151+ 1.5*
AMI+NAC/DFX 21.5+1.4* 19.7 + 1.3* 18.6 + 1.9*
Diastolic Diameter SHAM 6.6 0.6 7.3%+0.7 7.3%£0.6
(mm)
AMI 7.9+0.8* 95+ 1.0* 10+ 0.8*
AMI+NAC 7.8 +£0.6* 9.6 £0.3* 10 £ 0.5*
AMI+DFX 7.8 +0.4* 9.8 +0.9* 9.8 +£0.5*
AMI+NAC/DFX 7.9 £ 0.5* 9.2 +0.8* 9.7 + 0.4*
Posterior Wall SHAM 1.7+0.3 1.4+£0.1 16+04
(mm)
AMI 1.6+0.3 1.4+0.2 16+04
AMI+NAC 1.6+0.1 1.9+0.2% 15+£0.2
AMI+DFX 1.6+0.3 1.8+0.4% 1.7+0.3
AMI+NAC/DFX 1.6+0.2 1.7+£0.4% 1.8+0.3
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Table 2

Variable Groups 12 h 2 days 7 days 28 days
Carbonyl (nmol SHAM 0.58 £0.07 250+0.23 1.41 £0.07 1.31+£0.18
carbonyl/mg protein)
AMI 0.73 +0.09 3.27 +0.53 1.51 £0.09 1.46 £0.22
AMI+NAC 0.79 +0.22 3.41 +0.57 2.03 £ 0.36* 1.34+£0.21
AMI+DFX 0.71 £ 0.06 291+0.44 1.63+£0.12 1.58 £0.23
AMI+NAC/DFX 0.70 +£0.15 2.70 £0.36 1.71+£0.13 1.02 £0.23
Sulfhydryl (nmol SHAM 1.84+0.14 1.33+0.13 1.80 +0.20 2.15+0.11
sulfhydryl/mg protein)
AMI 1.96 £0.20 0.94+£0.19 1.75+£0.23 2.33+0.18
AMI+NAC 1.92+0.10 0.81 £0.27 1.54 £ 0.36 2.16+0.34
AMI+DFX 1.72 £0.27 1.08 £0.16 1.47 £0.32 2.42 £0.26
AMI+NAC/DFX 1.75+£0.26 0.80 +£0.19 1.40+£0.33 1.93+0.29
FRAP pmol/L SHAM 302.13 £ 15.10 224.87 £6.24 267.71 £ 15.76 242.00 £9.41
AMI 288.17 £ 15.84 232.37£7.62 265.15 £ 17.97 263.79 £14.84
AMI+NAC 308.10 £ 23.76 241.50 £9.78 306.74 £ 43.92 267.99 £ 15.68
AMI+DFX 281.55 +11.09 231.61 £8.95 294.83 £ 19.22 240.42 £6.82
AMI+NAC/DFX 319.15 £ 21.46 238.23 £ 9.67 262.85 £ 27.05 242.49 £ 13.52
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