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RESUMO

Introducdo: O remodelamento cardiaco patologico € um processo complexo que ocorre no
coracdo apoOs dano, com eventos de morte celular, hipertrofia, fibrose e inflamagdo que
favorecem a progressdo para a insuficiéncia cardiaca. Envolvido na patogénese do
remodelamento cardiaco esta o estresse oxidativo, onde espécies reativas de oxigénio (ERO)
podem modular vias de sinalizacdo relacionadas com sobrevivéncia e morte celular. O
aumento das defesas antioxidantes é uma estratégia eficaz na reducdo dano oxidativo,
atenuando a progressao do remodelamento cardiaco patoldgico. O uso do sulforafano (SFN),
um isotiocianato encontrado em vegetais cruciferos (ex. broto de brdcolis), pode ser uma
estratégia de intervencdo. Este tem capacidade de aumentar as defesas antioxidantes e as
proteinas detoxificadoras intracelulares, por sua acdo sobre fatores de transcri¢do
intracelulares, como Nrf-2 e PGC-la, os quais aumentam a expressdo das defesas
antioxidantes citoplasmaticas e mitocondriais, tal como a heme oxigenase-1 (HO-1).
Objetivos: Estudar o efeito do sulforafano como um agente estimulador das defesas
antioxidantes endogenas em celulas cardiacas em cultura, assim como no cora¢do em
processo de remodelamento apds infarto do miocardio. Neste contexto, enfocar a relagdo do
estresse oxidativo com a modulacdo de vias de sinalizagdo para a sobrevivéncia e morte
celular, assim como do processo de autofagia.

Materiais e Métodos: Mioblastos cardiacos (H9c2) foram incubados com R-sulforafano (5
pumol/L), durante 24 horas. A viabilidade celular, os marcadores de estresse oxidativo e as
proteinas relacionadas com a via intrinseca da apoptose foram investigados. No modelo de
infarto do miocardio, ratos Wistar machos foram divididos em quatro grupos: SHAM, SHAM
+ sulforafano (SHAM+SFN), infarto (MI), infarto + sulforafano (MI+SFN). Os grupos
SHAM+SFN e MI+SFN receberam R-S-sulforafano (5 mg/Kg/dia, i.p.), durante 25 dias.
Anélise ecocadiografica, contetdo total de colageno, analises bioquimicas e moleculares de
marcadores de estresse oxidativo, via de sinalizacdo para sobrevivéncia e morte celular,
proteinas envolvidas no processo apoptético e autofagico foram realizadas.

Resultados: Células tratadas com SFN apresentaram elevacdo da viabilidade quando
comparadas as células controle. O sulforafano aumentou a atividade das defesas antioxidantes
da SOD (103%), catalase (101%) e GST (72%), assim como a expressdo da HO-1 (400%) e
reduziu o estresse oxidativo observado pela diminuicdo das EROs (15%) e da peroxidacéo
lipidica (65%). Somado a isso, a via associada com apoptose intrinseca reduziu, pois
aumentou a expressao da proteina anti-apoptética Bcl-2, reduzindo a razdo Bax/Bcl-2, a
atividade da caspase 3/7 reduziu, assim como o0s niveis de fosforilagdo da JNK. Essas
respostas foram associadas com aumento da expressdao do co-fator de transcricdo PGC-1la
(42%). Foi observado que os grupos MI e MI+SFN apresentaram disfuncdo cardiaca e
remodelamemto patoldgico. No entanto, o SFN atenuou a progressdo do remodelamento
cardiaco no grupo MI+SFN, observada pela manutencdo do indice de estresse de parede em
niveis controle, reducdo da fibrose intersticial e preservagdo da musculatura cardiaca. Somado
a isso, o tratamento com SFN reduziu a deterioracdo da funcdo cardiaca observada pela
manutencdo das dilatacbes da camara ventricular esquerda e dos indices de contratilidade
(fracdo de ejecdo e mudanca da area fracional), quando comparados o0s dados
ecocardiograficos do 3° dia com o 28 ° dia pos-cirargico. O grupo MI apresentou maiores



niveis de peroxidacédo lipidica e elevacdo das defesas antioxidantes (GPx, CuzZn-SOD). Por
outro lado, o grupo MI+SFN apresentou reducdo das EROs e elevacdo da proteina HO-1, sem
mostrar elevacdo da peroxidacdo lipidica. Além disso, o grupo MI apresentou elevagdo da
fosforilacdo das MAPKs ERK 1/2 e p38, sendo que o grupo MI+SFN apresentou aumento
apenas da ERK 1/2, mantendo os niveis da p38 iguais aos do grupo SHAM. Adicionalmente,
apenas o grupo MI+SFN apresentou reducéo da razdo Bax/Bcl-2 (pela diminuicéo da proteina
pré-apoptotica Bax). A atividade autofagica foi reduzida no grupo IM, quando comparada ao
grupo SHAM, enquanto que, no grupo MI+SFN, manteve-se semelhante ao seu controle
SHAM+SFN.

Conclusdo: Em cultura de cardiomioblastos, uma baixa concentracdo de sulforafano (5
pmol/L) foi capaz de aumentar as defesas antioxidantes, em especial a expressdo da HO-1,
sendo estes efeitos associados a reducao de estresse oxidativo e atenuagdo da via intrinseca do
processo de apoptose celular. Semelhante acdo deste isotiocianato foi observada no
remodelamento cardiaco patoldgico apos infarto do miocardio. O sulforafano atenuou eventos
criticos para a manutencdo da funcédo cardiaca, tais como reducdo do conteddo de colageno e
preservacdo da musculatura cardiaca. Estes efeitos benéficos foram associados a um aumento
da expressdo da HO-1, com consequente reducdo de EROs. Estas adaptacdes do ambiente
redox celular foram associadas com uma modulagdo da sinalizacdo intracelular em diregdo a
sobrevivéncia, com preservacgdo da funcdo autofagica. O conjunto de resultados aponta para a
ativacdo da HO-1 como um mecanismo central da cardioprotecédo oferecida pelo sulforafano,
envolvendo a modulacdo de vias de morte e sobrevivéncia celular, culminando com um
remodelamento cardiaco mais favoravel.
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Figure 1: Patogénese da insuficiéncia cardiaca. Eventos que envolvem a progressdo da fase
compensada para a descompensada da insuficiéncia cardiaca.

Figure 2: Estresse oxidativo envolvido nos eventos do remodelamento cardiaco, contribuindo
na patogénese da insuficiéncia cardiaca.

Figura 3: Desenho experimental do estudo in vivo.
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1. INTRODUCAO

1.1. DOENCAS CARDIOVASCULARES E INFARTO DO MIOCARDIO

As doencas cardiovasculares (DCV) sdo as principais causas de morte na grande
maioria dos paises, assim como no Brasil, atingindo principalmente a populacdo adulta e
idosa. Segundo o ultimo censo realizado no Brasil em 2010, observou-se um crescimento da
populacdo idosa. Esse dado esta intimamente relacionado com um potencial aumento de
pacientes em risco ou portadores de DCV (Bocchi EA et al., 2009). A via final comum de
diversas doencas que afetam o coracdo € a insuficiéncia cardiaca, considerada um dos mais
importantes desafios para o Sistema de Saude, tratando-se de um problema epidémico em
progressdo (Bocchi EA et al., 2009). Dentre os diferentes grupos de causas, as doencas do
aparelho circulatério apresentam indices de 30,69% do total das causas de morte no Brasil
(DATASUS, 2012). Dentre as DCV mais prevalentes, estdo as doencas isquémicas, como é o
caso da doenca arterial coronariana, seguida de infarto do miocéardio, a qual é a principal
causa de morte isolada no pais, responsavel pela morte de 104.345 brasileiros no ano de 2012
(DATASUS, 2012). Pacientes que sobrevivem ao infarto do miocardio apresentam
remodelamento do miocardio remanescente, caracterizado por alteracBes estruturais,
eletrofisiologicas, biogquimicas, celulares e moleculares, em cardiomiocitos e nao-
cardiomidcitos, culminando na insuficiéncia cardiaca (Burchfield JS et al., 2013). Sendo o
remodelamento um evento complexo, intervencGes terapéuticas sdo necessarias para atuar
amplamente sobre 0os mecanismos patofisiolégicos, objetivando reduzir a progressao para a

insuficiéncia cardiaca, preservando a qualidade de vida das pessoas acometidas.

1.1.1. Remodelamento cardiaco patolédgico poés-infarto do miocardio

O infarto do miocardio (IM) é uma cardiomiopatia isquémica que ocorre por uma
deficiéncia de perfusdo do tecido cardiaco, levando a necrose miocéardica. Entre as principais
complicacgdes dessa patologia estdo a disfungdo contratil do ventriculo esquerdo, as arritmias,
0 tromboembolismo, a disfuncdo dos musculos papilares e a insuficiéncia cardiaca congestiva
(Bocchi EA et al., 2009). Em resposta a lesdo isquémica, com perda de tecido contratil, o
coragdo remanescente é exposto a uma maior carga de trabalho. Com isso, ocorrem eventos
adaptativos do coragdo para manter sua funcdo de bomba, preservando assim a vida do

individuo. Em fases iniciais desta doenga, ocorrem adaptacbes compensatérias, mantendo
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uma boa funcionalidade do coracdo. Porém, a progressdo da doenca causa disfuncdo cardiaca,
sendo este o periodo descompensado, culminando no desenvolvimento de insuficiéncia
cardiaca (ver figura 1) (Burchfield JS et al., 2013).

Os eventos que ocorrem no tecido cardiaco apdés um dano isquémico, seguido de
sobrecarga de pressdo nas camaras cardiacas e de respostas dos sistemas neuro-humorais,
causam o remodelamento cardiaco patoldgico. Este remodelamento envolve um complexo
mecanismo de alteracGes, tais como morte celular dos cardiomiocitos, crescimento dos
miocitos que culmina em hipertrofia cardiaca, processo inflamatdrio, dilatacdo das camaras
ventriculares e acimulo de colageno, causando fibrose tecidual (Mill JG et al., 2011;
Gonzélez A et al., 2011; Burchfield JS et al., 2013; Heusch G et al., 2014). Esses eventos sao
0s responsaveis pela resposta inicial compensatdria do coracdo para manter a funcionalidade,
principalmente a resposta de hipertrofia dos cardiomidcitos remanescentes. A resposta
hipertrdfica, apds o infarto do miocardio, visa a manutencéo do débito cardiaco. Esta resposta,
inicialmente, pode ser considerada como um processo benéfico, uma vez que permite ao
coracdo se adaptar ao aumento do estresse de parede, ocasionado pela sobrecarga mecénica
(Francis J et al., 2001). No entanto, um longo periodo de hipertrofia pds-infarto predispde a
disfuncéo ventricular, progredindo para a insuficiéncia cardiaca (Pfeffer MA et al., 1985).

Além disso, o remodelamento cardiaco patolégico apds infarto do miocardio é
acompanhado por perda ainda maior de cardiomidcitos no tecido remanescente a area
isquémica, por processos de morte celular, como a ativacdo de apoptose e modificacbes no
processo de autofagia (Dorn Il, 2009; Abbate A & Narula J, 2012). A taxa de morte dos
cardiomidcitos no tecido remanescente € preditor da severidade do remodelamento cardiaco, o
qual determinara a velocidade de progressdo para a insuficiéncia cardiaca (Abbate A &
Narulaet J, 2012). Essa perda de células viaveis leva a dilatacdo e a disfuncdo ventricular
(Baines CP et al., 2005). A dilatacdo das camaras ventriculares, torna sua geometria mais
esférica, resultando em importantes alteracdes para 0 muasculo cardiaco, como o aumento do
estresse de parede e da necessidade energética, favorecendo a ativagao dos processos de morte
celular (Dorn GW, 2007). Além da morte de células cardiacas, ocorre a deposi¢do de matriz
extracelular, aumentando os niveis de fibrose no coracdo, causando prejuizo na contratilidade
e distarbios no ritmo cardiaco (Burchfield JS et al., 2013). O aumento do conteudo de tecido
fibrdtico ocorre pela maior atividade dos fibroblastos cardiacos, os quais, sob estimulos
estressores e neuro-humorais, proliferam e se diferenciam, produzindo mais colageno dos
tipos I e 111 e fibronectina. (Distefano G, Sciacca P, 2012; Burchfield JS et al., 2013). A perda

de cardiomiocitos por morte celular e o processo de fibrose tecidual tém sido considerados os
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principais determinantes da progressdo da compensacdo para a descompensacdo cardiaca
durante o remodelamento cardiaco (Abbate A & Narula J, 2012; Distefano G, Sciacca P,
2012).

Somado a estes fatores, o processo inflamatdrio crénico €, também, um componente que
apresenta um papel importante sobre o remodelamento ventricular, pois sua constante
ativacdo favorece a progressao da disfuncéo cardiaca (Mill JG et al, 2011, Burchfield JS et al.,
2013). No entanto, a resposta inflamatdéria € um processo fisiolégico fundamental para
manutencdo da homeostasia e processo cicatricial, principalmente, ap6s uma situacdo de dano
tecidual (Anzai T, 2013).

O remodelamento vascular também contribui para o processo de adaptacdo ou mal-
adaptacdo cardiaca, pois se a circulacdo coronariana colateral ndo acompanha o crescimento
da massa cardiaca, bastante observado em situacdes de estimulo patoldgico, isso contribui

para a ativacao de processos de morte celular (Burchfield JS et al., 2013).

I-hpedrtroﬁa Processo
90 inflamatétio
. ) cardiomiocito L
Inicio do dano a0 Mecanismo Deterioracio da Do ateniiiin
tecido cardiaco - compensatorio - - gstrutura ¢ funcdo i funcﬁé]car e
(estimulo patologico) (neuro-humorais) doventriculo esquerdo ;

Fibrose ~ Morte celular

Fig
ure 1: Patogénese da insuficiéncia cardiaca. Eventos que envolvem a progressdo da fase
compensada para a descompensada da insuficiéncia cardiaca (figura adaptada de Gonzéles A
etal., 2011; Burchfield JS et al., 2013).

Sendo o remodelamento cardiaco patolégico um mecanismo complexo, a busca de
estratégias terapéuticas que possam reduzir os eventos que compreendem este processo,
podem contribuir para evitar a progressao para a insuficiéncia cardiaca. Estudos demonstram
gue as estratégias médicas convencionais para o tratamento da insuficiéncia cardiaca nédo
atingem ou focam na reducdo das origens dos eventos envolvidos na patogénese da disfuncao
cardiaca, que levam a reducdo do tecido cardiaco viavel e funcional (Gonzéles A et al., 2011;
Distefano G & Sciacca P, 2012). No entanto, estratégias como a utilizacdo de inibidores da

enzima conversora de angiotensina (captopril) e de bloqueadores do receptor de angiotensina
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(losartan) protegem o coragdo e reduzem a velocidade de progressao para a disfuncéo. Porém,
os efeitos destes farmacos sobre o corag¢do sdo secundarios a atuagdo sobre sistemas neuro-
hormonais, que consequentemente, estdo associados com atenuacdo dos processos do
remodelamento cardiaco (Gonzélez A et al., 2011; Onodera H et al., 2005; Moller EJ & Singh
D, 2006; Diez J et al., 2002).

O desenvolvimento de novas estratégias que possam modular o processo de
remodelamento cardiaco patoldgico pode ser explorado em modelo experimental de infarto do
miocardio. Ratos submetidos a infarto agudo do miocardio, realizado através da técnica de
ligadura da artéria coronéria descendente anterior, apresentam reducdo na funcdo contratil do
ventriculo esquerdo, aumento no didmetro das cémaras ventriculares, modificacdo das
pressdes intraventriculares, aumento da sintese e deposicdo de colageno, morte celular e
inflamacéo, caracterizando o processo de remodelamento cardiaco patolégico (Schenkel PC et
al., 2010; Mill JG et al., 2011).

1.2. MORTE CELULAR

A perda de cardiomidcitos, além daqueles que sofreram morte por necrose na fase aguda
do infarto, é um dos eventos-chave que influenciam o remodelamento cardiaco apds um dano
(Qin F et al., 2005). Além disso, a morte celular esta envolvida na patogénese de muitas das
DCV (Whelan RS et al., 2010). Sendo assim, investigar agdes que possam reduzir a ativacao
de vias de morte, pode ser Gtil para prevenir ou reduzir a progressao do remodelamento
cardiaco patolégico. Os mecanismos de morte de cardiomiocitos observados no
remodelamento cardiaco sdo apoptose, necrose e morte ativada por autofagia (Whelan RS et
al., 2010).

1.2.1. Apoptose

A apoptose é uma forma de morte celular programada, na qual estimulos internos e
externos a celula podem ativar proteinas intracelulares que culminam na ativagéo do processo
de morte (Whelan RS et al., 2010). O processo de degeneracdo e de fragmentacdo da célula
em resposta a0 mecanismo apoptotico ndo gera inflamacao, uma vez que ocorre a e formagéo

dos corpos apoptéticos, sendo estes fagocitados por macréfagos.
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A apoptose pode ser controlada e ativada por duas distintas vias de sinalizacéo,
chamadas de controle intrinseco e extrinseco, sendo que ambas vias culminam na ativacao das
caspases — familia de proteases (Whelan RS et al., 2010). A ativacdo da via intrinseca envolve
a mitocondria e o reticulo endoplasmatico, e a via extrinseca € disparada por receptores da
membrana celular. A via intrinseca é a responsavel por transmitir a maioria dos estimulos
apoptéticos, sendo esta via ativada por estresse oxidativo, dano oxidativo ao DNA,
membranas e proteinas, toxinas, inadequacdo de nutrientes e fatores de sobrevivéncia
(Trachootam D et al., 2008). Ao nivel mitocondrial, proteinas da familia da Bcl-2 controlam a
permeabilidade das membranas mitocondriais, mantendo em seu interior agentes pro-
apoptogénicos (Trachootam D et al., 2008). A permeabilidade é controlada pelo balango entre
proteinas anti-apoptética Bcl-2 e pro-apoptética Bax. A Bcl-2 além de evitar a abertura dos
poros de transicdo na membrana mitocondrial, protege as células contra o estresse oxidativo, e
a Bax promove a abertura de poros, permitindo que proteinas como o citocromo c, alcancem o
citoplasma, ativando as caspases, consideradas indicadores do processo apoptotico
(Trachootam D et al, 2008; Whelan RS et al., 2010; Abbate A & Narula J, 2012). A via
extrinseca é especializada na transducdo de sinais extracelulares, onde moléculas ativadoras
do processo reconhecem receptores especificos, localizados na membrana plasmaética, 0s
quais ativam a via das caspases no interior da célula (Whelan RS et al., 2010). A via das
caspases compreende as caspases-2, 8, 9 e 10, as quais sdo ativadas inicialmente, culminado
na ativagdo das caspases efetoras do processo de morte, que sdo as caspases-3, 6 € 7.

Além destas duas vias de ativacdo de apoptose, uma terceira via pode contribuir ou ser a
causa do processo de ativacdo da morte celular programada, a qual ocorre quando ha uma

perda da homeostasia do processo de autofagia (Lavandero et al., 2013).

1.2.2. Autofagia

Autofagia € um processo de manutencdo do ambiente intracelular em que organelas
ndo-funcionais e proteinas modificadas ou danificadas sdo degradadas no interior de
autofagolissomas. Os produtos da degradacdo sao utilizados como nutrientes para a
maquinaria celular, sendo isso associado como uma resposta para manter a sobrevivéncia
(Whelan RS et al., 2010). Nas células cardiacas, a autofagia é responsavel por uma resposta
de sobrevivéncia dos cardiomiocitos expostos a diversas formas de estimulos danosos e

estressores, como por exemplo (Lavandero S et al, 2013). Sendo assim, niveis basais de
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autofagia sdo esséncias para a manutencdo da homeostasia dos cardiomioitos e da fungéo
cardiaca.

A autofagia é controlada por uma via de sinalizacdo, onde a proteina cinase ativada por
adenosina monofosfato (AMPK — AMP-activated protein kinase) participa sobre a ativacédo
deste processo. A AMPK atua como um sensor do estado energético celular, coordenando
uma resposta metabdlica geral intracelular, assim como ativando o processo autofagico para
que a degradacdo de componentes intracelulares (proteinas e lipideos) sejam disponiveis para
geracdo de energia (Beauloye C et al., 2011). A AMPK pode entdo atuar sobre a Ren (ULK),
uma proteina cinase que controla os processos iniciais da formacdo dos autofagossomas.
Finalmente, ocorre a ativagdo da Microtubule-associated protein 1 light chain 3 (isoformas
LC3-1 (16 kDa) e LC3-1I (14 kDa)), proteina associada as vesiculas autofagicas (Lavandero S
et al., 2013). As proteinas LC3 indicam ativacdo do processo autofagico, uma vez que a
conversdo na LC3-11, isoforma ligada as membranas dos autofagolissomas, indica formacéo
das vesiculas (Kabeya Y et al., 2000).

A autofagia esta sendo associada como causadora de cardiomiopatia em estudos
experimentais e clinicos (Zhu H et al., 2009). A falha deste processo frente a situacfes de
estresse, além de poder causar ativacdo de morte celular, contribui para o processo de
transicdo de uma resposta compensada para descompensada do coracdo, no remodelamento
cardiaco patoldgico (Beauloye C et al., 2011; Zhang et al., 2008). Além disso, a autofagia
pode reduzir a hipertrofia dos cardiomidcitos, a fibrose intersticial e a apoptose das células
cardiacas, que ocorrem no remodelamento cardiaco pés-infarto (Matsushima S et al., 2006).
E, também, um mecanismo que deve ser mais explorado para entender melhor seu papel na

fisiologia e na patofisiologia das doencas que acometem o coragao.

A morte celular dos cardiomiocitos esta intimamente relacionada com o estado redox
intracelular, sendo que estados mais oxidados séo relacionados com a ati¢cdo destes processos
(Figura 2) (Trachootam D et al, 2008). Sendo assim, 0 estresse oxidativo é considerado um
alvo terapéutico nas doengas que acometem o coragdo, uma vez que este estd envolvido na
piora progressiva da funcdo cardiaca e no remodelamento patologico (Hori M et al., 2009;
Singal PK et al., 2005).
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Figure 2: Estresse oxidativo envolvido nos eventos do remodelamento cardiaco, contribuindo
na patogénese da insuficiéncia cardiaca.
1.3. ESTRESSE OXIDATIVO NO TECIDO CARDIACO

1.3.1. Dano oxidativo e defesas antioxidantes

O estresse oxidativo é um desequilibrio entre a producdo de agentes oxidantes e de
defesas antioxidantes em favor dos primeiros, podendo levar a lesdo tecidual e modificaces
na sinalizacdo redox e vias de controle especificas (Kaul N et al., 1993; Jones DP, 2006).

Muitos dos agentes oxidantes surgem da acdo catalitica de enzimas e processos de
transferéncia de elétrons que ocorrem normalmente no metabolismo celular e levam a
producdo de radicais livres (Kaul N et al., 1993). Radical livre é qualquer espécie quimica
(&tomo ou molécula) capaz de existir independentemente, que possua um ou mais elétrons
desemparelhados, em qualquer orbital, normalmente no mais externo (Gutteridge JM &
Halliwell B, 2000). Sdo, portanto, reativos e capazes de iniciar reagdes em cadeia por extrair
um elétron de moléculas proximas e completar seus proprios orbitais (Grieve et al., 2004).
Sua interacdo com moléculas bioldgicas como aminoacidos, carboidratos, lipidios e DNA
pode levar a danos irreversiveis a essas estruturas (Jones DP, 2006).

O metabolismo do oxigénio é a uma das principais fontes de radicais livres, no qual,
aproximadamente, 5% do oxigénio consumido pelas células € reduzido de forma
monovalente, gerando intermediarios reativos conhecidos como espécies reativas de oxigénio
(EROs) (Kaul N et al., 1993). As maiores fontes intracelulares geradoras de EROs sdo a
cadeia de transporte de elétrons mitocondrial, as NADPH oxidases, a xantina oxidase e a
Oxido nitrico sintase desacoplada (Afanas’ev I, 2011; Poljsak B, 2011).

A reducdo monovalente do oxigénio molecular leva a formacdo do anion superdxido
(O2*). Este radical possui uma meia-vida relativamente curta e limitada capacidade de

difusdo. Em pH &cido este anion é protonado a forma de HO,* que é mais toxica as
q
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membranas devido a sua grande lipofilicidade. A enzima superdxido dismutase (SOD) atua
dismutando o0 O,¢" em um ndo radical, o peroxido de hidrogénio (H,O;). Em mamiferos,
existem 3 isoformas da SOD: a mitocondrial que contém manganés (Mn-SOD), a citosolica
que contém cobre e zinco (Cu-Zn-SOD) e a extracelular que também contém Cu-Zn (EC-
SOD) (Poljsak B, 2011). O H,0O, tem meia-vida relativamente longa e pode atravessar as
membranas celulares e percorrer distancias consideraveis, causando danos em alvos distantes
de sua origem (Kaul N et al., 1993). E reduzido pela catalase ou por peroxidases, como a
glutationa peroxidase (GPx) (Grieve DJ et al., 2004; Murphy MP et al., 2011). A GPx ¢
considerada a principal removedora de H,O, e hidroperoxidos lipidicos (Trachootam D et al.,
2008). A GPx utiliza a glutationa reduzida (GSH) como um agente redutor para levar o H,0,
a agua, sendo a GSH modificada para sua forma oxidada (GSSG). Na simples presenca de
metais de transicdo como Fe* e Cu™, 0 H,0; ¢ reduzido  radical hidroxil (OH®) e fon hidroxil
(OH-). O OHe ¢ altamente reativo, com tempo de meia-vida muito curto e apresenta limitada
capacidade de difusdo. Dessa forma, modifica estruturas préximas ao seu sitio de geracdo,
principalmente por abstracdo de hidrogénios de ligacGes insaturadas. A adicdo de um quarto
elétron juntamente com um préton leva a formacdo de H,O (Kaul N et al., 1993).

A GSH, peptideo mais abundante intracelular, além de ser um cofator para a atividade
das enzimas antioxidantes, atua como um varredor direto de EROs. Somado a isso, outro
sistema antioxidante tiol-dependente é o sistema tiorredoxina. Estes sistemas tiol contribuem
para o “tamponamento redox” intracelular (Trachootam D, et al, 2008). Ainda, existem as
peroxirredoxinas que sdo um grupo de peroxidases que, juntamente com a GPx, contribuem
para a reducao do H,O, (Golbidi S et al., 2012).

Além disso, algumas enzimas podem atuar atenuando o estresse oxidativo, através de
sua propria acdo ou da acdo de seus subprodutos. Neste contexto, a heme oxigenase (HO) é
uma enzima que metaboliza a degradacdo do heme, gerando produtos como a biliverdina,
ferro livre e monodxido de carbono (CO). O heme, na sua forma livre, pode catalisar a
amplificacdo da geracdo de EROs, favorecendo o dano oxidativo intracelular e causando
disfuncéo celular e tecidual (Kim YM et al., 2011). Através da enzima biliverdina redutase, a
biliverdina é rapidamente metabolizada a bilirrubina e o ferro livre é prontamente sequestrado
pela ferritina (Paine A et al., 2010).

Em humanos, existem duas isoformas, a HO-2 (constitutiva) e a HO-1 (induzivel)
também conhecida por HSP-32. A HO-1 é uma isoforma cuja atividade e expressdo
aumentam em situagdes de perda da homeostasia, como durante o estresse oxidativo (Yeh CH

et al., 2009). Estudos tém demostrado que a estimulacdo da HO-1 apresenta efeitos
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citoprotetores, os quais sdo relacionados a a¢do dos produtos destas enzimas (Kim G et al.,
2011). Os subprodutos CO e bilirrubina podem mediar efeitos protetores quando em
determinadas concentragdes, visto que seu acumulo causa toxicidade. A biliverdina e a
bilirrubina apresentam fortes efeitos antioxidantes no organismo, tanto por atuarem como
varredoras diretas das EROs e espécies reativas de nitrogénio (ERN), assim como por
inibirem a enzima NADPH oxidase, suprimindo sua acdo pré-oxidante (fonte de &nion
superdxido) (Kim G et al., 2011). Uma vez que a biliverdina atua como potente antioxidante,
isso acaba representando, também, um efeito anti-inflamatério, quebrando o ciclo vicioso
estresse oxidativo-inflamacdo (Kim YM et al., 2011; Khaper N et al., 2010). O subproduto
CO, em niveis fisioldgicos, apresenta profundos efeitos em processos intracelulares, com acéo
anti-inflamatoria, anti-proliferativa e anti-apoptéticos (Kim YM et al., 2011). No entanto, ha
estudos que mostram que o CO pode apresentar aces desfavoraveis, como contribuir para a
formacdo de EROs (Kim YM et al., 2011). Com isso, é o balanco de diversos fatores que ira
determinar se o efeito do CO seré de acdo protetora ou nao.

No tecido cardiaco, a HO-1 apresenta-se como uma proteina-chave para a preservagao e
manutencdo da funcdo cardiaca, principalmente em situacdes patoldgicas.  Estudos
experimentais tém demostrado que a HO-1 tem efeitos cardioprotetores e anti-apoptdticos em
coragdes com insuficiéncia cardiaca, sendo o mecanismo de acao relacionado com a geracao
de gas CO como molécula sinalizadora (Foo RS et al., 2006; Wang G et al., 2010; Piantadosi
CA et al., 2008). O CO participa deste mecanismo de acdo via inibicdo da p53, assim como
supressao da producdo de EROs por macrofagos em diferentes modelos e tipos celulares (Liu
XM et al., 2002; Wang G et al., 2010). Em relacdo as a¢Ges anti-apoptéticas, a HO-1 parece
atuar principalmente sobre a via intrinseca de ativacdo de morte celular (via mitocondrial)
(Wang G et al., 2010). Porém, ndo ha grande nimero de evidéncias na literatura sobre os
efeitos da HO-1 em modelos crénicos de remodelamento cardiaco e insuficiéncia cardiaca
(Wang G et al., 2010). Estudos clinicos também ja estdo demonstrando associa¢éo da acéo da
HO-1 com diferentes situagdes patoldgicas; no entanto, ndo ha solidas informacGes sobre sua
acdo e uso terapéutico (Grebellus F et al 2002; Xia WF et al., 2011). J& estdo descritas
diversas substancias que sdo capazes de ativar a HO-1; no entanto, muitos dos estudos
desenvolvidos apresentam fatores que podem dificultar a aplicabilidade clinica, como por
exemplo, doses utilizadas que causaram toxicidade (Abraham NG & Kappas A, 2008). Além
disso, estas substancias em doses terapéuticas, como a aspirina e a sinvastatina, ndo foram
capazes de estimular a HO-1 em individuos saudaveis (Bharucha AE et al., 2014). A terapia

génica para estimulacdo da HO-1 também tem apresentado efeitos positivos ao nivel
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experimental, mas existe o risco de aumentar a incidéncia de cancer (Abraham NG & Kappas
A, 2008). Em individuos saudaveis, ja foi demonstrado que o hemina (porfirina) aumenta a
expressao e a atividade da HO-1, porém com administracdo intravenosa (Doberer D et al.,
2010; Bharucha AE et al., 2014). Compostos naturais, como a curcumina, o resveratrol e o
sulforafano apresentam efeito estimulador sobre a HO-1 (Abraham NG & Kappas A, 2008).
No entanto, ensaio clinico com individuos saudaveis, utilizando curcumina (curcumin C3
complex®), ndo estimulou a HO-1 em células sanguineas mononucleares (Klickovic U et al.,
2014). Por outro lado, estudos com sulforafano vém demostrando capacidade de estimular a
HO-1 em ambos tipos de estudos, experimentais e clinicos (Conzatti A et al., 2014). Cabe
ressaltar que a ativacéo constante de sistemas compensatérios pode ndo apresentar 0s mesmaos
efeitos benéficos quando induzida de forma aguda, podendo esta ativacdo causar efeitos
prejudiciais ao tecido (exemplo: citocinas inflamatorias) (Wang G et al., 2010).

Além das enzimas citadas, existem também as enzimas de detoxificacdo de fase Il, as
quais tém um papel importante na biotransformagdo de moléculas, inativando substratos
potencialmente danosos, aumentando sua solubilidade e facilitando sua excrecdo (Halliwell B
et al.,, 2006). A maioria dessas enzimas sdo transferases e entre elas se encontram as
glutationas S-transferases (GSTs). As glutationas transferases sdo um grupo de enzimas
multifuncionais que catalisam reacBes de conjugacdo da GSH com varios grupos de
substratos, como metabdlitos toxicos enddgenos, compostos quimicos exogenos e radicais
superdxido, apresentando assim, um importante papel na protecdo contra toxicidade e estresse
oxidativo. A manutencdo da GSH em diferentes compartimentos celulares também é regulada
pelas GSTs (Boddupalli S et al., 2012; Raza H, 2011).

As defesas antioxidantes contribuem para manter em baixas concentracfes as EROs, as
quais sdo moléculas de sinalizacdo para a homeostasia intracelular. Em concentracdes
elevadas, seja por producdo excessiva ou por falha dos sistemas antioxidantes, surge o
estresse oxidativo (Lee J et al., 2012). Tem sido demonstrado que a diminuicdo dos niveis de
EROs e do dano oxidativo aos componentes moleculares intracelulares esta associada com a
manutenc¢do da funcdo cardiaca apos infarto do miocardio (Khaper N et al., 2001; Hill MF et
al., 2005; de Castro AL et al., 2013). A principal estratégia para reduzir o estresse oxidativo e,
consequentemente, o dano oxidativo & aumentar as proteinas e enzimas antioxidantes
enddgenas (Hori M et al., 2009). No entanto, diversos estudos clinicos randomizados, com
intervengdes exdgenas para reducdo do estresse oxidativo, ndo apresentaram resultados
positivos, como seria esperado (Ye Y et al, 2013). As possiveis explicagdes para a auséncia de

efeitos positivos podem estar associadas com o inadequado conhecimento sobre as
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modificacGes das fontes das ERO durante as doengas, escolha de estratégias antioxidantes ndo
apropriadas, assim como por um incompleto entendimento da variabilidade individual das
defesas antioxidantes em humanos (Sawyer D, 2011).

A expressdao de um grande nimero de enzimas e proteinas antioxidantes enddgenas é
controlada por fatores de transcricdo, como o Nrf-2 (NF-E2-related factor 2) e o PGC-1a
(peroxisome proliferator-activated receptor y coactivator 1 a). O Nrf-2 é considerado o
regulador maximo da resposta celular antioxidante, induzindo a transcricdo de enzimas de
fase 11 e antioxidantes intracelulares, como a HO-1, a NADPH quinona oxirredutase, a GST, a
catalase, entre outras (Dinkova-Kostova AT & TalalayP, 2008; Juge N et al., 2007). Em
situacOes basais, o Nrf-2 fica ancorado no citoplasma pela proteina Keapl (Kelch-like ECH
association protein 1), formando um complexo com a culina 3, uma ligase sinalizadora para
degradacéo proteossomal por ubiquitinacdo do Nrf-2. AlteracGes do estado redox ou a acdo de
proteinas cinases promovem a dissociacao do complexo Keap-1/Nrf-2/Cul3, permitindo que o
Nrf-2 fique livre para translocar ao nucleo e se ligar ao ARE (elemento responsivo a
antioxidantes) (Guerrero-Beltran CE et al., 2012; Hybertson BM et al., 2011; Boddupalli S et
al., 2012).

O cofator de transcricdo PGC-1a, considerado o regulador da biogénese mitocondrial e
do metabolismo energético, também contribui para o controle da expressdo de antioxidantes
endogenos. O PGC-1a atua principalmente em tecidos com alta capacidade oxidativa, como o
tecido cardiaco (Fink B & Kelly DP, 2007). Por estimular os processos oxidativos
mitocondriais, a fim de aumentar a producdo de energia para suprir a demanda metabdlica,
este fator também ativa mecanismos antioxidantes, buscando manter a homeostasia redox
(Fink B & Kelly DP, 2007). Recentes estudos tém demonstrado que o PGC-1a é importante
estimulador das defesas antioxidantes mitocondriais do tecido cardiaco, como a Mn-SOD, a
peroxirredoxina, a tiorredoxina e a glutarredoxina (Lu Z, 2010; Valle | et al, 2005),

contribuindo para a protecao contra o estresse oxidativo no tecido cardiaco.

1.4. PROTEINAS REDOX SENSIVEIS ENVOLVIDAS NO REMODELAMENTO
CARDIACO

Os processos de remodelamento cardiaco s@o controlados por vias de sinalizagdo
intracelular que coordenam respostas de sobrevivéncia e de morte celular. Muitas das
proteinas que participam destas vias de sinalizagdo sofrem regulacdo redox (Trachootam D et

al., 2008). Os principais mecanismos redox que controlam a fungéo das proteinas ocorrem por
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oxidacdo de aminoacidos como cisteina, tirosina e metionina, 0s quais apresentam grupos
tidis em sua estrutura, alvos de oxidacéao e de reducdo (Trachootam D et al., 2008). Em geral,
moderados niveis de oxidacdo, devido a uma elevacdo modesta nas concentracdes de EROs e
ERN, funcionam como sinais que promovem sobrevivéncia celular, enquanto que o aumento
severo dessas espécies pode induzir morte celular (Trachootam D et al., 2008). Estudos
demonstram que, estagio compensado da hipertrofia cardiaca, a reserva antioxidante tecidual
¢ aumentada, enquanto que, em um estagio descompensado/insuficiente do musculo cardiaco,
essa reserva encontra-se reduzida. Essa reducdo compromete o balango redox e,
consequentemente, favorece o estresse oxidativo (Singal PK et al., 1999).

As vias de sinalizacdo das MAPKs (proteinas cinase ativadas por mitégeno) e da
PI3K/Akt estdo envolvidas nas respostas dos cardiomidcitos frente a situacGes de estresse,
coordenando suas adaptacBes em situacGes de sobrecarga mecanica, metabdlica e redox
(McMullen JR & Jennings GL, 2007; Schenkel PC et al., 2010).

As MAPKs sdo uma familia de proteinas cinases que compreendem a ERK1/2, a
JNK1/2 e a p38, sendo estas duas ultimas referidas como proteinas cinases ativadas por
estresse, as SAPKs (Stress-activated protein kinases). Geralmente, a ERK 1/2 promove
sobrevivéncia celular sob estresse oxidativo leve a moderado, estando relacionada com
crescimento e diferenciagdo celular (Muslin AJ, 2008). A ERK1/2 tem sido diretamente
associada com hipertrofia cardiaca sem presenca de fibrose (Muslin AJ, 2008; Bueno OF et
al., 2000). Por outro lado, as SAPKs estdo relacionadas com morte celular em resposta a
danos oxidativos (Trachootam D et al., 2008). Em resposta ao estresse oxidativo, a JNK e a
p38 induzem ambas as vias intrinseca e extrinseca de morte celular e necrose (McCubrey JA
et al., 2006). A inducdo da apoptose pela JNK e pela p38 envolve fosforilacdo direta das
proteinas da familia da Bcl-2, as quais controlam a permeabilidade mitocondrial e,
consequentemente, a via intrinseca da apoptose (Matsusawa A & Ichijo H, 2005; Baines CP
& Molkentin JD, 2005). A ativagéo das trés MAPKS, em conjunto, tem sido associada com
resposta mal adaptativa do tecido cardiaco, uma vez que isso é observado em modelos de
sobrecarga de pressdo induzida por coarctagdo aodrtica (Asrih M et al., 2013).

Ja a via da PI3K/Akt fosforila um grande nimero de substratos intracelulares que
regulam o crescimento, 0 metabolismo e a sobrevivéncia celular (Debosch BM et al., 2006).
A via da PI3K/Akt também é regulada por moderados niveis de estresse oxidativo, 0s quais
modulam esta via para adaptacdo e sobrevivéncia celular (Trachootam D et al., 2008). A
atividade da Akt estd relacionada com atenuacdo do remodelamento cardiaco patologico

(Matsui T & Rosenzweigh A, 2005; Schenkel PC et al., 2012) e sinalizagdo nos processos de
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hipertrofia fisiologica (McMullen JR & Jennings GL, 2007). Cabe salientar que estas vias de
ativacdo podem apresentar efeitos contrarios aos classicamente observados. Por exemplo, a
ativacdo cronica ou super-expressdo da Akt pode também apresentar consequéncias mal
adaptativas ou deletérias (O’Neill, BT & Abel ED, 2005; Araujo AS et al., 2008, Fernandes
RF et al., 2011). As cinases p38 e JNK podem participar de sinalizagdes para crescimento e
sobrevivéncia, em situacdes em que ndo ha estresse oxidativo (Muslin AJ, 2008). No entanto,
estas Ultimas observac6es sdo encontradas com menor frequéncia nos estudos cientificos.

A regulacdo especifica de vias de sinalizacdo intracelular pelas EROs é reconhecida
como um importante contribuinte para a patofisiologia da insuficiéncia cardiaca,
influenciando a resposta hipertrofica, remodelamento da matriz extracelular, disfuncdo
cardiaca e viabilidade celular (Hafstad AD et al., 2013). Os recentes avancos no entendimento
da complexidade dos eventos nos quais as EROs participam para modular o processo de
remodelamento cardiaco, como observado poés-infarto do miocérdio, contribuem para a

proposicdo de novas terapias para combater os processos mal adaptativos.

1.5. PAPEL DO SULFORAFANO COMO AGENTE CARDIOPROTETOR

O sulforafano (1-isotiocianato-(4R)-(metilsulfinil)butano) é um composto bioativo
encontrado em vegetais cruciferos, principalmente no broto de brécolis, repolho, couve de
bruxelas, dentre outros (Fahey JW & Talalay P, 1999; Angeloni C et al., 2009). Em estudos
com isotiocianatos, no inicio dos anos 90, observou-se que o sulforafano, isolado do brécolis,
era 0 maior indutor das enzimas de fase Il com propriedades quimioprotetoras in vivo (Zhang
Y et al., 1992). Esses vegetais, por serem constituidos por compostos que podem ser
benéficos para a salde, sdo chamados alimentos funcionais. Pesquisas mostram ainda que
podem atuar como agentes preventivos, assim como complementares e auxiliares nos
tratamentos de doengas (Heber D, 2004; Conzatti A et al., 2014). O uso do sulforafano ja tem
sido utilizado em modelos experimentais e em estudos clinicos, apresentando resultados
positivos em relagcdo a marcadores de estresse oxidativo (Murashima M et al., 2004; Conzatti
A et al., 2014). Segundo Evans (2011) existem evidéncias de que o consumo regular de
vegetais cruciferos promove acdo preventiva para reduzir risco de DCV (Evans PC, 2011).

Os efeitos benéficos deste composto estdo classicamente relacionados com a ativacgéo da
via de sinalizacdo da Keap-1/Nrf-2/ARE (Dinkova-Kostova AT & Talalay P, 2008). Além
disso, o sulforafano estd também associado a ativagdo do fator de transcricdo PGC-la

(Negrette-Guzméan M et al., 2013). Estas duas vias de sinaliza¢do estimulam a transcri¢do dos
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genes de proteinas antioxidantes e de enzimas detoxificadoras de fase Il, aumentando a
reserva de antioxidantes enddgenos (Fahey JW & Talalay P, 1999). Consequentemente, este
composto favorece o combate contra moléculas pro-oxidantes (ERO, ERN, dentre outras),
importantes agentes envolvido na patogénese de doencas neurodegenerativas e
cardiovasculares (Trachootam D et al., 2008).

Estudos desenvolvidos contra o cancer foram os pioneiros a observarem os efeitos
benéficos do uso do sulforafano, os quais comprovaram que este composto apresenta efeitos
anti-carcinogénicos (Fahey JW & Talalay P, 1999; Jude N et al.,, 2007). Além disso,
sulforafano pode prevenir a inflamacdo vascular e a aterosclerose (Evans PC, 2011). No
entanto, investigacdes da acdo do sulforafano sobre processos de DCV estdo comecando a ser
investigados. Um estudo demonstrou que este isotiocianato aumenta a expressdo de enzimas
antioxidantes em células cardiacas em cultura, sendo esta resposta relacionada a reducdo dos
niveis de EROs (Angeloni C et al., 2009). Além disso, foi evidenciado que o sulforafano
apresenta mecanismo de agdo que envolve a via da Akt em cardiomidcitos neonatos
(Leoncinie E et al., 2011). Estes achados tém encorajado o uso do sulforafano como agente
nutracéutico para combater doencas cardiacas. No entanto, o entendimento da acdo deste
composto sobre outras vias de sinalizacdo, como as pertencentes as MAPKSs, faz-se
necessario.

Nos ultimos anos, estudos tém demonstrado efeito benéfico do sulforafano em modelos
experimentais. Em modelo animal de cardiomiopatia diabética, o sulforafano foi capaz de
prevenir e reverter a disfuncdo cardiaca (Bai Y et al, 2013; Zhang Z et al, 2014), assim como
na cardiomiopatia observada em camundongos com a sindrome da imuno deficiéncia
adquirida (AIDS) (Ho JN et al., 2012). O sulforafano demonstrou proteger também o tecido
cardiaco transplantado, aumentando a sobrevida dos animais que receberam o coragédo,
estando este efeito relacionado com a cardioprotecdo contra o dano induzida pela isquemia—
reperfusdo (Wu W et al. 2013; Li et al, 2013). No entanto, o papel do sulforafano sobre o
remodelamento cardiaco apds infarto agudo do miocardio, a maior causa de morte mundial

(Heusch G et. al. 2014), ainda néo foi investigado.
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2. HIPOTESE

A hipdtese deste estudo foi que o sulforafano estimula as defesas antioxidantes
enddgenas do tecido cardiaco, reduzindo o estresse oxidativo e consequente ativacdo de vias
de morte celular, contribuindo para a melhora do remodelamento cardiaco patolégico pés-

infarto do miocérdio.

3. OBJETIVOS

3.1. Objetivo Geral

Estudar o efeito do uso de sulforafano como um agente estimulador das defesas
antioxidantes enddgenas em células cardiacas em cultura, assim como no tecido em processo
de remodelamento cardiaco apds infarto do miocardio, em modelo experimental com ratos.
Neste contexto, enfocar a relacdo do estresse oxidativo com a modulacdo de vias de

sinalizagéo para a sobrevivéncia e morte celular, assim como do processo de autofagia.

3.2. Objetivos Especificos

Estudo in vitro

e Investigar o efeito de diferentes concentracdes de sulforafano sobre células cardiacas, na
auséncia de estimulo estressor, analisando sua resposta sobre a viabilidade celular;

e Avaliar o efeito do sulforafano sobre marcadores de estresse oxidativo (peroxidacdo
lipidica e espécies reativas totais), sobre defesas antioxidantes enziméticas e sobre a expresséo
da proteina heme oxigenase-1, em células cardiacas;

e Auvaliar se o sulforafano modula vias de morte e sobrevivéncia celular em células

cardiacas;

Estudo in vivo
e Estabelecer a administracdo de sulforafano, por via intraperitoneal, em animais submetidos
ou ndo ao modelo de infarto do miocardio, por ligadura da coronaria descendente anterior;
e Avaliar parametros ecocardiograficos em ratos infartados e ndo-infartados, submetidos ou
nédo a administracdo de sulforafano;
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¢ Avaliar o desenvolvimento de hipertrofia cardiaca e pardmetros de congestdo de 6rgaos em
ratos infartados e ndo-infartados, submetidos ou ndo a administracao de sulforafano;

¢ Quantificar o contetdo de colageno cardiaco, através de analise histologica do coracéo dos
ratos infartados e ndo-infartados, submetidos ou ndo a administragdo de sulforafano;

e Avaliar parametros de estresse oxidativo no coracdo de ratos infartados e ndo-infartados,
submetidos ou ndo a administragéo de sulforafano;

¢ Avaliar a expressao de proteinas miocardicas redox sensiveis envolvidas com sobrevivéncia
e morte celular no coracdo de ratos infartados e n&o-infartados, submetidos ou ndo a
administracao de sulforafano;

e Avaliar a expressdo de proteinas envolvidas com o processo de autofagia no coracdo de

ratos infartados e ndo-infartados, submetidos ou ndo a administracao de sulforafano;
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4. MATERIAL E METODOS

NOTA: Analises bioguimicas e moleculares comuns aos estudos in vitro e in vivo

estdo descritas no item 5.3.
4.1. ESTUDO IN VITRO
4.1.1. Cultura celular de linhagem

Mioblastos cardiacos de linhagem H9c2 (células embrionérias de ventriculo de rato;
adquiridas da empresa ATCC) foram cultivados em DMEM (Dulbecco’s Modified Eagle’s
Medium), suplementado com 10% soro fetal bovino e 1% antiobidtico-antimicdético
(penicilina 10,000 U/mL, estreptomicina 10,000 pg/mL, 25 pg/mL de Fungizone®) e
incubados a 37°C, 5% CO; e 100% umidade. Para a manutencdo do cultivo da linhagem
celular, o meio de cultura era trocado a cada 2 a 3 dias e as novas passagens celulares eram
realizadas quando as células atingiam confluéncia de aproximadamente 75-85%, objetivando
a manutencdo das caracteristicas mioblasticas.

Para os protocolos experimentais, as células eram semeadas nas seguintes quantidades:
1x10* células/poco para o ensaio de viabilidade celular por MTT; 2x10° células/frasco T-25
para as analises no citdmetro de fluxo; 8x10° células por placa de 10 cm para as analises por
western blot e PCR em tempo real. Uma vez semeadas, as células foram deixadas em repouso
(24 -30 horas) para aderirem a placa e atingirem a confluéncia desejada.

O periodo de tratamento com o composto sulforafano teve duracdo de 24 horas de

incubacdo e foi realizado com meio de cultura livre de soro fetal bovino.
4.1.2. Grupos experimentais
Dois grupos experimentais foram estabelecidos para o primeiro estudo:

e Controle — células H9c2 foram mantidas somente com o meio de cultura DMEM,
contendo o veiculo DMSO (0,017% v/v).

e Sulforafano — células H9c2 que foram mantidas com meio de cultura DMEM,
contendo 5 pumol/L de R-sulforafano (TRC, Canada).
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A concentracdo de 5 umol/L de SFN foi determinada através da analise da viabilidade
celular (item 4.1.3), onde as células foram expostas a variagdes da concentracdo de 1, 5, e 10
pumol/L. Baseado nos resultados encontrados, foi determinado que a concentragdo de 5
pumol/L foi a que apresentou maior viabilidade celular, sendo esta concentragéo escolhida para

a realizacdo dos demais experimentos.

4.1.3. Viabilidade celular

A viabilidade das células cardiacas foi determinada pelo ensaio do MTT (3-(4,5-
dimetiltiazol-2-il)-2,5-brometo de difeniltetrazolio). Para essa técnica, as células foram
semeadas em placas de 96 pocos e, apds aderéncia na placa, foi iniciado o tratamento dos
grupos experimentais. Passadas 20 horas de incubacdo com as diferentes condicbes de
tratamento, a solucdo de MTT foi adicionada em cada pogo (concentracdo final de MTT 10%
(v/v)), e incubada por mais 4 horas. Ao final da incubagdo, as solugbes foram aspiradas
cuidadosamente. Foram adicionados 0,05 mL de DMSO por poco, para dissolver os cristais
formados pela reacdo. Ap6s 10 min de incubacdo, a absorbancia foi quantificada a 570 nm
(650 nm comprimento de onda de correcdo) em leitora Zenyth 200rt (Biochrom Inc, UK). Os
dados foram expressos como porcentagem do controle (Bryan S et al, 2011).

4.1.4. Preparo das células para analise da atividade das enzimas antioxidantes

Apo0s 24 horas de incubacdo das células, as placas de 10 cm eram lavadas 3 vezes com
tampdo fosfato. Apos isso, com a placa sobre o gelo, foram adicionados 0,4 mL de tampéo
fosfato (10 mmol/L, pH 7,4) contendo 2,7 mmol/L KCI, 137 mmol/L NaCl, and 1 mmol/L
PMSF para raspar e coletar as células da placa. O homogeneizado celular foi submetido a 5
ciclos de congelamento-descongelamento, e apds centrifugado a 8000 x g por 10 minutos,
4°C, para coleta do sobrenadante.

Técnicas das atividades enzimaticas descritas no item 5.3.

4.1.5. Detecgdo de EROs em células cardiacas através de citometria de fluxo

A quantificacdo das EROs totais foi realizada ap6s a incubagédo das células com DCFH-
DA (Sigma-Aldrich, USA), molécula que é permeavel na membrana plasmatica e, quando

oxidada por ERO intracelulares, transforma-se em DCF, composto fluorescente que fica
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sequestrado no interior celular (ndo permeavel na membrana). O sequestro deste composto é
mensurado por citometria de fluxo - Accuri C6 BD, FL-1 channel, como descrito em Bryan S
etal. (2011) e Mallik A et al. (2011). O resultado foi expresso como média + D.P.

4.1.6. Isolamento e quantificacdo do RNA

O RNA total foi extraido das células H9c2 utilizando o kit UltraClean tissue RNA
isolation (MoBio Laboratories, Carlsbad, USA), segundo protocolo do fabricante. A
integridade e a concentragdo do RNA foram determinadas pelo sistema Experion semi-
automated electrophoretic (Bio-Rad, Hercules, USA) (Shewchuk LI et al., 2010).

4.1.7. Quantificacdo por PCR em tempo real

O RNA (1 o) foi transcrito reversamente a cDNA utilizando o Kit First Strand cDNA
Synthesis (MBI Fermentas, Flamborough, ON, CAN), segundo protocolo do fabricante. As
reacOes de PCR em tempo real foram realizadas utilizando os primers para o peptideo
natriurético atrial (ANP): sense: 5-TGCCGGTAGAAGATGAGGTC-3'; antisense: 5-—
ATTCACCACCTC TCAGTGGC-3') (Anestopoulos I et al., 2013), e o gene de referéncia da
B2-microglobulina (SuperArray, Frederick, MD, USA). Foi utilizado, para isso, 0
termociclador iQ5 iCycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA), segundo
protocolo e sugestdo do fabricante: 1 ciclo de 95°C/10 min, seguido de 45 ciclos de 95°C/15
segundos, e 60°C/60 segundos. As relative fold changes foram calculadas como sugerido por
convencdo: alteracBes no limiar do ciclo da amostra em relacdo a expressdo do gene de
referéncia (B-2-microglobulina). (Shewchuk LI et al., 2010). Os valores foram expressos
como numero de vezes de aumento (“fold changes”) em relacdo ao grupo controle, e

calculados como média de 3 experimentos independentes.

4.1.8. Atividade da caspase-3/7 por citometria de fluxo

A apoptose celular foi mensurada através da presenca de caspase-3/7 ativas, detectadas
pelo Kit CaspaTag caspase-3/7 Assay (Chemicon, Temecula, USA), segundo o protocolo do
fabricante. Células positivas para caspase-3/7 ativadas foram mensuradas através de
citometria de fluxo (FACScalibur, BD) baseado na fluorescéncia apo6s a incubagdo com o

inibidor da caspase-3/7 peptideo fluorometil cetona marcado com carboxifluoresceina (Bryan
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S et al., 2011). Os dados foram expressos como intensidade de fluorescéncia na drea M2 do
histograma, segundo sugerido pelo protocolo do fabricante.

4.1.9. Analise estatistica

Os dados foram expressos como média £ D.P. A anélise estatistica foi realizada
utilizando o teste t de Student (Software GraphPad Prism 5.01). Valores com P<0.05 foram

considerados estatisticamente significantes.

4.2. ESTUDO IN VIVO

O estudo in vivo foi aprovado pela Comissdo de Etica no Uso de Animais (CEUA) da
UFRGS, registrado pelo numero: 26627.

4.2.1. Animais

Foram utilizados ratos Wistar machos, com peso médio de 347 + 18 gramas. Os animais
foram provenientes do Centro de Reproducdo e Experimentacdo de Animais de Laboratério
(CREAL) da UFRGS. Durante o periodo do estudo, os animais foram alojados no biotério
setorial do Departamento de Farmacologia, localizado no prédio do Instituto de Ciéncias
Bésicas da Saude, UFRGS. Os ratos foram mantidos em caixas plasticas de 270 x 260 x 310
mm, com quatro ratos cada, com o assoalho recoberto com serragem. Os ratos receberam
alimentacdo e agua a vontade e foram mantidos sob ciclo claro-escuro de 12/12 horas, sob

temperatura de 22°C.
4.2.2. Grupos experimentais
Os animais foram divididos em quatro grupos:
e Grupo sham (SHAM) — ratos submetidos ao procedimento cirurgico, com excecao da

ligadura da artéria coronéria descendente anterior. Receberam administracéo i.p. do veiculo
de diluigdo do composto SFN: NaCl 0,9% + 0,5% DMSO (v/v).
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e Grupo infarto do miocardio (Ml - myocardial infarction) — ratos submetidos ao
procedimento cirurgico com ligadura da artéria coronaria descendente anterior. Receberam

administracdo i.p. do veiculo de diluigdo do composto: NaCl 0,9% + 0,5% v/v DMSO (v/v).

e Grupo sham + sulforafano (SHAM+SFN) — ratos submetidos ao procedimento
cirurgico, com excecdo da ligadura da artéria coronaria descendente anterior. Receberam

administracdo i.p. do sulforafano, durante 25 dias.
e Grupo infarto do miocardio + sulforafano (MI+SFN) — ratos submetidos ao
procedimento cirargico com ligadura da artéria coronaria descendente anterior. Receberam

administracdo i.p. do sulforafano, durante 25 dias.

4.2.3. Desenho experimental

Dia0 Dia3 Dia28 _
Periodo de recuperagdo cirurgica o
T e terapia analgésica T T
Procedimento cirdrgico: Eco inicial; Eco final;
Shame IM Comeco do tratamento: Final do protocolo experimental:
sulforafano (5 mg/Kg/day, i.p.). morte dos animais, coleta de
sangue e tecidos.

Figura 3: Desenho experimental do estudo in vivo.

4.2.4. Procedimento cirurgico de inducéo do infarto do miocardio

O procedimento de infarto do miocéardio foi induzido de acordo com o que esta descrito
na literatura e adaptado ao laboratério de Fisiologia Cardiovascular da UFRGS (Schenkel PC
et. al., 2010; de Castro A et al., 2014). Os ratos foram anestesiados (90 mg/kg cetamina e
xilazina 20 mg/kg, i.p.) e realizado tricotomia na regido do hemitérax esquerdo. A assepsia do
local foi feita com gaze estéril embebida em alcool 70%, seguida de solucdo de iodo 2%, e 0
excesso de iodo, foi removido novamente com o alcool 70% (Silva DAR et al., 2000). Os
animais foram entdo colocados em decubito dorsal e entubados com céanula traqueal (Gelko-
14G) e ventilados com ventilador para roedores com volume constante. Um pequeno corte foi
realizado no 5° espago intercostal, seguido de rompimento do pericardio para visualizacdo do

coracdo, sem exterioriza-lo. Uma vez observada a artéria coronaria descendente anterior, foi
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realizada sua oclus@o no seu ramo superior, utilizando fio mononylon 6.0. Apds a ligadura da
coronéria, a incisdo toracica foi fechada (fio mononylon 5.0) e o pneumotérax foi reduzido
mediante aspiracdo do ar com agulha e seringa, e a pele suturada. Ratos dos grupos SHAM
também passaram por todos os passos do procedimento cirargico, sendo a linha apenas
transpassada ao redor da artéria, mas ndo ocluida. Apos a cirurgia, com os ratos retornando do
anestésico, a intubagdo era removida no momento em que os animais comegavam a “brigar”
com a ventilagdo. Uma vez extubados, os ratos foram colocados em local aquecido, e foi
iniciado intervencdo analgésica para alivio da dor e desconforto. Foi utilizada analgesia
opioide com tramadol (5mg/Kg, 8-8horas, i.p.), durante os primeiros 3 dias pos-cirdrgico
(Santos RP et al., 2012), sendo os ratos monitorados diariamente.

Este procedimento é considerado com grau de severidade severo.

A taxa de mortalidade no presente estudo foi de 10%, as quais ocorreram apenas nas
primeiras 24 horas ap6s procedimento cirdrgico.

Nota: analgésicos e anti-inflamatorios ndo-esteroides (AINES) ndo foram utilizados
neste projeto experimental para alivio da dor, pois os efeitos anti-inflamatorios destes
farmacos podem vir a alterar os resultados das analises bioquimicas, assim como modificar a

resposta de remodelamento cardiaco apos leséo.

4.2.5. Tratamento com sulforafano

O tratamento com o sulforafano (R-S-Sulforaphane — LKT Laboratories - USA) foi
realizado durante 25 dias, com injecdes diarias de 5 mg/Kg (i.p.). Esta dose de administracdo
foi baseada em um estudo realizado com modelo ex-vivo de isquemia-reperfusdo do coragédo
isolado de rato, no laboratério de Fisiologia Cardiovascular - UFRGS. Neste estudo, foi
administrado 0,5 mg/Kg (i.p.) de sulforafano, durante 3 dias, antes do protocolo experimental
(Piao CS et al., 2010). No entanto, n&o foi observada melhora em pardmetros funcionais dos
coracOes. Sendo assim, foi decidido aumentar a concentracdo em 10 vezes do sulforafano para
realizacdo do presente estudo.

O sulforafano foi preparado em soro fisiolgico contendo 0,5% DMSO (v/v).

O volume injetado i.p. nos animais, da solu¢gdo com sulforafano ou da solugdo com
veiculo, durante o periodo de estudo, ficou em torno de 0,47 a 0,65 mL. Evitou-se que o
volume das solucBes excedesse 1 mL por aplicacdo (orientagdo das veterinarias do
CREAL/UFRGS e segundo descrito no manual: “Investigating the Laboratory Rat Manual” —
Office of Research Services - University of Manitoba, Canada.
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Este procedimento é considerado com grau de severidade moderado, pelo longo periodo
de tratamento.

4.2.6. Avaliacdo hemodinamica por ecocardiografia

Para a analise ecocardiogréfica, os ratos foram anestesiados (cetamina 90 mg/kg e
xilazina 20 mg/kg, i.p.) e colocados em posicdo de decubito lateral esquerdo, para obter
imagens cardiacas. A aquisicdo de imagens ecocardiograficas foi realizada por meio de um
sistema de ultra-som Philips HD7 XE, com um transdutor L12-13 MHz. As imagens foram
avaliadas por operador experiente. Foram medidos o diametro diastolico final do ventriculo
esquerdo (DDFVE, cm) e sistdlico final (DSFVE, cm), a espessura da parede posterior do
ventriculo esquerdo durante a diastole (PPVED, cm) e durante a sistole (PPVES, cm) e a
frequéncia cardiaca (batimentos/min), utilizando-se 0 mddulo M, no plano basal, médio e
apical (Nozawa E et al., 2006; de Castro A et al, 2013). O indice de tensdo da parede (WTI)
foi medido como: WTI = DDFVE / 2 X PPVED. Além disso, a fracdo de ejecdo do ventriculo
esquerdo (EF%), calculada como: EF = (volume diastélico final - volume sistdlico
final/volume diastélico final) X 100, e mudanca de area fracional (FAC, %), medida como:
FAC = érea diastolica - &rea sistOlica / &rea diastdlica) X 100, foram utilizadas para
determinar, respectivamente, a funcdo contréatil e a funcdo sistolica do ventriculo esquerdo
(Nozawa E et al., 2006). O tamanho da area de infarto (Al) foi estimado como Al% = (I / PE)
x 100, onde | representa a medicdo do plano transversal do arco correspondente aos
segmentos com infarto e EP representa o perimetro total do endocardio (EP), medido no final
de diastole (Tavares AM et al., 2010).

A andlise ecocardiogréafica é considerada um procedimento de severidade leve.

4.2.7. Morte dos animais e coleta de tecidos

Apos as avaliagdes hemodinamicas, ainda sob efeito anestésico, foi coletado sangue
arterial via artéria carotida, e imediatamente, os animais foram mortos através de decapitacéo
por guilhotina, realizado por profissional treinado. O grau de severidade é sem recuperagéo.

O tecido cardiaco foi retirado, lavado em solucdo gelada de KCI 1,15%, os atrios foram
removidos. Foi aferido o peso da massa cardiaca e, ap0s isso, uma fatia transversal foi
removida para a analise histoldgica (terco médio do coragcdo — fatia com espessura de

aproximadamente 0,5 cm). A cicatriz da regido infartada foi removida e o restante do tecido
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cardiaco foi armazenado a -80°C para a realizacdo das andlises bioquimicas e de biologia
molecular.

Foram removidos também o tecido pulmonar, hepatico.

4.2.8. Avaliagdo dos indices morfométricos

O indice de hipertrofia cardiaca (IHC) foi calculado utilizando a massa ventricular do
coracdo, sem a presenca dos atrios. Uma vez que ndo houve diferencas significativas no peso
corporal dos ratos ao longo do experimento, o peso corporal foi utilizado com normalizador
para o IHC. O indice foi calculado como se segue:

IHC = peso coracdo (mg)/ peso corporal final (g).

Os indices de congestdo pulmonar (ICP) e hepética (ICH) fornecem dados indicativos
da presenca de insuficiéncia cardiaca congestiva. O peso seco dos 6rgaos foi obtido apos
secagem a 65°C, até ser obtido peso constante do tecido.

ICH = peso umido figado (mg)/ peso seco do figado ()

ICP = peso umido pulméo (mg)/ peso seco do figado (g)

4.2.9. Enzimas hepéaticas

O sangue arterial foi centrifugado 1000 x g, 10 min, 4°C, e o soro foi utilizado para
realizar a mensuracdo das enzimas hepéticas: aspartato aminotransferase (AST) e alanina
aminotransferase (ALT) (kit da Kovalent Ltda), e a fosfatase alcalina (ALP) (Kit da Labtest

Diagnostica SA - Brasil), de acordo com o protocolo dos fabricantes.

4.2.10. Analise histoldgica do tecido cardiaco

Uma fatia transversal da regido central do coracdo (~0,5 cm) foi fixada em solucdo
saturada de Bouin (12 horas, temperatura ambiente), criopreservada utilizando solucdo de
sacarose (15% e 30%, 24 horas cada - 4°C) e ap0s incorporada em Tissue Tek OCT para
realizar os cortes em criostato (10 pum). As seccOes histologicas foram coradas com 0,1%
Sirius Red (Direct Red 80, Sigma Aldrich), durante 30 segundos a temperatura ambiente,
lavou-se uma vez com agua, contra corada com hematoxilina de Harris (15 min, temperatura

ambiente), desidratados e cobertas com Balsamo Canadense. A fim de estimar o teor de
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coldgeno cardiaco, os cortes histoldgicos foram digitalizados usando um microscépio
Olympus BX 50 acoplado a cadmera de video. Foi utilizado o software Imagem Pro-Plus 6.1
(Media Cybernetics, Silver Spring, EUA). A area ocupada por esses tecidos foi estimada,
utilizando o método de contagem de pontos (Weibel ER, 1979; Zacharovd G & Kubinova L,
1995; De Paula S et al., 2009; Rodrigues FS et al., 2013; Alvarez OS et al., 2014). Duas
imagens histoldgicas do ventriculo esquerdo de cada animal foram digitalizadas e um sistema
de teste ponto, composto por cruzes equidistantes, foi colocado sobre as imagens. Quando o
quadrante superior direito da cruz atingia a imagem de musculo cardiaco, colageno ou dos
vasos sanguineos, estes eram contados. A percentagem da &rea ocupada por cada tecido foi
obtida usando a seguinte equacao:

Percentagem de area ocupada pelo tecido = (NUmero de cruzamentos contados na
imagem de tecido/numero total de cruzamentos contados na imagem) x 100.

Os cruzamentos localizados em artefatos histolégicos ndo foram contados, como se

observa na figura 2.

4.2.11. Homogeneizacdo do tecido cardiaco para as técnicas bioquimicas de

estresse oxidativo e para biologia molecular por western blot

Para a realizacdo das analises de estresse oxidativo, as fatias de coracdo foram
homogeneizadas durante 40 segundos em Ultra-turrax com KCI 1,15% + PMSF 100 mmol/L.
Em seguida, os homogeneizados foram centrifugados por 20 minutos a 3000 rpm em
centrifuga refrigerada a 4°C (Modelo Mikro 220R, Hettich Zentrifugen) e os sobrenadantes
foram separados e congelados em freezer -80°C para posteriores analises (Llesuy S et al.,
1985).

Para a realizacdo das analises por western blot, as fatias de coracdo foram
homogeneizadas em Ultra-turrax, utilizando Cell Lyses Buffer 10x (Cell Signaling
Technology, USA), seguindo as orientagdes do fabricante do produto. Apos centrifugados, 0s

sobrenadantes foram armazenados para analise.

4.2.12. Quantificacéo das ERO totais em homogeneizado de tecido

Quantificacdo das ERO totais foram mensuradas através da emissdo de fluorescéncia
do diacetato de 2',7'-diclorofluoresceina (DCFH-DA) (Sigma-Aldrich, EUA). O DCFH-DA
em contato com as EROs e oxidado a molécula fluorescente 2,7-diclorofluoresceina (DCF). O
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DCFH-DA ¢ considerado um indicador geral de espécies reativas, reagindo com H,O,
ONOO, hidroperdxidos lipidicos e em menor extensdo com O,¢”. Uma vez que 0 H,O, é um
produto secundario do O, a fluorescéncia a partir do DCF tem sido utilizada para estimar a
producdo de O, .

O homogeneizado cardiaco foi incubado em tampdo fosfato contendo DCFH-DA, e a
reacdo foi mensurada ap6s 30 min de incubacdo no escuro, a temperatura ambiente. Apds
incubacdo, as amostras foram excitadas a 488 nm e a emissdo foi coletada a 525nm. Foi
utilizado DCF para realizar curva de calibracdo. O resultado foi expresso em nmoles/mg
proteina (Lebel et al., 1992).

4.2.13. Analise estatistica

A avaliacdo da normalidade (distribuicdo Gaussiana) dos dados foi realizada através
do método de Kolmogorov e Smirnov. Os dados foram expressos em média + desvio padréo.
Todos os resultados foram analisados por ANOVA de 2 vias, com excecdo das analises da
progressdo da funcdo cardiaca que foi analisada com teste t pareado. Foi utilizado o post-hoc
de Student Newman Keuls. Valores de P<0,05 foram considerados estatisticamente

significativos.

4.3. ANALISES BIOQUIMICAS E DE BIOLOGIA MOLECULAR COMUNS
PARA AMBOS OS EXPERIMENTOS IN VITRO E IN VIVO

4.3.1. Quantificacdo de proteinas

A quantificacdo da concentracdo de proteinas foi determinada pelo método de Lowry
(Lowry OH et al., 1951) ou Proteina DCTM Assay (Bio Rad), segundo instrucbes do

fabricante, utilizando albumina de soro bovino como padrao.

4.3.2. Atividade das enzimas antioxidantes

A atividade da enzima superdxido dismutase (SOD) foi baseada na reacdo da inibicao
da auto-oxidacdo do pirogalol, mensurada em espectrofotdmetro a 420 nm, como descrito em

Marklund S (1985). Foi feita uma curva padréo, utilizando as concentracgdes de 0; 0,25; 0,5 e
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1 unidade de SOD (Sigma Chemical Co., St Louis, MO), através da qual pode ser obtido o
fator de correcdo para converter a percentagem de inibicdo da auto-oxidacdo em unidades de
enzima. A atividade da enzima foi expressa em U /mg de proteina (Marklumb S, 1985).

A atividade da enzima catalase é diretamente proporcional a taxa de decomposicdo do
peroxido de hidrogénio, realizado por anélise espectrofotométrica, utilizando comprimento de
onda de 240 nm. Os resultados foram expressos em nmoles/min/mg de proteina (Aebi H,
1985).

A atividade da enzima glutationa peroxidase (GPx) foi mensurada pelo consumo de
NADPH na reacdo em que a GPx utiliza para realizar a reacdo de hidroperdxidos com
glutationa reduzida (GSH) para formar glutationa oxidada (GSSG). Os resultados foram
expressos em nmoles/min/mg de proteina (Flohé L & Gunzler WA, 1984).

A atividade da glutationa S-transferase (GST) foi medida através da reacdo com cloro-
dinitro-benzeno (CDNB), sendo a conjugacdo deste com GSH, e gerando a formacdo do
composto corado dinitro-fenil-glutationa. A reacdo é mensurada espectrofotometricamente a
340 nm. A atividade da GST foi expressa em nmoles/minuto/mg proteina (Mannervik B &
Gluthenberg C, 1981).

4.3.3. Quantificacao de peroxidacao lipidica

A peroxidacdo lipidica foi determinada através da reacdo de quimiluminescéncia
iniciada por t-BOOH (hidroperoxido de tert-butil). A reacdo de quimiluminescéncia foi
medida em um contador beta (LKB Rack Beta Liquid Scintilation spectofotometer-1215,
Bromma, Sweden) com o circuito de coincidéncia desconectado e utilizando o canal de tritio.
Os dados foram quantificados em contagens por segundo por miligrama de proteina, segundo

descrito por Gonzalez Flecha B et al. (1991).

4.3.4. Quantificacdo de expressdo proteica por western blot

Western blot foi usado para analisar o imunocontetdo de proteinas no tecido cardiaco e
nas culturas dos mioblastos cardiacos. A eletroforese foi realizada em gel de acrilamida-bis 8-
15%, de acordo com o tamanho da proteina de interesse. O gel foi carregado com 30 ug de
proteina em um sistema de mini-gel vertical (Bio-Rad). As proteinas foram transferidas para
uma membrana de PVDF (Immobilon-P Transfer Membrane, Millipore), em tanque mini-

transblot ou no Trans-Blot® SD Semi-Dry Transfer Cell. As membranas foram bloqueadas em
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5% de leite em pé preparado em TBS-T (Tampdo TRIS - 20 mmol/L, 137 mmol/L de NaCl,
pH 7,4, com 0,1% de Tween-20). As membranas foram incubadas overnight com os
anticorpos primarios especificos (lista abaixo). Os anticorpos primarios ligados foram
detectados utilizando anticorpo secundario horseradish anti-rabbit e anti-mouse peroxidase
(HRP)-conjugated preparados em TBS-T 5% de leite (1: 1000-1: 5000); incubou-se durante 2
horas a temperatura ambiente. As membranas foram desenvolvidas utilizando o reagente
quimiluminescente. Alguns Western blots foram detectados utilizando ECL Hyper Film,
revelados em um sistema preparado manual com um revelador radiografico e fixador Kodak,
preparado de acordo com as instrucdes do fabricante. As imagens de hyper films foram
capturadas no aparelho ImageQuant 350 (GE Healthcare Biosciences), e quantificadas
utilizando o software Image) 1.74t (National Institute of Health, USA). Em outros, as
imagens fluorescentes da membrana foram capturadas utilizando o aparelho ChemiDoc MP
(BioRad), e quantificadas utilizando o software Quantity one® (BioRad). Os dados foram
expressos como a média da densidade dptica As proteinas normalizadoras utilizadas foram a
anti-B-actina e anti-p-tubulina (Santa Cruz Bio.). Em alguns casos, utilizou-se o Ponceau Red

(Laemmli, 1970; Klein, 1995) para normalizacdo de carga.

Os anticorpos primarios utilizados foram: da empresa Santa Cruz Biotechnology: CuZn-
SOD, HO-1, Bax, Bcl-2, phospho-p38 (Thr180), p38, PGC-1, JNK, p-JNK, Akt, p-Akt, Nrf-2,
JNK, phospho-JNK (Thr183, Tyr185), phospho-Akt1/2/3 (Ser473); da empresa Abcam: GPx;
da empresa Cell Signaling: caspase-3, phospho-ERK 1/2 (Thr202/Tyr204), ERK 1/2,
phospho-AMPK (Thr172), AMPK, e LC3B; da empresa Millipore: Mn-SOD, Anti-Akt; da

empresa Sigma Aldrich: Catalase.
4.4. Descarte de materiais bioldgicos e quimicos

As carcagas dos animais mortos e os demais residuos bioldgicos foram acondicionados
em sacos brancos, identificados e levados ao biotério setorial da Morfologia, local onde ha um
freezer onde sdo acondicionadas as carcagas. Ap0s, o0s técnicos do CREAL ficaram
responsaveis por orientar o recolhimento pela empresa especializada no servico de coleta de
materiais biologicos. Os materiais toxicos foram usados na capela e encaminhados para o
Centro de Gestdo e Tratamento de Residuos Quimicos da UFRGS para sua correta

eliminacdo. Todos os procedimentos com 0s animais e analises posteriores foram feitos com
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uso de avental, luva cirtrgica, mascara (se necessario), respeitando os devidos cuidados para

protecdo tanto dos animais como do pesquisador.

4.5. Consideragdes éticas

Todos os procedimentos desse estudo forahinam de acordo com:

- Lei N° 11.794, de 8 de outubro de 2008, da Constituicdo Federal que estabelece
procedimento para o uso cientifico de animais (“Lei Arouca”).

- Diretriz brasileira para o cuidado e a utilizacdo de animais para fins cientificos e
didaticos (DBAC), Ministério da Ciéncia, Tecnologia e Inovacdo, Conselho Nacional de

Controle de Experimentacdo Animal — CONCEA.
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5. RESULTADOS

Os resultados estdo expressos na forma de artigo.

Artigo I:

Modulation of apoptosis by sulforaphane is associated with PGC-1a stimulation and

decreased oxidative stress in cardiac myoblasts

Publicado: Molecular and Cellular Biochemistry (2015) 401:61-70

Artigo 11:

Sulforaphane modulates apoptosis-related proteins and attenuates pathological

cardiac remodeling post-myocardial infarction in rats

(em desenvolvimento)
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5.1. Artigo |

Mol Cell Biochem (2015) 401:61-70
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Modulation of apoptosis by sulforaphane is associated with PG C-
1o stimulation and decreased oxidative stress in cardiac myoblasts
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Abstract  Sulforaphane is a naturally occuring isothio-
cyvanate capable of stimuolating cellular antiogidant defenses
and inducing phase 2 detoxifving emzymes, which can
protect cells against oxdative damage. Oxidative stress and
apoplosis are intimately involved in the pathophysiology of
cadine disenses, Although sulforaphane is known for its
anticancer benefits, its role in cardiac cells is just emerging.
The aim of the present study was 1o investigale whether
sulforaphane con modulate oxdative stress, apoplosis, and
carrelate with PGC-1a, o transcriptional cofactor invol ved
in energy metabolism. %2 cardiac myoblasts were incu-
hated with R-sulfomphane 5 pmol/L for 24 h. Cell viahil-
iy, AMP gene expression, oxidative siress and apoplosis
markers, and protein expression of PGC-1a were studied. In
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cells treated with sulforaphane, cellular viability increased
(12 %) and ANFP gene expression decreased (46 %) com-
paned o contml cells, Momover, sulforaphane induced a
significant increase in superoxide dismutase (103 %), cat-
alase (101 %), and glutathione S-transferase (72 %) activ-
ity, reduced reactive oxygen species levels (15 %) and lipid
pemdidation (65 %), as well as stimulated the expression of
the cytopmvective enzyme heme oxyvgenase-1 (4-fold).
Sulfomphane also promoted an increase in the expression of
the anti-apoplotic protein Bel-2 (60 %), decreasing the B/
Bel-2 ratio, Active Caspase 37 and p-JNE/INE wene also
reduced by sulforaphane, suggesting o mduction in apop-
tevtic signaling, This was associated with an increased pro-
tein expression of PGC-1a (42 %) These resulis suggest
that sulforaphane offers cytopmtection 1o cardiac cells by
activating PGC -2, reducing oxidative siress, and decreas-
ing apoplosis signaling.

Kevwords  Owidative stress - Heme oxygenase-1 - PGC-1
alpha « Bel-2 - Caspase

Introduction

Sulforaphane  (1-isothiocyanate-4-[(R)-methylsul finyl |-
butane) is an imporant bioactive compound found in edi-
ble, low cost, wlemble and accessible vepetables, such as
broccali [1]. The role of sulforaphane as an anticarcino-
genic and ant proliferative agent is well docomented [1-3].
However, its mle in candine disease conditions has just
started to emerge. The major target of sulfomphane is the
Mri-2/Keap- lantioxidant responsive element (ARE) path-
wiy [2]. This pathway can induce cellular defense by
stimulating the transcription of phase 2 enzyvmes such as
catalase, glutathione S-transferase (GST), NADPH gquinone
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oxidomedoctase, as well as other antiotidant proteins
attenuating oxidative stress [1, 2] Mo mcently, i1s role as
o modulator of mitochondrial function is emerging [4].
PGC-1a  (peroxsome  prolifmlor-activated  receplor
conctivator [a) is considered (0 be the main regulator of
mitochondral biogenesis and energy metabolism [4-6].
Recent studies have demonstmied that PGC-la can regu-
late myvocandial mitochondrial antoxidants and oxidative
stress [7] suggesting that perhaps there is an inteplay
hetween sulfomphane and the transcriptional fetors, Nrf-2
and PGC-1a, in the regulation of antioxidant defense svs-
tem. Based on its copacity in altenuating oxidative stress
and up regolating antionidants, sulforaphane offers an
excellent choice for thempeutic potential in cordiae disease
conditions which are the leading cavses of montality and
morbidity worldwide [4].

Apoplosis  is an af - cardiac
remodeling and it can occur when the mitochondrial

imegral  component

outer membrane becomes more permeable, releasing pro-
apoplotic agents (intinsic apoptotic pathway) [B-11].
Membrane permeahility is controlled by the balance
between the Bel-2 family proteins, whereby Bel-2 s an
anti-gpoptotic protein which protects cells agninst oxi-
dative stress, while Bax triggers apoplosis [[2]. An
imbalance in favor of pmo-apoptotic pathways is closely
related 10 the activation of caspase, a hallmark  of
apoptosis [9, 2] PGC-1a plays a critical role in the
control of energy balance, especially oxidative metabo-
lism in cardiac cells [13, 14], PGC-la knockoul mice
demonstrated development of cardise dysfunction [15].
Maoreover, sulforaphane  induced PGC-l1a in normal
human fibroblasts and spinal muscular atmophy fibmoblasis
[16], suggesting a role of PGC-1a in cadine cells in the
presence of sulforaphane,

The goal of the present study was 1o investigate the
effect of sulforaphane an oxidative stress and apoplosis
and its correlation with PGCL-a

Materials and methods
Reagents

Rat cardiac myoblast cells {H% 2) were oblained from the
American Type Culture Collection {Virginia, USAY, Dul-
beceo’s Modified Eagle's Medium (DMEM), Fetal Bovine
Serum (FBS), antibictic —ant mycotc {10000 units'mL of
penicilling 10000 pg'mL of streptomyein, 25 pgfml of
Fungizone™), and Trypsin 0.05 % were purchased from
Life Technologies, R-Sulforaphane (TRC, Canada) was
dilued in dimethyl sulfoxide {DMSO, vehicle), Antibodies
were purchased from Santa Croz: polvelonal heme oxy-
genase-1 (HO-1), polyelonal Nd-2, polyelonal PGC-1

@ Springer

alpha (H-3000, Jun M-temminal kinase (JNE ), phospho-TNE
(Thrl 83, Tywrl85), phospho-Ak203 (Serd 73, polvelonal
Pl3-Einase plld from Cell Signaling: Bax and Bel-2
from Millipore: Anti-Akt from Invitrogen: monoclonal
anti-P-ubuling Secondary  antbodies mbbil  anti-mouse
IgG—HREF conjugate (Invitmgen) and sheep anti-rabbit
IgG—HREF conjugate (Millipore), Cell lvsis buffer was
purchased from Cell Sigaling Technology.

Cell culture

Cells wene cultivated in DMEM supplemented with 10 %
FBS and [ % antibictic—antimycotc, and incubated at
37 "Cowith 5 % C02 and 100 % humidity, To maintain the
cell cultume, medinvm was changed every 2- 1o 3-days and
cells were passaped when they reached 75-85 % conflu-
ence 0 preserve myoblast cell characteristics, For experi-
mental protocols, cells were seeded at: 1 = 10 cells/well
for the MTT assay: 2 = 1P celloT-25 for flow cylometry
analysis; 8§ = 107 cells/10cm plate for enzymalic wssuys,
western blot, and real-time polymerase chain reaction (RT-
PCR). Cells were allowed to adhen: 24-30 h 1o achieve o
desired confluence, and two experimental proups wen:
estahlished: Controd (serum-free culture medivm contain-
ing vehicle 0017 % DMS0) and Swiforaphane (serum-free
culture medivm contining R-sulfomphane), cells wen
then incubated for 24 h prior to experiments. For the MTT
assay, cells were exposed W various concentrations of
sulfomphane (1, 5 and 10 pmal/L). Based on cell viahility
data, 5 pmol/L of sulforaphane was chosen for all of the
experiments.

Cellular viability

Wiability of cardiac cells was determined by MTT [3-(4,5-
dimethyl thinzol-2-v1)-2 S-diphenyletmzolivm - bromide]
assay, For this technigue, cells were seeded in 96-well
microplate and after 20 h of sulforaphane trzatment, MTT
solution (final concentration 10 % (w'v)) was added 1o each
well. The cells were further incubated at 37 °C for 4 b,
then the supernatant was removed carefully and 50 pL of
DMSO was added 1w each well, After 1O min of incubation,
the cytotoxicity of each tremtment was guantified by
determining absorhance in each well at 570 nm (650 nm
comrection wavelength) using o micoplate reader Zenyth
200t (Biochrom Inc, UK) [17]. Dot were expressed as

perentage of control.
[solation and quantification of tolal BNA
Totnl RMNA was extracted from %2 cells by using the

UiraClean tissue RMNA isolation kit (Mo Bio Laboratories,
Carlshad, USA) as per manufactumer’s instructions. ENA
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integrity and concentration was determined via the Expe-
rion  semi-automated  electrophoretic system (Bio-Rad,
Hercules, USA) [18].

cDMNA amplification and guantitative real-time PCR

RMA (1 pg) was reverse-transcribed 1o cDNA using the
First Strand ¢DMA Svnthesis Kit (MBI Fermentas, Flam-
borough, OM, CAN) acconding o manufacturer’s instroc-
tions, Qruantitative real-time PCR reactions were perfonmed
using atrial natduretic peptide (ANP) (larget gene: sense:
SLTOGCOGGTAGAAGATOAGGTC-Y,  anlisense:  5'-
ATTCACCACCTCTCAGTGGC-3 [19] and  [f2-micro-
globulin (reference gene) primers (SuperArray, Fredenclk,
M, USA)Y on an 105 iCyveler (Bio-Rad Laboratories, Inc.,
Hercules, CaA, USA) according to manufacturer’s instroc-
tioms: 1 oeyele at 95 20010 min, Tollowed by 45 cyeles of
95 /1S s 60 700 s Relative fold change was calew-
lated as per the comvention: change in sample cycle
threshold with regard 1o meference gene expression (f-2-
micmglobuling, The firsi-derivative dissociation curves
showed a single peak for every PCR reaction on all amays,
indicating that only the gene of interest was amplified [ 18],
Walues are expressed in fold change of control group, and
calculated from the average threshold cyele of 3 indepen-

dent experiments,

Antioxidant enzymatic activities, lipid peroxddation
and reactive oxvgen species (ROS) determination

Afler 24 h of incubation with 5 pmol/L. of sul foraphane,
cells were seraped on ice with phosphate bulfer{ 10 mmol/L,
pH 7.4) comuining 2.7 mmol/L. KCL, 137 mmol/l. NaCl,
and I mmol/L PMSF. Cells were subjected o five cycles of
freeze—thaw 1o break the membranes and the supernatant
wis collected aller centrifugation at 8,000 xg Tor 10 min
at 4 °C.

Superoxide dismutase (SOD) activity was based on the
inhibition of superoxide radical resction with pymogallol
[20]. SOD activity was expressed as units per milligmm of
protein per minute, Catalase (CAT) activity was deter-
mined by measuring the absorption of hydrogen peroxide
(HaOn) ot 240 nm and expressed as nanomoles of Ha Oy
reduced per minute per milligram of protein [21]. Gluta-
thione S-transfernse (GST) activity, expressed as nano-
moles per milligram of protein, was measured by the rate
of Tormation of dinitrophenyl S-glutathione at 3440 nm [22],

Lipid perogdation was determined by spontaneous
chemiluminescence, It was measunzd in a lhiquid scintilla-
tion counter in the out-of-coincidence mode (LEB Rack
Betn Liguid Scintillation Spectrometer 1215, LEB-Prod-
ukter AB, Sweden). Data were guantified by counts per

secomd per milligram of protein, and expressed as per-
cenlage of contral [23],

Proviein concentration of cell lysates was determined by
Lowery s method [24].

To measure reactive oxvgen species (ROS) concentra-
ioms, cells were incubated with DCFH-DA (Sigma-
Aldrich, USA), a cell-permeant indicator of ROS, Cuanti-
fication was performed by flow cvtometry (Accud C6 BDy,
FL-1 channel), as described by Brvan, et al, [I7] and
Mallik, et al. [25]. Fluomscence was expressed as mean
fluorescence, afler | = 10F evenls wene acquired per trial.

Protein expression

Western blol was used 10 analyze the immunoconient of
different proteins, After treatment with 5 pmol/L of sul-
foraphane, cells were scraped with cell lysis bulfer
according 1o manufacturer”s instructions, and protein con-
centration was performed by Lowry's method.  Electro-
phoresis was done with o B-14 % his-acrvlamide pel,
according 1o the size of the proteins of interest, and 40 pg
af proteins was loaded in o min vertical gel system {Bio-
Rad). Proteins were transferred 0 o PVDF membrane
(Inmobilon-P Transfer Membrane, Milliporz) in o min
trans-blot electrophoretic wnk (Bio-Rad) [26]. The mem-
brane was blocked in 5 % non-fat milk, Trs buffer saline
(20 mmaol/L Tris, 137 mmol/. NaCl). Membranes wen
probed  with  the  appropriste  primary  antibodies
(1:250-1:1,0000 in Trs buffer saline with 5 % milk. Bound
primary antibodies were detected using anti-rabbit or anti-
mouse secondary antibodies prepared in Tris buffer saline
with 1 % milk (LS000-1:10,000)0 Membranes  wen
developed uwsing chemiluminescent reagent. ECL hyper
films were msolved in o manual prepared system using a
radiographic revelator and Kodak fixator, prepared as per
manufacturer’s instruction. The loading control vsed was
anti-pP-tubulin, Images were captured in ImageCuant 350
(GE Healthcare Biosciences). Data were expressed as
medin of optical density gquantified by the software Imagel
LaTu(Matiomal Institnte of Health, USA) and nomalized 1o
the protein loading contral

Active caspase 37

Apoplosis was measured by the presence of aclive caspase-
W7, detected by the CospaTapg cospase-3/7 Assay Kit
(Chemicon, Temecula, USA) according (o the manufac-
turer's protocol. Active caspase-37 positive cells wene
assessed by Now cviometry (FACScalibur, B on the
hasis of their luorescence after incubation with a carbox-
yllugrescein-labeled Nuommethyl ketone peplide inhibitor
af caspase-3T [17]. Data were expressed as luorescence
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intensity in M2 wea of histogram as per the manufacturer s
instroctions.

Statistical analysis

Data were expressed as mean £ S0 Statistical anal ysis was
performed using the Student’s ¢ test {GraphPad Prism 501,
Walues of P < 0,05 were considered statisticall y significant.

Results
Cellular viability amd ANF gene expression

Cell viability was accessed by MTT assay and it was found
that treatment with | and 5 pmol/L sulforaphane increased
vighility by 16 and 12 %, respectively, as compared 1o
control  condition (Fig. 1), The highest  concentration
(10 pmal/L) of sulforaphane induced a significant reduc-
tion in candine cell viability compared (o control (Fig. 1),
Based on these msulls, the concentration of 5 pmal/L. of
sulforaphane was wsed for all the experiments. ANP pgene
expression in candine cells after treatment with 5 pmol/L
sulforaphane was decreased by 46 % when companed 1o
contral group (Fig 20

Antioddant enzymes, HO-1 protein expression
and oxidative siress

To determine the role of sulforaphane on the cellular
antioxidant system, antioddant enzyme acltivily was ana-
Iveed. Sulforaphane (5 pmolL) increased the activity of
antioxidant emeymes: SO0 (103 %, Fig 3a), cotalase
(101 %, Fig. 3b) and, GST (72 %, Fig. 3¢) as compared Lo

[
E=‘1uu- % *
E‘E \

28
u u T § T

Sulforaphane

Fig. 1 Cellular proliferation/viahility sssay. Colorimeric MTT asay
in H%2 cardiac colls treated with sulforsphane (1, 5, 10 pmolL)
during a period of 24 h. Values sre expressed & mean + 5D from 3
1o 4 independent experiments, § tea: * vi. Control, P < (W05

@ Springer

contmol group, Moreover, heme oxygenase-1 (HO-1) pro-
Lein expression increased fourfold in sulfornphane treated
cells a8 compared to control cells (Fig. 3d). Sulforaphane
reduced lipid peroxidation by 65 % (Fig. 4u) and levels of
RS were also significantly redvoced (15 %) as compared
to control (Fig. 4b).

Signaling profein expression

Pro-apoptotic Bax  protein expression did not differ
between control and sulforaphane treated cells (Fig. Sa).
Sulfomphane  increased  anti-apoptotic . Bel-2 protein
expression by 60 % as compared (o control (Fig, 5b), Ba
Bel-2 ratio was reduced by 31 % in sulforaphane treated
cells as compared o control (Fig, 5¢). Moreover, sulfora-
phane decreased (32 %) active caspase 37 as compared 1o
contmol (Fig, 6). The p-JNEINE was reduced by 30 % in
cardine cells trested with sulfomphane companed o contral
(Fig. 7). PI3E/AKL survival signaling pathway was also
studied. Sulforaphane did not alter any of these proteins
after 24 h incubation compared to control (Fig. 8a, b).

To investigate the underlying mechanisms of the car-
dioprotective effect of sulforaphane, protein expression of
twio transeriptional factors, N2 and PGC-1a, was deter-
mined. There was no difference in the cylosolic expression
of Mri-2 between groups (Fig. 9a). However, sul foraphane
wis ahle 1o increase PGC-la protein expression (42 %)
significantly compared to control cells (Fig 9h).

Discussion

In the present study, we have demonstrated that sulfora-
phane attenumted apoptosis in cordine myoblasts, This was

1.5 o
=]
i

= 104
)
E.:
29
ZE 054
%._.

0.0 T .

Cantrol Sulforaphane

Fig. 2 Awial Mariuretic Peptide (ANF) pene quantified by Feal
Time PCR in %2 cardiac cells weated with sulforaphane (5 pmoldL)
during & period of 24 b [F2-microglobulin was used &8 & normalizer
gene. Values are expressad in fold change of conral with mean £ 5D
of 3 independent experiments. * va. Control, P < 005
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associaled with reduced oxdative stress and improvement
of antioxidant defenses. Moreover, sulforaphane increased
the protein expression of PGC-1a, a transcriptional factor
invalved in energy metabolism and antioddant defense
swatemn (Fig. 100,

The concentration of sulforaphane used in this study
wis hased on previous published swdies [27, 28] as well
as our own dota, Sulforaphane concentrations of 1, 5,
10 pmol/L were tested in H92 cells, and the results
demonstrated that the lower concentrations were able 1o
presemve cell viability, 10 pmol/L sulforaphane caused a
decrease in cell viability. It has been reported that high
concentrations {greater than 10 pmol/L) of sulforaphane
induce programmed cell death by intrinsic and extrinsic
apoptotic pathwavs [2, 29]. A high concentration of sul-
foraphane has been reported 1o damage the mitochondria
leading 1o increased oxidative stress, energy deprivation,
and melease of apoptotic proteins [30], It was reported th
10 pmolL sulforaphane in kidney, bronchial epithelial,
and cancer cells induced cell cyvele armest, decreased via-
bility, and cavsed apoptosis [27, 31, 32]. The rationale for
using lower concentrations of sulforaphane in owr study
(5 pmolL) was to oblain physiologicall v relevant condi-
tions, ANF is o cardiac stress marker [15]. Cormborating
with the cell viahility data, ANP gene expression was
decrensed in cardiae myvoblasts reated with 5 pmol/L
sulforaphane, Two other studies vsing sulfomphane at
lower levels showed a reduction of this cardiae stress
marker [33, 34].

Sulfomphane improved antioxidant defenses by increas-
ing SO0, catalase, and GST enzyme activities. These results
clearly demonstrate that the antioxidant defense system was
upregulated by sulforaphane, a compound which is not
considered 1o be an antiotidant per se [1]. Improved anti-
oidant status could also attribule o educed oxidative
stress, Furthermaore, the increase in HO-1 expression may
have also contributed to the protective effects of sulfora-
phane in cardiac cells, as HO-1 is an inducible siress-
response profein with antioxidant and anti-gpoptatic prop-
erties [2]. Sulforaphane treatment also reduced lipd oxida-
tive domage, another target of ROS. All these data suggest
that a low comcentmtion of sulforaphane can improve the
redox environment of cardise cells, which indicates tha
sulfomphane intervention could be a therapentic option for
cardise protection.

The reduction of oxidative stress by sulforaphane was
wssociated with atlenvated apoptosis as evidenced by an
increase in Bel-2 protein expression. Anti-apoplotic effects
af HO-1 have also been repored in failing hearts [35] as
well as in ischemiz—repe fusion injury by upregulating Bel-
I [36, 37]. Perhaps the increase of HO-1 expression by
sulfomphane could contribule w0 redoced apoplosis as
seen in our stody, Active caspase 37 were reduced in
cardiac myoblasts trested with sulforaphane, indicating a
decreased activation of this apoptotic pathway. A reduction
in the activation of JNE, o redox-sensitive protein Kinase
intimately related with apoptosis signaling [38], was also
ohserved. Since GST is known 1o inhibit JNK and reduce
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Flg. 4 Oxidative swess analysis in H92 cardiac cells treated with
sulforaphane (5 pmol/L) during a period of 24 h.a Lipid peroxidation
by spontaneous chemilominescence {data expressed & % of control:
312 £ 1103 cpa'mg prot). b Intracellular reactive oxygen species
({ROS) asay (CM-H2DCFDA) by flow cyometer. Repressntative
histogram indicating FL-1 Auwrescence versus oell counts of ROS
levels in contral (black ling) and sulforaphane group (gray line) (au:
arbirary units; image: BD Accur ™6 Analysis Softwane). Vales
ame expressed & omean £ 5D & 3 independent experiments; b &
independent experiments, 1w * va. Control, P o< 0U05; %% va,
Contral, P < (001

oxidative stress [12, 39, 407 the decrease in INK activation
in our study could be due 10 an increase in GST activity.
The role of sulforaphane in indocing  antiosxdant

response  via MNrf-2  tmnscriptional  factor s well

‘a .‘ipri:n.gz:r

Fig. § Immunoconient of a Bax, b Bel-2, and ¢ BaxwBel-2 ratio in
cardiac H9:2 cells treated with sul foraphane (SFN, 5 pmolL) during
a period of 24 h. Bubulin was used for nomalization. Values ane
expressed & mean + 5D from 3 to 6 independent e xperimenis. Thies
representative bands per group are shown. fotest: * va, Contral,
P (05

documented [41]. Nel-2 wranslocates 1o the nuclews in
response (o oxidative stress o activate the tanseription of
antioxidant genes [1]. To investigale the role of Nrf-2 in
cardiae myoblasts, analysis of the total Nri-2 protein con-
tent was performed. No alteration in Nif-2 expression was
observed  after 24 h of trestment with  sulforaphane,
Another redox-sensitive protein, Akt, which is closely
related 1o Nrf-2 activation [41], was also not altered in our
study. These mesults are in support of the observation of
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Flg. 7 Immumocontent of phospho-INEAoal-INK in cardiac H9:2
cells treated with sulforaphane (SFN, 5 pmolL) during a period of
24 h. B-mbulin was wsed for normalizatgon. Values sre expressed as
mean + S0 from 3 independent experiments (all experiments werne
repeated twice). Three representstive bands per group are shown.
1 tesd: * va. Control, P < (LOS

diminished ROS levels and reduced lipid peroxidation.
PGC-1a s another transcription factor known to be acti-
vated by sulfomphane in Gbroblasts [16]. The underlying

Besides its role in energy metabolism, it is well known that
POGC-1a can also stimuolate antiogidant defenses and ROS-
detomifving emeymes [6, 7, 13, 42], which corroborates
wilth reduced oxidative stress data in our study. Moreover,
PGC-1a is cmsidered (0 be the major egulator of mito-
chomdrial function [43], Reduction of PGC-1a levels has
been demonstrated as o strong cansative candidate in
mitochondrial dysfunction [43]. However, in a recent study
by Lynn and colleagues [44], it was demonstrated that
transient induction of PGC-1a in the heart diminished
cardiae contractility in msponse o ischemia meperfusion.
Furthermore, both gain of function and loss of function
studies support o role for PGC-14 in the control of candiae
metabolism and function {as reviewed in Fink and Kelly
[45] ) suggesting that PGC- 1o may exhibit di ferent roles
depending on the noture and duration of the stimulus [45].
PGC-1a can both directly and indirectly activale antioxi-
dant proteins localized in the mitochondria (thioredoxin 2,
pemairedoin 35, superoxide dismutase-2) as well as in
the cytoplasm and peroxisome {(glutathione peroxidase,
supemoxide dismutase-1, catalase) [5, 6], Reduction in
POC- 12 has also been associated with a decrease in anti-
oidant enzymes suggesting that PGC-12 is o broad and
powerful regulator of ROS metabolism [6]. In our study
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Fig. 8 Immunocontent of a phosphoinositide 3-kinase (PIJK) and
b phospho-Akttoal At in cardiac HO2 cells wested with sulfors-
phane (SFM, 5§ pmolL) during a period of 24 h. B-tubulin was nsed
for normalizaton. Values ane expressed as mean £ 5D from 4 and 3
independent experiments, respectively. Two representative bands per
group are dhown

with camdiac myoblasts, a reduction in oxidative stress and
ierease i anlioddont enzyines core lated with an increase
in POC-la, A recent study, conducted on L6 myoblasts
reported that o PGC-1a stimulator was unable o induce
expression of Bax and Bel2 in normal conditions [46].
However, when the myoblasts were exposed (0 oxidative
stress, PGC-1a was able o incmease BCL-2 expression
suggesting that induction of PGC-1a protects against cas-
pase dependent and independent apoptosis [46]. Although
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Fig. 9 Inmunoconient of a nuclear facior erythrodd 2-relaed factor
(Mrf-2), and b peragisome proliferstor-activaed receplor ¢ coactiva-
tr 1 (PGC-la) in H%e2 cardiac cells wested with sulforsphane
(SFM, 5 pmolL) during a period of 24 h. B-tubulin was wsed for
normalization. Values se expressed & mesn + 5D from 4 to 7
independent experiments. Three representative bands per group ame
shown. rest: * va. Contral, P < 005

an in-depth understanding of the mechanism by which
sulforaphane effects POC-1a in the heart is needed, the
present study provides a novel insight into the role of
sulfomphane in modulating oxidative stress and apoplosis
by activating PGC-1a signaling in cardiac cells.

Since chinical trials and meta-analysis have ot shown
clear benefits with the use of antioxidant supplementation
in cardiovascular diseases [47, 48], it jusiilies the need for
alternative interventions, In that sense, sulforaphane is an
attractive allemative as o therapeutic strategy, where it can
upregulate  the anbioxdant  machinery,  downmgolate
apoplosis, and prevent adverse remodeling.
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Fig. v Schematic illustration
of e proposed mechanism by
which sulforaphane exerts
cadioproation in Ho:2 cells
in the present udy.
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Abstract

The present study was developed to investigate the role of sulforaphane (SFN) in
apoptosis and autophagy-related proteins post-myocardial infarction (MI). Adult Wistar rats
were divided in 4 groups: SHAM, SHAM+SFN, MI, and MI+SFN. Surgery procedure was
performed in all rats, but coronary artery occlusion just in MI groups. Three days post-
surgery, cardiac function was assessed by echocardiography and, at this time, treatment with
sulforaphane started (5 mg/Kg, i.p. during 25 days). At the end of sulforaphane
administration, final echocardiography was performed, and cardiac tissue was collected to
quantification of collagen content, oxidative stress markers, heme oxygenase-1 (HO-1)
protein, ERK 1/2 and p38 expression, apoptosis and autophagy-related pathways, and
expression of total Nrf-2 and PGC-1a transcriptional factors. Both MI groups exhibited
cardiac dysfunction evaluated by reduction of cardiac contractility, left ventricular chamber
dilatation, and increase of fibrosis. In MI group it was observed increased wall stress index.
Sulforaphane prevented the increase of this index in MI+SFN group, which did not differ
from SHAM+SFN group. At time-course analysis, comparing day 3 to day 28 post-Ml, Ml
group presented increased deterioration of cardiac function and chamber dilation. However,
sulforaphane maintained similar cardiac function during the course of the disease. Moreover,
sulforaphane was able to decrease collagen content, reducing cardiac muscle loss when
compared to MI group. It was observed, in MI group, a significant increase on lipid
peroxidation levels and on GPx activity in cardiac tissue. In MI+SFN group, it was observed
a decrease in reactive oxygen species levels and no changes in lipid peroxidation compared to
MI. MI+SFN group also shown increased HO-1, and ERK 1/2 protein expression, as well as
decrease in apoptosis-related proteins, such as Bax/Bcl-2 ratio and p38 activity as compared
to MI. Furthermore, sulforaphane maintained autophagy process similar to SHAM+SFN,
evaluated by AMPK and LC3II/I ratio protein expression. In conclusion, sulforaphane can
attenuate the pathological cardiac remodeling post-myocardial infarction by modulating
cardioprotective HO-1 protein and pro-survival signaling pathways in MI+SFN group. This
therapeutics may contribute to reduce oxidative stress and activation of pro-apoptotic
signaling pathways in viable muscle post-MI.
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1. Introduction

Loss of cardiac tissue by myocardial infarction causes an overload of remained
myocardium, which has to compensate cell lost to maintain cardiac function, starting an
adaptation process known as cardiac remodeling (Heusch G et al., 2014). Pathological
stimulation causes remodeling, which is coordinated by a complex interplay of mechanisms,
such as cardiomyocytes death, inflammation, myocytes growth, and fibroblast proliferation,
culminating in ventricular chamber dilatation, cardiac hypertrophy and fibrosis (Gonzalez A
et al., 2011). Therefore, discovery of new therapeutic intervention to decrease or to delay this
complex set of mechanisms is fundamental to prevent the progression of cardiac dysfunction,
and ultimately, heart failure (Gonzélez A et al, 2011).

Oxidative stress has been considered a therapeutic target once it is a common event
enrolled and associated with the mechanisms of cardiac remodeling (Gonzalez et al, 2011,
Takimoto E & Kass DA, 2007), once it can occur by increased neuro-humoral systems
(sympathetic and renin-angiotens system) (Gonzalez et al, 2011). Increased levels of oxidative
stress is involved in progressive worsening of cardiac dysfunction and remodeling (Hori M et
al, 2009; Hill et al., 2005). It was demonstrated that reductions of reactive oxygen species
(ROS) and lipid oxidative damage are associated to the preservation of cardiac function post-
myocardial infarction (Khaper N et al, 2001; Hill MF et al, 2005; de Castro A et al, 2013).
The main strategy to reduce oxidative stress, and consequently, oxidative damage is
increasing the endogenous antioxidant reserve (Hori M et al, 2009). Endogenous antioxidants
have been considered the better option to reduce cell dysfunction and disease's progression,
once the use of exogenous antioxidant therapy has not been shown effective results against
cardiovascular diseases, as demonstrated in randomized clinical trial studies (Ye Y al, 2013).
As it has been observed in experimental studies with stimulation of endogenous antioxidants
and citoprotective proteins, overexpression of heme oxygenase-1 (HO-1) showed a
cardioprotective and anti-apoptotic role on pathological cardiac remodeling (Wang G et al.,
2010). Moreover, the overexpression of superoxide dismutase-1 (SOD-1) prevented post-
ischemic injury in cardiac tissue of mice (Wang P et al.,, 1998). Khaper N (2001)
demonstrated that increased glutathione peroxidase activity (GPx), which is considered the
most important antioxidant protein in the heart, was associated to improved cardiac function
16-weeks post-myocardial infarction in rats (Khaper N et al., 2001), indicating a important
role of this antioxidant to preserve cardiac tissue. A common intracellular target that can

regulate endogenous antioxidant proteins, maintaining and restoring a proper intracellular
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redox homeostasis, is the Keapl-Nrf-2 pathway, considered a master regulator of antioxidant
genes (Baird L et al., 2011). Besides that, another target is PGC-1a, which has been
demonstrated to activate mitochondria, as well as cytosolic antioxidant defenses (Valle | et
al., 2005; Lu Z et al., 2010; Fernandes RO et al., 2015).

Besides of the direct oxidative damage in intracellular components, organelles and
membranes that oxidative stress causes contributing to cardiac remodeling, it is also
associated to activation of mitogen-activated protein kinase (MAPKs - ERK 1/2, p38 and
JNK), proteins that coordinate important cardiomyocyte responses, such hypertrophy and,
mainly, cellular death during the cardiac remodeling (Qin F et al., 2005). Cardiomyocyte
death is one of the main events that is associated with the severity of pathological cardiac
remodeling (Abbate A & Narula J, 2012). Increased ROS and oxidative damage have been
related to the activation of death mechanisms, such as apoptosis, necrosis, and autophagy
(Dorn GW 11, 2009; Chung SD et al., 2012). Reduction of oxidative stress was associated to
reduce cardiac cell death (Qin F et al., 2005). Differently from necrosis, which is a traditional
example of unregulated cell death, apoptosis is regulated and coordinated by intrinsic and
extrinsic pathways, been considered the intrinsic pathway with a more relevant role (Whelan
R et al, 2009). In the central process of this pathway is the mitochondria, where a balance of
pro- and anti-apoptotic Bcl-2 family proteins regulate the permeability of mitochondrial
membrane, which can be controlled by oxidative stress and kinase proteins (Trachootam D et
al., 2008). This organelle keep apoptogenic proteins, that once in the cytosol, activates
proteolytic caspase responsible for the apoptosis execution process (Abbate A & Narula J,
2012). Apoptosis can also be initiated by a disruption of the autophagy's homeostasis.
Autophagy is a cellular mechanism that degrades non-functional organelles and modified
proteins, which is considered a pro-survival response of cardiomyocytes exposed to diverse
forms of environmental insults (Lavandero S et al, 2013). Autophagy is coordinated by AMP-
activated protein kinase (AMPK), a protein that senses the energy status of the cell and that
coordinates a global metabolic response, as well as controlled by microtubule-associated
protein-1 light chain 3 (LC3). Failure in autophagy has been associated to cardiomyopathy in
experimental and clinical studies (Kanamori H et al., 2010; Zhu H et al., 2009). Also,
oxidative intracellular waste can cause an additional protein and organelle damage, being
autophagy a critical process to avoid a vicious circle, leading to cardiac cell dysfunction (Shih
Hetal., 2011).

Recent strategies to activate endogenous antioxidants demonstrate the ability to reduce

oxidative stress-associated apoptosis signaling (Chung SD et al, 2012; Wang Y et al, 2014;
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Fernandes RO et al., 2015). Sulforaphane, an organosulfur compound found in cruciferous
vegetables, such as broccoli sprouts, has the capacity to stimulate intracellular antioxidants
and phase Il detoxification enzymes (Angeloni C et al., 2009; Fahey JW & Talalay P, 1999).
The use of sulforaphane (0.5 mg/Kg/16 weeks) has been demonstrated to prevent cardiac
dysfunction in animal models of diabetic cardiomyopathy (Bai Y et al., 2013; Zhang Z et al.,
2014), as well as in acquired immune deficiency syndrome (AIDS) (0.2 mg/Kg/16 weeks)
(Ho JN et al., 2012). Also, sulforaphane can preserve transplanted cardiac tissue, increasing
surveillance, protecting heart against the ischemia-reperfusion injury (Wu W et al., 2013; Li Z
et al, 2013). However, the role of sulforaphane in myocardial infarction (MI), a major cause
of death and disability worldwide, that culminates in the main clinical and public health
challenge — heart failure (Heusch G et al., 2014), has never been investigated before.
Therefore, the present study investigated the role of sulforaphane as a therapeutic
strategy to modulate oxidative stress and cell death pathways involved in myocardium post-

infarction remodeling.

2. Material and Methods

2.1. Animals and experimental design

Male Wistar rats (347 + 18 g) were obtained from the Central Animal House of the
Federal University of Rio Grande do Sul, Brazil. Rats were housed in plastic cages with free
access to water and pelleted food, maintained under standard laboratory conditions
(temperature of 21°C, 12 h light/dark cycle). All animal experiments were performed in
accordance with the institutional animal care committee guidelines. The animals were
randomly divided into 4 groups: untreated Sham (SHAM), untreated acute myocardial
infarcted (MI), sham treated with sulforaphane (SHAM+SFN), and acute myocardial
infarction treated with sulforaphane (MI+SFN).

Initial cardiac function was measured by echocardiography at day 3 post sham and
coronary artery ligation surgery. Subsequently, sulforaphane (R,S-Sulforaphane, purchased
from LKT Laboratories) was administered daily at a dose of 5 mg/Kg, intraperitoneal, for 25
days. Sulforaphane was prepared in 0.9% NaCl containing 0.5% (v/v) dimethyl sulfoxide.
Untreated rats received the same solution without sulforaphane. Animals were monitored

daily and body weight was recorded every 3 days. At the end of the treatment period (28
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days), cardiac function was measured again prior to sacrificing animals and collecting tissues

for further analysis.

2.2. Surgical procedure for myocardial infarction

Myocardial infarction was induced according to a procedure described in the literature
and adapted in our laboratory (Schenkel PC et al., 2010; de Castro A et al, 2014). Briefly,
animals were anesthetized (ketamine 90 mg/kg plus xylazine 20 mg/kg, i.p.), intubated and
ventilated via a tracheal cannula using a constant-volume rodent ventilator. Left thoracotomy
was performed in the fifth intercostal space followed by pericardiotomy, without heart
exteriorization. The left coronary artery was identified and permanently occluded with a 6.0
nylon monofilament suture. Fibrillation and ischemia of the left ventricular wall confirmed
the infarction. Subsequently, the thoracic cavity was closed and pneumothorax was reduced
by aspirating the existing air using a syringe, and the skin was sutured. Sham-operated rats
were subjected to the same procedure without ligation of the coronary artery. Following
surgery, an opioid analgesia (tramadol chlorhydrate - 5 mg/kg, 8-8h, i.p.) was administered to
rats to relieve pain and discomfort. The mortality rate was approximately 10% at 24 h

following the surgical procedure and remained unchanged during the treatment period.

2.3. Echocardiographic analysis

For echocardiographic analysis, rats were anesthetized (ketamine 90 mg/kg plus
xylazine 20 mg/kg, i.p.) and placed in left lateral decubitus position to obtain cardiac images.
Acquisition of echocardiographic images was achieved using a Philips HD7 XE ultrasound
system with a L12-13 MHz transducer. Images were evaluated by experienced operators,
blinded to the experimental groups. Left ventricular end diastolic diameter (LVEDD, cm) and
end systolic diameter (LVESD, cm), left ventricular posterior wall thickness during diastole
(LVPWD, cm) and systole (LVPWS, cm), and heart rate (beats/min) were measured using the
M-Mode, in the basal, middle, and apical planes, as previously described by our group and
others (Nozawa E et al., 2006). Wall tension index was calculated as: WTI= LVEDD/2 X
LVPWD, to determine mechanical compensation. Also, left ventricular ejection fraction (EF
%), calculated as: EF = (end-diastolic volume — end systolic volume/end-diastolic volume) X
100, and fractional area change (%), measured as: FAC= diastolic area — systolic
area/diastolic area) X 100, were used to determined, respectively, contractile function and left
ventricular systolic function (Nozawa et al., 2006). Infarct size (IS) was estimated as 1S% =
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(/EP) x 100, where | represents the measurement of transverse plane of the arch
corresponding to the segments with infarction and EP represents the total endocardial
perimeter (EP), measured at end-diastole (Tavares AM et al., 2010).

2.4. Morphometric analysis

While under the influence of anesthesia, blood sample was collected, and then the rats
were sacrificed by cervical dislocation. Heart, lungs, and liver were rapidly excised and hearts
were washed in phosphate buffer (PBS, pH 7.4), and weighed. For histologic analysis, a slice
of approximately 5 mm from the central portion of the heart was separated and immediately
submerged in saturated Bouin’s solution. The remaining viable cardiac muscle, was
immediately frozen in liquid nitrogen for biochemical and molecular biology analysis. Livers
and lungs were blotted, weighed and then placed in a heated chamber (60°C) until a stable dry
weight was obtained.

Cardiac hypertrophy was evaluated by calculating the heart weight (mg) to body weight
(g) ratio. Liver and lung congestion were evaluated by calculating the wet to dry weight (g/g)

ratio.

2.5. Serum liver enzymes

Arterial blood was centrifuged (1000 x g, 10 min, 4° C), and serum was collected to
measure liver enzymes, such as aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), purchased from Kovalent Ltda, and, alkaline phosphatase (ALP),

purchased from Labtest Diagnoéstica S.A. (Brazil), according to manufacturer’s protocol.

2.6. Histological analysis for measurement of total collagen content

Transverse slices from the central portion of the heart (0.5 cm) were fixed in saturated
Bouin’s solution (12 hours, room temperature), cryopreserved using sucrose solution (15%
and 30%, 24 hours each, 4°C), and embedded in Tissue Tek OCT compound for cryosections
(10 um). Histological sections were stained with 0.1% Sirius Red (Direct Red 80, purchased
from Sigma Aldrich), for 30 seconds at room temperature, washed once with water,
counterstained with Harris hematoxylin (15 min, room temperature), dehydrated, and covered
with Canada Balsam. In order to estimate cardiac collagen content, histological sections were
digitized using a Olympus BX 50 microscope coupled to and Opton video camera and Image
Pro Plus 6.0 software (Image Pro-Plus 6.1, Media Cybernetics, Silver Spring, USA) was

utilized. The area occupied by these tissues was estimated using the point counting method
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(Weibel ER, 1979; Zacharovd G & Kubinova L, 1995; De Paula S et al, 2009; Rodrigues FS
et al., 2013; Alvarez PS et al., 2014). Two histological images of the left ventricle from each
animal were digitized and a point test system, composed by equidistant crosses, was laid over
the images. When the upper right quadrant of the cross hits images of cardiac muscle,
collagen or blood vessels it was counted. The percentage of area occupied by each tissue was
obtained using the following equation:

Percentage of area occupied by the tissue = (number of crosses counted in the tissue
image/total number of crosses counted in the image) X 100. The crosses located in

histological artifacts were not counted, as observed in figure 3.

2.7. Tissue preparation

For oxidative stress markers, cardiac tissues were homogenated in a solution containing
1,15% KCI + PMSF 20mmol/L, in Ultra-Turrax homogenator. The suspension was
centrifuged at 1000 x g for 10 minutes at 4°C, and the supernatant was used for analyses. For
protein expression analyses, cardiac tissues were homogenate with Cell Lyses buffer (Cell

Signaling Tech.), according to manufacturer’s instructions.

2.8. Determination of protein concentration
Protein content was determined by the method of Lowry (Lowry et al., 1951) and DC™
Protein Assay (Bio-Rad), using bovine serum albumin as the standard.

2.9. Determination of ROS and lipid peroxidation levels

To measure reactive oxygen speciesROS levels, 2',7'-dichlorofluorescin diacetate
(DCFH-DA) fluorescence emission (Sigma-Aldrich, USA) was used. DCFH-DA is permeable
membrane and is rapidly oxidized to the highly fluorescent 2,7-dichlorofluorescein (DCF) in
the presence of intracellular ROS. The solution assay were excited at 488 nm and emission
was collected with a 525 nm long pass filter. Results were expressed as nmols per milligram
of protein (Lebel et al., 1992).

Lipid peroxidation was measured using tert-butyl-hydroperoxide (tBOOH)-initiated
chemiluminescence in a liquid scintillation counter (LKB Rack Beta Liquid Scintillation
Spectrometer 1215, LKB, Produkter AB, Sweden). Homogenates were placed in low-
potassium vials in a reaction medium consisting of 120 mmol/L KCI, 20 mmol/L phosphate
buffer (pH 7.4). Measurements were initiated by the addition 3 mmol/L tBOOH. Data were

expressed as counts per minute per milligram protein (cpm/min) (Gonzalez et al., 1991).
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2.10. Determination of antioxidant enzymatic activity

Glutathione peroxidase (GPx) activity was based on the consumption of NADPH and
was measured at 340 nm. The activity was expressed as nmoles of peroxide/hydroperoxide
reduced per minute per milligram of protein (Flohé L & Gunzler WA, 1984). Superoxide
dismutase (SOD) activity was evaluated on the basis of the inhibition of the superoxide
radical reaction with pyrogallol and was measured at 420 nm. It was expressed as units per
milligram of protein (Marklumb S, 1985). Catalase activity was measured by following the
decrease in hydrogen peroxide (H,O,) absorbance at 240 nm. It was expressed as nmoles of

H,O, reduced per minute per milligram of protein (Aebi H, 1985).

2.11. Protein expression analysis

Western blot was used to analyze the immunocontent of different proteins.
Electrophoresis was done with a 8-15% bis-acrylamide gel, according to the size of interest
proteins, loading 30 ug of proteins in a mini vertical gel system (Bio-Rad). Proteins were
transferred to a PVDF membrane (Immobilon-P Transfer Membrane, Millipore) in a mini
trans-blot electrophoretic tank or Trans-Blot® SD Semi-Dry Transfer Cell. Membranes were
blocked in 5% non-fat milk prepared in TBS-T (tris buffer saline - 20 mmmo/L Tris, 137
mmol/l NaCl, pH 7.4, with 0.1% Tween-20). Membranes were probed overnight with the
following primary antibodies, prepared in TBS-T 5% milk: CuzZn-SOD, HO-1, Bax, Bcl-2,
phospho-p38 (Thr180), p38, and PGC-1, purchased from Santa Cruz Biotechnology; GPx
purchased from Abcam; caspase-3, phospho-ERK 1/2 (Thr202/Tyr204), ERK 1/2, phospho-
AMPK (Thrl72), AMPK, and LC3B, purchased from Cell Signaling; Mn-SOD (Millipore)
and catalase (Sigma Aldrich). Bound primary antibodies were detected using anti-rabbit or
anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibodies prepared in TBS-
T 5% milk (1:1000-1:5000), incubated for 2 hours at room temperature. Membranes were
developed using chemiluminescent reagent, in two different sistems. Some western blots
assay were detected using ECL hyper films, revealed in a manual prepared system using a
radiographic revelator and Kodak fixative, prepared as per manufacturer’s instruction. Images
from hyper films were captured in ImageQuant 350 (GE Healthcare Biosciences). While
others, the fluorescent images, were captured using ChemiDoc MP (BioRad). Data were
expressed as mean of optical density quantified by the Quantity One software. The loading

control for normalization used were anti-B-actin (Santa Cruz Bio.) and ponceau red.
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2.12. Statistical analysis

Data were expressed as mean + SD. All results were analyzed by Two way ANOVA,
excepted for the temporal cardiac function data that were analyzed by paired Student’s t test.
Student Newman Keuls was used as a pos hoc test. Values of P < 0.05 were considered

statistically significant.

3. RESULTS

3.1. Body weight and morphometric analysis

There was no statistical difference in the final body weight in all the four groups at 28
days post-surgery (Table 1). However, with respect to body weight gain during the period of
the experiment, rats treated with sulforaphane exhibited a trend to increase (P=0.065) the area
under the curve when compared to their respective untreated groups can be observed (area
under the curve: SHAM: 28.985+1.653; MI: 28041+1.260; SHAM+SFN: 30294+1.655;
MI+SFN: 29009+1.831) (Figure 1G). It can be observed that MI+SFN group exhibited similar
weight gain to the SHAM group. Cardiac hypertrophy as measured by heart weight to body
weight ratio was significantly increased in MI (14.3%) and MI+SFN (14.7%) compared to
their respective SHAM groups (Table 1). The lung and liver wet to dry weight ratios remained
unchanged in M1 and MI+SFN groups as compared to its respective SHAM groups, indicating

absence of lung and liver congestion (Table 1).

3.2. Serum liver enzymes

Serum AST and ALT levels remained unchanged in the MI group, as compared to
SHAM (Table 1). There was an increase in ALP levels in the MI and MI+SFN groups,
without any difference between them. However, it was observed a significant difference
between MI+SFN with SHAM+SFN (Table 1). Treatment with sulforaphane did not increase
AST, ALT, and ALP as compared to the untreated groups. However, ALT levels were
reduced in SHAM+SFN when compared to SHAM group (Table 1).

3.3. Echocardiographic parameters

Table 1 shows echocardiographic measurements at 28 days post-myocardial infarction.

Infarct size (%) did not differ between M1 (57 + 9) and MI+SFN (52 * 8) groups. Myocardial
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infarction induced cardiac dysfunction, which was evident by a significant increase in
LVEDD and LVESD, and a significant decrease in ejection fraction (EF %) and fractional
area change (FAC) when compared to SHAM. Treatment with sulforaphane was unable to
restore these parameters in the MI group as compared to the respective untreated group (Table
1). Wall tension index increased significantly (44%) in the MI group when compared to
SHAM group (Table 1). However, the wall tension index, in MI+SFN group, did not differ
from SHAM+SFN group, indicating a modest cardiac mechanical compensation.

Figure 1 shows echocardiographic analysis at day 3 and day 28 post-myocardial
infarction, demonstrating a time-course profile of the cardiac parameters in infarcted groups.
At the initial day, chamber diameter, contractility index and heart rate were not statistically
different between MI and MI+SFN groups, indicating homogeneity of the experimental
model. However, as the time progressed, the MI group demonstrated a significant increase in
LVESD (22%), LVEDD (20%), a non-significant increase in wall tension index (36%), and a
significant decrease in EF (20%) and FAC (24%), indicating progressive worsening of cardiac
dysfunction at the end of the day 28. On the other hand, these echocardiographic analyses
were not statically different at the end of day 28", in MI+SFN group, when compared to the
initial day 3. Interestingly, MI+SFN group demonstrated a significantly reduction in heart rate
at the end of day 28 when compared to initial 3 day analysis (Figure 1).

3.4. Histological analyses of total collagen content and cardiac muscle mass

Area of total collagen content in the viable myocardium, as measured by picrosirius red
staining, was significantly increased in the MI group (an occupied area of 77%) when
compared to SHAM group (Figure 2). Sulforaphane treatment in the MI group significantly
reduced the collagen content (an occupied area of 26%) when compared to M1 group (Figure
2). In accordance with this, the remained cardiac area from MI+SFN group presented a

significant increase in muscle content compared to Ml group (Figure 2).

3.5. Cardiac oxidative stress markers

The total ROS and lipid peroxidation levels were measured in cardiac tissue. Total
ROS levels remained unchanged in the MI group as compared to the SHAM group (Figure
3A). Sulforaphane treatment reduced significantly total ROS in the MI+SFN group as
compared to MI and SHAM+SFN groups (12.0 % and 16.3 %, respectively) (Figure 3A).
Lipid peroxidation increased significantly (38.5%) in the MI group when compared to SHAM
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(Figure 3B). MI+SFN group presented lipid peroxidation values similar to SHAM group,
while SHAM+SFN group exhibited increased total ROS and lipid peroxidation (16.5 %)
when compared to SHAM group (Figure 3B).

3.6. Cardiac antioxidant enzymes and heme oxygenase-1

Antioxidant protein expression and enzyme activities of glutathione peroxidase (GPx)
was significantly increased in the MI group when compared to SHAM group (Figures 4A and
4B). Treatment with sulforaphane did not affect on the enzyme activity or protein expression,
maintaining this peroxidase at the same levels of SHAM group (Figure 4A an 4B). CuZn-
SOD (cytosolic) expression increased in the M1 (88%) and in the SHAM+SFN (165%) groups
as compared to SHAM. CuZn-SOD levels in MI+SFN were similar to SHAM+SFN (Figure
4C). By the other side, Mn-SOD (mitochondrial) protein expression does not change among
the groups (Figure 4D). The total SOD enzyme activity remained unchanged in all groups
(Figure 4E). Protein expression and enzyme activity of catalase remained unchanged in the
treated and untreated MI groups compared to its respective SHAM groups (Figure 4F and
4G). Treatment with sulforaphane significantly increased heme oxygenase-1 (HO-1) protein
expression in both SHAM+SFN (44%) and MI+SFN (38.5%) groups, when compared to its

respective untreated groups (Figure 5).

3.7. Profile of MAPK signaling proteins

ERK 1/2 and p-38 MAPKS activity was measured by assessing the ratio of total and
phosphorylated proteins. p-ERK 1/2/ERK 1/2 ratio increased in Ml (46%) and MI+SFN
(82%) groups when compared to their respective SHAM groups (Figure 6A). The increase
observed in MI+SFN group was also statistically significant (69%) when compared to MI
group (Figure 6A). On the other side, phosphorylation levels of p-38 increased only in the Ml
group (28%) when compared to SHAM group (Figure 6B). Sulforaphane treatment in the Ml
group decreased the p-p38/p38 ratio when compared to MI group, maintaining this kinase

activity similar to the SHAM groups (Figure 6B).

3.8. Profile of apoptosis and autophagy proteins

Pro-apoptotic Bax protein expression reduced significantly (33%) in SHAM+SFN
group when compared to untreated SHAM group, as well in the MI+SFN (35%) when

compared to MI group (Figure 7A). Anti-apoptotic Bcl-2 protein was reduced in
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SHAM+SFN group compared to SHAM group, and its expression returned to a similar profile
of untreated groups in MI+SFN group (Figure 7B). The Bax/Bcl-2 ratio was used as an
apoptotic index. The ratio remained unchanged in the MI group when compared to SHAM.
However, the MI+SFN group showed a significant reduction (44%) in Bax/Bcl2 ratio when
compared to the untreated MI group (Figure 7C). Caspase-3 protein expression was not
different among groups (Figure 7D).

Autophagy-related signaling proteins were also determined. Phosphorylation levels of
AMPK, represented by p-AMPK/AMPK ratio, decreased significantly (33%) in MI group
when compared to SHAM group (Figure 8A). Similar response was observed in LC3-11/LC3-I
ratio, an indicative of autophagy activation, that reduced significantly (33%) when compare to
SHAM (Figure 8B). On the other hand, sulforaphane preserved autophagic process in
MI+SFN group as observed by non-statistical difference with SHAM+SFN group (Figure 8A,
8B).

3.9. Total transcriptional factors Nrf-2 and PGC-1 alpha

The expression of transcriptional factors Nrf-2 and PGCl-alpha was not different

among groups, in the present study, as observed in Figure 9A and 9B, respectively.

4. Discussion

The present study demonstrated that sulforaphane can mitigate the progression of
cardiac dysfunction post-myocardial infarction, by reducing collagen content, maintaining
cardiac muscle, and avoiding contractile function deterioration. These effects were associated
with a positive balance for cardiomyocytes surveillance induced by sulforaphane, since this
isothiocyanate seem to reduce oxidative stress, through the induction of HO-1 protein
expression in viable cardiac tissue post-infarction. This redox environment, consequent to
sulforaphane’s action, leads not only to an ERK 1/2 activation, but also to a reduction of cell
death signaling proteins, such as pro-apoptotic Bax and p38 kinase. Furthermore,
sulforaphane may preserve autophagy process in cardiac tissue, contributing to protect
cardiomyocytes against cell death and dysfunction.

The similarity amongst initial echocardiographic parameters 3 days post-myocardial
infarction indicates the reproducibility of surgical procedure and a homogeneous model prior

therapeutic intervention. In addition, the procedure presented low mortality rate in the first 24
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hours (10%), and the cardiac function findings were similar to those previously described by
our group (Schenkel PC et al. 2010; de Castro A et al. 2014). After myocardial infarction
model establishment, treatment with sulforaphane was started 72 hours post surgery.
Administration of this isothiocyanate was not performed immediately after myocardial
infarction due to its anti-inflammatory properties (Nguyen B, et al. 2014; Nallasamy P et al.,
2014). Anti-inflammatory effects can prejudice healing, as well as the compensated initial
phase of the cardiac remodeling (Frangogiannis NG, 2008). Use of anti-inflammatory early
after acute myocardial infarction has been associated to scar thinning, and cardiac dilatation,
compromising cardiac adaptation (Hammerman H et al, 1983). Another important point to be
observed is the toxicity of sulforaphane. Serum analysis of hepatic enzymes demonstrates that
a chronic intervention with sulforaphane (5 mg/Kg) did not induce liver damage. Moreover,
sulforaphane treated groups demonstrated an increase (P<0.06) in area under the curve of
body weight gain, suggesting a better health condition of the rats. In addition, morphometric
and functional parameters were evaluated in this model.

In the present study, MI and MI+SFN rats developed cardiac hypertrophy and signals of
cardiac dysfunction when compared to sham groups. Although hypertrophyc phenotype
seems to be an adaptive and compensatory condition of cardiac tissue, it is considered a risk
factor for the development of heart failure (McMullen JR & Jennings GL et al, 2007).
Nevertheless, in the day 28 of experiment, it was not observed development of congestive
heart failure, as indicated by the absence of lung and liver congestion. Likewise, treatment
with sulforaphane was not able to reduce cardiac hypertrophy. Previous studies have shown
that sulforaphane was capable to reduce cardiac hypertrophy induced by isoproterenol
(sympathomimetic) (Kee HJ et al., 2015), and diabetes-induced cardiac hypertrophy (Bai Y et
al., 2013). Indeed, considering that the infarction areas achieved around 52% of the total left
ventricle mass, a reduction of the hypertrophic response could favor an additional dysfunction
to infarcted rats in the present study. It was observed, in Ml and MI+SFN groups, chamber
dilatation evidenced by increased systolic and diastolic diameters as compared to SHAM and
SHAM+SFN groups, respectively. Moreover, MI and MI+SFN group presented significant
contractility dysfunction observed by a significant reduction in EF% and FAC. However, in
the wall tension index, that was increased significantly in MI group compared to SHAM,
sulforaphane was capable to prevent this increase in MI+SFN group. It indicates that
sulforaphane induced an improvement in the balance between cardiac hypertrophy and
chamber dilatation, favoring a compensated mechanical function (Opie LH et al, 2006).

Decreasing ventricular wall stress is relevant to cardiac function, since this reduction prevents
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unnecessary energy expenditure, which can play unfavorable effects on cardiac
hemodynamics (Pantos et al, 2007).

In a time-course analyses, comparing period pre and post-treatment (3 days and 28 days,
respectively), MI group presented significant deterioration in all parameters related to
ventricular chamber dilatation, as well contractility dysfunction. However, in MI+SFN group,
sulforaphane maintained similar left ventricular chamber dilatation and contractile function,
comparing 3 day to 28 day, suggesting that sulforaphane may play an important role to
improve cardiac remodeling post-myocardial infarction during the course of the disease.

Many histological alterations can explain these structural and functional disturbs
involved with ischemic-induced cardiac remodeling, such as deposition of collagen (fibrosis)
and shape and size change of cardiomyocytes. In the present study, infarction-induced cardiac
collagen deposition was elevated in MI group, and treatment with sulforaphane was able to
reduce deposition of collagen in the viable myocardium. This reduction in collagen content
maybe related to the attenuation of cardiac remodeling progression, as observed in the
temporal analysis. In diabetic cardiomyopathy, it was seen that sulforaphane reduced levels of
collagen which was associated to preservation of cardiac function (Bai et al, 2013; Zhang et
al, 2014). In the pathological cardiac remodeling, an important target to be controlled is the
diffuse interstitial and perivascular fibrosis (reactive fibrosis), once it is an independent and
predictive risk factor to heart failure development (Gonzalez A et al, 2011). Moreover, there
is no therapeutic strategy specific to reduce it (Burchfield JS et al, 2013). Reduction of
myocardial fibrosis is associated to improved left ventricular diastolic function (Gonzélez et
al, 2011). Moreover, some human clinical trials have already proved that reduction of fibrosis
improved cardiac function (Brilla et al, 2000).

Besides histological impairment involved in cardiac remodeling post-myocardial
infarction, it has been reported the pivotal role of oxidative stress in its progression to heart
failure. This process has been associated to an increased cardiac oxidative stress and decrease
of antioxidant reserve (Hill et al 1996). The worsening pathological cardiac remodeling,
observed in MI group, may be associated to increased oxidative stress in cardiac tissue, as
indicated by increased lipid peroxidation. Moreover, up-regulation of GPx and CuzZn-SOD
antioxidant enzymes can be activated in response to increased lipid peroxidation, suggesting a
more oxidative cellular environment (Hill et al., 2005; Khaper N et al., 2003; de Castro A,
2014). In fact, SHAM+SFN group, which also demonstrated elevation of ROS and lipid
peroxidation levels, presented an increased immuno content of CuzZn-SOD and HO-1,

suggesting a relationship between ROS production and counter-regulatory antioxidant
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response. In parallel, infarcted rats treated with sulforaphane (MI+SFN) demonstrated
decreased ROS and lipid peroxidation levels, besides a normalization of GPx and CuZn-SOD
immunocontent. A plausible explanation for the fact, it could be enhanced HO-1 protein
expression in these rat hearts, leading adaptive antioxidant protection provided by
sulforaphane. Overexpression of HO-1 has been responsible to cardioprotection and anti-
apoptotic effect in pathological cardiac remodeling (Wang G et al, 2010). By-products of HO-
1 activity, as carbon monoxide and biliverdin, have been considered responsible for
citoprotection, anti-apoptotic, anti-inflammatory, and antioxidant response (Kim YM et al,
2011; Foo et al., 2006, Wang WC et al., 2010, Piantadosi CA et al., 2008).

In order to provide an appropriate antioxidant response, a modulation of redox-sensitive
proteins, signaling pathways and transcriptional factors seems to be important. Indeed, MAPK
pathways differential activation seems to be involved in both myocardial infarction
development and sulforaphane action. In this study, MI group demonstrated enhanced
ERK1/2 and p38 activation. ERK 1/2 is considered a redox-sensitive and cardioprotective
protein and it is associated with protective effects against reperfusion injury, mainly by its
anti-apoptotic effects (Heusch G et al., 2014). Previous studies have demonstrated that ERK
1/2 was activated 28 days post-infarction, in similar morphometric and functional conditions
to this study, without showing signals of congestive heart failure (Schenkel PC, et al, 2010).
On the other hand, p38 is a redox-sensitive protein involved with maladaptive hypertrophy,
fibrosis development and death of cardiomyocytes, determining reduction of cardiac muscle
content, mainly in an oxidized cellular environment (Lips DJ et al., 2002; Qin F et al., 2005).
In this context, association of both ERK1/2 and p38 activation seems to drive cardiac
remodeling to a maladaptive condition (Ren J et al., 2005). Nevertheless, when infarcted rats
were treated with sulforaphane, there was enhanced activation of ERK 1/2 and decreased p38
activation, this situation was associated to improvement cellular redox state (Qin F et al.,
2005). This process may be a pivotal mechanism by which sulforaphane preserve cardiac
function for a longer period, contributing to cardiac function maintenance, and avoiding
congestive heart failure development. Besides the survival pathways activation, pro-apoptotic
proteins could be also involved in the cardiac remodeling post myocardial infarction.

In the present study, myocardial infarction seems to induce a significant reduction in
Bax protein expression. However, Bax/Bcl-2 ratio in MI group showed to be the same level
as SHAM group. On the other hand, apoptotic signaling in MI+SFN group was not similar as
that observed in MI group. Infarcted rats treated with sulforaphane showed decreased Bax,

reducing Bax/Bcl2 ratio, suggesting an important protective situation against apoptosis (Qin F
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et al., 2005; Trachootam DA et al., 2008). In this scenario, treatment with sulforaphane in
cardiac remodeling may present positive outcomes to reduce cardiac cell death, mainly
through the control over cellular redox status. Nevertheless, it should be noted that
sulforaphane administration to healthy rats could be detrimental, since there is a diminished
Bcl2 protein expression in SHAM+SFN group. In parallel, the expression of caspase-3, a
downstream component from many apoptotic pathways, had no change in the MI groups
compared to SHAM groups (Whelan R et al., 2009).

Contributing to reduce incidence of apoptosis, autophagy is a survival mechanism
involved in the basal state and in response to hemodynamic stress, mainly controlled by
AMPK/LC3 pathway, also investigated in the present study. The significant decrease of
AMPK phosphorylation and LC3II/1 ratio (an established indicator of autophagy turnover)
demonstrated a reduction in autophagy in MI group when compared to SHAM. It has been
reported that reduction in the autophagy process triggers apoptosis in cell lines (Boya P et al.,
2005). Also, under pathological condition, the lack of AMPK favors the transition to heart
failure (Zhang P, et al, 2008; Beauloye C, et al, 2011). On the other side, the autophagy
pathway in sulforaphane-treated M1 did not differ from SHAM+SFN, indicating that maybe
sulforaphane is preserving autophagic activity. In a model of diabetic cardiomyopathy,
chronic treatment with 0.5 mg/Kg of sulforaphane stimulated AMPK/LC3B pathway, which
was associated to a better cardiac function (Zhang Z, et al. 2014). Moreover, autophagy is still
controversial, whether it is protective or detrimental in the case of myocardial infarction
(Gonzéles A et. al. 2011). However, up-regulation of autophagy in failing hearts has been
shown to be an adaptative response for protecting from hemodynamic stress and antagonizing
disease progression (Nakai A, et al, 2007; Rothermel BA et al., 2008, Kanamori H et al.,
2001).

Sulforaphane-associated citoprotective effects has been related to its capacity to
stimulate transcriptional factors that increase the expression of antioxidant and detoxification
enzymes, such Nrf-2 and PGC-1a (Zhang Z et al, 2014, Lu Z et al., 2010, Fernandes RO et
al., 2015). To investigate the action mechanism associated to sulforaphane in the present
study, total Nrf-2 and PGC-1a protein content was performed. It was observed no difference
in the expression of these transcriptional factors after myocardial infarction and sulforaphane
treatment. It suggests that in this period of time, sulforaphane is not stimulating the expression
of these transcriptional factors. Corroborating with PGC-1a data, its downstream target Mn-
SOD was also not stimulated (Lu Z et al, 2010).
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5. Conclusion

Sulforaphane presented positive responses in a model of myocardial infarction,
contributing to reduce fibrosis and to preserve cardiac muscle in the pathological cardiac
remodeling. It also avoided further deterioration of cardiac function, along the progression to
heart failure. It is suggested that HO-1 induction by sulforaphane can reduce oxidative stress,
favoring survival signaling and decreasing proteins involved in apoptosis activation. Morover,
sulforaphane appears to maintain autophagic function, contributing to mitigate pathological

cardiac remodeling.

6. References

Abbate A, Narula J Role of apoptosis in adverse ventricular remodeling. Heart Fail Clin. (2012)
8(1):79

Aebi H. Catalase in vitro. Methods in Enzymology, v.105, p.121-126; 1984,

Alvarez, P.S., Siméo, F., Hemb, M., Xavier, L.L., Nunes, M.L. Effects of undernourishment, recurrent
seizures and enriched environment during early life in hippocampal morphology. International Journal
of Developmental Neuroscience (2014) 33: 81-87

Anestopoulos I, Kavo A, Tentes |, Kortsaris A, Panayiotidis M, Lazou A, Pappa A Silibinin protects
H9c2 cardiac cells from oxidative stress and inhibits phenylephrine-induced hypertrophy: potential
mechanisms. J Nutr Biochem. (2013) 24(3):586-94.

Angeloni C, Leoncini E, Malaguti M, Angelini S, Hrelia P, Hrelia S. Modulation of phase Il enzymes
by sulforaphane: implications for its cardioprotective potential. J Agric Food Chem. (2009) Jun
24:57(12):5615-22.

Bai Y, Cui W, Xin Y, Miao X, Barati MT, Zhang C, Chen Q, Tan Y, Cui T, Zheng Y, Cai L.
Prevention by sulforaphane of diabetic cardiomyopathy is associated with up-regulation of Nrf2
expression and transcription activation. J Mol Cell Cardiol. 2013 Apr;57:82-95

Baird L, Dinkova-Kostova AT. Arch Toxicol. The cytoprotective role of the Keapl-Nrf2 pathway.
2011 Apr;85(4):241-72.

Boya P, Gonzélez-Polo RA, Casares N, Perfettini JL, Dessen P, Larochette N, Métivier D, Meley
D, Souquere S, Yoshimori T, Pierron G, Codogno P,Kroemer G. . Inhibition of macroautophagy
triggers apoptosis. Mol Cell Biol. 2005 Feb;25(3):1025-40.

Burchfield JS', Xie M, Hill JA. Pathological ventricular remodeling: mechanisms: part 1 of 2.
Circulation. 2013 Jul 23;128(4):388-400

Chung SD1, Lai TY, Chien CT, Yu HJ. Activating Nrf-2 signaling depresses unilateral ureteral
obstruction-evoked mitochondrial stress-related autophagy, apoptosis and pyroptosis in kidney. PLoS
One. 2012;7(10):e47299.

67


http://www.ncbi.nlm.nih.gov/pubmed?term=Narula%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22108728
http://www.ncbi.nlm.nih.gov/pubmed/22108728
http://www.ncbi.nlm.nih.gov/pubmed?term=Anestopoulos%20I%5BAuthor%5D&cauthor=true&cauthor_uid=22818713
http://www.ncbi.nlm.nih.gov/pubmed?term=Kavo%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22818713
http://www.ncbi.nlm.nih.gov/pubmed?term=Tentes%20I%5BAuthor%5D&cauthor=true&cauthor_uid=22818713
http://www.ncbi.nlm.nih.gov/pubmed?term=Kortsaris%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22818713
http://www.ncbi.nlm.nih.gov/pubmed?term=Panayiotidis%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22818713
http://www.ncbi.nlm.nih.gov/pubmed?term=Lazou%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22818713
http://www.ncbi.nlm.nih.gov/pubmed?term=Pappa%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22818713
http://www.ncbi.nlm.nih.gov/pubmed/?term=Siliechibinin+protects+H9c2+cardiac+cells+from+oxidative+stress+and+inhibits+phenylephrine-induced+hypertrophy%3A+potential+mechanisms
http://www.ncbi.nlm.nih.gov/pubmed/19456137
http://www.ncbi.nlm.nih.gov/pubmed/19456137
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bai%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cui%20W%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xin%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Miao%20X%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barati%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cui%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zheng%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cai%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23353773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bai+Y%2C+Cui+W%2C+2013+%E2%80%93+Prevention+by+sulforaphane
http://www.ncbi.nlm.nih.gov/pubmed/?term=Baird%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21365312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dinkova-Kostova%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=21365312
http://www.ncbi.nlm.nih.gov/pubmed/?term=The+citoprotective+role+of+the+keap1-nrf2+pathway+%E2%80%93+Baird+Liam%2C+Dinkova-Kostova+A.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boya%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gonz%C3%A1lez-Polo%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Casares%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Perfettini%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dessen%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Larochette%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=M%C3%A9tivier%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Meley%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Meley%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Souquere%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yoshimori%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pierron%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Codogno%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kroemer%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15657430
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boya+P%2C+Gonzalez-Polo+RA%2C+Casares+N%2C+Perfettini+JL%2C+Dessen+P%2C+Larochette
http://www.ncbi.nlm.nih.gov/pubmed/?term=Burchfield%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=23877061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xie%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23877061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hill%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=23877061
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pathological+ventricular+remodeling%3A+mechanisms%3A+part+1+of+2.+Circulation.+2013+Jul+23%3B128(4)%3A388-400
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chung%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=23071780
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lai%20TY%5BAuthor%5D&cauthor=true&cauthor_uid=23071780
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chien%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=23071780
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yu%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=23071780
http://www.ncbi.nlm.nih.gov/pubmed/23071780
http://www.ncbi.nlm.nih.gov/pubmed/23071780

de Castro AL, Tavares AV, Campos C, Fernandes RO, Siqueira R, Conzatti A, Bicca AM, Fernandes
TR!, Sartério CL, Schenkel PC, Bell6-Klein A, da Rosa Araujo AS. Cardioprotective effects of
thyroid hormones in a rat model of myocardial infarction are associated with oxidative stress
reduction. Mol Cell Endocrinol. 2014 Jun 25;391(1-2):22-9.

De Paula, S., Vitola, A,S., Greccio, S., De Paula, D., Mello, P.B., Mistrelo, J.L., Xavier, L.L., Fiori,
H., Dacosta, J.C. Hemispheric Brain Injury and Behavioral Deficits Induced by Severe Neonatal
Hypoxia-Ischemia in Rats Are Not Attenuated by Intravenous Administration of Human Umbilical
Cord Blood Cells. Pediatric Research 65: 631-635 (2009).

Dorn  GW  2nd.  Apoptotic and non-apoptotic programmed cardiomyocyte death in ventricular
remodelling. Cardiovasc Res. 2009 Feb 15;81(3):465-73.

Foo RS, Siow RC, Brown MJ, Bennett MR. Heme oxygenase-1 gene transfer inhibits angiotensin I1-
mediated rat cardiac myocyte apoptosis but not hypertrophy. J Cell Physiol. 2006 Oct;209(1):1-7.

Frangogiannis NG. The immune system and cardiac repair. .Pharmacol Res. 2008 Aug;58(2):88-111.

Gonzalez A', Ravassa S, Beaumont J, Lopez B, Diez J. New targets to treat the structural remodeling
of the myocardium. J Am Coll Cardiol. 2011 Oct 25;58(18):1833-43.

Gonzalez Flecha .B., Llesuy S., Boveris A. Hydroperoxide-initiated chemiluminescence: an assay for
oxidative stress in biopsies of liver, heart and muscle. Free Radicals in Biology and Medicine, v.10,
p.41-47, 1991.

Hafstad AD', Nabeebaccus AA, Shah AM. Novel aspects of ROS signalling in heart failure. Fahey
Basic Res Cardiol. 2013 Jul;108(4):359.

Hammerman H, Kloner RA, Schoen FJ, Brown EJ Jr,Hale S, Braunwald E. Indomethacin-
induced scar thinning after experimental myocardial infarction. Circulation. 1983 Jun;67(6):1290-5.

Heusch G, Libby P? Gersh B? Yellon D* Béhm M?® Lopaschuk G° Opie L’. Cardiovascular
remodelling in coronary artery disease and heart failure. Lancet. 2014 May 31;383(9932):1933-43

Hill MF*, Palace VP, Kaur K, Kumar D, Khaper N, Singal PK. Reduction in oxidative stress and
modulation of heart failure subsequent to myocardial infarction in rats. Exp Clin Cardiol. 2005
Fall;10(3):146-53.

Ho JN*, Yoon HG, Park CS, Kim S, Jun W, Choue R, Lee J. Isothiocyanates ameliorate the symptom
of heart dysfunction and mortality in a murine AIDS model by inhibiting apoptosis in the left
ventricle. J Med Food. 2012 Sep;15(9):781-7

Hockenbery DM, Oltvai ZN,Yin XM, Milliman CL, Korsmeyer SJ. Bcl-2 functions in
an antioxidant pathway to prevent apoptosis. Cell. 1993 Oct 22;75(2):241-51

Hori M*, Nishida K. Oxidative stress and left ventricular remodelling after myocardial infarction.
Cardiovasc Res. 2009 Feb 15;81(3):457-64.

Juge N' Mithen RF,Traka M. Molecular basis for chemoprevention by sulforaphane:  a
comprehensive review. Cell Mol Life Sci. 2007 May;64(9):1105-27.

Kanamori H*, Takemura G, Goto K, Maruyama R, Tsujimoto A, Ogino A, Takeyama T, Kawaguchi
T, Watanabe T, Fujiwara T, Fujiwara H, Seishima M, Minatoguchi S.

68


http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Castro%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tavares%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Campos%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandes%20RO%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Siqueira%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Conzatti%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bicca%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandes%20TR%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandes%20TR%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sart%C3%B3rio%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schenkel%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bell%C3%B3-Klein%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=da%20Rosa%20Araujo%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=24784706
http://www.ncbi.nlm.nih.gov/pubmed/24784706
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dorn%20GW%202nd%5BAuthor%5D&cauthor=true&cauthor_uid=18779231
http://www.ncbi.nlm.nih.gov/pubmed/18779231
http://www.ncbi.nlm.nih.gov/pubmed/?term=Foo%20RS%5BAuthor%5D&cauthor=true&cauthor_uid=16826603
http://www.ncbi.nlm.nih.gov/pubmed/?term=Siow%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=16826603
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brown%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=16826603
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bennett%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=16826603
http://www.ncbi.nlm.nih.gov/pubmed/?term=j+cell+physiol+2006+209%3A+1-7
http://www.ncbi.nlm.nih.gov/pubmed/?term=Frangogiannis%20NG%5BAuthor%5D&cauthor=true&cauthor_uid=18620057
http://www.ncbi.nlm.nih.gov/pubmed/18620057
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gonz%C3%A1lez%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ravassa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=Beaumont%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%B3pez%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=D%C3%ADez%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=New+targets+to+treat+the+structural+remodeling+of+the+myocardium.+J+Am+Coll+Cardiol.+2011+Oct+25%3B58(18)%3A1833-43.+doi%3A+10.1016%2Fj.jacc.2011.06.058.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hafstad%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=23740217
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nabeebaccus%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=23740217
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shah%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=23740217
http://www.ncbi.nlm.nih.gov/pubmed/?term=Novel+aspects+of+ROS+signaling+in+heart+failure+-+2013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hammerman%20H%5BAuthor%5D&cauthor=true&cauthor_uid=6851023
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kloner%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=6851023
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schoen%20FJ%5BAuthor%5D&cauthor=true&cauthor_uid=6851023
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brown%20EJ%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=6851023
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hale%20S%5BAuthor%5D&cauthor=true&cauthor_uid=6851023
http://www.ncbi.nlm.nih.gov/pubmed/?term=Braunwald%20E%5BAuthor%5D&cauthor=true&cauthor_uid=6851023
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hammerman+H+et+al%2C+1983+%E2%80%93+Indomethacin-induced+scar
http://www.ncbi.nlm.nih.gov/pubmed/?term=Heusch%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24831770
http://www.ncbi.nlm.nih.gov/pubmed/?term=Libby%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24831770
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gersh%20B%5BAuthor%5D&cauthor=true&cauthor_uid=24831770
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yellon%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24831770
http://www.ncbi.nlm.nih.gov/pubmed/?term=B%C3%B6hm%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24831770
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lopaschuk%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24831770
http://www.ncbi.nlm.nih.gov/pubmed/?term=Opie%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24831770
http://www.ncbi.nlm.nih.gov/pubmed/24831770
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hill%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=19641679
http://www.ncbi.nlm.nih.gov/pubmed/?term=Palace%20VP%5BAuthor%5D&cauthor=true&cauthor_uid=19641679
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaur%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19641679
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kumar%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19641679
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khaper%20N%5BAuthor%5D&cauthor=true&cauthor_uid=19641679
http://www.ncbi.nlm.nih.gov/pubmed/?term=Singal%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=19641679
http://www.ncbi.nlm.nih.gov/pubmed/19641679
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ho%20JN%5BAuthor%5D&cauthor=true&cauthor_uid=22925072
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yoon%20HG%5BAuthor%5D&cauthor=true&cauthor_uid=22925072
http://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=22925072
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22925072
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jun%20W%5BAuthor%5D&cauthor=true&cauthor_uid=22925072
http://www.ncbi.nlm.nih.gov/pubmed/?term=Choue%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22925072
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22925072
http://www.ncbi.nlm.nih.gov/pubmed/22925072
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hockenbery%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=7503812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oltvai%20ZN%5BAuthor%5D&cauthor=true&cauthor_uid=7503812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yin%20XM%5BAuthor%5D&cauthor=true&cauthor_uid=7503812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Milliman%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=7503812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Korsmeyer%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=7503812
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bcl-2+functions+in+an+antioxidant+pathway+to+prevent+apoptosis
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19047340
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nishida%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19047340
http://www.ncbi.nlm.nih.gov/pubmed/19047340
http://www.ncbi.nlm.nih.gov/pubmed/?term=Juge%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17396224
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mithen%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=17396224
http://www.ncbi.nlm.nih.gov/pubmed/?term=Traka%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17396224
http://www.ncbi.nlm.nih.gov/pubmed/17396224
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kanamori%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Takemura%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Goto%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Maruyama%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tsujimoto%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ogino%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Takeyama%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kawaguchi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kawaguchi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Watanabe%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fujiwara%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fujiwara%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Seishima%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21406597
http://www.ncbi.nlm.nih.gov/pubmed/?term=Minatoguchi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21406597

The role of autophagy emerging in postinfarction cardiac remodelling. Cardiovasc Res. 2011 Jul
15;91(2):330-9.

Kee HJ', Kim GR, Kim IK, Jeong MH. Sulforaphane suppresses cardiac hypertrophy by inhibiting
GATA4/GATA6 expression and MAPK signaling pathways. Mol Nutr Food Res. 2015
Feb;59(2):221-30

Khaper N, Kaur K, Li T, Farahmand F, Singal PK. Antioxidant enzyme gene expression in congestive
heart failure following myocardial infarction. Mol Cell Biochem. 2003 Sep;251(1-2):9-15.

Khaper N1, Singal PK. Modulation of oxidative stress by a selective inhibition of angiotensin Il type 1
receptors in Ml rats. J Am Coll Cardiol. 2001 Apr;37(5):1461-6.

Kim YM?, Pae HO, Park JE, Lee YC, Woo JM, Kim NH, Choi YK, Lee BS, Kim SR, Chung HT.
Heme oxygenase in the regulation of vascular biology: from molecular mechanisms to therapeutic
opportunities. Antioxid Redox Signal. 2011 Jan 1;14(1):137-67.

Lavandero S*, Troncoso R? Rothermel BA?®, Martinet W*, Sadoshima J°, Hill JA®. Cardiovascular
autophagy: concepts, controversies, and perspectives. Autophagy. 2013 Oct;9(10):1455-66.

Lebel CP, Ischiropoulos H, Bondy SC. Evaluation of the probe 2°,7’-dichlorofluorescin as an indicator
of reactive oxygen species formation and oxidative stress. Chem Res Toxicol (1992) 5:227-231.

Lee, J.; Giordano, S.; Zhang, J. Autophagy, mitochondria and oxidative stress: cross-talk and redox
signaling. The Biochemical Journal, v. 441, n. 2, p. 523-540, Jan. 2012.

Leoncini E, Malaguti M, Angeloni C, Motori E, Fabbri D, Hrelia S Cruciferous vegetable
phytochemical sulforaphane affects phase Il enzyme expression and activity in rat cardiomyocytes
through modulation of Akt signaling pathway. J Food Sci. (2011) 76(7):H175-81.

Li Z*, Galli U, Becker LE, Bruns H, Nickkolgh A, Hoffmann K, Karck M, Schemmer P.
Sulforaphane protects hearts from early injury after experimental transplantation. Ann
Transplant. 2013 Oct 15;18:558-66.

Lips DJ', deWindt LJ,van Kraaij DJ, Doevendans PA. Molecular determinants of myocardial
hypertrophy and failure: alternative pathways for beneficial and maladaptive hypertrophy. Eur Heart
J. 2003 May;24(10):883-96.

Liu XM, Chapman GB, Peyton KJ, Schafer Al, Durante W. Carbon monoxide inhibits apoptosis in
vascular smooth muscle cells. Cardiovasc Res. 2002;55:396—405.

Llesuy, S.F.; Milei, J.; Molina, H.; Boveris, A.; Milei, S. Comparison of lipid peroxidation and
myocardial damage induced by adriamycin and 4'-epiadriamycin in mice. Tumori. V. 71, p. 241-249,
1985.

Lowry O.H., Rosebrough A.L., Farr A.L., Randall R. Protein measurement with the folin phenol
reagent. The Journal of Biological Chemistry, v.193, p.265-275, 1951.

Lu Z, Xu X, Hu X, Fassett J, Zhu G, Tao Y, Li J, Huang Y, Zhang P, Zhao B, Chen Y PGC-1 alpha
regulates expression of myocardial mitochondrial antioxidants and myocardial oxidative stress after
chronic systolic overload. Antioxid Redox Signal. (2010) 13(7):1011-22.

Marklund S. Handbook of methods for oxygen radical research. Boca Raton. CRC. Press. 243-247,
1985.

69


http://www.ncbi.nlm.nih.gov/pubmed/?term=the+role+of+autophagy+emerging+in+postinfarction
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kee%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=25332186
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=25332186
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20IK%5BAuthor%5D&cauthor=true&cauthor_uid=25332186
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jeong%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=25332186
http://www.ncbi.nlm.nih.gov/pubmed/25332186
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khaper%20N%5BAuthor%5D&cauthor=true&cauthor_uid=14575298
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaur%20K%5BAuthor%5D&cauthor=true&cauthor_uid=14575298
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20T%5BAuthor%5D&cauthor=true&cauthor_uid=14575298
http://www.ncbi.nlm.nih.gov/pubmed/?term=Farahmand%20F%5BAuthor%5D&cauthor=true&cauthor_uid=14575298
http://www.ncbi.nlm.nih.gov/pubmed/?term=Singal%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=14575298
http://www.ncbi.nlm.nih.gov/pubmed/14575298
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khaper%20N%5BAuthor%5D&cauthor=true&cauthor_uid=11300462
http://www.ncbi.nlm.nih.gov/pubmed/?term=Singal%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=11300462
http://www.ncbi.nlm.nih.gov/pubmed/11300462
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20YM%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pae%20HO%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20YC%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Woo%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20NH%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20YK%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chung%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=20624029
http://www.ncbi.nlm.nih.gov/pubmed/20624029
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lavandero%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23959233
http://www.ncbi.nlm.nih.gov/pubmed/?term=Troncoso%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23959233
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rothermel%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=23959233
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martinet%20W%5BAuthor%5D&cauthor=true&cauthor_uid=23959233
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sadoshima%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23959233
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hill%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=23959233
http://www.ncbi.nlm.nih.gov/pubmed/23959233
http://www.ncbi.nlm.nih.gov/pubmed?term=Leoncini%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22417554
http://www.ncbi.nlm.nih.gov/pubmed?term=Malaguti%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22417554
http://www.ncbi.nlm.nih.gov/pubmed?term=Angeloni%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22417554
http://www.ncbi.nlm.nih.gov/pubmed?term=Motori%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22417554
http://www.ncbi.nlm.nih.gov/pubmed?term=Fabbri%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22417554
http://www.ncbi.nlm.nih.gov/pubmed?term=Hrelia%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22417554
http://www.ncbi.nlm.nih.gov/pubmed/22417554
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Galli%20U%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Becker%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bruns%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nickkolgh%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hoffmann%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Karck%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schemmer%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24126483
http://www.ncbi.nlm.nih.gov/pubmed/24126483
http://www.ncbi.nlm.nih.gov/pubmed/24126483
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lips%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=12714020
http://www.ncbi.nlm.nih.gov/pubmed/?term=deWindt%20LJ%5BAuthor%5D&cauthor=true&cauthor_uid=12714020
http://www.ncbi.nlm.nih.gov/pubmed/?term=van%20Kraaij%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=12714020
http://www.ncbi.nlm.nih.gov/pubmed/?term=Doevendans%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=12714020
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lips+DJ%2C+deWindt+LJ+2002+%E2%80%93+Molecular+determinants+of+myocardial
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lips+DJ%2C+deWindt+LJ+2002+%E2%80%93+Molecular+determinants+of+myocardial
http://www.ncbi.nlm.nih.gov/pubmed?term=Lu%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Xu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Hu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Fassett%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhu%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Tao%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Huang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhao%20B%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20406135
http://www.ncbi.nlm.nih.gov/pubmed/?term=PGC-1a+Regulates+Expression+of+Myocardial+Mitochondrial+Antioxidants+and+Myocardial

Matsuzawa A', Ichijo H. Stress-responsive protein kinases in redox-regulated apoptosis signaling.
Antioxid Redox Signal. 2005 Mar-Apr;7(3-4):472-81.

McMullen JRY, Jennings GL. Differences between pathological and physiological cardiac
hypertrophy: novel therapeutic strategies to treat heart failure. Clin Exp Pharmacol Physiol. 2007
Apr;34(4):255-62..

Mill JG , Santos ISL and Baldo MP. Remodeling in the ischemic heart: the stepwise progression for
heart failure. Braz J Med Biol Res, September 2011, Volume 44(9) 890-898

Murashima M*, Watanabe S, Zhuo XG, Uehara M, Kurashige A. Phase 1 study of multiple biomarkers
for metabolism and oxidative stress after one-week intake of broccoli sprouts. Biofactors. 2004;22(1-
4):271-5.

Murphy, M. P.; Holmgren, A. Unraveling the Biological Roles of Reactive Oxygen Species. Cell
Metabolism, v. 13, n. 4, p. 361-366, Abr. 2011.

Muslin AJ. MAPK signalling in cardiovascular health and disease: molecular mechanisms and
therapeutic targets. Clin Sci (Lond). 115(7):203-18.

Nakai A', Yamaguchi O, Takeda T, Higu(2008) chi Y, Hikoso S, Taniike M, Omiya S, Mizote
I, Matsumura Y, Asahi M, Nishida K, Hori M, Mizushima N, Otsu K. The role of autophagy in
cardiomyocytes in the basal state and in response to hemodynamic stress. Nat Med. 2007
May;13(5):619-24

Nallasamy P, Si H? Babu PV? Pan D* Fu Y®, Brooke EA!, Shah H', Zhen W®, Zhu H®, Liu D’ Li
Y8 Jia Z°. Sulforaphane reduces vascular inflammation in mice and prevents TNF-o-induced
monocyte adhesion to primary endothelial cells through interfering with the NF-xB pathway. J Nutr
Biochem. 2014 Aug;25(8):824-33.

Gonzalez A, Ravassa S, Beaumont J, Lépez B, Diez J. New targets to treat the structural
remodeling of the myocardium. J Am Coll Cardiol. 2011 Oct 25;58(18):1833-43

Nguyen B', Luong L? Naase H', Vives M? Jakaj G', Finch J%, Boyle J', Mulholland JW*, Kwak
JH®, Pyo S°, de Luca A', Athanasiou T°, Angelini G®, Anderson J°, Haskard DO*, Evans PC
Sulforaphane pretreatment prevents systemic inflammation and renal injury in response to
cardiopulmonary bypass. J Thorac Cardiovasc Surg. 2014 Aug;148(2):690-697.e3

Nozawa E', Kanashiro RM, Murad N, Carvalho AC, Cravo SL, Campos O, Tucci PJ, Moises VA.
Performance of two-dimensional Doppler echocardiography for the assessment of infarct size and left
ventricular function in rats. Braz J Med Biol Res. 2006 May;39(5):687-95.

Opie LH', Commerford PJ, Gersh BJ, Pfeffer MA. Controversies in ventricular remodelling.
Lancet. 2006 Jan 28;367(9507):356-67.

Piantadosi CAl Carraway MS, Babiker A, Suliman HB. Heme oxygenase-1 regulates cardiac
mitochondrial biogenesis via Nrf2-mediated transcriptional control of nuclear respiratory factor-1.
Circ Res. 2008 Nov 21;103(11):1232-40.

Qin F', Liang MC, Liang CS. Progressive left ventricular remodeling, myocyte apoptosis, and protein
signaling cascades after myocardial infarction in rabbits. Biochim Biophys Acta. 2005 Jun
10;1740(3):499-513.

Ren J, Zhang S, Kovacs A, Wang Y, Muslin AJ. Role of p38alpha MAPK in cardiac apoptosis and
remodeling after myocardial infarction. J Mol Cell Cardiol. 2005 Apr;38(4):617-23.

70


http://www.ncbi.nlm.nih.gov/pubmed/?term=Matsuzawa%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15706095
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ichijo%20H%5BAuthor%5D&cauthor=true&cauthor_uid=15706095
http://www.ncbi.nlm.nih.gov/pubmed/?term=Matsuzawa+AH+Ichijo+stress-responsive+protein+kinase+in
http://www.ncbi.nlm.nih.gov/pubmed/?term=McMullen%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=17324134
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jennings%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=17324134
http://www.ncbi.nlm.nih.gov/pubmed/?term=McMullen+Jennings+and+differences+between+pathological+and+physiological+cardiac+hypertrophy
http://www.ncbi.nlm.nih.gov/pubmed/?term=Murashima%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15630296
http://www.ncbi.nlm.nih.gov/pubmed/?term=Watanabe%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15630296
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhuo%20XG%5BAuthor%5D&cauthor=true&cauthor_uid=15630296
http://www.ncbi.nlm.nih.gov/pubmed/?term=Uehara%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15630296
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kurashige%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15630296
http://www.ncbi.nlm.nih.gov/pubmed/15630296
http://www.ncbi.nlm.nih.gov/pubmed?term=Muslin%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=18752467
http://www.ncbi.nlm.nih.gov/pubmed/18752467
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nakai%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yamaguchi%20O%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Takeda%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Higuchi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hikoso%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Taniike%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Omiya%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mizote%20I%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mizote%20I%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Matsumura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Asahi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nishida%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mizushima%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Otsu%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17450150
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nakay+A%2C+Yamaguchi+O%2C+2007.+The+role+of+autophagy+in+cardiomyocytes%E2%80%A6
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nallasamy%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Si%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Babu%20PV%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pan%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brooke%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shah%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhen%20W%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jia%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=24880493
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nallasamy+P+et+al.%2C+2014+%E2%80%93+Sulforaphane+reduces+vascular
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nallasamy+P+et+al.%2C+2014+%E2%80%93+Sulforaphane+reduces+vascular
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gonz%C3%A1lez%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ravassa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=Beaumont%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%B3pez%20B%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=D%C3%ADez%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22018293
http://www.ncbi.nlm.nih.gov/pubmed/22018293
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nguyen%20B%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Luong%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Naase%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vives%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jakaj%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Finch%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boyle%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mulholland%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kwak%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kwak%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pyo%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Luca%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Athanasiou%20T%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Angelini%20G%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Anderson%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Haskard%20DO%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Evans%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=24521949
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nguyen+B%2C+et+al%2C+2014+%E2%80%93+Sulforaphane+pretreatment+prevents%E2%80%A6
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nozawa%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kanashiro%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Murad%20N%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Carvalho%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cravo%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Campos%20O%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tucci%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moises%20VA%5BAuthor%5D&cauthor=true&cauthor_uid=16648907
http://www.ncbi.nlm.nih.gov/pubmed/?term=Performance+of+two-dimensional+Doppler+echocardiography+for+the+assessment+of+infarct+size+and+left+ventricular+function+in+rats.+Braz.+J.+Med.+Biol.+Res.+39%2C+687%E2%80%93695.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Opie%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=16443044
http://www.ncbi.nlm.nih.gov/pubmed/?term=Commerford%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=16443044
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gersh%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=16443044
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pfeffer%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=16443044
http://www.ncbi.nlm.nih.gov/pubmed/?term=pie+L%2C+Commerford+PJ+2006+%E2%80%93+Controversies+in+ventricular+hypertrophy
http://www.ncbi.nlm.nih.gov/pubmed/?term=Piantadosi%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=18845810
http://www.ncbi.nlm.nih.gov/pubmed/?term=Carraway%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=18845810
http://www.ncbi.nlm.nih.gov/pubmed/?term=Babiker%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18845810
http://www.ncbi.nlm.nih.gov/pubmed/?term=Suliman%20HB%5BAuthor%5D&cauthor=true&cauthor_uid=18845810
http://www.ncbi.nlm.nih.gov/pubmed/?term=circ+res+2008+103+1232-1240
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qin%20F%5BAuthor%5D&cauthor=true&cauthor_uid=15949720
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liang%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=15949720
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liang%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=15949720
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qin+F%2C+Liang+M%2C+progressive+left+ventricular
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ren%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15808838
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15808838
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kovacs%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15808838
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15808838
http://www.ncbi.nlm.nih.gov/pubmed/?term=Muslin%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=15808838
http://www.ncbi.nlm.nih.gov/pubmed/15808838

Rodrigues, F.S., Souza, M.A., Magni, D.V., Ferreira, A.P.O., Mota, B.C., Cardoso, A.M., Paim, M.,
Xavier, L.L., Ferreira,J., Schetinger, M.R.C., Dacosta, J.C., Royes, L.F., Fighera, M.R. N-
Acetylcysteine Prevents Spatial Memory Impairment Induced by Chronic Early Postnatal Glutaric
Acid and Lipopolysaccharide in Rat Pups. Plos One 8: p. 78332 (2013).

Rothermel BA, Hill JA. Autophagy in load-induced heart disease. Circ Res. 2008 Dec
5;103(12):1363-9.

Schenkel P.C., Tavares A., Fernandes R., Diniz G.P., Bertagnolli M., Araujo A.S.R., Barreto-Chaves
M.L., Ribeiro M.F.M, Clausell N., Bello-Klein A. Redox-sensitive prosurvival and proapoptotic
protein expression in the myocardial remodeling post-infarction in rats. Molecular and Cellular
Biochemistry, v.341, p.1-8, 2010.

Schenkel PC', Tavares AM, Fernandes RO, Diniz GP, Bertagnolli M, da Rosa Araujo AS, Barreto-
Chaves ML, Ribeiro MF, Clausell N, Bell6-Klein A. Redox-sensitive prosurvival and proapoptotic
protein expression in the myocardial remodeling post-infarction in rats. Mol Cell Biochem. 2010
Aug;341(1-2):1-8.

Shih H!, Lee B, Lee RJ, Boyle Al. The aging heart and post-infarction left ventricular remodeling. J
Am Coll Cardiol. 2011 Jan 4;57(1):9-17.

Singal P.K., Khaper N., Bello-Klein A., Bhayana M. Oxidative stress status in the transition of
hypertrophy to heart failure. Heart Failure Reviews, v.4, p.353-360, 1999

Takimoto E' Kass DA. Role of oxidative stressin cardiac hypertrophy and remodeling.
Hypertension. 2007 Feb;49(2):241-8.

Tavares AM1, da Rosa Araljo AS, Baldo G, Matte U, Khaper N, Bell6-Klein A, Rohde LE, Clausell
N. Bone marrow derived cells decrease inflammation but not oxidative stress in an experimental
model of acute myocardial infarction. Life Sci. 2010 Dec 18;87(23-26):699-706.

Trachootham D, Lu W, Ogasawara Ma, Nilsa Rd, Huang P. Redox regulation of cell survival.
Antioxid Redox Signal. 2008 Aug;10(8):1343-74.

Valle I, Alvarez-Barrientos A, Arza E, Lamas S, Monsalve M (2005). PGC-lalpha regulates the
mitochondria antioxidant defense system in vascular endothelial cells. Cardiovasc Res. 66(3):562-73.

Voehringer DW!, Meyn RE. Redox aspects of Bcl-2 function. Antioxid Redox Signal. 2000
Fall;2(3):537-50.

Wang G, Hamid T, Keith RJ, Zhou G, Partridge CR, Xiang X, Kingery JR, Lewis RK, Li Q, Rokosh
DG, Ford R, Spinale FG, Riggs DW, Srivastava S, Bhatnagar A, Bolli R, Prabhu SD. Cardioprotective
and antiapoptotic effects of heme oxygenase-1 in the failing heart. Circulation. 2010 May
4;121(17):1912-25.

Wang P, Chen H, Qin H, Sankarapandi S, Becher MW, Wong PC, Zweier JL.
Overexpression of human copper, zinc-superoxide dismutase (SOD1) prevents postischemic injury.
Proc Natl Acad Sci U S A. 1998 Apr 14;95(8):4556-60.

Wang Y, Zhang Z, Guo W, Sun W, Miao X, Wu H, Cong X, Wintergerst KA, Kong X, Cai L.
Sulforaphane reduction of testicular apoptotic cell death in diabetic mice is associated with the
upregulation of Nrf2 expression and function. Am J Physiol Endocrinol Metab. 2014 Jul
1;307(1):E14-23.

71


http://www.ncbi.nlm.nih.gov/pubmed/?term=Rothermel%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=19059838
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hill%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=19059838
http://www.ncbi.nlm.nih.gov/pubmed/?term=circ+rese+2008+103+1363-1369
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schenkel%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tavares%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandes%20RO%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Diniz%20GP%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bertagnolli%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=da%20Rosa%20Araujo%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barreto-Chaves%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barreto-Chaves%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ribeiro%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Clausell%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bell%C3%B3-Klein%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20352476
http://www.ncbi.nlm.nih.gov/pubmed/20352476
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shih%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21185495
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21185495
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=21185495
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boyle%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=21185495
http://www.ncbi.nlm.nih.gov/pubmed/21185495
http://www.ncbi.nlm.nih.gov/pubmed/21185495
http://www.ncbi.nlm.nih.gov/pubmed/?term=Takimoto%20E%5BAuthor%5D&cauthor=true&cauthor_uid=17190878
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kass%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=17190878
http://www.ncbi.nlm.nih.gov/pubmed/?term=Takimoto+E+et+al.%2C+2007+%E2%80%93+Role+of+oxidative+stress
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tavares%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=da%20Rosa%20Ara%C3%BAjo%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=Baldo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=Matte%20U%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=Khaper%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bell%C3%B3-Klein%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rohde%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=Clausell%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/?term=Clausell%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20970437
http://www.ncbi.nlm.nih.gov/pubmed/20970437
http://www.ncbi.nlm.nih.gov/pubmed?term=Trachootham%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18522489
http://www.ncbi.nlm.nih.gov/pubmed?term=Lu%20W%5BAuthor%5D&cauthor=true&cauthor_uid=18522489
http://www.ncbi.nlm.nih.gov/pubmed?term=Ogasawara%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=18522489
http://www.ncbi.nlm.nih.gov/pubmed?term=Nilsa%20RD%5BAuthor%5D&cauthor=true&cauthor_uid=18522489
http://www.ncbi.nlm.nih.gov/pubmed?term=Huang%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18522489
http://www.ncbi.nlm.nih.gov/pubmed/?term=trachootan+and+redox+regulation+of+cell+survival
http://www.ncbi.nlm.nih.gov/pubmed?term=Valle%20I%5BAuthor%5D&cauthor=true&cauthor_uid=15914121
http://www.ncbi.nlm.nih.gov/pubmed?term=Alvarez-Barrientos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15914121
http://www.ncbi.nlm.nih.gov/pubmed?term=Arza%20E%5BAuthor%5D&cauthor=true&cauthor_uid=15914121
http://www.ncbi.nlm.nih.gov/pubmed?term=Lamas%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15914121
http://www.ncbi.nlm.nih.gov/pubmed?term=Monsalve%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15914121
http://www.ncbi.nlm.nih.gov/pubmed/?term=PGC-1alpha+regulates+the+mitochondrial+antioxidant+defense+system+in+vascular+endothelial+cells.
http://www.ncbi.nlm.nih.gov/pubmed/?term=Voehringer%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=11229367
http://www.ncbi.nlm.nih.gov/pubmed/?term=Meyn%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=11229367
http://www.ncbi.nlm.nih.gov/pubmed/?term=Antioxid+Redox+signal+2+537-550+200
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hamid%20T%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Keith%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Partridge%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xiang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kingery%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lewis%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rokosh%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rokosh%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ford%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Spinale%20FG%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Riggs%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Srivastava%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhatnagar%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bolli%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Prabhu%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=20404253
http://www.ncbi.nlm.nih.gov/pubmed/20404253
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9539776
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9539776
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qin%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9539776
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sankarapandi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9539776
http://www.ncbi.nlm.nih.gov/pubmed/?term=Becher%20MW%5BAuthor%5D&cauthor=true&cauthor_uid=9539776
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wong%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=9539776
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zweier%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=9539776
http://www.ncbi.nlm.nih.gov/pubmed/?term=Overexpression+of+huma+copper%2C+sinc+superoxide+dismutase+(SOD1)+prevents+postischemic+injury.+Wang+P%2C+Chen+H%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guo%20W%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sun%20W%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Miao%20X%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cong%20X%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wintergerst%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kong%20X%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cai%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24801392
http://www.ncbi.nlm.nih.gov/pubmed/24801392

Weibel, E.R. Stereological methods. Practical methods for biological morphometry. Vol 1. London
Academic Press (1979).

Whelan RS, Kaplinskiy V, Kitsis RN. Cell death in the pathogenesis of heart disease: mechanisms and
significance. Annu Rev Physiol. 2010;72:19-44.

Wu W1, Qiu Q, Wang H, Whitman SA, Fang D, Lian F, Zhang DD. Nrf2 is crucial to graft survival in
a rodent model of heart transplantation. Oxid Med Cell Longev. 2013;2013:919313.

Ye Y, Li J, Yuan Z. Effect of antioxidant vitamin supplementation on cardiovascular outcomes: a
meta-analysis of randomized controlled trials. PL0S One. (2013) 8(2):e56803.

Zacharova, G., Kubinova, L. Stereological methods based on point counting and unbiased counting
frames for two-dimensional measurements in muscles:comparison with manual and image analysis
methods. Journal of Muscle Research and Cell Motility (1995) 16: 295-302

Zhang P*, Hu X, Xu X, Fassett J, Zhu G, Viollet B, Xu W, Wiczer B, Bernlohr DA, Bache RJ, Chen
Y.AMP activated protein kinase-alpha2 deficiency exacerbates pressure-overload-
induced left ventricularhypertrophy and dysfunction in mice. Hypertension. 2008 Nov;52(5):918-24.

Zhang Z, Wang S, Zhou S, Yan X, Wang Y, Chen J, Mellen N, Kong M, Gu J, Tan Y, Zheng Y, Cai
L. Sulforaphane prevents the development of cardiomyopathy in type 2 diabetic mice probably by
reversing oxidative stress-induced inhibition of LKB1/AMPK pathway. J Mol Cell Cardiol.
2014 Dec;77:42-52.

Zhu H, Rothermel BA, Hill JA. Autophagy in load-induced heart disease. Methods Enzymol. 2009;
453:343-63.

72


http://www.ncbi.nlm.nih.gov/pubmed/20148665
http://www.ncbi.nlm.nih.gov/pubmed/20148665
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20W%5BAuthor%5D&cauthor=true&cauthor_uid=23533698
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qiu%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=23533698
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23533698
http://www.ncbi.nlm.nih.gov/pubmed/?term=Whitman%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=23533698
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fang%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23533698
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lian%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23533698
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=23533698
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wu+W%2C+Qiu+Q%2C+2013+%E2%80%93+Nrf-2+is+crucial+to+graft+survival+in+a+rodent%3B
http://www.ncbi.nlm.nih.gov/pubmed?term=Ye%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23437244
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23437244
http://www.ncbi.nlm.nih.gov/pubmed?term=Yuan%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=23437244
http://www.ncbi.nlm.nih.gov/pubmed/23437244
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fassett%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Viollet%20B%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20W%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wiczer%20B%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bernlohr%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bache%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=18838626
http://www.ncbi.nlm.nih.gov/pubmed/?term=AMP+activated+protein+kinase-alpha2+deficiency+exacerbates+pressure-overload-induced+left+ventricular+hypertrophy+and+dysfunction+in+mice
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yan%20X%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mellen%20N%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kong%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zheng%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cai%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cai%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25268649
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang+Z%2C+Wang+S.+2014+-+Sulforaphane+prevents+the
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19216915
http://www.ncbi.nlm.nih.gov/pubmed/19216915
http://www.ncbi.nlm.nih.gov/pubmed/19216915
http://www.ncbi.nlm.nih.gov/pubmed/19216915
http://www.ncbi.nlm.nih.gov/pubmed/19216915

Table 1: Morphometric, echocardiographic parameters, and serum liver enzymes 28

days post-myocardial infarction with and without sulforaphane treatment

Parameters Untreated Sulforaphane (SFN)

SHAM MI SHAM MI
N 8 8 7 5
Morphometric data
Final body weight () 380+ 25 376 £ 19 397 +22 378+ 20
Heart mass (g) 0.90 £ 0.05 1.02 +0.07°2 0.94 +0.03 1.03+0.08°
Heart mass/BW (mg/g) 2.37+0.18 2.71+0.20° 2.38+0.13 2.73+0.09°
Liver wet/dry weight (g/g) 3.52 +0.07 3.61+0.13 3.47 £0.07 3.50£0.06
Lung wet/dry weight (g/g) 4.73 £0.10 4.67 £0.20 450+0.13 4.60 £0.19
Echocardiographic data
Infarct size (%) - 57.3+8.8 - 52975
HR (beats/min) 210 £ 17 227 £ 15 226 + 20 2115
LVEDD (cm) 0.69 £ 0.04 0.87 £0.05° 0.68 £ 0.05 0.84 +0.05°
LVESD (cm) 0.33+0.05 0.69 +0.06 ° 0.32 £ 0.07 0.64 +0.05°
LVPWd (cm) 0.17 £ 0.02 0.15+0.04 0.16 £ 0.03 0.17 £ 0.03
LVPWs (cm) 0.28 £ 0.02 0.24 £ 0.05 0.29 £ 0.06 0.27 £ 0.04
Wall Tension Index 2.02+0.17 2.92+0.78° 2.16 £ 0.50 2.41+0.38
Ejection Fraction (EF%) 51.6%7.2 29.5+45% 52.1+9.2 305+4.8°
FAC (%) 41.1+£9.0 18.1+5.0° 40.9+9.0 215+20°
Serum liver enzymes
AST (U/L) 90.6 +22.5 86.4 +18.8 75.1%+7.3 94.8 +35.9
ALT (U/L) 494 +57 504 7.7 394+56% 528+83°
ALP (U/L) 109.2 £ 28.1 144.4 + 35.6 105.6 £27.9 163.2+50.7°

AST aspartate aminotransferase, ALT alanine aminotransferase, ALP alkaline phosphatase,
LVEDD left ventricular end diastolic diameter, LVESD left ventricular end systolic diameter,
LVPWAd left ventricular posterior wall thickness at diastole, LVPWs left ventricular posterior
wall thickness at systole, FAC (%) fractional area change. Values expressed as mean + SD. ®
significant difference from SHAM (P<0.05);  significant difference from SHAM+SFN

(P<0.05).
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Figure 1: Echocardiographic parameters at 3 day post-myocardial infarction and percentage
variation 28 days later (paired test t). Data collection in 3 day from each MI and MI+SFN
group were considered 100%. Sulforaphane (5 mg/Kg, i.p.) was administered from the 3 day
post-myocardial infarction and continued for the duration of the study. (A) Left ventricle end
systolic diameter, (B) Left ventricle end dystolical diameter, (C) Ejection fraction (D)
Fractional area change, (E) Wall tension Index, (F) heart rate, and (G) Body weight gain.
Values are expressed as mean + SD from 5-8 animals per group. ¢ significant difference
between 28 day and 3 day in MI group (P<0.05); ° significant difference between 28 day and
3 day in MI+SFN group (P<0.05).

Figure 2: (A) Representative transverse cardiac cross section images from experimental
groups - hearts 28 days post-surgery; (B-E) Digitized images of cardiac tissue showing the
percentage of muscle fibers, collagen and blood vesssels. The estimation of percentage of area
occupied by cardiac muscle, collagen and blood vessels was made using the point counting
method (Zacharova and Kubinova, 1995). In these histological sections cardiac muscle is
stained in purple (yellow crosses) and collagen is stained in red (blue crosses); blood vessels
where recognized by their morphology (Orange crosses); black crosses represents histological
artifacts and were not counted (B) SHAM group; (C) Ml group; (D) SHAM+SFN group; and
(E) MI+SFN group. Calibration bars 0.5 mm and 100um. (F) Total collagen content and (G)
muscle content in viable cardiac tissue. Values are expressed as mean + SD from 3-5 animals
per group. 2 significant difference from SHAM (P<0.05); ° significant difference from
SHAM+SFN (P<0.05); ¢ significant difference from M1 (P<0.05).

Figure 3: Total reactive oxygen species (ROS) (A) and lipid peroxidation (B) in cardiac
tissue at 28 days post myocardial infarction with and without sulforaphane treatment
(5mg/Kg/day). B-actin was used as load control. Values are expressed as mean + S.D. from 5-
8 per group. ? significant difference from SHAM (P<0.05); b significant difference from
SHAM+SFN (P<0.05); ° significant difference from MI (P<0.05).

Figure 4: Protein expression and enzymatic activity of glutathione peroxidase (GPx) (A, B);
cytosolic superoxide dismutase (CuzZn-SOD), mitochondrial superoxide dismutase (Mn-
SOD), and enzymatic activity of total SOD (C, D, E); protein expression and enzyme activity
of catalase (F, G) in cardiac tissue at 28 days post-myocardial infarction with and without
sulforaphane treatment (5 mg/Kg/day). B-actin and ponceau red were used as load control.
Western blot analysis from 4 per group. Activity enzymatic assay from 5-8 per group. Values
are expressed as mean + SD. @ significant difference from SHAM (P<0.05).

Figure 5: Protein expression of heme oxygenase-1 (HO-1) in cardiac tissue at 28 days post-
myocardial infarction with and without sulforaphane treatment (5mg/Kg/day). B-actin was
used as load control. Values are expressed as mean = S.D. from 4 per group. ? significant
difference from SHAM (P<0.05); ® significant difference from SHAM+SFN (P<0.05); ©
significant difference from MI (P<0.05).
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Figure 6: Protein expression of MAPK proteins: p-ERK 1//ERK 1/2 ratio (A) and p-p38
/p38a (B) in cardiac tissue post-acute myocardial infarction followed by treatment with or
without sulforaphane (5 mg/Kg) during 25 days. Values are expressed as mean £ S.D. from 5-
6 per group. . 2 significant difference from SHAM (P<0.05); ° significant difference from
SHAM+SFN (P<0.05); ¢ significant difference from M1 (P<0.05).

Figure 7: Protein expression of pro-apoptotic Bax (A), anti-apoptotic Bcl-2 (B), Bax/Bcl-2
ratio (C), sand caspase-3 (D) in cardiac tissue post-myocardial infarction followed by
treatment with or without sulforaphane (5 mg/Kg) during 25 days. B-actin was used as load
control. Values are expressed as mean + S.D. from 4-5 per group.  significant difference from
SHAM (P<0.05); ° significant difference from SHAM+SFN (P<0.05); © significant difference
from M1 (P<0.05).

Figure 8: Protein expression protein related to autophagy: ratio phospho-AMPKa (Thr 172)/
total AMPKa (A) and LC3B (Light Chain isoform B), represented by LC3-11/ LC3-I ratio (B),
in cardiac tissue post-myocardial infarction followed by treatment with sulforaphane (5
mg/Kg) during 25 days. B-actin was used as load control. Values are expressed as mean +
S.D. from 4 per group. Values are expressed as mean + S.D. from 5-8 per group. . ? significant
difference from SHAM (P<0.05).

Figure 9: Protein expression of Nrf-2 (A) and PGC-1a (B) in cardiac tissue after acute
myocardial infarction followed by treatment with sulforaphane (5 mg/Kg) during 25 days.
Ponceuu or B-actin were used as load control. Values are expressed as mean + S.D. from N=4
per group. Values are expressed as mean + S.D. from 5-8 per group.
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Figure 2:
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Figure 3:
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Figure 4:
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Figure 5:
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Figure 6:
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Figure 7:
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Figure 8:
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Figure 9:
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6. DISCUSSAO

O presente estudo demonstrou que o uso do composto sulforafano apresenta efeitos
protetores sobre cultura de células cardiacas e sobre o coragdo de ratos em processo de
remodelamento cardiaco patoldgico apos infarto do miocéardio. O estudo in vitro, utilizando
mioblastos cardiacos, demonstrou que o sulforafano pode atuar como agente anti-apoptotico,
agindo sobre a via intrinseca da apoptose (razdo Bax/Bcl-2 e caspase 3/7), quando utilizado
em baixas concentracdes. Esse efeito citoprotetor foi relacionado com a capacidade deste
isotiocianato de modular o estado redox intracelular, aumentar as defesas antioxidantes (SOD,
CAT e HO-1) e reduzir os oxidantes (EROs e peroxidacao lipidica). Sugere-se que este efeito
seja via modulacéo do fator de transcricdo PGC-1a. O estudo in vivo demonstrou que o uso do
sulforafano, como intervencdo terapéutica, foi capaz de atenuar o remodelamento cardiaco
patoldgico. Esse efeito foi associado a menor concentracdo de EROs, assim como a protecdo
antioxidante adaptativa pelo aumento da expressaio da HO-1. Esse balanco pro-
oxidante/antioxidante, contribuindo para um estado redox menos oxidado, foi relacionado a
um balanco positivo de sinalizacdo para sobrevivéncia celular evidenciado através das
MAPKs (ERK 1/2 e p38), reducdo da via intrinseca de apoptose (razdo Bax/Bcl-2) e
manutencdo da fungdo autofagica (via AMPK/LC3). Estes achados sugerem um papel
cardioprotetor do sulforafano, por atuar sobre principais eventos envolvido no remodelamento
cardiaco patoldgico, como estresse oxidativo e apoptose, reduzindo a progressdo para a
insuficiéncia cardiaca.

O efeito deste composto é bastante evidenciado como um agente anticarcinogénico e
anti-proliferativo (Dinkova-Kostova AT &y, 2008; Jude N et al., 2007; Kensler TW et, 2013).
Diversos estudos demontratam que, o uso de sulforafano em altas concentracfes, ativa
processos de morte celular, como a apoptose, em células cancerigenas in vitro, assim como
em modelos experimentais (Jude N et al., 2007). O sulforafano é considerado um antioxidante
indireto, pois este atua estimulando as defesas antioxidantes intracelulares e proteinas
detoxificadoras, via ativacdo de fatores de transcri¢do. O mecanismo de agdo melhor descrito,
até entdo, é através da via Keap-1/Nrf-2/ARE (Dinkova-Kostova AT & Talalay P, 2008). Os
achados em estudos experimentais suportam os recentes estudos desenvolvidos com fontes
ricas em sulforafano, como € o caso do broto de brocolis, em pesquisas clinicas com pacientes
com diabetes tipo 2, populacBes expostas a agentes carcinogénicos, pacientes com autismo,
assim como em indididus higidos para observar o uso deste composto como agente
terapéutico (Bahadoran Z et al., 2011; Kensler TW et al., 2012; Singh K et al., 2014; Riedl
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MA et al., 2009). O mecanismo de ac¢do do sulforafano pode ser também benéfico sobre os
eventos que ocorrem sobre o tecido cardiaco ap6s dano. No entanto, ndo ha fortes evidéncias
do uso deste composto em células cardiacas e em estudos experimentais, em relacdo a
concentracdes, doses e terapias de intervencdo sobre o sistema cardiovascular.

Sendo assim, o estudo in vitro foi desenvolvido com dois objetivos principais: analisar a
viabilidade das células cardiacas em resposta a incubagdo com sulforafano, assim como seu
efeito sobre vias de sinalizacdo para morte celular nestes cardiomioblastos. Foi observado que
apenas baixas concentracdes preservaram a viabilidade celular. A partir destes achados, foi
estabelecida a dose a ser utilizada nas demais analises in vitro. Inicialmente, ndo se observou
associacdo entre o aumento das defesas antioxidantes e a expressdo do fator de transcrigéo
Nrf-2. No entanto, esta resposta foi relacionada com o aumento da expressdo do co-fator
PGC-1la. O PGC-1a apresenta efeitos sobre a transcrigdo de genes envolvidos na resposta
antioxidante no tecido cardiaco (Lu Z et al., 2010). Além disso, um estudo com fibroblastos
humanos demonstrou que o sulforafano é capaz de estimular o PGC-1a (Brose RD et al.,
2012). Com isso, o presente estudo com cultura de cardiomioblastos, sugere que o sulforafano
estimulou a atividade da SOD, CAT e GST, assim como a expressdo da proteina citoprotetora
HO-1, podendo ser via estimulacdo da PGC-1a. Associado a isso, o aumento das defesas
antioxidantes foi relacionado com a reducgéo do estresse oxidativo e dano oxidativo a lipideos,
indicando um ambiente redox mais reduzido.

A reducdo do estresse oxidativo esta relacionada com a diminuicéo na sinalizacdo da via
intrinseca pré-apoptoética em cardiomidcitos (Whelan RS et al., 2010). O presente estudo in
vitro, demonstrou que o sulforafano estimulou a expressao da proteina anti-apoptética Bcl-2,
contribuindo para a reducdo da razdo Bax/Bcl-2. A reducdo desta razdo indica um melhor
controle da permeabilidade da membrana mitocondrial, evitando que proteinas apoptogénicas
mitocondriais se desloguem para o citoplasma, ativando, por fim, a familia das caspases.
Somado a isso, foi observada reducdo das caspases 3/7 ativadas, as quais Sdo proteases
executoras do processo da via intrinseca de morte celular (Whelan RS et al., 2010).

Vias de sinalizagdo redox sensiveis relacionadas com a modulag¢éo de morte celular e de
sobrevivéncia foram também investigadas neste estudo. Observou-se reducgdo da fosforilagcdo
da MAPK JNK1/2 ap6és incubagdo com sulforafano. A JNK 1/2, no tecido cardiaco, esta
principalmente relacionada com disfuncéo celular e ativacdo de morte celular. Esta proteina é
também classificada como SAPK, uma vez que € ativada por estresse (Trachootam D et al.,

2008). Por outro lado, o sulforafano ndo ativou a via redox sensivel de sobrevivéncia
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PI3K/Akt. Estes resultados reforcam a ideia de que o ambiente redox intracelular destas
celulas cardiacas esta mais reduzido.

Estes achados sobre a agdo citoprotetora do sulforafano, reduzindo o estresse oxidativo
e vias apoptoticas em cultura de células cardiacas, estimulou sua investigacdo como estratégia
terapéutica sobre o remodelamento cardiaco patoldgico ap6s infarto do miocérdio. Uma vez
que a morte celular e o estresse oxidativo sdo eventos-chave no processo de transicdo da
resposta cardiaca compensada para a descompensada, a interrupcdo desses é fundamental para
a reducao do processo de transicdo para insuficiéncia cardiaca (Gonzales A et al., 2011).

Desta forma, buscou-se estabelecer a dose terapéutica a ser utilizada no estudo in vivo.
Em experimento prévio do laboratério, utilizando modelo de isquemia-reperfusdo cardiaca,
com a administracdo de sulforafano na dose de 0,5 mg/Kg (i.p), durante 3 dias antes do
protocolo experimental (Piao CS et al., 2010), ndo foi observada melhora funcional. Portanto,
optou-se por utilizar uma dose 10 vezes maior de sulforafano, com o intuito de verificar se
haveria cardioprotecdo, com auséncia de toxicidade. O modelo de infarto do miocardio foi
desenvolvido com sucesso. Inicialmente, os ratos dos grupos MI e MI+SFN, distribuidos de
forma randomizada, apresentaram parametros morfométricos e funcionais iguais, indicando
semelhanca entre 0s grupos experimentais antes da intervencdo com sulforafano. O
remodelamento cardiaco patoldgico foi observado pela dilatacdo das camaras ventriculares,
hipertrofia cardiaca, disfuncdo contréatil e aumento de fibrose no miocardio remanescente nos
grupos infartados comparados aos nao-infartados (SHAM), no 28° dia pds-cirurgico. Apos o
periodo de tratamento, a andlise ecocardiografica final entre os grupos MI e MI+SFN
apresentaram resultados semelhantes em relacdo a dilatacdo ventricular na sistole e na
diastole, fracdo de ejecdo (EF%) e mudanca na area fracional (FAC). Ao analisar o indice de
estresse de parede (WTI — wall tension index), o grupo MI apresentou este indice aumentado
guando comparado ao seu controle SHAM. No entanto, este indice foi preservado no grupo
MI+SFN, mantendo-se similar ao seu controle SHAM+SFN. O indice de tensdo de parede
representa o balancgo entre a dilatacdo da cdmara cardiaca com a resposta compensatoria da
hipertrofia do musculo cardiaco. A reducdo no valor deste indice representa uma melhor
funcdo mecénica do coracdo (Opie LH et al, 2006).

Quando comparou-se a progressdo do remodelamento cardiaco temporalmente, através
das andlises ecocardiogréaficas inicial (3° dia) com a final (28° dia), foi observada progressao
da dilatacdo das cAmaras ventriculares e, piora dos indices de contratilidade cardiaca (EF% e
FAC), no grupo MI. Por outro lado, o tratamento com sulforafano foi capaz de manter estaveis

estes parametros durante o curso da doenga no grupo MI+SFN.
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Somado a estes efeitos positivos sobre a estrutura e fun¢éo do coracdo, o tratamento
com sulforafano dos ratos do grupo MI+SFN reduziu, significativamente, a deposi¢do de
colageno na musculatura cardiaca viavel, em compara¢do com o grupo MI. Estes achados
demonstram o papel cardioprotetor do sulforafano, uma vez que este atenua a progressao do
remodelamento cardiaco patoldgico, pela reducdo da fibrose intersticial, a qual é considerada
um fator de risco independente para a insuficiéncia cardiaca (Gonzélez A et al, 2011).

E importante ressaltar que todos os ratos infartados, apesar de apresentarem disfuncéo
cardiaca, ndo alcancaram o estdgio de insuficiéncia cardiaca congestiva. Esta constatacdo
baseia-se nos dados de congestdo hepatica e pulmonar, os quais ndo apresentaram diferencas
entre os grupos infartados e controles. Estes achados sugerem que os coragdes poderiam estar
em uma fase compensatdria do processo de transicdo para a insuficiéncia cardiaca.

Com relagdo aos aspectos bioquimicos e moleculares, os ratos do grupo MI
apresentaram maior dano oxidativo, observado pelo aumento da peroxidacéo lipidica quando
comparados aos ratos do grupo SHAM. Além disso, em reposta a um ambiente com maior
dano oxidativo, o sistema de defesa antioxidante apresentou-se elevado neste grupo MI,
observado pelo aumento da atividade e expressdo da GPx e da expressdo da CuzZn-SOD. Por
outro lado, o sulforafano reduziu o estresse oxidativo, evidenciado pela diminui¢&o dos niveis
de EROs. Uma explicagdo plausivel para este efeito do sulforafano, combatendo o estresse
oxidativo no grupo MI+SFN, foi através do aumento da expressao da HO-1, associado a
manutencdo de niveis elevados da expressdo da CuZn-SOD. Sugere-se que 0 ambiente redox
resultante desta acéo antioxidante do sulforafano prescinde do aumento da atividade da GPx.

A0 mesmo tempo em que se sugere um ambiente intracelular mais oxidado no tecido
cardiaco do grupo MI, esses achados vdo ao encontro da estimulacdo das cinases redox
sensiveis, corroborando o entendimento do que foi observado ao nivel funcional. O aumento
da fosforilacdo da ERK 1/2, proteina relacionada principalmente com reposta hipertréfica e
sobrevivéncia celular, pode estar contrabalangando a elevada ativagéo da p38 no grupo M.
Assim como a JNK 1/2 (no estudo in vitro), a p38 também é classificada como SAPKs e, sua
atividade elevada, pode estar associada ao estado mais oxidado do tecido cardiaco dos ratos
MI. A p38 é uma cinase envolvida com ativacdo de morte celular, sendo uma proteina que
favorece a disfuncdo cardiaca (Muslin AJ, 2008). No grupo MI+SFN, a fosforilacdo das
MAPKSs apresentou diferente resposta quando comparado ao grupo MI. Foi observada
pronunciada elevacdo da fosforilagdo da ERK 1/2 no grupo MI+SFN, quando comparada ao
grupo MI. Por outro lado, observou-se uma reducdo da fosforilagdo da p38 no grupo MI+SFN

qguando comparado ao MI. Este padrdo observado, de elevacdo da cinase de sobrevivéncia e
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reducdo da cinase relacionada a morte e disfuncdo cardiaca, foi associado ao estado redox
reduzido no grupo MI+SFN (Qin F et al., 2005).

Segundo a literatura, a ativacdo das SAPKSs, por variagdes do estado redox associada a
elevacdo das EROs, relaciona-se com ativacao das vias de morte celular em cardiomiocitos
(Matsuzawa A & Ichijo H, 2005; Trachootam DA et al, 2008). Além disso, a morte celular
esta relacionada com a progressdo para a insuficiéncia cardiaca (Burchfield JS et al., 2013).
No presente estudo, observou-se que a razdo Bax/Bcl-2 e a expressdo da caspase 3
apresentaram-se iguais no grupo MI quando comparadas ao SHAM. Esses achados sugerem
que ha um balango entre o estado redox e as MAPKS, contribuindo para a estabilizagdo da
sinalizacdo apoptética (Trachootam D et al. 2008; Tullio F et al., 2013). Além de uma maior
atividade de vias relacionadas com sobrevivéncia celular no grupo MI+SFN, o tratamento
com sulforafano foi capaz de reduzir a razdo Bax/Bcl-2, quando comparado ao grupo MI. Esta
resposta ocorreu uma vez que houve importante reducdo da expressdo da proteina pro-
apoptdtica Bax, sendo esta relacionada com elevada ativacdo da ERK1/2 e reduzida da p38.
Mesmo ndo observada a reducdo da caspase-3, estes dados apontam para um efeito anti-
apoptotico exercido pelo sulforafano.

Cabe ressaltar que a proteina anti-apoptdtica Bcl-2 foi reduzida, significativamente, no
grupo SHAM+SFN comparado com o grupo SHAM. Além de exercer acdo anti-apoptotica,
estudos indicam que a Bcl-2 também atua inibindo a apoptose via acdo antioxidante,
controlando o estado redox celular (Voehringer DW & Meyn RE, 2000; Hockenbery DM et
al., 1993). Essa reducdo da Bcl-2 pode, também, estar associada com a elevacao dos niveis de
EROs e dano oxidativo lipidico, observado no grupo SHAM+SFN. No entanto, a
administracdo cronica de sulforafano em animais saudaveis (5 mg/Kg), ndo promoveu
alteracdes sugestivas de toxicidade.

O processo apoptotico estad também relacionado a autofagia (Boya P et al, 2005), a qual
contribui, enormemente, para a progressdo do remodelamento cardiaco (Kanamori H et al.,
2011). A autofagia, avaliada pela via de sinalizagdo da AMPK/LC3, apresentou reducéo
significativa no grupo MI quando comparado ao grupo SHAM. A razdo LC3-Il/LC3-I é um
estabelecido indicador da ativacdo do processo autofagico, uma vez que a LC3-1l estd
correlacionada com a extensdo da formacdo do autofagossoma (Kabeya Y et al., 2000). O
tratamento com sulforafano no grupo MI+SFN manteve a fungdo autofagica semelhante
guando comparada ao grupo SHAM+SFN. Este resultado pode estar contribuindo para uma

melhor manutencg&o do tecido cardiaco observado no grupo MI+SFN.
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7. CONCLUSAO

A partir do estudo in vitro, com cardiomioblastos, estabeleceu-se que a concentracdo
de 5 pumol/L de sulforafano foi capaz de aumentar as defesas antioxidantes, em especial a
expressdo da heme oxigenase-1. Este efeito foi associado com redugédo de estresse oxidativo e
atenuacdo da via intrinseca do processo de apoptose celular.

No estudo in vivo, utilizando o modelo de infarto do miocardio para gerar
remodelamento cardiaco patologico, foi observado que o sulforafano atenuou eventos criticos
para a manutencdo da fungdo cardiaca, tais como reducdo do conteddo de coldgeno e
preservacdo da musculatura cardiaca. Estes efeitos benéficos foram associados a um aumento
da expressdo da heme oxigenase-1, com consequente reducdo de espécies reativas de
oxigénio. Estas adaptacdes do ambiente redox celular foram associadas com a modulacéo da
sinalizacdo celular em dire¢do a sobrevivéncia, com preservacao da funcdo autofagica.

O conjunto de resultados apresentados nesta tese, analisando o efeito cardioprotetor do
sulforafano, aponta para a ativacdo da heme oxigenase-1 como um mecanismo central
envolvido na modulacdo de vias de morte e sobrevivéncia celular, culminando com um
remodelamento cardiaco mais favoravel.

Desta forma, estes achados suportam o uso do sulforafano como estratégia terapéutica
coadjuvante para intervencao clinica, a fim de limitar o processo de remodelamento cardiaco

patoldgico, evitando sua progressao para a insuficiéncia cardiaca.
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