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LISTA DE ABREVIATURAS EM PORTUGUES

ANP - peptideo natriurético atrial

CTGF - fator de crescimento de tecido colageno

DAC - doenga arterial coronariana

DC - débito cardiaco

DCV - doencgas cardiovasculares

DNA - acido desoxirribonucleico

ET - endotelina

FGF - fator de crescimento fibroblastico

IC - insuficiéncia cardiaca

IL - Interleucina

IM - infarto do miocardio

MEC - matriz extracelular

mMiRNA - microRNA

MMP - metaloproteinases de matriz

mMRNA - acido ribonucleico mensageiro

NF-kB - Fator Nuclear Kappa Beta

OMS - organizagdo mundial da saude

ON - 6xido nitrico



PACT - proteina ativadora dependente de proteina quinase
PGF - fator de crescimento plaquetario

RISC - RNA-Induced Silencing Complex

RNA - 4cido ribonucleico

RNAi - RNA de interferéncia

SD-208 - antagonista do TGF-f31

shRNA - short hairpin RNA

SiRNA - short interfering RNA

sTbRII - receptor Il de TGF-31 soluvel

TGF-f - fator de crescimento transformador
TIMPs - inibidores teciduais de metaloproteinases
TNF-a - Fator de Necrose Tumoral alfa

TRBP - Proteina de ligagdo ao RNA

VE - ventriculo esquerdo

VEGEF - fator de crescimento endotelial vascular



1. Revisao da literatura

Aspectos patogénicos envolvidos no remodelamento ventricular

Introducgao

A insuficiéncia cardiaca (IC) representa um processo cronico e
progressivo de remodelamento, podendo ser considerada desfecho de um
grande numero de doengas cardiovasculares (DCV) como a cardiopatia
isquémica, a miocardiopatia dilatada idiopatica e a cardiopatia hipertensiva [1].
Estima-se que as DCV sejam responsaveis por 17,5 milhbes de mortes por ano
no mundo, sendo uma das causas mais frequentes de morte em paises
desenvolvidos No ano de 2007 houve 1.055.507 internagcdes por doencgas do
aparelho circulatorio onde 268.575 foram causadas por IM e acidente vascular
cerebral. As DCV representaram cerca de 30% do total de obitos registrados
neste mesmo ano. Estes pacientes requerem cuidados clinicos continuos,
tendo com isto, altos custos para os sistemas de saude do pais [2].

O infarto do miocardio (IM) resulta em perda de cardiomidcitos por
necrose e desencadeia rapidamente um processo reparativo a fim de
reconstruir o miocardio infartado e manter a integridade estrutural do ventriculo.
No processo de remodelamento ventricular, o tamanho, forma e fungcdo do
ventriculo s&o regulados por fatores mecanicos, neuro-hormonais e genéticos
[3]. Esses fatores s&o traduzidos no interior da célula em alteracdes
bioquimicas que levam a ativacdo de segundos e terceiros mensageiros
(citosolicos e nucleares, respectivamente) que irdo agir no nucleo da célula,

regulando a transcricdo e determinardo o padrdo de expressao génica que
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induz a hipertrofia ventricular esquerda [4]. A figura 1 representa as fases da

cicatrizagao e remodelamento cardiaco apos IM.
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Figura 1. Fases da cicatrizagao e remodelamento cardiaco apés infarto do
miocardio. MEC = matriz extracelular, MMP = metaloproteinases de matriz;

(Adaptado de Matsui et al. [5]).
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Aspectos Epidemiolégicos

As DCV tornaram-se o principal problema de saude em todo o mundo,
ultrapassando o cancer e infecgdes como a principal causa de morte em muitos
paises em desenvolvimento [6, 7]. Embora a mortalidade por doencga arterial
coronariana tenha diminuido devido a avangos nos tratamentos da
aterosclerose, hipercolesterolemia, hipertensdo e diabetes [1], as DCV ainda
representam 1 em cada 2,7 mortes nos Estados Unidos, traduzindo-se em
aproximadamente 2,5 milhées de mortes todos os anos [7]. Além disso, a
prevaléncia dos fatores de risco para DCV, como hipertenséo, diabetes tipo Il e
obesidade, tém aumentado nos ultimos anos [8-10].

Num estudo realizado em mais de 300 hospitais, nos Estados Unidos,
foram rastreadas 2,5 milhdes de internagdes, onde 496.534 pacientes (19,7%)
tiveram IC, como desfecho primario ou secundario com uma média de
permanéncia hospitalar de 8,7+£28,6 dias e mortalidade intra-hospitalar de 7,1%.
Neste estudo, as admissdes de pacientes com IC como desfecho primario ou
secundario foram associadas com pior prognostico [11].

Por outro lado, segundo a Organizagdo Mundial da Saude (OMS), pelo
menos 20 milhdes de pessoas sobrevivem a IM e a acidentes vasculares
encefalicos a cada ano, porém, requerem cuidados clinicos continuos tendo
com isto, alto custo para os sistemas de saude de cada pais [2].

Nos Estados Unidos, o custo final da morbidade e perda de produtividade
gerado, a partir das DCV, em média foi de 33,6 bilhdes de ddlares, dados
levantados pela American Heart Association [12].

No Brasil as DCV sao as principais causas de obito. No ano de 2007

houve 1.055.507 internacdes por doengas do aparelho circulatério onde 268.575
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foram causadas por IM e acidente vascular cerebral. As DCV representaram
cerca de 30% do total de Obitos registrados neste mesmo ano. Estima-se que as
mortes por doengas cronicas no Brasil, em 2005, tenham representado uma
perda de US$ 3 bilhdes devido a mortes prematuras por doencga isquémica do
coragao, acidente vascular encefalico e diabetes mellitus e que, nos préximos

10 anos, essa cifra chegue a US$ 49 bilhdes [13].

Patogénese e Progressao da Doenga

A IC é uma sindrome ocasionada por disfuncao sistélica e/ou diastdlica,
que nao atende as necessidades de oxigenacdo do tecido ou com débito
cardiaco (DC) compensado através de aumento anormal das pressdes de
enchimento, deflagrando uma complexa resposta neurohumoral e inflamatoéria
[14, 15].

Os estudos que descreveram pioneiramente o remodelamento ventricular
na progressao da IC s&o aqueles utilizando como modelo o desenvolvimento de
IM em ratos no inicio da década de 80 por Pfeffer e colaboradores. Estes
estudos demonstraram que a oclusdo aguda da artéria coronaria,
particularmente quando ocorrem lesdes transmurais de grandes proporgdes,
resulta em alteragbes complexas da arquitetura ventricular [16].

Uma série de respostas compensatorias ocorre no ventriculo esquerdo
(VE) apos um IM, com o objetivo primordial de preservar o débito cardiaco. A
perda aguda de cardiomiécitos resulta em uma sobrecarga miocardica, num
aumento abrupto de trabalho, que induz a um padré&o unico de remodelamento
envolvendo tanto a borda da area de infarto quanto a regides remotas do

miocardio. A distensdo aguda do tecido miocardico viavel e a agao do
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mecanismo de Frank-Starling, bem como o aumento da atividade cronotrépica
e inotropica secundaria a estimulagcédo simpatica, tendem a manter a funcao de

bomba do VE, apesar da perda abrupta do tecido contratil [17].

Apesar dos avangos no entendimento dos mecanismos hemodinamicos,
histologicos e moleculares envolvidos nas alteragdes que ocorrem no tecido
cardiaco apés um dano isquémico, muitos pacientes que sofrem eventos
agudos desenvolvem dilatagdo ventricular progressiva e, frequentemente,
evoluem para quadros de IC [18].

O prognostico para a IC ainda € ruim e os fatores mais comuns para o
seu desenvolvimento sdo: a doenga arterial coronariana (DAC), diabetes
mellitus, hipertensao arterial e IM. Apds IM, em torno de 30% dos pacientes irdo
desenvolver IC dois anos apds o evento agudo, apesar de uma terapéutica
otimizada. Além da disfung&o orgénica primaria especifica do musculo cardiaco,
outros 6rgaos sofrem influéncia no seu estado de saude em detrimento da

descompensacéo cardiaca [19].

Remodelamento Ventricular

A expansao da zona infartada ocorre poucas horas apés o dano ao
miocardio, resultando em estresse e dilatacdo da parede ventricular [4]. A
dilatagcdo ventricular, embora represente um mecanismo eficiente de
compensacao, restabelecendo o volume sistdlico, também tem sido
consistentemente associada com uma diminuigao de sobrevida [4, 20].

O desenvolvimento de hipertrofia nos segmentos miocardicos nao-
infartados também € uma resposta compensatéria comum em infartos

extensos, ocorrendo, pelo menos em parte, devido a um aumento no estresse
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da parede ventricular, mas sendo frequentemente insuficiente para normalizar
a distribuicdo das forgas mecéanicas na cavidade ventricular [21].

Muito além de adaptagdes hemodindmicas secundarias, eventos
celulares e moleculares precoces pos-infarto, como a ativacdo de citocinas
inflamatédrias, estresse oxidativo, hipertrofia de midcitos, apoptose, necrose,
fibrose, ativagdo proteolitica e fatores genéticos exercem papeis centrais na
progressédo do remodelamento ventricular [3, 4, 16, 22].

Estas modificacbes induzem a ativacdo de processos de sinalizagao
celular através de cascatas bioquimicas que, posteriormente modularao
alteragdes reparativas como dilatacéo, hipertrofia e a formagao de uma cicatriz
colagena. Essas alteragdes comegam a se estabelecer imediatamente apos a
oclusao arterial, progredindo por varias semanas apos o dano isquémico inicial,
até que as forgas de distensdo sejam contrabalancadas pela resisténcia a
tracdo da cicatriz de colageno [23, 24].

Muito além de implicagbes mecanisticas, estes eventos abrem a
possibilidade de poderem ser alvo de terapias mais objetivas e eficazes no

combate a progressao da doencga [25].

O Papel do Colageno

As fibras de colageno s&o importantes constituintes do miocardio
contribuindo para manutengédo da geometria ventricular e da estrutura conectiva
dos cardiomiocitos. Alteragdes na estrutura e composi¢céo do colageno tém sido
relacionadas a diversos tipos de doengas miocardicas, podendo assim,
influenciar decisivamente na modificagdo da geometria ventricular [23, 26]. No

coragdo humano, particularmente aquele que é insuficiente por etiologia
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isquémica, a fibrose € o achado estrutural predominante, tanto no tecido
cicatricial, como nos segmentos musculares ainda viaveis do VE e direito [27]. A
degradacao extracelular de colageno, bem como o remodelamento de outros
componentes da matriz extracelular ocorre por ativacdo das enzimas

denominadas metaloproteinases de matriz (MMPs) [28].

Ha um numero expressivo de diferentes MMPs descritas até o momento
apresentando diferengas importantes na especificidade dos substratos e na
abundancia em varios tecidos. Sendo assim, sua classificacdo tem sido
determinada de acordo com o0s seus substratos principais: colagenases,
gelatinases e estromelisinas [27, 28]. Spinale e colaboradores demonstraram
um aumento da atividade de diversas MMPs no VE de pacientes com
cardiomiopatia dilatada, bem como um aumento significativo dos seus inibidores

teciduais (TIMPs) [29, 30].

O reparo tecidual com aumento no turnover de colageno é uma
propriedade fundamental de todos tecidos vascularizados. Durante os primeiros
dois dias ap6s um IM em ratos, ocorre uma degradagao da rede de colageno no
local do infarto, associado a um aumento da razdo da fracdo de colagenos
soluveis e insoluveis. Essas alteragdes ocorrem em decorréncia de um aumento
da atividade de MMPs latentes, incluindo a colagenase intersticial (MMP-1), as
gelatinases (MMP-2 e MMP-9) e outras proteases geradas no local da injuria
tecidual por células inflamatérias, como leucdcitos e polimorfonucleares [29, 30].
A atividade colagenolitica apdés um infarto em ratos apresenta um pico
caracteristico no sétimo dia, declinando progressivamente e desaparecendo até

0 décimo quarto dia apds o infarto.
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A atividade colagenolitica inicial parece ser mediada primariamente pela
ativacdo de MMPs latentes ou zimégenos, uma vez que a expressdo de RNA
mensageiro € observada somente a partir do sétimo dia apds o infarto com a
funcao de recuperar os estoques teciduais da enzima. A transcricao das TIMPs
ocorre por volta do segundo dia e o seu RNA mensageiro permanece elevado

pelo menos até o décimo quarto dia apds o infarto [31].

De forma analoga aos processos envolvidos na degradacdo da matriz
extracelular, os genes que regulam a sintese de proteinas de matriz se ativam
progressivamente a partir do primeiro dia apés um dano isquémico ao tecido
miocardico. A formacao do tecido fibroso, relatada em estudo experimental
realizado em coragdes de ratos é visivel, inicialmente no local de necrose a

partir do sétimo dia, acumulando-se continuamente durante as semanas

subsequentes [32] .

2 3 .
| Figura 2. Parede livre do VE de um rato, sete dias
: apos o infarto — Inicio da formacéo do tecido fibroso

(dados do grupo).

A concentragdo de hidroxiprolina, um aminoacido especifico do colageno,
comega a aumentar no sitio do infarto no final da primeira semana, acumulando-
se progressivamente por um periodo de, pelo menos, seis semanas. As fibras
de colageno tipo | e lll sdo responsaveis pela cicatrizagdo no sitio de ocorréncia

da perda de miécitos. De forma geral, os eventos moleculares que levam a
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fibrogénese persistem ativos por varias semanas, muito além do periodo inicial
quando ocorre lise do colageno, promovendo a deposigao de colageno fibrilar,

responsavel pela integridade tecidual da area em cicatrizagao [31].

A comparacgéao dos locais de atividade imunohistoquimica das MMPs com
os locais de deposi¢cdo de colageno, em cortes histologicos adjacentes, indica
que os processos de degradacgao e sintese extracelular podem ser simultaneos.
Quando se avalia a deposigéo de colageno fibrilar nos segmentos infartados em
ratos, observa-se que esta ocorre de forma paralela a expressao da MMP-9. O
colageno, entretanto, acumula-se perto das bordas endocardicas e epicardicas,
promovendo sustentagcdo e integridade mecanica do tecido necrotico, porém,

longe das regides onde se encontra maior expressao dessa enzima [33].

Cicatrizacao Miocardica

Pés-infarto agudo do miocéardio experimental

De forma geral, o processo de dilatagao ventricular pode ser influenciado
por trés fatores interdependentes: o tamanho do infarto, o estresse da parede

ventricular e o processo de cicatrizagao tecidual [31, 34].

Em uma série de estudos experimentais e clinicos, Pfeffer e
colaboradores demonstraram que o uso prolongado de inibidores da enzima de
conversdo da angiotensina esta associado com uma reducgdo significativa da
dilatacdo ventricular subsequente, bem como um incremento importante na
sobrevida daqueles pacientes sob uso desta droga. Estes estudos foram

pioneiros ao indicar que a angiotensina pudesse exercer efeitos deletérios sobre
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o tecido miocardico, influenciando adversamente o remodelamento ventricular,

em ultima analise, a cicatrizagdo do miocardio [16, 35, 36].

A cicatrizacado tecidual, propriamente dita, depende da resposta
inflamatéria inicial, da reabsorcdo do tecido miocardico necrotico, da
degradacao dos tecidos conectivos e da consequente deposigdo de colageno e
formagdo da cicatriz fibrotica [4, 37]. Embora esses processos sejam
reconhecidos de forma genérica ha muitos anos, os mecanismos moleculares
pelos quais o balan¢o entre degradagdo e sintese do tecido cicatricial se

estabelece estdo sendo parcialmente elucidados apenas recentemente.

O processo de cicatrizacdo pode ser dividido em quatro fases: morte
celular, inflamatoria, proliferativa e de maturacdo [37]. Durante a fase
inflamatéria, a morte dos cardiomiécitos e a hipdxia tecidual resultam na
geracéao de radicais livres, na ativagdo da cascata do sistema complemento, na
ativagdo do Fator Nuclear Kappa Beta (NF-kB) e da via de sinalizagdo mediada
pelos receptores Toll (Toll Like Receptors). Estes eventos induzem a sintese de
quimiocinas como as quimiocinas-B (atraem mondcitos, basodfilos e linfocitos) e
citocinas inflamatérias, como o Fator de Necrose Tumoral alfa (TNF)-q,
Interleucina (IL)-1 e IL-6, e aumentam a expressao das moléculas de adeséo
celular nas células endoteliais e leucdcitos, resultando na infiltracdo de
mondcitos, linfocitos e polimorfonucleares na area de infarto [4, 24, 38].

Durante a fase proliferativa de cicatrizacdo, a expressdo de mediadores
inflamatérios é suprimida, enquanto ocorre a proliferacdo de fibroblastos e
células endoteliais. A resposta a estes eventos se da pela producdo de
proteinas que degradam a matriz extracelular (MMP-2 e MMP-9) e a formagéo

de uma extensa rede microvascular pelos miofibroblastos ativados [4, 24, 38].
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Na fase de maturacdo os miofibroblastos expressam genes que
codificam pré-colageno tipos | e lll, produzem angiotensina | e Il e seus
respectivos receptores, fator de crescimento transformador (TGF)-f3 e endotelina
(ET)-1, permitindo a auto-regulacdo do turnover de colageno. A sintese de
colageno tipo | e Ill, modulada por diversos fatores, incluindo deformacgéo
mecanica relacionada a angiotensina |l, fator de crescimento fibroblastico
(FGF), fator de crescimento plaquetario (PGF), peptideo natriurético atrial (ANP)
e a liberagao de 6xido nitrico (NO). A sintese de colageno tipo | e lll, ativada por
estes fatores tem como objetivo principal a formagédo da cicatriz tecidual que
tem como fung&o evitar a progressiva dilatagdo do VE e potencial ruptura da

parede infartada [4, 24, 38, 39].
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Figura 3. Progressao temporal do remodelamento cardiaco pés-infarto em
camundongo. Cortes do VE corados com cloreto de trifeniltetrazélio 1% para
detecgcao de atividade metabdlica tecidual. Vermelho= tecido sadio; Branco=
tecido infartado. Cortes histolégicos corados com picrosirius red 1%.
Vermelho= colageno. (Figura adaptada de Lindsey et al.[40]).

A desequilibrio da funcao fibroblastica pode levar a formacdo de uma
extensa area de cicatriz tecidual e perda de fungéo fisioldgica cardiaca. A
associacao entre a formacao da cicatriz e a fibrose cardiaca poés-inflamacéao
inclui ativagao, diferenciagao, proliferagdo e secre¢ao de uma ampla gama de
moléculas inflamatdrias e de remodelamento de matriz. O processo inflamatorio
durante a fibrogénese pode ser considerado como parte da cicatrizagao
tecidual apds injuria. Durante o processo de cicatrizagdo, as células
inflamatorias desempenham diversas fungdes, tais como depuragao de células

danificadas, e inducao de diferentes reacdes teciduais [41, 42]. Na maioria dos
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casos, o infiltrado de células inflamatérias amplifica os danos e gera estimulos
fibrogénicos via secregdo de mediadores soluveis, dando inicio a uma
deposigao progressiva e difusa de tecido conectivo intersticial — incluindo
colageno, em todo o miocardio [43, 44].

A regulagcdo do remodelamento da matriz extracelular € mediada pelos
fibroblastos cardiacos que induzem a elevadas concentracdes proteinas
fibrilares, especialmente colagenas. Os linfécitos T controlam o processo
fibrogénico através da interagdo direta com os miofibroblastos e fibroblastos e
da liberacdo de citocinas presentes no processo de cicatrizagdo. O infiltrado de
linfocitos apds IM coincide com o aumento da proliferacdo de fibroblastos
cardiacos e intensifica sua fungdo fibrotica, atuando assim em sinergismo no
remodelamento tissular apds dano cardiaco. Alteragdes nos fibroblastos e em
macromoléculas como colageno tipo | e lll, elastina e fibronectina resultam em
remodelamento. A degradagdo do colageno é gerenciada pela razdo das
MMPs de matriz, que pertencem a uma familia de enzimas dependentes de
zinco intersticial, e pelos TIMPs. Assim, um desequilibrio na razdo MMP-
1/TIMP-1 pode ser considerado indicativo de dilatagdo ventricular esquerda,
reducéo da fragao de ejecdo e disfungao cardiaca [45].

As MMPs formam uma familia de aproximadamente 30 enzimas
proteoliticas zinco-dependentes capazes de degradar diferentes componentes
da matriz extracelular, como colageno, elastina e proteoglicanos. Agem em
diferentes processos fisiologicos e patolégicos, de acordo com o substrato
especifico em que atuam [46]. As MMPs 2 e 9 s&o gelatinases com afinidade
preferencial pelo colageno IV. Um incremento significativo da atividade das

MMPs miocardicas ja foi demonstrado em diversas formas de miocardiopatias,
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tanto experimentais quanto clinicas. Deten e colaboradores observaram um
rapido e grande aumento na expresséo e atividade da MMP-9 seis horas apos
IM em ratos, enquanto a MMP-2 apresentou incremento de expressao e
atividade no sexto dia apos IM [32].

Evidéncias sugerem que fatores neurohumorais como angiotensina-Il,
aldosterona, endotelina e norepinefrina desempenham um papel crucial no
desenvolvimento do remodelamento do VE. Em especial, a ativagdo miocardica
do sistema renina-angiotensina-aldosterona envolvendo a agao de
componentes como angiotensinogénio, enzima conversora de angiotensina e
receptor de angiotensina tipo Il parecem ser fundamentais apos IM [47].

A angiotensina-ll induz hipertrofia dos cardiomiocitos e aumenta a
proliferagao e sintese de colageno, bem como € responsavel pela secregao de
aldosterona pelas glandulas supra-renais. A aldosterona além de afetar a
geometria do VE, compromete diretamente a homeostase de sodio e potassio e
o desenvolvimento da fibrose miocardica, uma vez que seu aumento é
responsavel pela retencdo de agua e sodio. Estudos demonstram incremento
na producao de aldosterona em coragdes de ratos apds IM e sugerem que o
aumento da sintese de aldosterona é mediado pela via da angiotensina-ll nos
cardomiécitos, podendo assim, estar envolvida no remodelamento do VE apds
IM [48].

A espironolactona, um bloqueador do receptor de aldosterona, €
responsavel pela redugao da fibrose nas regides nao infartadas através do
bloqueio da aldosterona cardiaca durante o processo de remodelamento
miocardico [49]. A endotelina-1 também esta envolvida no processo de

remodelamento ativando a expresséo de receptores de endotelina ET-A e B.
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Os receptores ET-A expressos nas células musculares lisas, aumentam a
liberagdo de calcio gerando vasoconstricdo e aumento de pressdo sanguinea.
Ja os receptores ET-B, expressos em células endoteliais, aumentam a
concentracdo de oxido nitrico suscitando vasodilatacdo e reducdo de presséo.
A interacdo destes mecanismos apo6s IM resulta em hipertensdo que esta

associada a hipertrofia cardiaca [48, 50].

O Papel do TGF- na Cicatrizagao Miocardica

Evidéncias sugerem que o TGF-f tem um papel importante como
modulador central da fase inflamatdria e fibrética da cicatrizagdo nas diferentes
etapas do reparo cardiaco poés-infarto, sendo fundamental no remodelamento
hipertrofico e fibrotico do miocardio, mediando a proliferagdo de cardiomiocitos,
ativacao de fibroblastos e a deposi¢ao da matriz extracelular [51, 52].

Os peptideos TGF-B 1, 2 e 3, pertencentes a superfamilia TGF-f, sédo
alguns dos mais conhecidos peptideos pleiotrépicos e multifuncionais, com
potentes efeitos diretos sobre diferentes tipos celulares. Estdo envolvidos em
varios processos bioldgicos como no desenvolvimento embrionario, proliferagéo
e diferenciagao celular, apoptose, deposi¢cdo de matriz extracelular e regulagéo
da resposta imune. Entretanto, as agdes do TGF-f sdo moduladas pelo
contexto do meio extracelular em que se encontra, do tipo celular sobre o qual
atua e das citocinas presentes no ambiente alvo [51, 52].

O TGF-B1 estda envolvido como um dos maiores contribuintes para
fibrose tecidual em diferentes 6rgédos e sistemas. Na presenga de dano ao
tecido cardiaco, o TGF-B1 promove ativagdo fibrogénica, induzindo a

proliferacdo e diferenciagdo de fibroblastos cardiacos em miofibroblastos,
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gerando produgdo de colageno, estimulando a expressdo de proteinas da
matriz extracelular, aumentando a producdo e liberagdo de fator de
crescimento de tecido colageno (CTGF) e ativando vias apoptoticas (Figura 4).
Além disto, estudos demonstram que o TGF-31 tem um importante papel no
desenvolvimento da fibrose e do remodelamento miocardico, afetando os
processos de cicatrizagdo e a fungéo cardiaca apos IM [53, 54]. Zhang, Xu e
seus colaboradores observaram que apds IM a expressdo do TGF-B1 esta
aumentada tanto no tecido infartado quanto nos tecidos adjacentes,
fortalecendo a associagdo do TGF-1 e suas vias de regulagdo com o processo

de remodelamento pos IM [55, 56].
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Figura 4. Sinalizagao do TGF-B1 pés-infarto.

(Adaptado de Frangogiannis [57])
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Além disso, o TGF-B1 desempenha um importante papel no recrutamento
de mondcitos para a area de cicatrizagcdo, auxiliando na formacédo de tecido
granular. A ativagdo da via de sinalizagdo do TGF-B1 auxilia, inicialmente, a
supressdo da expressdao de citocinas pro-inflamatorias e quimiocinas no
miocardio infartado, resultando na reducdo do infiltrado inflamatdrio.
Posteriormente, também participa dos mecanismos que regulam a deposigao de
tecido fibroso, modulando o fendtipo dos miofibroblastos. Isto € possivel devido
a inducdo da sintese protéica da matriz extracelular e pela preservagao da
matriz através do aumento da expressao dos TIMPs. As a¢des do TGF-B1 sobre
o endotélio resultam na diminuicdo da ades&o leucocitaria e na inibicao da
migragao de neutrdfilos em toda a camada endotelial, através da diminuigdo da

expressao superficial da E-selectina [58, 59].
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Sintese de proteinas
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Transdiferenciacao
miofibroblastica
Figura 5. TGF-B1 promovendo ativagao fibrogénica.
CTGF = fator de crescimento de tecido colageno (Adaptado de
Dobaczewski [54]).
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Pequenas concentragdes de TGF-B1 sdo capazes de ativar mondcitos,
estimulando a sintese de uma variedade de citocinas (IL-1, TNF-a), quimiocinas
(proteina quimiotatica de Mondcito-1), e fatores de crescimento e aumento da
expressdo de integrinas. Em contraste ao efeito da ativagdo do TGF-f1 em
monaocitos sanguineos periféricos, ele exerce uma agdo predominantemente
supressiva sobre os macrofagos maduros [51, 52].

Alguns estudos experimentais que inibiram a sinalizagdo ou usaram
anticorpo anti-TGF-1 mostraram efeitos antagbnicos [59-62]. lkeuchi e
colaboradores inibiram a sinalizagdo do TGF-31 em dois diferentes protocolos.
No primeiro a inibigdo foi induzida sete dias antes do infarto e foi observada
uma maior mortalidade e uma exacerbada disfuncdo do VE em resposta a um
aumento do processo inflamatério. No segundo protocolo a sinalizagdo foi
inibida nos dias zero e sete pés-infarto, observando-se atenuacao da disfungao
ventricular, menor volume de colageno na regido infartada e menor expressao
de IL-6 e de IL-1 [59].

Da mesma forma, Okada e colaboradores inibiram a sinalizagdo do
TGF-B1 trés dias (protocolo 1) e quatro semanas (protocolo 2) apds o infarto
observando uma maior sobrevida em relagcdo aos animais infartados sem
tratamento, atenuagcdo do remodelamento do VE e dos parédmetros
ecocardiograficos no protocolo 1. Ja no protocolo 2, em que a inibicdo da
sinalizacao se deu apos doencga cronica, nao foi observada qualquer diferenca
na geometria ventricular ou na funcionalidade do tecido em relagdo ao grupo
controle, indicando que o efeito preventivo relacionado a inibicado do TGF-31
poderia ser atribuido a sua agao no tecido granuloso durante a fase subaguda

do IM [60].



27

Ellmers e colaboradores administraram por via oral um antagonista do
TGF-B1 (SD-208) um dia apos o IM. Apos 30 dias de tratamento observaram
uma tendéncia a redugdo da expresséo génica do TGF-B1 nos grupos tratados
e os niveis de expressao de colageno-1 foram similares aos de animais n&o
infartados. Os animais tratados com SD-208 apresentaram uma reducio de
angiotensinogénio e da expressdo génica do receptor tipo | de
angiotensinogénio tipo Il e da enzima conversora de angiotensina. Além disso,
a pressao arterial média, mensurada ao final dos 30 dias de tratamento,
apresentou-se reduzida, demonstrando o efeito hipotensor do SD-208. Assim,
a inibicdo do TGF-B1 parece desencadear uma agdo regulatéria sobre o
sistema renina-angiotensina, reduzindo a pressdo arterial e atenuando os
efeitos do remodelamento [62].

Seguindo a mesma linha experimental, Frantz e colaboradores utilizaram
um anticorpo anti-TGF-B1 uma semana antes ou cinco dias apos o M.
Entretanto, obtiveram resultados que vao de encontro a achados prévios,
observando aumento de mortalidade e uma maior dilatagdo ventricular em
ambos os tratamentos quando comparados aos controles [61].

Lian e colaboradores a fim de testar a eficacia da utilizagdo do receptor Il
de TGF-B1 soluvel (sTbRII) como inibidor competitivo do TGF-1, cultivaram
fibroblastos cardiacos de ratos neonatos. Os fibroblastos cardiacos foram
tratados por 30 minutos com 50 ng/mL do sTbRII antes da exposi¢cdo ao TGF-31
(5 ng/mL) ou PBS, observando-se uma inibicdo da diferenciagéo e proliferagao
dos fibroblastos cardiacos. Num segundo momento, trabalhando em um modelo
animal de IM com ratos Sprague—Dawley, Lian e colaboradores utilizaram

100ng do sTbRII diluido em 20 yL de PBS injetados em trés pontos do coragéo
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(dois pontos na borda do infarto e um ponto na area infartada), quatro dias apos
IM dez animais e foram comparados com animais ndo tratados. Os animais
foram avaliados por quatro semanas, sendo quatro animais de cada grupo
sacrificados duas semanas apos tratamento para avaliacdo da diferenciacéo
dos miofibroblastos. Comparado ao grupo IM nao tratado, o grupo IM tratado
com sTbRIl apresentou uma reducido na expressao e na densidade Optica da a-
SMA na area infartada em duas semanas, o que sugere uma inibigao da
transdiferenciagao dos fibroblastos em miofibroblastos apés o IM. Na avaliacao
da funcdo do VE por parametros hemodinamicos quatro semanas apos
tratamento, o grupo tratado, comparado ao grupo IM nao tratado, apresentou
melhor pressao sistdlica ventricular esquerda, melhor taxa de variacdo de
pressdo no tempo e menor pressao diastolica final do VE, sugerindo melhor
conservacgao de fungcao de VE. Também foi observada uma menor deposicao de
colageno na regido de infarto dos animais tratados, apds quatro semanas [63].

O conjunto destes dados sugerem que diferentes maneiras de inibigao
do TGF-B1 ao nivel protéico podem levar a resultados distintos de acordo com
o tempo de inicio do tratamento [59-64]. Ampliando o espectro de formas de
interferir nesta rota bioldgica, a terapia génica surge como ferramenta para uma
inibicdo local de TGF-B1 através da utilizacdo de um shRNA (short hairpin
RNA) [65, 66] no modelo experimental de IM.

A utilizagdo da terapia génica como ferramenta no tratamento das DCV
ainda € pouco explorada. Entretanto, estd emergindo como uma potencial
opgcao para pacientes que sofrem de DCV, incluindo a doenca arterial
coronariana, doenga vascular periférica, enxerto venoso e insucesso no

implante de stent. Estudos pré-clinicos tém mostrado resultados promissores
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para uma ampla variedade de genes, em particular genes que codificam fatores
de crescimento, como o fator de crescimento endotelial vascular (VEGF) e FGF

[67].

Terapia Génica

A base da terapia génica consiste na introdugdo de material genético em
células de um organismo com objetivo terapéutico. Este material genético, sob
a forma de DNA, RNA ou oligonucleotideos, pode ter a finalidade de substituir a
funcdo de um gene deficiente, aumentar a expressdo de um gene de interesse
ou inibir a expressao de um gene deletério nas células-alvo [68]. Os agentes
utilizados para a transferéncia génica sdo conhecidos como vetores. O vetor
ideal possui algumas caracteristicas altamente desejaveis, entre as quais:
capacidade de carrear um transgene de tamanho ilimitado, baixa
imunogenicidade e citotoxicidade, expressao estavel do transgene,
direcionamento para tipos especificos de células ou tecidos, baixo custo, facil
producédo e manipulagao e ainda possibilidade de regular a expressao do gene
exdégeno no tempo e/ou na quantidade. Até o presente momento, este vetor
nao pode ainda ser obtido. No entanto, entre as alternativas disponiveis, pode-
se sempre escolher aquele que melhor se adapte as caracteristicas
terapéuticas desejadas no tratamento [68, 69].

Ha duas formas principais de transferéncia génica: os métodos virais e
0s nao virais. Para utilizagdo de terapia génica viral, o transgene substitui
regides génicas de certos virus, as quais geralmente estdo associadas a
patogenicidade viral. Assim, nestes vetores o virus € modificado e atenuado,

tornando-se incapaz de causar qualquer quadro patologico. Ja os métodos nao
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virais incluem a administracdo direta do DNA nu, o uso de lipossomas e os
vetores nanoestruturados. Os lipossomos sao particulas lipidicas com nucleo
aquoso, capazes de se ligar ao DNA. Os vetores nanoestruturados sé&o
polimeros que formam verdadeiras redes de interagdo ao DNA [68, 70].

Os plasmideos sao moléculas de DNA circular, relativamente simples,
porém eficazes para expressao de genes, nas quais € possivel inserir um gene
terapéutico por técnicas de DNA recombinante [68, 71]. Para a introdugao de
plasmideos nas células, é preciso fragilizar a membrana celular, o que pode ser
obtido por diversos métodos, como o emprego de choques elétricos ou
substéancias que fragilizam quimicamente a membrana celular. Outra alternativa
consiste em aplicar uma grande quantidade de plasmideos nas vizinhangas
das células, de modo que, mesmo com eficiéncia muito baixa, uma pequena

fracdo seja capaz de cruzar a membrana [69].

Plasmideo

Os plasmideos sao moléculas de DNA circular com capacidade de
replicacéo independente e estavel, mantendo seu numero constante através de
varias geragdes, no estado nado integrado ao cromossomo do hospedeiro.
Amplamente utilizados como ferramentas de manipulagdo genética, aumentam
ou regulam a produgao de proteinas [72]. Para tal expressdo ha necessidade
da clonagem do gene de interesse no vetor (sob controle de promotor) e de um
cassete de expressao otimizado, tanto em nivel transcricional como traducional
[72, 73].

Para utilizagdo destes vetores € necessaria a transformacao de

bactérias Escherichia coli através de choque térmico e posterior incubagdo em
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meio de cultura suplementado com antibidtico especifico. As bactérias que
contiverem uma ou mais cépias do plasmideo expressam o0 gene que confere
resisténcia aos antibidticos, resultando somente no crescimento de colbnias
modificadas.

Em seguida deste processo de selegcdo de coldnias, € preparado um
inoculo para replicagdo de células modificadas. Finalizando o processo, €
realizado o isolamento dos plasmideos bacterianos por meio de extracao por kit
comercial (PureLink™ HiPure Filter Plasmid Kit, Invitrogen, Carlsbad, CA,

USA).

RNA de interferéncia (RNAi)

O acido ribonucléico (RNA) possui um importante papel no controle da
expressdo génica, através de um mecanismo chamado de RNA de
interferéncia (RNAI). Inicialmente imaginou-se que esse mecanismo ocorresse
apenas em condi¢cdes experimentais, porém logo se descobriu tratar-se de um
mecanismo natural e amplamente distribuido entre os diferentes organismos
(mamiferos, insetos, plantas). Em 2001, descobriu-se que o mecanismo de
RNAI faz parte do sistema de controle da expressdo génica de eucariotos
através do microRNA (miRNA). O miRNA é uma pequena molécula de RNA
que forma uma alga de cerca de 21 nucleotideos, que sofre a agao da enzima
Dicer e ligagdo a um complexo protéico chamado RNA-Induced Silencing
Complex (RISC), para silenciamento do RNA-alvo, conforme descrito a seguir.
Geralmente, um miRNA é capaz de silenciar mais de um gene, e cada gene

sofre a agao de varios miRNA [74].
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O RNAI é uma poderosa ferramenta para o estudo da fungdo dos genes
a partir de seu silenciamento e uma alternativa potencial para o tratamento de
diversas doengas. Atualmente, € um dos mecanismos mais especificos e
eficientes de silenciamento génico [75, 76]. Entre as estratégias de indugéao do
RNAI esta a administracéo direta de moléculas de RNA dupla fita de 21 pares
de base, os short interfering RNA (siRNA), capazes de induzir um
silenciamento temporario. Outra estratégia consiste na introdugdo de um
plasmideo que codifica uma pequena molécula de RNA em forma de grampo,

ou shRNA, capaz de ativar o mecanismo endogeno de silenciamento [65, 66].
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O mecanismo de acdo do shRNA envolve uma série de passos, que sao
comuns a via dos miRNA (Figura 5). Os shRNAs sao sintetizados no nucleo
das células, posteriormente processados e transportados para o citoplasma
através da Exportina-5 e em seguida incorporado a RISC para a sua agao 75.
O shRNA pode ser transcrito pela RNA polimerase Il ou lll através de
promotores no cassete de expressao [77]. No citoplasma, o shRNA ¢ liga-se a
outro complexo contendo a enzima DICER RNAse Ill e TRBP/PACT onde o
loop do hairpin é retirado para formar uma dupla-fita sSIRNA com 2 nucleotideos
projetados na regiao 3' [78-80]. O complexo DICER gerencia o transporte da
dupla-fita siRNA para a proteina Ago2 contendo RISC. O RISC liga-se a uma
das fitas do RNA e percorre o citoplasma em busca de fragmentos
complementares a essa regido [81]. Quando esses fragmentos sé&o
encontrados, eles se pareiam a regido complementar, e o RNA mensageiro é
clivado, impedindo a sua tradugcdo e, consequentemente, a formacgdo da

proteina [82].



Citoplasma

O

Inibicdo da
= translagdo

%/ N

‘. %/ & EQ siRNA ©
. ? \ I Vetor

—*‘Suéz

shRNA maduro

sTranscrito
primario

Figura 5. Mecanismo de agao do shRNA.

Apés a entrega dovetor no citoplasma, o vetortem de ser
transportado para o nudcleo para a transcricdo. O transcrito primario é
processado pelo complexo DROSHA formando o pré-shRNA. Este é exportado
para o citoplasma onde é clivado pelo complexo DICER. Em seguida liga-se a
RISC e SLICER. Este complexo processa a clivagem do mRNA-alvo impedindo
a sua traducdo. O complexo permanece ativo e pode silenciar outras moléculas
de mRNA-alvo. mRNA = acido ribonucleico mensageiro; RISC = RNA-Induced

Silencing Complex; shRNA = short interfering RNA (Adaptado de Rao [66]).
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2. Racional dos estudos

O TGF-B1 é um polipeptideo multifuncional que desempenha um
importante papel na patofisiologia da IC, com diferentes efeitos nas varias
etapas do processo de cicatrizacdo e remodelamento apds o IM. Recentes
estudos demonstraram que a inibicdo TGF-B1 ao nivel protéico pdés IM pode
atenuar o remodelamento cardiaco e retardar a insuficiéncia cardiaca;
entretanto, varias questdes permanecem em aberto, entre elas o momento da
intervencdo e a maneira como é feita a inibicdo. Diferentes trabalhos tém
utilizado estratégias como antagonistas e anticorpos anti-TGF-f. Em todos
estes casos ocorre uma inibigdo sistémica da via do TGF-, sem que seu efeito
direto sobre o musculo cardiaco possa ser observado de forma mais seletiva.
Até o presente momento o uso de silenciamento génico tendo como alvo o
TGF-B ainda nao foi explorado no contexto do processo de remodelamento
ventricular pés-IM.

Além disto, considerando que nos propusemos a comparar diametros
pos-IM em animais tratados ou ndo com RNAi TGF-B, e que esta variavel
(diametro pds-IM) guarda estreita correlagdo com area de IM, realizamos um
estudo de cunho operacional analisando niveis de troponina-l e parametros
ecocardiograficos em animais submetidos a IM a fim de melhor caracterizar a
ocorréncia de e a extensdo de area de IM comparativamente a analise

histologica.
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3. Hipéteses
3.1. Hipétese do Estudo 1
O silenciamento génico do TGF-1, se aplicado imediatamente apds IM,
pode interferir na expressdo de genes relacionados aos processos de
cicatrizacdo e remodelamento miocardico, influenciando na progressao das

alteracgdes estruturais e funcionais do VE.

3.2. Hipétese do Estudo 2
A mensuragcdo de troponina-l coletada em 8 horas associada a
ecocardiografia realizada em 48 horas apos infarto pode predizer a ocorréncia

de e estimar a area de infarto presente em 14 dias determinada por histologia.

4. Objetivos
4.1. Objetivos do Estudo 1
Objetivo principal
Avaliar os efeitos da inibicdo do TGF-1 no remodelamento do VE,
através de um shRNA-TGF-B1, injetado imediatamente apds a indugédo de IM

experimental em ratos.

Objetivos especificos
1. Avaliar a area de infarto e as variaveis ecocardiograficas (didmetro diastélico
final, diametro sistdlico final, fragdo de ejegao, fragdo de encurtamento) em 14

e 28 dias ap6s IM comparando animais tratados e n&o tratados;
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2. Mensurar os niveis de expressdo dos genes TGF-31, colageno | e lll, e

MMP-2 e os niveis de TGF-B1 no miocardio em ambos 0s grupos.

3. Verificar o silenciamento da expressao de TGF-1 no miocardio apos 48

horas do infarto.

4.2. Objetivos do Estudo 2

Objetivo principal
Verificar se a mensuracdo de troponina-l em 8 horas e/ou a
ecocardiografia em 48 horas apoés infarto sdo capazes de predizer a ocorréncia

de e estimar a area de infarto apos 14 dias analisada por histologia.

Objetivos especificos
1. Mensurar troponina-l 8 horas apés inducao de infarto e correlacionar com a
area de infarto obtida por ecocardiografia 48 horas e 14 dias e histologia 14

dias apds infarto.

2. Determinar um ponto de corte para os valores de tropnina-l capaz de

predizer a ocorréncia de infarto.

3. Avaliar as variaveis ecocardiograficas em 48 horas e 14 dias apos infarto e

correlacionar com a area de infarto por histologia em 14 dias.
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4. Determinar um ponto de corte para os valores obtidos para area de infarto

por ecografia capaz de estimar o tamanho do infarto.

5. Explorar a associacdo de dados da troponina-l em 8 horas com dados
obtidos por ecocardiografia em 48 horas e 14 dias em estimar areas de infarto

confirmada por analise histoldgica.
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5. Artigo 1

Cardiac gene silencing for TGF-B1 modulation of functional and structural

left ventricular remodeling processes post experimental infarction
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Abstract

Background: Evidence suggests that transforming growth factor (TGF)-B is a
central mediator involved in the inflammatory and fibrotic phase of healing and
may critically modulate many cellular steps in post-infarction cardiac repair.
Different forms of inhibition of TGF-B activity in animal models of myocardial
infarction (MI) showed controversial functional and remodeling effects.

Aim: To evaluate whether TGF-B1 gene silencing immediately after Ml causes
changes in cardiac function and/or remodeling evaluated 28 days post-MI.
Methods: Male Wistar rats underwent experimental MI and 5ug/100uL of
ShRNA-TGF-B1 (shRNA, n=14) or empty plasmid (EP, n=14) were injected into
the heart muscle below the coronary occlusion point. Cardiac troponin-I (cTnl)
levels were measured 8 hours after MI. Echocardiography evaluation was
performed in 14 and 28 days. Animals were killed 28 days after surgery and
quantitative real-time PCR to TGF-B1, collagen | and Ill, and matrix
metalloproteinase (MMP)-2 was performed. Heart levels of TGF-B1 were
measured by ELISA. Six animals were killed 48 hours after plasmid injection to
confirm TGF-1 silencing.

Results: All animals had cTn-I levels above 5.49 ng/dL and mean infarct size
was around 36%. There was no difference between shRNA and EP groups in
most echocardiographic parameters except for ejection fraction, increased in
shRNA group compared to EP at 28 days (p= 0.05). There was no significant
difference in gene expression between groups. However, there were trends for

increase in collagen Ill and decrease in collagen |, especially when only the
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apical region was considered. At 48 hours, shRNA group had a 2.5 fold
reduction in TGF-31 expression.

Conclusions: Our results suggest that shRNA treatment has the potential to
increase collagen |ll expression 28 days after Ml and ameliorate ejection

fraction.

Keywords: TGF-31 silencing, shRNA, myocardial infarction, remodeling
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Introduction

Congestive heart failure is a prevalent disease that emerged as a leading
cause of mortality and morbidity worldwide. Patients with heart failure have a
poor prognosis and a high probability to be readmitted to hospital, despite multi-
drug treatment [1, 2]. The most common cause of heart failure is myocardial
infarction (MI). Myocardial infarction induces remodeling of the left ventricle
(LV), characterized by LV dilatation and reduced cardiac performance [3, 4].
This remodeling process involves death or hypertrophy of cardiomyocytes,
hyperplasia of cardiac fibroblasts, and the expression of several cytokines.
These, in turn, lead to a fibrotic reparative process that extends from the site of
infarction [5]. Increased myocardial collagen and abnormal matrix structure
result in myocardial stiffness, leading to ventricular systolic and diastolic
dysfunction, and is associated with continued disease progression during the
chronic stage [6].

Evidence suggests that transforming growth factor (TGF)-B1 is a central
mediator involved in the inflammatory and fibrotic phase of healing and may
critically modulate many cellular steps in post-infarction cardiac repair.
Activation of TGF-1 signaling pathways result in resolution of the inflammatory
infiltrate and may be important in suppressing expression of pro-inflammatory
cytokines and chemokines in the infarcted myocardium [7, 8]. Furthermore,
TGF-B1 regulates fibrous tissue deposition, particularly collagen types | and IlI,
by mediating acquisition of the myofibroblastic phenotype, inducing extracellular
matrix protein synthesis, and promoting matrix preservation through increased

expression of tissue inhibitors of metalloproteinases (TIMP) [6, 8].
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Due to its pivotal role in cardiac remodeling after MI, different strategies
have been used to suppress TGF-B1 activity in animal models of MI; however,
controversial results have been produced. Franz et al. used a blocking antibody
against TGF-B1 resulted in increased mortality and worsen LV remodeling [9].
On the other hand, Ellmers et al. showed that a specific inhibitor of TGF-3
receptor 1 reduced mean arterial pressure and collagen type | [10]. Okada et
al., using a soluble TGF- type Il receptor to competitively inhibit TGF-1,
showed significant improvement in cardiac function and survival [1]. Such
conflicting results may be due to the time-dependent effect of anti-TGF-p1
treatment, as demonstrated by lkeuchi et al. [11].

Despite their different strategies, all the above mentioned studies used
systemic approaches to block TGF-B1 activity at the protein level. The localized
suppression of gene expression can be achieved by small interfering RNA
(siRNA) which is a powerful endogenous process initiated by short double
stranded RNAs, resulting in sequence-specific posttranscriptional gene
silencing [12]. It remains unexplored whether gene silencing targeting TGF-$1
products may interfere in the cardiac repair process post-MI and consequently
affect cardiac function.

In this study, we hypothesized that treatment with a local injection of a
plasmid vector carrying short hairpin (sh) RNA for TGF-B1 immediately after Ml
would block TGF-B1 activity and attenuate the development of cardiac
hypertrophy and fibrosis after infarction. We then examined the effects of this
therapy on gene expression of key molecules involved in ventricular remodeling

and studied structural and functional LV changes 28 days post experimental MI.
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Methods

Animals

A total of 28 male Wistar rats, 8 week-old, were subjected to
experimental Ml procedure as described below. All animals were maintained on
a 12 hours light-dark cycle receiving water and food ad libtum. All procedures
were performed according to protocols approved by the institutional research
ethics committee, and the present study conforms to the guide for the care and

use of laboratory animals.

Experimental myocardial infarction procedure and plasmid injection
Myocardial infarction was induced according to a procedure previously
described in the literature and adapted in our laboratory [13]. Briefly, animals
were placed in dorsal decubitus position and anesthetized with ketamine (100
mg/Kg) and xylazine (10 mg/Kg) administered intraperitoneally. Following the
orotracheal intubation, animals were submitted to mechanical ventilation with a
Harvard ventilator, Model 683 (Harvard Apparatus, Holliston, MA, USA)
(frequency: 75-80 breaths/min, tidal volume: 2.0 mL) with O, supplementation
and maintained in a 37°C hot plate. Subsequently, a surgical incision was
performed in the skin along the left sternal margin, divulsion of the pectoralis
and transverse muscles was performed. Thoracotomy was performed at the 2™
intercostal space and the thorax was opened without exteriorization of the heart
[13]. The left anterior descending coronary artery was identified and occluded
with a 6-0 mononylon suture underneath the left atrial appendage. Immediately

after that, 5ug of plasmid (see below) dissolved in 100 pL of saline were
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injected into the myocardial in four different positions below the coronary
occlusion point using a hypodermic syringe. Next, the thoracic cavity was
closed with a 5-0 mononylon thread, muscles were repositioned and the skin
sutured. All animals received analgesia after surgical procedure (bupivacaine

1mg/Kg).

Plasmid

The shRNA TGF-B1 cloned onto pSuper [14] was kindly provided by the
group of Professor Michel Weller (Tubingen, Germany). As a control, pSuper
without the specific shRNA TGF-B1 was used (empty plasmid, [EP]). Plasmids
were grown in Escherichia coli DH5-a, (Invitrogen, Carlsbad, CA, USA) and
extracted with Maxiprep commercial kit (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. Groups of 14 animals randomly
chosen prior to surgery received the plasmid containing TGF-B1-shRNA

(shRNA) or the EP.

Troponin-l measurements

Heparinized blood samples (one milliliter) were collected by retro-orbital
plexus puncture 8 hours after surgery under isofluran anesthesia. Animals
received subcutaneous saline volume replacement after blood collection.
Samples were immediately centrifuged at 3000 rpm for 10 min, and plasma
stored at -80°C. Troponin-lI mensuration was performed by automated standard
method using electrochemiluminescence immunoassay (Siemens Healthcare
Diagnostics Inc. Tarrytown, NY, USA). This measurement was performed in a

subset of the animals sacrificed 28 days after Ml (n=10, five from each group).
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Echocardiography

Transthoracic echocardiography was performed 14 and 28 days after M,
as described previously [13]. Animals were placed in left lateral decubitus
position (45° angle) to obtain cardiac images under sedation. An EnVisor HD
System, Philips Medical (Andover, MA, USA), with a 12-13 MHz transducer
was used at 2 cm depth with fundamental and harmonic imaging. Images were

captured by an operator blinded to study groups.

Left ventricular dimensions

Left ventricular (LV) diastolic and systolic transverse areas (cm?) were
obtained by tracing the endocardial border at three levels: basal (at the tip of the
mitral valve leaflets), middle (at papillary muscle level), and apical (distal from
the papillary muscle but before the final curve cavity). Diastolic and systolic
diameters (cm) were measured using the M-Mode in the previously described
three planes. Final value for each animal was obtained considering the average

of all three planes.

Myocardial infarction size

On each echocardiographic transverse plane (basal, middle and apical)
the arch corresponding to the segments with infarction (regions or segments of
the myocardium showing one the following changes in myocardial kinetics:
systolic movement akinesis and/or hypokinesis region — AHR) and the total
endocardial perimeter (EP) were measured at end-diastole. Infarction size (1S)

was estimated as %IS = (AHR/EP) x100 [15].
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LV systolic function

Left ventricular ejection fraction was calculated as: (end diastolic
volume-end-systolic volume/ end-diastolic volume) x 100; end-diastolic and
end-systolic cavity volumes were calculated using Simpson's rule [16]. Left
ventricular fractional shortening (LVFS) values were obtained by using the
following equation: LVFS = DD-SD/DD X 100 (diastolic diameter — DD;
systolic diameter — SD) 15. Fractional shortening was calculated as

[(LVEDD/LVESD)/LVEDD] x 100 [17].

Heart harvesting

A small group of animals (n=6, three from each group) was killed 48
hours after Ml to determine the efficiency of gene silencing. The other 22
animals were killed after 28 days. Heart dissection was quickly performed on
cold saline after anesthesia with ketamine (100mg/kg) and xylazine (10mg/kg).
Next, three sections of LV (apex, middle and base) were cut in the borderline of
MI and stabilized using RNAlater® (Invitrogen, Carlsbad, CA, USA) or
immediately snap frozen in liquid nitrogen to determine tissue TGF-31

concentration.

Quantitative real-time PCR analysis

RNA was extracted using the RNeasy Fibrous Tissue Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer's instructions. cDNA synthesis
was performed using 3 pug of RNA with Oligo (dT) 12-18 primer, using

SuperScript 1l Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA).
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Quantitative real-time PCR analysis was performed on selected genes (TGF-31,
Collagen type | and IlI, matrix metalloproteinase (MMP)-2) and normalized to -
actin. Primer sequences are given in Table 1. PCRs were performed using
Mycoplasma Kit-Sybr Green (LGC Biotechnology, Cotia, SP, Brazil) on an
MxPro 3000p (Agilent Technologies, Santa Clara, CA, USA) at 60°C annealing

temperature.

Table 1. Primer sequences for quantitative real-time PCR.

Primers
mRNA
Forward Reverse
TGF-p1 GGACCTGGGTTGGAAGTGGAT TGTGTCCAGGCTCCAAATATAGG
Collagen-l CTGGTCCTCGTGGTCTCCCTG GGAGATGATGGGGAAGCTGG

Collagen-lll CTGGTGAGCGAGGACGACCAGG CCCCTGGCTCAAATGGCTC
MMP-2 CCTTGACCAGAACACCATCG CCTGAAACCGTGGATGATGC

ACT CAAGATCATTGCTCCTCCTGAG GACTCATCGTACTCCTGCTTGC

TGF-B1= transforming growth factor b1; MMP-2 =matrix metalloproteinase 2; ACT= 3 Actin.

Heart levels of TGF- 1

Heart levels of TGF-B1 28 days after Ml were measured in non-infarcted
areas, as previously described [18, 19]. Briefly, tissue from non-infarcted area
was separated in apical and middle areas and homogenized separately in PBS
containing 1% Triton and Complete TM Protease Inhibitor Cocktail Tablet
(Santa Cruz Biotech, Santa Cruz, CA, USA) in a proportion of 1mL of buffer for
100 mg of tissue. Next, homogenized samples were centrifuged at 3220 x g for

15 min at 4°C. Supernatants were collected and 60 uL were separated and
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used for TGF-B1 determination by ELISA (Quantikine TGF-f1, R&D Systems,
Minneapolis, MN, USA), following the manufacturer’s instructions. Protein
content was measured by the Bradford assay and results were expressed as pg

TGF- 31/mg protein.

Statistical analysis

Quantitative evaluations were analyzed using the Software Package for
Statistical Science (SPSS) (SPSS for Windows; Version 16, SPSS Inc;
Chicago, IL, USA). Variable distribution was tested using Shapiro-Wilk. Data
were expressed as mean = SD (for normal distribution data) or median, 25 and
75 percentile and 95% confidence interval. Correlation data were analyzed
using Pearson correlation. The comparison between groups was performed
primarily by the interaction test and secondarily by Student's t test or Mann

Whitney test. Data with p values < 0.05 were considered statistically significant.
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Results

Infarct characterization

No deaths occurred during the experimental period (28 days). Infarct size
in the control group was 37+13% 14 days after Ml and 36+14% 28 days after
MI. Ejection fraction was 47+13% in 14 days and 41+14% in 28 days, whereas

shortening fraction was 21+9% and 18+10%, respectively.

Infarct size was correlated with cTnl levels measured 8 hours post Ml
(58+28ng/mL). In the control group (EP), a strong correlation with cTnl was
obtained both for 14 days echocardiography data (p= 0.01, r’= 0.9) as for 28

days echocardiography data (p= 0.007, r’>= 0.937), as shown in Figure 1.
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Figure 1. Correlation between cTnl and infarct size in the empty plasmid
group by echocardiography assessment. p = 0.01 and 0.007 for 14 and 28

days, respectively. Pearson correlation test.
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Effects of TGF-31 silencing

Troponin | levels

All animals had cTn-l levels above 5.49 ng/dL, thus confirming that
occlusion of left anterior descending coronary artery was effective in inducing
Ml (Vietta et al., unpublished). There was no difference in mean cTnl values
measured 8 hours after M|l between groups treated with shRNA or EP (51.2

36.4 ng/dL vs. 58.06 + 28 ng/dL, p= 0.72).

Echocardiography data

Echocardiography was performed 14 and 28 days after Ml in both EP
and the shRNA treated animals. Infarct area was 31+12% at 14 days after Ml
and 36+12% at 28 days after Ml in the shRNA group. There was no difference
between shRNA treatment and EP in most echocardiographic parameters
(Table 2). The exception were ejection fraction, that was higher in shRNA group
compared to EP at 28 days (p= 0.05), and systolic diameter that increased at 28

days in both groups compared to the 14 days assessment.
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Table 2. Cardiac function in rats 14 and 28 days post-MI, with or without

treatment with TGF-B1-shRNA.

14 days 28 days
EP shRNA EP shRNA

N 11 11 11 11
Infarcted area % 36.50+12.73 30.41+1212 36.37+1447 3558+ 11.66
Systolic diameter, cm 0.63 +0.03 0.65 + 0,06 0.68 £ 0.05 0.67 £0.03
Diastolic diameter, cm 0.50 +0.08 0.50 +0.09 0.75 +0.13" 0.71 £ 0.10"
Ejection fraction, % 42.01+10.76 4576+ 11.14 38.06+11.08 47.10+9.01*
Left ventricular FS, % 20.58+9.12  23.60+9.30 17.70£9.63  20.16+8.08

t Test - Independent Samples, Assuming Unequal Variances. EP = empty plasmid;

FS= fractional shortening. * Significantly different from EP and shRNA, respectively at

14 days. * Significantly different from EP at 28 days.

Collagen type | and Il and MMP 2 expression

Gene expression analysis of TGF-B1 target genes showed no significant

difference between groups when the average of all three heart areas was

considered (Figure 2). However, there was a trend for increase in collagen Il

and for a decrease in collagen | in treated animals, especially when only the

apical region was considered (p=0.06).
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Figure 2. Cardiac gene expression of collagen |, collagen lll, and matrix

metalloproteinase 2 (MMP-2) in rats 28 days after MI. Horizontal bar represents
mean. Values were normalized against EP group. p=NS, Mann-Whitney Test to

mean value of basal, medial and apical gene expression.

Gene Expression and protein levels of TGF-31

Transforming growth factor -1 gene expression analysis showed a 30%
reduction in shRNA treated group at the end of experimental period when
compared to EP group (Figure 3A), although this difference was not statistically
significant. In addition, myocardial TGF-B1 concentration was not different
between shRNA treatment and EP (135.56 + 62.64 pg/mg vs 118.06 + 31.86
pg/mg, p= 0.39).

Since this lack of difference could be due to gene deliver problems, a
small group of six animals was submitted to MI and sacrificed 48 hours later. In
the three animals receiving TGF-B1-shRNA, a 2.5 fold decrease in TGF-$1

expression was detected (p=0.05), as shown in Figure 3B.
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Figure 3. Cardiac gene expression of TGF-B1 in rats after myocardial
infarction. A - 28 days after myocardial infarction. B- 48 hours after myocardial
infarction. Horizontal bar represents mean. Values were normalized against EP
group at 48 hours and 28 days, respectively. * p=0.05, Mann-Whitney Test for

mean value of basal, medial and apical gene expression.



64

DISCUSSION

In the present study, the effects of silencing TGF-B1 immediately post-
cardiac insult were evaluated 48 hours and 28 days post-MI in male Wistar rats.
Within this time-frame we were able to show no major differences in
echocardiographic parameters comparing animals treated with and without
shRNA TGF-B1, although LV ejection fraction was slightly, but significantly,
increased in the treated group. Similarly, no major changes in tissue-related
components of LV remodeling were seen, but trends to changes in the collagen
type /11l ratio in the apical region were observed by using shRNA for TGF-31.

Our MI experimental model was modified compared to traditional
techniques [20, 21], allowing shorter surgery duration and faster mechanical
ventilation weaning, possibly contributing to a low mortality rate [13].
Nonetheless, we were able to obtain moderate to severe infarct sizes, similar to
those reported by Frantz et al. and Okada et al. [1, 9].

Cardiac troponin | was measured 8 hours after Ml as a surrogate marker
for infarct size, to ensure that both shRNA and EP groups had comparable
infarct sizes at the beginning of the study. Strong correlation was obtained in EP
group both for 14 days echocardiography data as for 28 days echocardiography
data. Other groups have demonstrated that cTnl can be a useful predictor of
infarct size [22, 23]. Another study from our group showed that cTnl assessed
at 8 hours post Ml can be used to confirm occurrence of Ml and together with
echocardiography assessment, to estimate infarct size by histology (Vietta et

al., unpublished).
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Silencing of TGF-B1 by shRNA did not alter most echocardiographic
parameters in treated animals. The only exception was for ejection fraction that
was higher in shRNA group than in EP group. The effect of ShRNA on ejection
fraction, however, was not correlated to a change in infarcted area. Myocardial
infarction causes local and remote changes in cardiac structure, wall stress and
hemodynamics that are dynamic in nature [24]. In turn, it is well known that a
number of cellular, molecular and oxidative changes occurring post-ischemic
injury may influence cardiac remodeling and thus, cardiac function post-Ml [25].
The time-line of changes in cardiac function post-MI could have been disrupted
by the early (concomitant to MI procedure) TGF-B1 silencing in this
experimental design. In other words, the relatively well preserved, or even
slightly increased ejection fraction seen at the end of the experimental
observational period, may indicate re-adaptation to changes in structure
potentially influenced by transient effects of TGF-B1 silencing very early in the
ischemic event. Alternatively, the different pattern in ejection fraction observed
may be due to the incapacity of animals from the EP group to recuperate
cardiac function later on due to ongoing cellular and inflammatory mechanisms-
TGF- 31 related.

In order to evaluate the effects of TGF-B1 silencing, downstream target
genes known to be modulated by TGF-B1 during post-MI healing process were
studied. However, no effect on selected target genes collagen type | and Ill and
MMP-2 could be shown after 28 days. In spite of that, the expression of
collagen type Il showed trends to increase and of collagen type | to decrease in
the apical region. Accordingly, it is possible that TGF-B1 early gene silencing

may have caused transient changes in collagen and other matrix components
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early on that were compensated later on, at 28 days. Therefore, as only a small
difference in ejection fraction was observed in echocardiography data, it is not
surprising that expression of these genes were also not altered in treated
animals. The trend for increase in collagen type Il expression may suggest a
delay in the remodeling process. Nonetheless, previous studies have shown
that collagen type lll expression usually peaks up relatively late post-MI (second
to fourth week post-MI) [26], which may have allowed “collagen type lll-sparing”
from TGF-B1 early gene silencing protocol.

In addition, no difference was observed in total ventricular gene
expression for TGF-B1 between groups 28 days after MI. This is consistent with
other studies that have shown that TGF-B1 expression is regulated temporally
after infarction, peaking immediately after Ml and then reducing over time [10,
27]. This also helps to explain why we have not detected any difference in TGF-
B1 tissue levels after 28 days. However, we observed a 2.5 time reduction in
shRNA group after 48 hours, compared to EP group. This reduction confirms
that transfection was effective and that shRNA was being properly expressed.

Transforming growth factor-B1 activity has been linked to a broad
spectrum of biological actions including cellular growth, proliferation, and
differentiation [28]. It has a central role in the inflammatory and fibrotic response
necessary for post-Ml repair. However, it is also a key mediator of the
pathological fibrotic and hypertrophic remodeling [7, 8, 29, 30]. It is possible that
the lack of positive results in our study is related to the moment in which TGF-
B1 expression was suppressed. In fact, Ikeuchi et al. were the first to show a
time-dependent effect of anti-TGF-B1 treatment. When mice were injected with

a plasmid expressing the extracellular domain of TGF- type Il receptor 7 days
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before coronary ligation, it increased mortality during 24 h after MI, as well as
exacerbated LV dilatation and contractile dysfunction. When injections occurred
at the day of surgery or 7 days later, LV dilatation and contractile dysfunction
were prevented [11]. Franz et al. used a blocking antibody against TGF-$1 one
week before or five days after coronary artery ligation in mice and observed a
decrease in collagen production and an increase in MMP expression. However,
in both groups, anti-TGF-B treatment increased mortality and worsened LV
remodeling [9]. On the other hand, Elimers et al. showed that a specific inhibitor
of TGF-B receptor 1, given orally for 30 days after infarction, reduced mean
arterial pressure and significantly decreased collagen |, as well as cardiac mass
[10]. Similarly, Okada et al. (2005), using a soluble TGF-B type Il receptor to
competitively inhibit TGF-$ given 3 days after Ml showed significantly improved
cardiac function and survival, and attenuation of ventricular dilatation and
remodeling after 4 weeks [1].

Unlike the previous studies mentioned above, we used shRNA
methodology to examine the cardiac effects of in situ TGF-B1 gene inhibition.
Silencing of TGF-B1 by RNA interference has been shown in liver fibrosis [31],
renal allograft fibrosis [32], and to induce antitumor immunity [33], for example.
In the current study we used a direct gene transfer with naked plasmid DNA via
intramyocardial injection of plasmid encoding TGF-B1-shRNA. It has been
previously demonstrated that muscle cells are able to uptake free DNA [34, 35];
in addition, naked plasmid injection in myocardial muscle has been used both in
animal models [35, 36] and in human protocols [37, 38]. Our current observation
that the plasmid was effective to reduce TGF-B1 gene expression 48 hours after

injection confirms the usefulness of this procedure.
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On the other hand, it is possible that, given the infarct size obtained by
left anterior descending coronary artery ligation, this level of down regulation in
gene expression, at this time-point (concomitant with MI procedure), was not
sufficient to show any effect in downstream genes or a benefit in cardiac
remodeling after 28 days. In addition, since in this model, gene silencing
depends on plasmid expression, we speculate that cell death occurring
immediately after injection may have further decreased silencing efficiency. This
is an important difference regarding the experiments of Okada et al., Franz et
al., and Ellmers et al. [1, 9, 10].

Our data should be viewed considering study limitations which include
the use of a single plasmid dose at only one time-point. Also, the endpoints
were evaluated only 28 days later, and, since shRNA silencing is transitory,
differential effects could have been observed at intermediate time points.
Furthermore, the aggregation of hemodynamic parameters, to
echocardiography assessment, could have helped to clarify changes in other
cardiac function parameters, including more subtle systolic and diastolic indices,
in the treated group.

In conclusion, the results presented in the current study indicate that
shRNA treatment may have the potential to increase collagen type |IlI
expression 28 days after Ml and ameliorate ejection fraction. Further evaluation
of the temporal changes in cardiac remodeling using shRNA for TGF-f3 is
warranted in order to allow more efficient gene silencing strategies, such as
repeated plasmid injections, increased plasmid concentration or the use of

multi-gene RNA silencing.
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6. Artigo 2

Early use of cardiac troponin-l and echocardiography imaging for prediction

of myocardial infarction size in an experimental model
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Abstract

Background: Non-invasive approaches to early estimate myocardial infarct (Ml)
area include plasma injury markers and echocardiography imaging. However, early
non-invasive evaluation of myocardial infarct size in animal models and its relation
to the real infarct area by histology remains challenging.

Aim: To assess whether cardiac troponin-I (cTnl) collected 8 hours after Ml and
echocardiographic parameters assessed 48 hours after Ml can predict occurrence
of and infarct size at 14 day post-MI.

Methods: Male Wistar rats, 8 week-old, were subjected to MI (n=39) or sham
surgery (n=12) procedure. cTnl levels were measured 8 hours after MI.
Echocardiography evaluation was performed in 48 hours and in 14 days. Animals
were killed 14 days after procedure and hearts were removed, dissected and
paraffin-blocked. Histology analysis was performed using Sirius red staining.
Results: cTnl plasma levels were considerably increased in the MI group when
compared to the sham group (22.8 +13.3 ng/mL vs. 1.5 £1.7 ng/mL). Infarct areas
by echocardiography in 48 hours and in 14 days were 28.4%%16.2 and
26.2%+16.5, respectively, whereas by histology we observed 16.9%+8.5. There
was a positive correlation between cTnl levels and infarct size assessed by either
echocardiography or histology. Also, echocardiographic infarct size at 48 hours
after MI correlated well with infarct size assessed by histology 14 days post MI. A
cutoff value for cTnl of 5.49 ng/mL predicted MI, as well as echocardiographic
detection of akinesia higher than 1.97% in 48 hours. Echocardiographic imaging at

48 hours was useful to discriminate small from medium/large Ml areas.
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Conclusions: We found that a cutoff value for cTnl of 5.49 ng/mL could be used to
accurately predict infarct in this model, whereas echocardiography images taken
48 hours after M| predicted infarcted area 14 days after the experimental

procedure.

Keywords: Experimental infarction, troponin-I, infarct area, echocardiography
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Introduction

Transmural myocardial infarction (Ml) is a pivotal event that triggers adverse
ventricular remodeling, which includes cardiomyocyte loss, extracellular matrix
deposition and fibroblast growth [1, 2]. This remodeling process may lead to
ventricular dysfunction and eventually to a congestive heart failure [1].

Currently, both rat and mice Ml model generated through left anterior
descending coronary ligation are the most frequently used preclinical methods
causing heart failure, allowing testing of therapeutic interventions [3, 4]. This
experimental model is simple, economical and widespread in the literature.
However, limitation mainly concerning the variability of the resultant infarct sizes,
ranging from 8 to 65%, severely limits the use of this technique, especially when
anti-remodeling therapies are studied [5]. Since infarct size is a major determinant
of ventricular remodeling, it must be carefully estimated before starting a potential
intervention, in order to avoid attributing to the intervention any beneficial effect
that may be related to the model intrinsic variability in infarct area, a priori.

The gold standard assay to evaluate infarct size is histological analysis,
which, necessarily, can only be performed at the end of the experimental protocol.
Non-invasive approaches to evaluate infarct area as early as possible include
plasma injury markers and echocardiography imaging. Both were shown to
successfully predict final ventricular remodeling parameters when assessed from
24 hours to 5 days after Ml in humans [6, 7]. However, early non-invasive
evaluation of MI size in animal models and its relation to the histology data found

post mortem remains unexplored. Therefore, the purpose of the present study was
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to evaluate whether cardiac troponin-l (cTnl) collected 8 hours after Ml and
echocardiographic parameters collected 48 hours after Ml can predict the

occurrence of and infarct size at 14 days post-MI.
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Methods

Animals

A total of 51 rats (male Wistar, 8 week-old) were subjected to Ml (n=39) or
sham surgery (n=12) as described below. All animals were maintained on a 12
hours light-dark cycle receiving water and food ad libitum. All procedures were
performed according to protocols approved by the institutional committee, and the

present study conforms to the guide for the care and use of laboratory animals.

Myocardial infarction and sham procedures

Myocardial infarction was induced according to a procedure previously
described in the literature and adapted in our laboratory [8]. Briefly, animals were
placed in dorsal decubitus position and anesthetized with ketamine (100 mg/Kg)
and xylazine (10 mg/Kg) administered intraperitoneally. Following the orotracheal
intubation, animals were submitted to mechanical ventilation with a Harvard
ventilator, Model 683 (Harvard Apparatus, Holliston, MA, USA) (frequency: 75-80
breaths/min, tidal volume: 2.0 mL) with O, supplementation and maintained in a
37°C hot plate. Subsequently, a surgical incision was performed in the skin along
the left sternal margin, divulsion of the pectoralis and transverse muscles was
performed. Thoracotomy was performed at the 2" intercostal space and the thorax
was opened without exteriorization of the heart [8]. The left anterior descending
coronary artery was identified and occluded with a 6-0 mononylon suture
underneath the left atrial appendage. Next, the thoracic cavity was closed with a 5-

0 mononylon thread, muscles were repositioned and the skin sutured. The sham
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group was also submitted to thoracotomy without ligation of coronary artery. All

animals received analgesia after surgical procedure (bupivacaine 1mg/Kg).

Troponin-l measurements

Heparinized blood samples (one mL) were collected by retro-orbital plexus
puncture 8 hours after surgery under isofluran anesthesia. Animals received
subcutaneous saline volume replacement after blood collection. Samples were
immediately centrifuged at 3000 rpm for 10 min, and plasma stored at -80°C. The
cTn-l mensuration was performed by automated standard method using
electrochemiluminescence immunoassay (Siemens Healthcare Diagnostics Inc.

Tarrytown, NY, USA).

Echocardiography

Transthoracic echocardiography was performed 48 hours and 14 days after
MI, as previously described [8]. Animals were placed in left lateral decubitus
position (45° angle) to obtain cardiac images under sedation. An EnVisor HD
System, Philips Medical (Andover, MA, USA), with a 12-13 MHz transducer was
used at 2 cm depth with fundamental and harmonic imaging. Images were

captured by an operator blinded to study groups.

Left ventricular dimensions
Left ventricular (LV) diastolic and systolic transverse areas (cm?) were
obtained by tracing the endocardial border at three levels: basal (at the tip of the

mitral valve leaflets), middle (at papillary muscle level), and apical (distal from the
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papillary muscle but before the final curve cavity). Diastolic and systolic diameters
(cm) were measured using the M-Mode in the previously described three planes.

Final value for each animal was obtained by taking the average of all three planes.

Myocardial infarction size

On each echocardiographic transverse plane (basal, middle and apical) the
arch corresponding to the segments with infarction (regions or segments of the
myocardium showing one the following changes in myocardial kinetics: systolic
movement akinesis and/or hypokinesis region — AHR) and the total endocardial
perimeter (EP) were measured at end-diastole. Infarction size (IS) was estimated

as %IS = (AHR/EP) x100 [9].

Left ventricular systolic function

Left ventricular ejection fraction was calculated as: (end diastolic
volume—-end-systolic volume/ end-diastolic volume) x 100; end-diastolic and end-
systolic cavity volumes were calculated using Simpson's rule [10]. Left ventricular
fractional shortening (LVFS) values were obtained by using the following equation:
LVFS = DD-SD/DD X 100 (diastolic diameter — DD; systolic diameter — SD).

Fractional shortening was calculated as [(LVEDD/LVESD)/LVEDD] x 100 [11].

Heart harvesting
The 51 animals were killed after 14 days. Heart dissection was quickly

performed on cold saline after anesthesia with Ketamine (100mg/kg) and Xylazine
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(10mg/kg). The hearts were removed, dissected, formalin-fixed and paraffin-

blocked.

Morphometric and histological measurements

Histopathological studies were performed using Sirius red staining (Direct
Red 80, Sigma Aldrich). Sections were photographed using Q Capture Pro
Software v. 5.1.1.14 (Q Imaging Co. Burnaby, BC, Canada). For each area of the
heart (basal, medial, and apical), five partial photos were obtained (10-fold
magnification) to construct the whole image of the heart section using the software
Adobe Photoshop CS2 v.9.0 (Adobe Systems Incorporated, USA). The red staining
area indicated infarcted zone and green staining area indicated healthy zone. A
pixel value was obtained for each zone and the ratio of infarcted zone pixel to total
pixel indicates the percentage of infarction. Values represent the mean value
among basal, medial, and apical areas. To predict infarct area the sample were
divided into tertiles according to infarct size by 14 days histology (small Ml <

15.26%, moderate M| 215.26 to 21.16%, and large M| > 21.16%).

Statistical analysis

Quantitative evaluations were analyzed using the Software Package for
Statistical Science (SPSS) (SPSS for Windows; Version 16, SPSS Inc.; Chicago,
IL). Variable distribution was tested using Shapiro-Wilk and Spearman correlation
was applied when required. Mean comparison were made using ANOVA followed
by Student-Newman-Keuls post-hoc analysis. Data are expressed as mean + SD.

Receiver operator curves (ROC) were constructed to determine significant cutoffs
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for the diagnosis of MI, assessed by histology. Sensitivity, specificity, positive and
negative predictive values were also determined. Significant differences were

considered at a p value < 0.05.



Results

Infarct characterization

Plasma cTnl Levels

Plasma troponin levels 8 hours post-MI were markedly increased in Ml
group when compared to sham group (22.8 + 13.3 ng/mL vs. 1.5 £1.7 ng/mL), as

showed in Figure 1.
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Figure 1. Plasma cTnl levels 8 hours after myocardial infarction induction
procedure. Ml = myocardial infarction. Horizontal bar represents mean. t Test,

p=0.001.

Echocardiographic and histology analyses
As assessed by echocardiography imaging, infarction size averaged
28.4+16.2% and 26.2+16.5%, 48 hours and 14 days after MI, respectively.

Infarction size had an average of 16.9+8.5% when assessed by Sirius Red
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histology analysis 14 days post-MI (Figure 2). Other echocardiographic data are

expressed in Table 1.

Figure 2. Sirius Red histology 14 days post-myocardial infarction. lllustrative
photomicrograph of an infarcted heart, showing the apical region with the fibrotic
tissue (red stain) and the normal myocardium tissue (green). Red line= LV
infarcted region; black line= LV heath tissue. AW= anterior wall, LV= left ventricle,

SP= septum, RV= right ventricle.
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Table 1. Cardiac function in rats 48 hours and 14 days post-MlI, with or without MI.

48 hours 14 days
SHAM MI SHAM MI
N 8 36 8 36
Infarct area, % 0 28.4116.2 0 26.2+16.5
Ejection fraction, % 80.3+£3.2 55.1£15.3* 73.846.3 46.2+18.8"

Left ventricular FS, % 51.9+54 27.5+12.1* 53.1#8.4  26.4+14.6"

Values expressed mean + SD. FS= fractional shortening. * Significantly different
from SHAM at 48 hours (t test, p<0.001). * Significantly different from SHAM at 14

days (t test, p<0.001).

Correlation between plasma cTnl levels 8 hours post-Ml and infarction size
Plasma cTnl 8 hours post-MI concentration correlated well with

echocardiography measurements of infarction size at 14 days after Ml (r=0.49,

p=0.003) (Figure 3A). Also, plasma cTnl levels were correlated to histological

assessment of infarction area (r=0.66, p<0.001) (Figure 3B).
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Figure 3. Correlation between plasma cTnl levels and infarction areas. A -
cTnl levels vs. echocardiographic infarct size at 14 days after Ml (n=33); B - cTnl
levels vs. histology infarct size at 14 days after Ml . A Sham; O MI. Ml = myocardial

infarction.

Correlation between infarction size assessed by echocardiography and
histology

There was a strong positive correlation among echocardiography evaluation
48 hours and 14 days post-MI procedure with histological measurements (r=0.85,

p<0.001; r=0.86, p<0.001; respectively) (Figure 4A and B).
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Figure 4. Correlation between echocardiography and histology. A - Relation
between echocardiography assessment at 48 hours and mean histology infarct
size; B - Relation between echocardiography assessment at 14 days and mean

histology infarct size. A Sham; O myocardial infarction.

Predictive value of cTnl at 8 hours and echocardiography imaging at 48
hours

A receiver operator curve analysis was performed with cTnl levels 8 hours
and echocardiographic data 48 hours post-MI in order to determine a predictive
cutoff value for the occurrence of myocardial infarction (Figure 5).

We found that plasma cTnl levels higher than 5.49 ng/mL predicted
infarction by echocardiography with a sensitivity of 94% and specificity of 100%.
(Figure 5A). Infarction size, evaluated 48 hours by echocardiographic imaging,
higher than 1.97% predicted infarction with a sensitivity of 86.7% and specificity of

100% (Figure 5B). The predictive values are described in Table 2.
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Figure 5. Receiver operating curve for the prediction of Ml by histology
according to cTn levels at 8 hours post-Ml and echocardiography at 48 hours
post-MIl. A- Analysis for the sensitivity and specificity of cTnl at 8 hours (area
under the curve = 0.989, p<0.001) to predict infarct size at 14 days; B- Analysis for
the sensitivity and specificity of echocardiography performed at 48 hours (area
under the curve = 0.933, p<0.001) to predict infarct size at 14 days. Ml =

myocardial infarction.

Table 2. Predictive values of plasma cTnl levels and echocardiography 48 hours

post-Ml.

Sensitivity (%) Specificity (%) PPV (%) NPV (%)
cTnl 94 100 100 73
(5.49 ng/mL)
Echo 48h 86.7 100 94 1 100

(1.97%)

cTnl - Troponin-l; Echo 48h- Echocardiography 48 hours; PPV - positive predictive

value; NPV - negative predictive value.
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In order to clarify whether plasma cTnl at 8 hours and echocardiography
imaging 48 hours post MI were useful for predicting infarction area (small, medium
and large Mls) 14 days after MI, values obtained by the two techniques were
grouped according to the histological infarct size (Figure 6). As can be seen in
Figure 6 B and C, both echocardiographic imaging at 48 hours and 14 days, but
not plasma cTnl at 8 hours, were useful for discriminating small from medium/large

infarctions



N w N
< 2 <

cTnl 8 hours post-Ml (ng/mL)

—
s

o

o

—

T T
<15.26 215.26 & <21.16

T
221.16

MI echography - 48 hours (%)

30

MI echography - 14 days (%)

L * ]
B i;| |
+
-+
N
<1f;.26 215.26 i <21.16 221'.16
C
L * ]
| * 1
p— -
<15I.26 215.26 zli<21.16 221I.16

Ml histology — 14 days (%)

91

Figure 6. Histology infarction size
related to the cTn-l and
echocardiography data. A - Relation
between histology infarct size and
plasma cTn-l levels 8 hours post-Ml
(n=10, 11, and 10, respectively). B -
Relation between histology infarct size
and echocardiography 48 hours post-Mi
(n=9, 8 and 6, respectively). C - Relation
between histology infarct size and
echocardiography 14 days post-Mi
(n=10, 8 and 6, respectively). ANOVA

followed by Tukey Test. *p<0.005.
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Discussion

In the present study, we evaluated the correlation between early plasma
cTnl levels and echocardiography imaging with infarct area assessed by histology.
We observed that cTnl levels as early as 8 hours can confidently predict infarct
occurrence and are well related to M| areas 14 days post procedure in an
experimental model. Moreover, both echocardiography data obtained 48 hours
post-procedure and the cTnl levels at 8 hours could distinguish small from
medium/large areas assessed by histology at 14 days. To our knowledge, the
present study adds novel information regarding accuracy to early predict
occurrence of and size of experimental infarcts.

Rat and mice are largely used as preclinical models of infarction. A major
pitfall in this model may be attributed to its variability, which ranges from 8 to 65%
[5]. This variability severely limits the model and the results of early interventions
may not be accurately determined. Thus, to circumvent this variability, increased
number of animals is often necessary. Alternatively, an early non-invasive
biomarker, as cTnT, that could predict infarction has been studied [6, 7].

Troponin is the preferred biomarker for the detection of myocardial necrosis
and is a class | indication for the clinical diagnosis of Ml [12-16]. Several studies
have demonstrated that patients with acute coronary syndromes, increased
concentrations of troponin closely correlate with the presence, complexity, and
severity of epicardial coronary artery disease, as well as with decreased
myocardial perfusion [12, 17]. In animal models, non invasive cardiac biomarkers

have been employed to estimate infarction size. The methodology is simple,
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economical and excludes operator bias. Accordingly, Metzler et al evaluated
plasmatic cTnT levels 24 hours after Ml and observed a positive correlation with
infarction size by triphenyltetrazolium chloride (r=0.84) [18]. Also, Jiang et al
assessed cTnT levels 24 hours after MI and correlated with the infarction size at 5
weeks post-MI (r=0.87) [7]. However, earlier infarct size prediction estimates would
be desirable in order to deliver therapies right after or concomitant to Ml induction.
In the present study we demonstrated that cTnl plasmatic levels are consistently
increased 8 hours after MIl. Moreover, plasma levels of cTnl presented strong
correlation with infarction size assessed by histology 14 days after MIl. Of note,
cTnl has the advantage, over cTnT, to be more cardio-specific [16].
Echocardiographyc imaging has been used to evaluate infarct size in
animals. In the first hours after Ml induction the scar tissue and myocardial
hibernation/stunning may interfere and overestimate infarction size, respectively
[19]. Thus, imaging acquired very early may be misleading. Nevertheless, few
studies have employed this methodology to predict infarction size. Santos et al
demonstrated that echocardiography measurement may accurately estimate
infarction size 7 days after infarction induction [20]. Our study verified that an
earlier timing of echocardiography evaluation (48 hours post-MI) may accurately
estimate infarction size by histology at 14 days. Therefore, this may be an
important tool to timely evaluate and estimate infarct size in animal experiments.
Using a ROC curve analysis we also demonstrated that cTnl levels higher
than 5.49ng/mL 8 hours after the MI provides a reliable cutoff value for the
diagnosis of Ml in this rat model. The good positive predictive value observed here

helps to exclude those false-positive MI animals of experimental protocols.
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However, this cutoff value had no ability to differentiate infarct size ranges and thus
echocardiography imaging was also evaluated in the present study.

In fact, we aggregated data from 48 hours echocardiography and were able
to discriminate small from medium and larger infarcts. This information may be
instrumental to study left ventricular remodeling process in a more detailed
manner, since previous studies have clearly shown that infarction sizes smaller
than 16% have a different pattern of remodeling; accordingly, animals showing
such small infarct areas ought to be excluded from studies exploring interventional
strategies to halt or modulate remodeling progression [6] .

Our data should be viewed considering some study limitations. Firstly,
despite performed by a skilled and blinded operator, echocardiographic analysis
was carried out by a single observer. Thus, we could not exclude that part of the
variability in infarction size found with echocardiography may be related to the
observer bias. Secondly, blood was strictly collected 8 hours after Ml, coincident
with the releasing time of large amounts of cTnl at a rapid pace; this may have
contributed to some degree of variation on cTnl levels.

In conclusion, we found that a cutoff value for cTnl of 5.49 ng/mL at 8 hours
post-MI could be used to accurately predict infarct in this model, using a fast,
inexpensive, and readily available assay. Moreover, echocardiography images
taken 48 hours after Ml may predict infarcted areas 14 days later. Taken together
our data may help to readily select animals that may be kept in an experimental
protocol, achieving more homogenous infarct groups and consequently
substantially reducing sample sizes necessary to demonstrate treatment effects,

while improving power of trials addressing anti-remodeling therapies.
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7. Conclusoes

Estudo 1

Foram avaliados os efeitos da inibicado do TGF-B1 no remodelamento do
VE, através de um shRNATGF-$1, injetado no miocardio imediatamente apds a
indugdo de IM experimental em ratos. Em relagdo aos objetivos especificos
podemos concluir que:

1. N&o houve diferenga na area de infarto e na maioria dos parametros
ecocardiograficos entre os gupos tratado e controle. A fracdo de ejegéo foi
maior no grupo tratado quando comparado ao controle.

2. Os niveis de expressao dos genes: TGF-1, colageno | e Ill, MMP-2
no miocardio ndo apresentaram diferencga estatistica entre os grupos.

3. Nos animais sacrificados em 48 horas apods infarto, o shRNA- TGF-31

apresentou uma reducao de 2,5 vezes na expressao de TGF- 3 1 no miocardio.

Estudo 2

A mensuragdo de troponina-l em 8 horas apods infarto associada a
ecocardiografia em 48 horas apos infarto é capaz de predizer a ocorréncia de
e estimar a area de infarto apds 14 dias. Em relagdo aos objetivos especificos
podemos concluir que:

1. Os niveis plasmaticos de troponina-l mensurados 8 horas apds
indugdo de infarto estdo correlacionados com a area de infarto obtida por
ecocardiografia e histologia 14 dias apds infarto.

2. Niveis de troponina-l maiores do que 5,49 ng/mL de determinam a

ocorréncia de infarto neste modelo.
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3. As variaveis ecocardiograficas em 48 horas e em 14 dias apos infarto
se correlacionam positivamente com a area de infarto por histologia em 14
dias.

4. Uma area de infarto maior do que 1.97% na ecocardiografia em 48
horas apos infarto € capaz de estimar o tamanho do infarto apos 14 dias.

5. A associagdo de dados de troponina | e de ecocardiografia em 48

horas diferencia magnitudes de areas de infarto (pequena vs. media e grande).



