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RESUMO
Recentemente demonstrou-se que S-nitroso-N-acetilcisteina (SNAC) atenua o
desenvolvimento da placa de aterosclerose na aorta em cerca de 55% de camundongos
deficientes do receptor de lipoproteina de baixa densidade (LDLr-/-). O presente estudo
teve como objetivo: i) verificar se a delegdo do gene do receptor de LDL pode alterar o
perfil hemodindmico e a resposta inotropica do coragdo a agentes adrenérgicos; ii)
determinar a capacidade do SNAC na prevencao das alteracdes estruturais e funcionais do
miocardio e; 1iii) verificar o efeito do SNAC na pressao arterial de camundongos
hipercolesterolémicos. Camundongos machos C57BL6  (Wild Type = WT) e
camundongos LDLr-/- (S) foram alimentados com dieta comercial por 15 dias. Em relagdo
aos camundongos WT, os camundongos S apresentaram aumento de 11% na pressdo
arterial, diminuicao de 62% na contratilidade do atrio esquerdo, € aumento na expressao do
CD40L e redugdo na expressdo de NOSe no tecido ventricular esquerdo. Camundongos
LDLr-/- alimentados com dieta enriquecida em 1,25% de colesterol, 20% de gordura e
0,5% de acido colico por 15dias (Chol) apresentaram hipertrofia ventricular esquerda
(HVE) comparados aos camundongos S, a qual foi caracterizada por: a) aumento de 1,25
vezes na razao entre o peso ventricular esquerdo (mg) e o peso corporal (g) (4,17+0,09 vs
3,344+0,07 mg/g, respectivamente; p< 0,05); b) aumento do didmetro dos cardiomiodcitos
(25+0,6 vs 19+0,7 um, p<0.05); ¢) aumento na expressdo das isoformas das NOS (6xido
nitrico sintases) e hiperexpressdo do CD40L; d) aumento do deposito de coldgeno; e) sem
alteracdes na performance contratil do atrio esquerdo e na responsividade a noradrenalina.
A administracdo do SNAC aos camundongos Chol (chol+SNAC) (0,51 umol/kg/dia, i.p.),
preveniu o aumento na razdo do peso ventricular esquerdo (mg) e o peso corporal (g)

(3.38+0.23 mg/g), no didmetro dos cardiomidcitos (20+0.7 um), no deposito de colageno,

xvii



na expressdo das isoformas da NOS e a hiperexpressio do CD40L. O SNAC nao
apresentou efeito no aumento da pressdo arterial e nem sobre a hipocontratilidade, mas
recuperou a responsividade para noradrenalina. Em conclusdo, o presente estudo
demonstrou que camundongos com delecdo do gene do receptor LDL apresentaram
hipertensdo e marcada reduc¢do contratil. Essas caracteristicas podem estar relacionados
com o estresse oxidativo resultante do processo inflamatorio e da hipoexpressao da NOSe.
A dieta hiperlipidica promoveu hipertrofia ventricular esquerda (HVE), devida ao aumento
nos processos inflamatorio e oxidativo. O SNAC impediu o desenvolvimento da HVE por
mecanismos que envolveram efeito antiinflamatério (detectado pela diminui¢do na
expressdo do CD40L), a hiperexpressdo das NOS, a reducdo das alteragdes estruturais
ventriculares induzidas pela hipercolesterolemia de maneira independente da hipertensao.
No presente estudo, a necessidade de quantificar as andlises histoldgicas exigiu a validagdo
de um software interativo para analisar imagens de amostras teciduais. O software foi
projetado para permitir que o usudrio altere os tipos de coloracdo vermelha, verde e azul
(RGB) para uma cor padrdo que possa ser usada para segmentar a imagem e calcular a
fragdo da area de interesse. Os resultados obtidos com a contagem manual e com a
contagem feita com o uso do software foram similares, indicando que sdo métodos
alternativos confidveis para andlises quantitativas de cortes histologicos. Entretanto, o
software permite processar as imagens de maneira eficiente e confiavel, além de reproduzir
o corte tecidual em um menor tempo, e pode ser executado com o microscopio € o

computador padrao.

Xviii



Abstract

Recently, it has been that S-nitroso-N-acetylcysteine (SNAC) attenuate in 55% the plaque
development in low-density lipoprotein-receptor-deficient (LDLr-/-) mice fed a
hypercholesterolemic diet for 15 days. The present study was designed to verify whether
deletion of the low-density lipoprotein (LDL) receptor gene may affect the hemodynamic
profile and adrenergic inotropic cardiac responses and, particularly, to identify the ability of
SNAC to prevent the myocardial alterations and hypertension in hypercholesterolemic
mice. C57BL6 wild-type (WT) and LDLr-/- male mice (S) were fed a commercial diet for
15 days. Control mice (S) showed 11 % blood pressure increase, 62% left atrial
contractility decrease, CD40L overexpression and eNOS underexpression in comparison to
WT. LDLr-/- mice which were fed for 15 days with 1,25% cholesterol, 20% of fat and
0.5% of colic acid enriched diet (Chol), showed significant left ventricular hypertrophy
(LVH) versus S, which was characterized by: a) 1.25-fold increase in the LV weight
(mg)/body weight (g) ratio (4.17+£0.09 vs. 3.34+0.07 mg/g, respectively; p<0.05); b)
increased cardiomyocyte diameter (25+£0.6 vs. 19+£0.7 pm, p<0.05); c) enhanced
expression of the constitutive and inducible NOS isoforms and CD40L;d) increased
collagen deposit; e) no alteration in the atrial contractile performance or responsiveness to
norepinephrine. Administration of SNAC to Chol mice ( Chol +SNAC) (0.51 umol/kg/day,
for 15day, i.p.) prevented increases in the left ventricular weight/body weight ratio
(3.38+£0.23 mg/g), cardiomyocyte diameter (20+£0.7 um), collagen deposit, NOS isoforms
and CD40L overexpression, but had no effect on increased blood pressure or atrial basal

hypocontractility, although it recovered responsiveness to norepinephrine. In conclusion,
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the present study demonstrated that the deletion of the LDL receptor gene in mice
determined hypertension and a marked left atrial contractile deficit. These findings may be
related to oxidative stress, resulting from inflammation and eNOS underexpression. High-
cholesterol diet promoted LVH in LDLr-/- mice associated with enhanced inflammatory
and oxidant processes. SNAC prevented LVH by processes that involved decreased CD40L
expression and NOS overexpression effects attenuating the ventricular structural alterations
induced by hypercholesterolemia independent of hypertension.  Histological quantization
demanded the development of interactive software for image analysis of tissue samples.
The software was designed to allow a user-oriented change of a chosen red, green and blue
(RGB) staining in a standardized color that can be used to segment the image and calculate
the fractional area of interest. Thus the method allows efficient, reliable and reproducible
processing of tissue sections that is less time-consuming than conventional methods and

can be performed with standard microscope and computer.
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1- INTRODUCAO

Segundo a Organizagdo Mundial de Satde (2005), as doencas cardiovasculares lideram
as causas de morte no mundo. Dentre essas doencas, a hipertrofia ventricular esquerda (HVE)
constitui um indicador de grande relevancia no risco de morbimortalidade cardiovascular. O
aumento da massa ventricular esquerda representa, no entanto, um marcador do
desenvolvimento da insufciéncia do 6rgdo, geralmente decorrente de um persistente efeito
deletério da hipertensdo arterial. A partir desse quadro, varios estudos foram realizados, com o
intuito de avaliar e melhor entender o efeito da HVE sobre os eventos cardiovasculares e a
incidéncia na mortalidade. Segundo o “Framingham Heart Study” (Kannel, 1983), os
individuos que apresentaram HVE, diagnosticada por meio de alteracdes eletrocardiograficas,
apresentaram risco de morte seis vezes maior que a populagdo em geral associada aos fatores de
risco tradicionais, como dislipidemia (Sundstrom et al., 2001, Lee et al., 2005), tabagismo
(Zhang et al., 2006) e hipertensdo arterial (Kempf e Wollert, 2004). Por este motivo, cada vez
mais se enfatiza a necessidade de prevencdo e tratamento da HVE.

O miocérdio dos mamiferos passa por um crescimento hipertrofico durante a maturagao
poés-nascimento, que € caracterizado por aumento no tamanho individual dos cardiomiocitos
sem divisdo celular (Lorrell e Carabello, 2000). Este padrao de desenvolvimento hipertrofico
pode ser reiniciado no coragdo adulto em resposta a diferentes mecanismos hemodinamicos,
neuro-hormonais e/ou a estimulos patogénicos (Hunter e Chien,1999).

O aumento no estiramento dos cardiomiocitos € o principal fator indutor de crescimento
hipertroéfico, mas substancias circulantes, como a endotelina 1 (ET1) (Lee et al, 2005), a
angiotensina II (Ang II) (Lang et al, 2000), a insulina (Fredesdorf et al, 2004), e as
catecolaminas (Sussman et al., 2002; Dash et al., 2003); assim como fatores de crescimento ¢

citocinas liberadas localmente pelas células miocardicas (Izumo e Sodoshima, 1997) e produtos



do estresse oxidativo, como exemplo o anion superdxido (O;") (Nakagami et al., 2003) também
induzem o crescimento hipertréfico dos cardiomiocitos. Entretanto, ainda ndo esta
completamente elucidado se o estimulo primario para a hipertrofia é o estiramento mecanico do
coragdo, fatores neuro-humorais, ou mesmo da interagdo de ambos.

A sinalizagdo extracelular induz o crescimento hipertrofico dos cardiomidcitos pode
também regular e modular a expressdo génica (Izumo e Sadoshima, 1997). O estiramento dos
cardiomidcitos ativa segundos mensageiros como a proteina quinase C (PKC), as proteinas
quinases ativadoras mitogénicas (MAPKSs) e a calcineurina. Essas proteinas ativadas promovem
alteracdes nos fatores nucleares e na regulagdo de alguns genes, incluindo o gene que codifica o
peptideo natriurético atrial (ANP), o fator nuclear de ativacdo de células T (NFAT) e a cadeia
pesada da B-miosina (f-MHC) (Molkentin &Dorn II, 2001; Kempf & Wollert, 2004; Molkentin,
2004). Assim sendo, parece que ndo hd uma cascata de sinalizag¢do isolada para cada estimulo
ou resposta, mas que multiplas moléculas sinalizadoras ocorrem e podem formar uma rede de
cascatas com numerosos elementos, facilitando o cruzamento entre elas. Assim, torna-se
evidente que o bloqueio de uma das vias de sinalizagdo intracelular ndo ¢ suficiente para
prevenir eficientemente o crescimento hipertréfico dos cardiomiocitos. Similarmente, por meio
da ativacdo de uma das vias, o crescimento hipertrofico dos cardiomiocitos pode ser deflagrado
pelo cruzamento e pela ativagdo de outras redes de cascatas de sinalizacao.

O oxido nitrico (NO) produzido no coragdo ¢ apontado como inibidor enddgeno da
cascata de sinalizacao que induz a hipertrofia cardiaca mal adaptada (Kempf e Wollert, 2004).

As primeiras evidéncias de que o NO pode apresentar efeitos anti-hipertréficos no
coracao foram obtidas em ratos espontaneamente hipertensos (SHR), sob tratamento crdénico

com L-arginina (Matsuoka et al., 1996). Posteriormente, tal papel do NO foi confirmado em



camundongos que hiperexpressam eNOS, nos quais o NO atenuou a hipertrofia cardiaca
induzida pela infusdo cronica de isoprenalina (ISO) (Ozaki et al., 2002), indicando que o NO
endogeno pode atuar como modulador negativo para a hipertrofia cardiaca.

1.1- Conceito e Classificaciao da Hipertrofia Ventricular Esquerda

A hipertrofia ventricular esquerda (HVE) constitui um conjunto de alteragdes estruturais
decorrentes do aumento das dimensdes dos cardiomiocitos, da proliferagdao do tecido conjuntivo
intersticial e da rarefacdo da microcirculacdo coronariana (Shirani et al., 2000; Sussman et al.,
2002; Wollert e Drexler, 2002).

O crescimento dos cardiomiodcitos que ocorre na hipertrofia ventricular esquerda pode
ocorrer de duas maneiras diferentes: pela adi¢do de sarcomeros em série (sobrecarga de volume)
ou em paralelo (sobrecarga de pressdo), permitindo que a célula aumente em comprimento ou
em didmetro, levando a hipertrofia excéntrica ou concéntrica, respectivamente (Kempf e
Wollert, 2004).

Segundo Kempf e Wollert (2004), a hipertrofia causada por sobrecargas hemodinadmicas
podem conduzir a adaptada (fisioldgica) ou mal-adaptagdo (patologica). Hipertrofia adaptada ¢
aquela desenvolvida em decorréncia da sobrecarga hemodindmica transitdéria como as
observadas no crescimento cardiaco durante a adolescéncia, a gestacdo e em resposta a
exercicios regulares (coracdo de atleta), enquando que a hipertrofia mal adaptada ¢ aquela
decorrente de sobrecarga hemodinamica persistente. Na hipertrofia mal adaptada, além do
aumento do tamanho da célula e a organizacdo de novos sarcomeros, ocorrem diversas
mudangas quantitativas e qualitativas, nos niveis de expressdo génica do cardiomiocito, as quais

modificam as proteinas contrateis, os canais i06nicos, e determinam prejuizo da fun¢do contratil.



1.2- Pressao Arterial e Hipertensao

A pressao arterial (PA) depende de variaveis hemodindmicas que podem ser

equacionadas segundo a expressdo: PA = Débito cardiaco (DC) x Resisténcia Periférica Total

(RPT) ou Resisténcia Vascular Sistémica (RVS). Cada um desses determinantes primarios da

PA ¢, por sua vez, determinado por uma interagdo complexa de processos e substincias

endogenas biologicamente ativas (Figura 1) (Cotran ef al., 1999).
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Figura 1 - Fatores envolvidos no controle da PA segundo Cotran et al. (1999).

O controle adequado da pressao arterial € imprescindivel para a manutengdo da pressao

de perfusdo tecidual nos diversos 6rgdos e sistemas em mamiferos e para a homeostase

cardiovascular.

A hipertensdo arterial (HA) ¢ uma entidade clinica multifatorial, sendo classificada em

hipertensao primaria, quando nao ¢ possivel identificar uma causa evidente, e, em hipertensao

secundaria, quando ¢ causada por uma determinada disfun¢do conhecida (Filho, 2004).




Na hipertensdo estabelecida sdo encontradas alteragdes nos mecanismos de controle

(Figura 2), sendo dificil estabelecer quais os que tiveram papel preponderante no

desencadeamento ¢ mesmo na manuten¢do dos elevados valores de PA.
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Figura 2 - Interacdo dos mecanismos que induzem a hipertensao arterial, segundo Dzau e
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Embora seja improvavel que todos esses fatores estejam alterados ao mesmo tempo num

dado individuo, arranjos multiplos podem ser encontrados, uma vez que o marcador

hemodindmico da hipertensdo primaria ¢ o aumento persistente da resisténcia vascular

periférica, o qual pode ser determinado por diferentes associagdes desses fatores (Figura 1).

Numerosas evidéncias mostram que a disfun¢do endotelial desempenha importante fator

fisiopatologico na sindrome HA. Essa disfun¢do pode ocorrer em resposta a reducao de fatores




vasodilatadores e/ou ao aumento de fatores vasoconstritores, ou seja, a uma mudanga
compensatoria nos diversos mediadores vasoativos. Tal decréscimo nos mecanismos que
determinam a motricidade vascular contribui para o aumento sustentado da resisténcia periférica
total. Sabe-se que individuos com predisposicdo genética ao desenvolvimento de HA
apresentam disfun¢do endotelial e menor biodisponibilidade vascular de 6xido nitrico (NO), o
que contitue a provavel génese do processo hipertensivo. Padrdo semelhante de disfuncgdo
endotelial ¢ encontrado em hipertensos de dificil controle (Yugar-Toledo er al, 2004).
Contudo, a propria hipertensao, ou mediadores como a Ang Il promovem a disfungdo endotelial
por meio da redugdo na produgdo do NO, aumento na producdo dos fatores constritores
derivados do endotélio e aumento dos radicais livres derivados do oxigénio (Vanhoutte,1996).
Assim, ao lado de outros mecanismos, a disfuncdo endotelial contribui para o desequilibrio do
tonus nos territorios de resisténcia vascular (arteriolas e meta-arteriolas), induz a hipertrofia e a
hiperplasia da musculatura lisa vascular e a0 aumento da matriz extracelular com conseqiiente
reducdo da complacéncia vascular, perpetuando e agravando o quadro hipertensivo. O efeito
hipertensivo promovido pelos inibidores enzimaticos da NOS em diversos modelos de estudo
(Ribeiro et al., 1992; Wang et al., 2003), bem como a verificagdo do aumento da pressdo arterial
em camundongos homozigotos com a delecdo do gene da NOS endotelial (Biecker er al., 2004),
demonstraram claramente a participacdo do NO secretado no endotélio na regulacio da pressdo
arterial.

Por outro lado, a produgdo excessiva de espécies reativas de oxigénio (ROS)
correlaciona-se aos diversos processos fisiopatoldgicos cardiovasculares, dentre eles a HA
(Harrison, 1997). O aumento das ROS altera os mecanismos que controlam a func¢ao endotelial
(Li e Shah 2004; Tandon et al., 2005), prejudicando a vasodilatacdo dependente do endotélio.

Dentre as conseqiiéncias deletérias do aumento da producgdo de superoxidos mediado pela acao



da Ang II, destaca-se a inativagdo do NO com a formag¢ao de peroxinitrito (Harrison, 1997) e
sua conseqiiente toxicidade e aumento da disfun¢do endotelial (Griendling et al., 1994; Laursen
etal., 1997).

Em camundongos, a avaliacdo da pressdo arterial sistdlica (PAS), for¢a que o sangue
exerce na parede das arterias durante a sistole, ¢ empregada com maior freqiiéncia nos estudos
dos parametros cardiovasculares. Nesses estudos, métodos nao invasivos computadorizados t€ém
sido utilizados por meio de pletismografia caudal (Kreger et al., 1995). Os estudos efetuados em
diversas cepas de camundongos mostram que os valores de PAS encontram—se no intervalo de
103 a 139 mmHg nos machos e de 102 a 135 mmHg nas fémeas (Deschepper et al., 2004),
enquanto que a freqiiéncia cardiaca em ambos os sexos encontra-se no intervalo de 470 a 650
bpm (Rao e Verkman, 2000).

1.3 - Fatores que Induzem a Hipertrofia Ventricular Esquerda

Os fatores que desencadeiam a resposta hipertrofica sdo de varias origens, incluindo
fatores fisicos associados as alteragdes hemodinamicas (sobrecarga de volume ou pressdo) e
fatores neuro-humorais, os quais determinam diferentes fenotipos. O fenotipo hipertréfico dos
cardiomidcitos ¢ iniciado por multiplos sinais enddcrinos, autdcrinos e pardcrinos que
estimulam os receptores encontrados no sarcolema da célula (Silva e Krieger, 2000; Franchini,
2002). Esses fatores sdo traduzidos no interior da célula como alteragdes bioquimicas que levam
a ativacdo de segundos (citosolicos) e terceiros (nucleares) mensageiros que irdo agir no nucleo
da célula, regulando a atividade dos fatores de transcricdo, e finalmente determinardo a
expressdo génica que induz o crescimento do cardiomiécito (Silva e Krieger, 2000). Atualmente
encontra-se descrito uma série de fatores associados as vias de sinalizagdo e aos mecanismos
moleculares envolvidos no fenotipo hipertrofico.

1.3.1- Fatores Hemodinamicos



1.3.1.1- Aumento da Necessidade Metabdélica

A sobrecarga de trabalho ¢ considerada o fator mais freqiientemente envolvido na HVE.
O aumento na atividade cardiaca pode estar associado a maior demanda fisioldgica, como no
exercicio fisico (Russel er al., 2000; Machida er al., 2000) e em estados de anemia crénica
(Pereira et al., 1993), como conseqiiéncia do aumento da necessidade de bombear mais sangue
para a periferia. Esse ¢ um tipo de hipertrofia adaptativa. Nessas condi¢des, ocorre hipertrofia
predominantemente por aumento no volume dos cardiomidcitos, o que se acompanha de um
aumento proporcional dos componentes do estroma, os quais sdo representados pelos
fibroblastos e fibras coldgenas, pelas células endoteliais e pelas células musculares lisas das
paredes vasculares (Silva e Krieger, 2000), ocorrendo, assim, uma adaptagdo adequada as novas
exigéncias. Esse processo ¢ compativel com o estado funcional adequado do coragdo, ndo
ocorrendo alteragcdes das propriedades mecanicas do estroma, e, portanto, ndo levando a
insuficiéncia funcional do 6rgao.
1.3.1.2- Sobrecarga de Pressao e/ou Volume

Condigdes patoldgicas como hipertensdo arterial, estenose ou coarctacdo da aorta,
denominadas de sobrecarga de pressdo; ou as de insuficiéncia adrtica ou comunicagdo
interatrial, denominadas sobrecarga de volume, podem promover a hipertrofia por aumento no
volume dos cardiomidcitos, acompanhado de aumento e alteragdo na qualidade dos
componentes da matriz coldgena (Ozaki et al., 2002; Funakoshi et al.,2002; Kempf e Wollert,
2004). A sobrecarga pressorica e o estimulo humoral da angiotensina II sdo os principais
agentes estimuladores para a sintese de colageno, enquanto o estiramento muscular imposto pela
sobrecarga de volume favorece a sua degradacao (Chancey et. al., 2002).

O aumento desproporcional da matriz intersticial coldgena pode ocasionar disfunc¢do

miocardica pela diminuicdo da complacéncia ventricular, bem como pela modificagdo da



geometria cardiaca (Janicki, 1992). Outro fator que determina a disfunc¢do ventricular ¢ o
crescimento ndo-proporcional da densidade de vasos que ocasiona diminuicdo da reserva
coronariana, com potencial deficiéncia de oxigenagdo e de nutrientes para os cardiomidcitos.
Assim, o aumento do colageno intersticial miocardico, associado ou nao a isquemia relativa, é o
principal evento que promove disfuncdo miocardica, notadamente a disfun¢do diastolica
observada na hipertrofia ventricular.

O estimulo mecanico (sobrecarga de pressdo ou volume) sobre o cardiomidcito, por
meio do estiramento ou da deformagdo, pode ativar a célula por modificagdo da condutancia de
ions especificos ou de sinalizagdo, utilizando proteinas transmembrana conhecidas como
integrinas ¢ liberando fatores de crescimento com atuagdo autdcrina e paracrina (Franchini,
2002). O estiramento ¢ capaz de ativar canais de Ca™, de Na' e os trocadores de Na'/H';
inativar canais de K'; ativar adenilciclase e fosfolipase C (Morgan et al., 1987), além de estar
associado ao acimulo de inositéis de fosfato, os quais atuam como segundos mensageiros (Von
Harsdorf et al., 1989). As modificagdes induzidas pela ativagdo dos canais id6nicos do sarcolema
levam a variagdes da concentragdo idnica intracelular, o que pode representar um estimulo
inicial para ativacdo de proteinas quinases (MAPK), envolvidas na ativacdo de proteinas
reguladoras da atividade génica (fatores de transcricdo). As integrinas sdo responsaveis pelo
acoplamento entre a matriz extracelular e o complexo de proteinas que formam a linha Z do
sarcomero (Pardo et al.,1983), ndo possuem atividade enzimdtica definida, mas atuam como
receptores celulares de proteinas da matriz extracelular (p. ex.: colageno e laminina). Na face
intracelular da membrana, as integrinas conectam-se aos filamentos de desmina, que compdem a
linha Z, por meio proteinas intermedidrias como a vinculina, talina e a-actinina, as quais
formam uma malha de proteinas filamentares. Nessa malha posicionam-se proteinas

sinalizadoras, como as tirosina-quinases coativadora de receptores esteroidais (Src) e quinase de
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adesao focal (Fak), além de outras responsaveis pelo inicio do processo de sinaliza¢do ativado
pelas integrinas (Burridge et al., 1996). O mecanismo preciso pelo qual se da o vinculo entre o
estimulo mecanico ¢ a ativagdo dessas vias de sinalizagdo nao esta ainda esclarecido, mas sabe-
se que, apés o estimulo mecanico, essas moléculas sdo ativadas e ativam mecanismos que
controlam o crescimento celular (Franchini er al., 2000; Torsoni et al., 2001). O estimulo
mecanico também provoca a liberagdo local de fatores de crescimento e citocinas [fator de
crescimento de fibroblatos (FGF), fator de crescimento transformador B (TGFp), fator de
crescimento semelhante a insulina (IGF) e cardiotrofina-1] pelas células miocardicas (Sussman,
et al.,2002). A agdo paracrina ou autocrina desses fatores pode contribuir ou mesmo determinar
o crescimento hipertréfico dos cardiomidcitos. Esses fatores podem ligar-se aos receptores
especificos de membrana com atividade de tirosina quinase ou serina quinase e dar inicio a
cascata de eventos responsaveis pelo crescimento hipertrofico cardiaco.

1.3.2- Fatores Neuro-Humorais

1.3.2.1- Catecolaminas e Sistema Nervoso Simpatico

O sistema nervoso simpatico contribui para o desenvolvimento de hipertrofia cardiaca,
bem como para a deterioragdo funcional e estrutural na hipertrofia mal adaptada. Os efeitos das
catecolaminas sobre os cardiomiocitos sdo mediados por receptores 3 e a adrenérgicos. Tanto os
receptores B-adrenérgicos (B-AR) como os a-adrenérgicos (a-AR) pertencem a superfamilia dos
receptores acoplados as proteinas G (GPCR) (Sabri et al., 2000).

A estimulagdo dos receptores P-adrenérgicos (B-AR) ativa a adenilato-ciclase pela
interagdo com a proteina G estimulatéria (Gs), a qual desencadeia cascatas intracelulares que
ativam proteinas quinases A, estimulando também a p38-MPAK (Dash et al.,2003). Essa via
estimulada determina diferentes fungdes celulares, incluindo a transcrigdo génica e o

crescimento celular que se forem mantidos cronicamente, podera acarretar a faléncia cardiaca. A
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estimulagdo cronica dos B-AR pela administragdo de isoproterenol (Xido et al., 1999; Campos et
al., 2006) induz aumento da massa cardiaca, dos cardiomiécitos, da fibrose miocardica e da
disfungdo progressiva, o que culmina com insuficiéncia cardiaca. A utilizacdo de animais
geneticamente modificados permitiu elucidar a participagdo relativa dos subtipos B-AR no
desenvolvimento das alteragdes fenotipicas cardiacas. Assim, a hiperexpressdo miocardica de
receptores 1-AR induz a hipertrofia de cardiomiécitos e fibrose do tecido cardiaco, o que leva a
insuficiéncia cardiaca (Engelhardt er al., 1999). Entretanto, o aumento de cerca de 5 a 15 vezes
que ocorre na populagdo de B-AR, neste modelo experimental, ndo ¢ acompanhado de ativagdo
espontdnea da adenilato-ciclase, mas causa aumento de sensibilidade as catecolaminas
endogenas, sendo a causa provavel do desenvolvimento das alteragdes fenotipicas observadas.
Por outro lado, a hiperexpressao de ,-AR, com aumento de cerca de 200 vezes, produz ativagao
basal da adenilato-ciclase acompanhada de aumento na producdo basal de cAMP e na
contratilidade (Milano et al., 1994). Contudo, nenhuma altera¢do fenotipica foi observada nos
coracdes desses animais. A causa da discrepancia entre os efeitos da hiperexpressao de $;-AR e
B2-AR sobre o fendtipo cardiaco ndo estd esclarecida, mas pode ser devida a mobilizagdo de
adenilato-ciclases, localizadas em compartimentos celulares diferentes ou a ativacao de distintos
mecanismos contra-regulatorios.

Os cardiomi6citos expressam também receptores o;-adrenérgicos dos subtipos a4, 0,
ap. Agudamente, a ativagdo dos a;-AR aumenta a contratilidade mediada pela ativacao da
proteina Gq. Esta induz a ativagdo da fosfolipase C, que estimula hidrolise de fosfatidil inositois
da membrana, gerando dois segundos mensageiros, o diacilglicerol (DAG) e o inositol trifosfato
(IP3). O IP3 estimula a liberagdo de Ca™ do reticulo sarcoplasmatico, enquanto que o DAG

ativa a proteina quinase C (PKC) e, esta, por sua vez, induz hipertrofia em cultura de midcitos
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neonatais (Shubeita et al., 1992). Quando os cardiomidcitos sdo expostos cronicamente a
agonistas de a;-AR, estes desenvolvem hipertrofia (Simpson e MCGrath, 1983).

A hiperexpressdo de adrenoceptores a4 € op em coracao de camundongos, no entanto,
ndo induz a alteragdes significativas na estrutura miocardica ou qualquer grau de hipertrofia,
embora a atividade basal desses receptores esteja aumentada (Milano et al., 1994; Lin et al.,
2001). Por outro lado, o aumento da expressao da prtoeina Gq no miocardio resulta em intensa
inducdo de genes hipertroficos (Sakata et al., 1998). No entanto, varios outros receptores de
diferentes sistemas, como Ang II, endotelina e o proprio sistema adrenérgico, estdo acoplados as
proteinas Gq, de forma que os resultados obtidos nesse modelo podem ndo se referir
especificamente as vias de sinalizagdo intracelulares ativadas por a;-AR.
1.3.2.2- Angiotensina II

A expressdo de genes que codificam precursores do sistema renina-angiotensina (SRA)
como, por exemplo, o angiotensinogénio ¢ 0o mRNA da enzima renina podem ser detectados no
tecido cardiaco. Em situacdes de sobrecarga hemodinamica determinada por coarctacdo da aorta
abdominal, a hipertrofia cardiaca foi associada ao aumento na expressdo do angiotensinogénio
no ventriculo esquerdo (Baker et al., 1990). Além disso, os inibidores da enzima conversora de
angiotensina (ECA) estdo entre as drogas anti-hipertensivas com maior eficacia na redugdo da
HVE (Schmieder et al.,1996). Apesar de tais evidéncias indicarem a participacdo da Ang Il na
hipertrofia miocérdica, sua participacdo no processo de hipertrofia em modelos in vivo ainda
ndo foi possivel de estudos realizados em animais transgénicos e “knockout” para os
componetes do SRA sdo conflitantes.

Camundongos transgénicos que hiperexpressam o receptor AT1 humano, direcionado
pelo promotor da o-MHC de camundongo, apresentaram alteragdes morfologicas nos

cardiomidcitos e nas demais células do miocardio que mimetizam aquelas observadas durante o
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desenvolvimento de hipertrofia cardiaca em humanos e em animais de experimentacao (Paradis
et al, 2000). Tais animais apresentaram remodelamento cardiaco significativo com
desenvolvimento da insuficiéncia cardiaca precoce, expressao do ANP e deposi¢do de colageno
intersticial . No entanto, animais com delecao de receptores AT1 ndo apresentaram atenuacao da
hipertrofia induzida por sobrecarga pressora (Harada er al., 1998), o que pode indicar que a
participagdo da Ang II na hipertrofia cardiaca se restringe a algumas condigdes especificas de
excesso de Ang II, associada a alteragdes nos mecanismos de controle dos receptores da Ang II.
Nesse contexto, estudos de Senbonmatsu er al. (2000) demonstraram que camundongos com
delecdo do receptor AT2 apresentaram atenuacdo da hipertrofia induzida por sobrecarga
pressora, sugerindo que a deficiéncia de receptores AT1 pode ser compensada pelos receptores
AT2, ou, ainda, que este subtipo AT2 possa ter papel predominante nos efeitos troficos da Ang
IT em cardiomidcitos.
1.3.2.3- Insulina
A insulina pode estimular a sintese de proteinas miocardicas e a hipertrofia cardiaca direta ou
indiretamente. No primeiro caso, sinalizadores da via da insulina estdo envolvidos na promog¢ao
do crescimento do midcito e interagem com respostas proliferativas mediadas por receptores
acoplados a proteina G. esta via induz a hipertrofia cardiaca via MEK/ERK1/2, caracterizada
pela hipertrofia dos cardiomiodcitos e aumento da fibrose intersticial (Samuelsson et al., 2000).
Indiretamente, a insulina pode aumentar a expressio de RNAm dos receptores AT2
(Samuelsson et al., 2006) e induzir a ativagdo do sistema nervoso simpatico (Hunter e Chien,
1999).
1.3.2.4- Estresse Oxidativo

O desequilibrio entre a producdo e a remocao de espécies reativas de oxigénio (ROS) e

de nitrogénio (RNS) ¢ denominada de estresse oxidativo / nitrosativo, respectivamente. O
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acumulo de ROS e de RNS causa danos a estrutura das biomoléculas e de outros componentes
celulares, com conseqiiente alteracdo funcional e prejuizo das fungdes vitais (Droge, 2002) em
diversos tecidos e 6rgdos, inclusive hipertrofia cardiaca (Lang et al., 2000; Aikawa et al., 2001).

Virias situacdes fisiopatologicas e genéticas podem induzir estresse oxidativo cardiaco,
como, por exemplo, aumento na concentragdo de Ang II (Lang et al., 2000; Nakagami et. al.,
2003), hipercolesterolemia (Sato et al., 2004), estresse mecanico no miocardio (Aikawa et al.,
2001), processos inflamatorios (Yao et al., 2006).

A hipertensdo e o estresse mecanico no miocardio induzem ao aumento das ROS nos
cardiomidcitos, ativando a familia de proteinas quinase ativadora mitogénica (MAPK) (Aikawa
et al., 2001), as quais desempenha papel importante na hipertrofia cardiaca. Além disso, o
desequilibrio redox reduz a biodisponibilidade do NO no sistema cardiovascular (Li e Shah,
2004; Stokes e Granger, 2005) alterando a rede de sinaliza¢do no controle pro e antiproliferativo
do coragdo, desencadeando um remodelamento do miocardio (Ungvari et al., 2005).
1.3.2.5- Hipercolesterolemia

A hipercolesterolemia, além de induzir ao estresse oxidativo (Ohara et al., 1993; Sato et
al., 2004), pode, alterar a fungdo e a expressdao de canais de Korp em miocardio (Ueda et al.,
1999; Genda et al.,2002) induzindo a hipertrofia cardiaca, pelo simples fato de que a ativagdo
desses canais atenua a hipertrofia cardiaca por meio da inibi¢cdo da 70- KDa S6 Kinase (Lee et
al., 2004), enzima que atua como gatilho para sintese protéica no remodelamento do miocardio.
Além disso, a hiperlipidemia est4 associada a aumentos na concentracio de endotelina 1 ( ET1)
plasmatica, induzindo a alteracdo vasomotora (Lee et al, 2005). Em adicdo a propriedade
vasoconstritora, a endotelina ativa trés vias de sinalizagdo hipertréfica nos cardiomiocitos:
PKC, MAPK e fosfatidil 3 quinase /AKT (Sugden, 2002).

1.3.2.6- Citocinas e Fatores de Crescimento Induzidos pelo Processo Inflamatério
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A trilogia composta por: processo inflamatério (Libby er al., 2002; Kai et al., 2005),
disfun¢do do endotélio (Keaney Jr, 2000; Aubin et al., 2006) e estresse oxidativo (Harrison,
1997; Lang et al. 2000), no ambiente cardiovascular, ¢ considerada como o denominador
comum dentre 0os mecanismos que promovem e sustentam a hipertrofia cardiaca e a aterogénese.
Os eventos subseqiientes a hipercolesterolemia, associados ao estresse oxidativo, que induzem
ao processo inflamatério e a formagao do ateroma podem ser a oxida¢do da LDL, infiltracdo de
macrofagos na parede vascular coronariana e nas regides intersticiais do tecido cardiaco,
englobamento das particulas de LDL modificadas, e consequente ativacdo das células
inflamatorias com superexpressdo do CD40L (Sanguigni et al., 2005) e produgdo de citocinas
(Nian et al., 2004).

O CDA40L (ligante) ¢ uma proteina transmembrana expressa na superficie de linfocitos,
das células endoteliais, das células da musculatura lisa vascular e de macrofagos (Schoenberck e
Libby, 2001). Essa proteina exerce um efeito pré oxidante (Urbich et al., 2002) e sua interacao
com seu receptor CD40 induz a resposta inflamatdria, favorecendo a progressao da aterogénese
(André et al., 2002), a sindrome corondria aguda (Vishnevetsky et al.,2004) e a insuficiéncia
cardiaca (Ueland et al., 2005). A interagdo entre CD40 e CD40L ativa a via NFkappaP} (Bowie
e O’Neill 2000; Gelbmann et al., 2003), promove a fosforilagdo do IKK (inibidor Kappaf}
quinase), resultando na translocagdo do fator nuclear Kappa 3 (NFkappa ) para o nucleo, onde
ativa genes envolvidos na inflamacdo e no crescimento celular (Nian et al., 2004; Vellaichamy
et al., 2005). A ativacdo do NFkappa B participa do desenvolvimento da hipertrofia cardiaca em
camundongos, caracterizada por aumento do deposito de colageno (Vellaichamy et al., 2005).

Citocinas inflamatorias, como o fator de necrose tumoral alfa (TNFa) ¢ a interleucina 6
(IL 6), ndo sdo expressas constitutivamente no tecido cardiaco (Kapadia er al, 1997). O

aumento na regulagdo e na producdo dessas citocinas representa uma resposta inflamatéria
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contra injurias do miocardio (Mann, 2002). O TNF-a ¢ produzido principalmente por monécitos
e macrofagos ativados, além de outras células, como linfocitos, fibroblastos, neutréfilos, células
musculares lisas e mastocitos (Adamapoulos et al., 2001). Além disso, cardiomidcito de
mamiferos adultos pode produzir TNF-a, apds estimulos extracelulares, tais como endotoxinas,
hipdxia ou aumento do estresse mecanico (Kapadia et al.,1997). O TNFa induz a hipertrofia
cardiaca “in vivo”, por determinar aumento na sintese de proteinas estruturais e contrateis dos
cardiomidcitos (Yokoyama et al., 1997).

A ativagdo dos linfocitos T resulta na producdo de interferon-y que, por sua vez, aumenta
a sintese de citocinas inflamatdrias, como TNF-a e IL-1. Essas citocinas induzem a produgdo de
grandes quantidades de IL-6, a qual estimulara a produg@o de proteinas inflamatorias (Hansson
2005) e também parece estar envolvida com a hipertrofia cardiaca. No miocérdio, a
cardiotrofina-1 que ¢ um importante membro da familia das IL-6, interage com receptores de
membrana gp-130 (Wollert et al., 1996) e sua ativacdo induz a hipertrofia cardiaca em
camundongos (Hirota et al., 1995).

Citocinas incluindo TNF-a e o fator transformador de crescimento (TGF-f) também
desempenham um importante papel na regulacdo do deposito de colageno. O aumento da
concentracdo de citocinas apés do infarto do miocardio em ratos aumenta os depdsitos de
colageno dos tipos I e III (Deten et al, 2001). TNF-a pode também induzir ao aumento na
expressdo de receptores AT1, aumentando o efeito mediado por angiotensina II em favor da
fibrose (Peng et al.,2002).

1.4- Via Oxido Nitrico/Oxido Nitrico Sintase na Homeostasia Cardiovascular
1.4.1- Oxido Nitrico Sintases
O NO ¢ produzido por enzimas denominadas 6xido nitrico sintases (NOSs). Do ponto de

vista bioquimico, essa ¢ uma familia de enzimas complexas que catalisam a oxidagdo da L-
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arginina para produzir 6xido nitrico e L-citrulina. Trés isoformas de NOS foram inicialmente
caracterizadas: a isoforma neuronal (NOS neuronal ou NOSn), identificada no cérebro; a
isoforma induzida (NOS induzida ou NOSi) em macréfagos; e a isoforma endotelial (NOS
endotelial ou NOSe) em células endoteliais (Harrison, 1997) e cardiomiécitos (Balligand er al.,
1995). NOSn e NOSe apresentam expressdo constitutiva (oxido nitrico sintases contitutivas,
NOSc) e produzem baixa quantidade de NO, quando ativadas por célcio (Ca™) (Balligand e
Cannon, 1997). A NOSi ¢é expressa somente em resposta a estimulos pro-inflamatdrios e
citocinas e pode produzir grande quantidade de NO (Balligand e Cannon, 1997).

No miocardio sadio, a NOSe encontra-se expressa principalmente no endotélio vascular
coronariano ¢ no endotélio cardiaco (Schulz et al., 1991; Andries et al., 1998), assim como nos
cardiomidcitos (Balligand et al.,1995). Nessas células localiza-se nas cavéolas, ancorada pela
caveolina 3 na membrana plasmatica, proximo aos canais de Ca' tipo L (Kempf e Wollert,
2004).

A NOSn esta presente nos ganglios nervosos intracardiacos, nas fibras nervosas atriais e
em algumas fibras nervosas perivasculares dos ventriculos (Klimaschewski et al., 1992). Sua
expressdo também foi detectada nos cardiomiodcitos e nas células da musculatura lisa de
pequenas e grandes artérias coronarianas de ratos (Tambascia ef al,, 2000). Nessas células a
NOSn localiza-se no reticulo sarcoplasmatico, proximo aos receptores de rianodina (Xu et al.,
1999). O coragdo adulto ndo expressa normalmente NOSi. Essa ¢ ativada por mediadores do
processo inflamatorio em muitos tipos de células, incluindo células endoteliais e cardiomiocitos
(Andrey e Mayer, 1999). Pode ser identificada no citosol (Kempf e Wollert, 2004), mas ja foi
encontrada no espaco perinuclear, no complexo de Golgi, na mitocondria e na membrana

plasmatica (Xu et al., 2003).
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As oxido nitrico sintases (NOSs) possuem, em cada lado da molécula, duas porgdes
funcionalmente complementares. Na por¢do carboxiterminal, existe um dominio redutase, o
qual recebe elétrons do NADPH e, na por¢do aminoterminal, existe o dominio oxidase, o qual
subtrai um elétron do substrato L-arginina e possui sitios de ligagdo para o grupo heme e para o
co-fator tetraidrobiopterina. As duas por¢des sdao unidas por um sitio de ligacdo para calcio-
calmodulina, essencial para o acoplamento funcional da transferéncia de elétrons dos grupos
flavina para o grupo heme (Stuehr ef al., 2001). A produgdo de NO ocorre apds cinco passos
envolvendo transferéncia de elétrons, dada pela seguinte ordem: NADPH — FAD (flavina
adenina dinucleotideo) — FMN (flavina monucleotideo) — calmodulina — heme/oxigénio — L-
arginina/NO. A transferéncia de elétrons para o ferro do grupo heme induz a sua ativagdo, com
conseqliente ligagdo ao oxigénio molecular, e este complexo catalisa a oxidacdo do nitrogénio
guanidino terminal da L-arginina, resultando na sintese de NO e do subproduto L-citrulina (Sase
e Michel, 1997; Govers ¢ Rabelink, 2001).

1.4.2- Mecanismos Regulatoérios da Ativacao das Oxido Nitrico Sintases

A expressio da NOSe pode ser ativada por hormonios, como catecolaminas e
vasopressina; autacdides, como bradicinina e histamina, e por mediadores derivados das
plaquetas, como serotonina e adenosina difosfato (ADP) (Andrey e Mayer, 1999). A ativagao
da NOSe por forgas mecanicas como shear stress € estiramento ciclico pode ser mediado pelo
aumento na concentra¢do de cdlcio intra celular e também através da ativagdo da proteina G
(Andrey e Mayer, 1999).

Como citado anteriormente, a NOSe encontra-se ancorada por meio da proteina
caveolina nas cavéolas, invaginacdes da membrana plasmatica ricas em esfingolipideos e
colesterol (Govers e Rabelink, 2001). O trafego da NOSe para a cavéola ¢ dependente da adicdo

enzimatica de residuos de acidos graxos (Govers e Rabelink, 2001). O enriquecimento da NOSe
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com uma molécula de miristato e duas de palmitato, adicionadas ap6s a tradugdo, permite a
ancoragem da NOSe na cavéola por meio da caveolina, a qual exerce acdo inibitéria sobre a
NOSe (Michel ,1997; Govers e Rabelink, 2001). Essa conformagdo inibitéria da NOSe ¢
atenuada ¢ revertida mediante a elevacdo da concentracdo de calcio/calmodulina e¢/ou sua
fosforilacdo pela AKT quinase (Shiojima e Walsh, 2002).

Um outro mecanismo que influencia a atividade das NOSs ¢ a inibi¢@o alostérica pelo
proprio NO, que ¢ capaz de se ligar ao grupo heme da enzima e inibir o transporte de elétrons
(Griscavage et al., 1994; Leite et al., 2002). A inibicao pelo NO parece ocorrer particularmente
para NOSn, em grau menor para NOSe e esta caracteristicamente ausente na NOSi (Griscavage
et al., 1994; Espey et al., 2002).

1.4.3 — Desacoplamento da Sintese de Oxido Nitrico

Em situacdes de aumento na atividade enzimatica das NOSc e atividade normal e
sustentada da iNOS pode ocorrer uma deficiéncia relativa de cofatores, o que induz ao
fenomeno denominado de desacoplamento da NOS (Harrison, 1997; Vasquez-Vivar et al.,
1998; Cai e Harrison 2000). O desacoplamento da NOS ¢ designado em condi¢des em que a
transferéncia de elétrons da NOS ndo se completa de modo adequado. Assi, os elétrons que
vazam durante a atividade enzimatica sdo captados pelo oxigénio molecular, que ¢ por
exceléncia o aceptor de elétrons em organismos aerdbicos, geram o radical superdxido,

conforme pode ser visto na figura 3 (Harrison, 1997; Vasquez-Vivar et al., 1998;).
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Figura 3 — Representacio esquematica do “‘desacoplamento’ da eNOS segundo Da Luz
etal. (2003)
Em outras palavras, a NOS desacoplada funciona como uma NADPH oxidase, pois a sua
atividade determina a transferéncia de um elétron do NADPH para o oxigénio molecular
(Vasquez-Vivar et al., 1998). Portanto, a NOS desacoplada ndo apenas priva o ambiente celular
da sintese de NO, como também produz o principal antagonista do NO, o radical superoxido,
propiciando uma situacdo ideal para geracdo do intermedidrio toxico peroxinitrito (Vasquez-
Vivar et al., 1998; Cai e Harrison 2000).

O desacoplamento da NOSe parece constituir um importante mecanismo na gerac¢ao da
disfuncdo endotelial (Consetino et al., 1998; Govers e Rabelink, 2001) e do remodelamento
cardiaco (Takimoto et al., 2005), uma vez que uma série de condi¢des associadas a hipertrofia
cardiaca ¢ capaz de induzir desacoplamento. Essas condi¢cdes sdo demonstradas em células

endoteliais tratadas com LDL nativa (Pritchard et al., 2001) ou LDL oxidada (Goligorski et al.,
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2002), deficiéncia de co-fatores e L-arginina (Cooke e Okda, 2001), aumento plasmatico da
dimetil arginina assimétrica em presen¢a da LDL oxidada (Boger et al., 2000) e sobrecarga de
pressdo cardiaca (Takimoto et al., 2005). Em relacdo ao desacoplamento da NOSe, recentes
estudos mostram o paradoxal aumento da suscetibilidade a aterosclerose em camundongos que
superexpressam a NOSe (Napoli e Ignarro, 2001). Esse efeito parece ser explicado pela
despropor¢do entre a expressdo da proteina NOSe e a atividade dos co-fatores da enzima.
Assim, um aumento da expressdo da NOSe ndo ¢ suficiente para garantir que o substrato final
da enzima seja o NO, em condi¢des de exercer bioatividade protetora do vaso.

De maneira similar a descrita para a NOSe, a NOSn em situagdo de baixa concentracao
ou na auséncia de L-arginina também induz a formagdo de superoxido e H,O, (Andrey e
Mayer, 1999).

Ap6s a indugdo, a NOSi permanece ativada por 20 horas (Davies et al., 1995), durante as
quais e sintetiza NO em concentracao 1000 vezes maior que a NOSc (Wong e Marsden, 1996)
e, em condi¢des de substrato ou cofatores deficientes, reduz oxigénio molecular a superoxido
(Kempf e Wollert, 2004). Superdxido e peroxinitrito, formado pela interagdo de NO com
superoxido, sdo altamente toxicos para os cardiomiocitos (Arstall er al, 1999). Assim,
camundongos que superexpressam NOSi em cardiomiocitos desenvolvem dilatagcdo cardiaca e
apresentam morte prematura. A superexpressdao da NOSi miocardica foi associada a infiltracao
de células inflamatorias, a fibrose, ao aumento da massa cardiaca e, ainda, a morte de
cardiomidcitos (Wollert e Drexler, 2002).
1.4.4- Funcoes do Oxido Nitrico

A formacdo do NO em cardiomiocitos ¢ altamente compartimentalizada (Ziolo e Bers,
2003), como resultado da localizagdo das NOSs. Devido a alta reatividade natural do NO, sua

sintese na proximidade do seu alvo facilita sua acessibilidade aos processos intracelulares para
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uma sinalizacdo coordenada (Fleming e Busse, 1999). Ha evidéncias de que os efeitos opostos
do NO na fungao cardiaca sejam devidos a este confinamento espacial das diferentes isoformas
das NOSs. Tem sido verificado que o NO produzido pela NOSe e pela NOSn promove redugio
e aumento da contratilidade, respectivamente (Barouch er al., 2002; Khan et. al.; 2003). O NO
diminui a atividade dos canais de Ca™ tipo L da membrana plasmatica, bem como dos
receptores B adrenérgicos e, por outro lado, estimula os canais de Ca™ do reticulo
sarcoplasmatico (Barouch et al., 2002), determinando os efeitos opostos sobre a contratilidade
do miocardio.

Independente da especificidade funcional das NOSc em cardiomiécitos , 0 NO exerce
um efeito anti-hipertrofico “in vivo”, ja que camundongos deficientes em NOSn ou NOSe
desenvolveram hipertrofia cardiaca espontanea (Barouch et al., 2002) e, ainda, os deficientes
em NOSn e NOSe desenvolveram hipertrofia mais pronunciada (Barouch e al., 2003).

O efeito inotropico promovido por doadores de NO ¢ bimodal, com um efeito inotropico
positivo em baixa concentracdo de NO, mas negativo em alta concentracdo (Massion et al.,
2003). Definir a faixa de concentracdo de NO ¢ muito dificil, pois ha uma grande discrepancia
entre os modelos empregados. E, ainda, tal discrepancia esta relacionada a efetiva concentragdo
de NO bioativo no tecido, devido a quantia produzida “in vivo” e a liberada por doadores
exogenos de NO, uma vez que NO tem alta afinidade por radicais oxidantes ou “scavengers”,
como a mioglobina, que ¢ particularmente abundante no cardiomidcito (Massion et al., 2003).

Os mecanismos intracelulares descritos para o efeito do NO sdo diversos (Massion et al.,
2003). O alvo intracelular bem definido do NO ¢ a guanilato ciclase soluvel (GCs), a qual
possui um grupo heme que atua como aceptor de NO e converte cataliticamente a guanosina
trifosfato (GTP) em guanosina monofosfato ciclica (cGMP). O ¢cGMP, segundo mensageiro,

pode promover a ativagdo de canais de potassio (canais Katp) no sarcolema dos cardiomidcitos,
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da proteina kinase G (PKG) que inibe os canais de Ca™ tipo L (Gallo et al., 1998) e, ainda, a
fosforilagdo a Troponina I (Tnl), desensibilizando os miofilamentos cardiacos para o Ca'™,
resultando na diminui¢do da for¢a contratil e atenuando efeitos adrenérgicos (Layland et al.,
2002). Além disso, o ¢cGMP ativa a fosfodiesterase I (PEDII) que reduz a concetragdo
citosolica de adenosina monofosfato ciclico (cCAMP), o que pode promover a inibicdo da
proteina quinase A (PKA) com conseqiiente efeito inotropico e cronotropico negativo (Massion
et al. 2003). Esses efeitos atribuidos ao NO tem carater autocrino, uma vez que este ¢ produzido
pela NOSe ou NOSIi nos préoprios cardiomiodcitos, mediante estimulos variados (Han er al,
1998; Ziolo et al., 2001; Barouch et al., 2002), mas pode ser também um efeito paracrino do
NO, produzido pelas NOSi e NOSe nas células endoteliais (Balligand e Cannon, 1997). Por
outro lado, o NO produzido pelas NOSc expressas nas varicosidades neuronais determina a
diminui¢do da liberacdo de noradrenalina (NA) e potencializa a liberagdo de acetilcolina (ACh),
reforcando a modulagdo anti-adrenérgica no coracdo (Paton et al, 2002). O NO enddgeno
apresenta outros efeitos metabdlicos e idnicos por meio de vias independentes do GMPc, como,
por exemplo, a inibi¢do da respiragdo mitocondrial, a inibi¢do do transporte de glicose, aumento
do transporte dos acidos graxos livres e a ativagao da Bomba Na" K" ATP, nos cardiomiocitos
(Massion et al., 2003).

Uma série de estudos demonstrou que o NO promove efeito anti-hipertréfico por meio
da modulacao negativa das vias pro-hipertroficas (Figura 4) (Kempf e Wollert, 2004), sendo que
a via dependente de GMPc desempenha um papel central nesse efeito, como demonstrado nas
figuras 4 ¢ 5. O aumento de GMPc no meio intracelular inibe, via PKG, a rede de sinalizagdo
das diferentes vias pro-hipertroficas que envolvem as MAPKSs (Fiedler e Wollert, 2004) (Figura
4). Essas vias, tanto podem estar relacionadas ao crescimento, a diferencia¢do celular como

também a inflamagao.
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Figura 4 — Papel do GMPc intracelular na rede de sinalizacao das MAPKs via PKG na
hipertrofia cardiaca.

Além disso, NO-GMPc dependente pode ser efetivado por meio de outras vias de
sinalizacdo anti-hipertroficas, como a via mediada pela proteina quinase G I (PKG I), a qual
pode inibir os seguintes processos: (1) via calcineurina/fator nuclear ativador de células T
(NFAT), pela diminui¢do do influxo de célcio pelos canais de calcio tipo L (LTCC) (Fiedler et
al., 2002; Fiedler et al., 2004) (Figura 5); (2) expressao dos genes hipertréficos, como a ciclina
D2 (Bush et al., 2002), trocador Na'/H" tipo I (Engelhardt et al., 2002) e a proteina muscular
LIM (MLP) (Heineke et al., 2003) (Figura 5) e (3) ativagdo do fator de transcrigdo NFkappa 3

(Vellaichamy et al., 2005).
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Figura 5 - Papel do GMPc intracelular na rede de sinalizacdo calcineurina — NFAT e
MLP, via PKG I na hipertrofia cardiaca segundo Kempf e Wollert (2004).

Em adi¢do a seus efeitos anti-hipertréficos, o NO apresenta um efeito pro-
apoptotico dose-dependente em cardiomidcitos. Assim, baixas concentragdes de NO inibem a
hipertrofia do cardiomidcito, enquanto altas concentragdes de NO sdo requeridas para induzir a
ativacdo de caspases, fragmentacdo de DNA e apoptose (Wollert et al., 2002). A apoptose
estimulada pelo NO em cardiomidcitos adultos esta associada a alteragdo na expressdo dos
genes pro-apoptotico da familia Bel-2, o Bax e o Bak, os quais desempenham papel critico na
determinag¢do do destino da célula, em parte por alteracdo da permeabilidade da membrana
mitocondrial (Haunstetter ¢ Izumo, 1998).

1.5- Doadores de Oxido Nitrico
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Existem diversas classes de compostos que tém potencial de se decompor ¢ doar NO.
Entre elas, podem-se citar os nitritos e nitratos orgéanicos, os complexos NO-metalicos, N-
nitrosaminas, S-nitrosoti6is e N-hidroxiguanidinas (Tabela 1).

Dentre os compostos que apresentam grande potencial como doadores de NO encontram-
se os S-nitrosotidis (RSNOs) de baixo peso molecular. Os RSNOs sdo espécies endogenas que
foram detectados em fluidos do revestimento das vias aéreas, nas plaquetas e em neutréfilos,
onde atuam nos sistemas bioldgicos como carregadores de NO, na forma de tidis livres ou em

proteinas contendo cisteina (Stamler, 1992).

Nome Composto representativo Mecanismo de Liberagao de NO
nao-enzimateo enzimatco

. . Me o . e - o .

Nitritos orginicos Ma/\#”ONO Hidrolise e mitrosacio, tidis, Enzimas citossolicas, enzimas
Me luz e aquecimenio microsstmicas e xantina oxidase

) . ONO; . .

itratos orginicos idis Cit-P450, GST e enzimas
Nitratos org oNO T Cit-P450, GST

2 . N
ONO, ligadas & membrana
Complexos "NO-metdlicos Nag[Fe(CN)sNO].2H,0 Tidis, luz, redutores e nueledfilos Enzimas ligadas & membrana
HG
NO
N-nitrosaminas N1Ms "OH e luz Cit-P450
OH
Me, Me
. o AcHN -NO . L ) -
S-nitrosotidis s Espontineo, tidis, luz e fons metdlicos
COzH
X
o o HO. CO,H . e e
N-hidroxiguamdinas H H/\/\[/ Oxidantes NOS, Cit-P450
NH;

Tabela 1 - Compostos Doadores de NO adaptado de Barreto et. al.(2005).

Os RSNOs exogenos sdo farmacos promissores a serem utilizados no tratamento de
doencas que envolvem disfungdes na biodisponibilidade de NO (Eiserich, 1998), uma vez que
oferecem vantagens sobre as outras drogas existentes porque ndo em induzirem a tolerancia nas
células vasculares (Jaworski et al., 2001) como fazem o do nitrato orgénico e o nitroprussiato de

sodio
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Estudos clinicos mostraram que os RSNOs podem ser benéficos em uma série de
desordens cardiovasculares (Ignarro et al.,, 2002). Podem também ter acesso ao compartimento
intracelular pela acdo catalitica da disulfeto isomerase de membrana, associada com uma reacao
de nitrosilagao (Ignarro et al., 2002). Os membros dessa classe de composto incluem: S-nitroso-
glutationa (GSN), S-nitroso-N-acetilpenicilamina (SNAP), S-nitroso-albumina e o S-nitroso-N-
acetilcisteina (SNAC).

Estratégias de formulagdo do SNAC foram estudadas nos ltimos anos com o objetivo de
prolongar a meia vida do NO “in vivo” (Shishido e de Oliveira, 2000), sendo que a estratégia de
sintese em meio aquoso e matriz de polietileno glicol, usando-se uma mistura reativa de gases
(NO/O,), mostrou-se efetiva para tal objetivo. Em nosso laboratério, o SNAC ¢ sintetizado a
partir da dissolucdo da N-acetilcisteina (NAC) em meio acido, associada ao nitrito de sddio.

Estudos recentes do grupo de pesquisa liderarado pela Dra Marta Krieger mostraram que a
administracdo do SNAC, nitrosotiol doador de NO, apresentou efeito hipotensor em ratos
(Ricardo et al., 2002) e preveniu o desenvolvimento da placa aterosclerdtica em 55% em
camundongos LDLr-/- alimentados com dieta hipercolesterolémica por 15 dias. Entretanto, o
tratamento ndo reverteu a disfuncdo endotelial (Krieger er al., 2006). Nas fases iniciais de
aterosclerose, os camundongos desenvolveram a HVE. A génese dessa hipertrofia pode estar
associada a auséncia do gene do receptor de LDL, a sobrecarga hemodindmica, a disfun¢do
endotelial, a ativagdo neurohumoral ou a hipercolesterolemia. Assim, no presente estudo,
caracterizamos a HVE em camundongos LDLr-/- sob dieta hipercolesterolémica e a eficacia do

tratamento com SNAC .
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II- Objetivos
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2-Objetivos.

2.1- Verificar a participag¢ao da delecdo do gene do receptor de LDL no perfil hemodindmico e
na resposta inotrdpica cardiaca em camundongos.

2.2- Caracterizar estruturalmente a hipertrofia ventricular esquerda em camundongos LDLr-/-;
2.3- Determinar a participacdo das oxido nitrico sintases e da via CD40L no processo
hipertréfico

2.4- Avaliar a capacidade do SNAC na prevengdao das alteragdes estruturais e funcionais
cardiacas;

2.5- Avaliar se o SNAC promove alteracdo no perfil hemodindmico dos camundongos LDLr-/-
hipercolesterolémico;

2.6- Validar o software que permite medir, contar células e delimitar dreas de cortes histologicos

de maneira rapida e confiavel;
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3- Capitulos

3.1- S-NITROSO-N-ACETYLCYSTEINE (SNAC) PREVENTS LEFT VENTRICULAR
HYPERTROPHY IN HYPERCHOLESTEROLEMIC LDLr-/- MICE BY ANTI-
INFLAMMATORY ACTION

José Antonio Dias m,l Leandro dos m,l André Luis M,l Kelly Fabiane Santos
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SUMMARY
1. Recently, the authors showed that S-nitroso-N-acetylcysteine (SNAC) attenuated plaque
development by 55% in low-density lipoprotein-receptor-deficient (LDLr-/-) mice that were fed
a hypercholesterolemic diet for 15 days. The present study was designed to verify whether
deletion of the low-density lipoprotein (LDL) receptor gene may affect the hemodynamic

profile and inotropic cardiac responses and, in particular, to determine the ability of SNAC to
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prevent structural and functional myocardial alterations and hypertension in

hypercholesterolemic mice.

2. C57BL6 wild-type (WT, n=29) and LDLr-/- male mice (S, n=30) were fed a standard diet for
15 days. LDLr-/- mice (S) showed an 11% increase in blood pressure, a 62% decrease in left
atrial contractility, CD40L overexpression and eNOS underexpression in relation to WT. LDLr-
/- mice that were fed a 1.25% cholesterol-enriched diet for 15 days (Chol, n=30), showed
significant left ventricular hypertrophy (LVH), as compared to S, which was characterized by::
a) a 1.25-fold increase in the LV weight (mg)/body weight (g) ratio (4.17+0.09 vs. 3.34+0.07
mg/g, respectively; p<0.05); b) increased cardiomyocyte diameter (25+0.6 vs. 19£0.7 pm,
p<0.05); ¢) enhanced expression of the constitutive and inducible NOS isoforms and CD40L; d)
increased collagen deposit and e) no alteration in the atrial contractile performance or
responsiveness to norepinephrine.

3. Administration of SNAC to Chol mice (Chol+SNAC, n=28) (0.51 umol/kg/day, for 15day,
1.p.) prevented increases in the left ventricular weight/body weight ratio (3.38+0.23 mg/g),
cardiomyocyte diameter (204+0.7 pm), collagen deposit and NOS isoforms and CD40L
expression, but had no effect on the increased blood pressure or atrial basal hypocontractility,
although it recovered sensitivity to norepinephrine, comparable to the levels seen in WT.

4. In conclusion, the present study demonstrated that the deletion of the LDL receptor gene in
mice resulted in hypertension and a marked left atrial contractile deficit. These findings may be
related to oxidative stress resulting from inflammation and eNOS underexpression. A high-
cholesterol diet promoted LVH in LDLr-/- mice, due to enhance inflammatory and oxidant

processes. SNAC prevented LVH by processes that involved anti-inflammatory effects (as
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detected by decreased CD40L expression) and NOS overexpression, attenuating the ventricular
structural alterations induced by hypercholesterolemia independent of hypertension.

Key Words: blood pressure, CD40L, left ventricular hypertrophy, LDLr -/- mice, nitrosothiol.

INTRODUCTION

Cardiac hypertrophy can be induced by hypertension, myocardial diseases, volume or
pressure overload, and neurohumoral activation and may involve a variety of molecular
mechanisms.'™ Increased stretching of cardiomyocytes is the main factor that induces
hypertrophic growth. However, hypertrophic growth of cardiomyocyte and interstitial fibrosis
may also be induced by circulating substances, such as endothelin-1 (ET-1),* angiotensin II
(Ang II),”° insulin’ and catecholamines.® Also, superoxide anion overproduction by a
dysfunctional endothelium may result in oxidative stress and hypertrophic growth. °

Nitric oxide (NO) is produced in the heart and has emerged as an endogenous inhibitor
of pathological hypertrophy.’ In cardiac tissue, the first evidence of anti-hypertrophic action for
NO came from spontaneously hypertensive rats (SHR) chronically treated with L-arginine.'* In
addition, mice overexpressing constitutive endothelial NOS (eNOS) showed attenuated cardiac
hypertrophy in response to chronic administration of isoprenaline.”

Recently, the authors showed that the NO donor, S-nitroso-N-acetylcysteine (SNAC)
attenuated plaque development by 55% in low-density lipoprotein-receptor-deficient (LDLr-/-)
mice fed with a hypercholesterolemic diet for 15 days. SNAC, however, did not prevent
endothelial-dependent vascular alterations.'' In these animals, early atheroma formation was
also followed by the development of left ventricular hypertrophy (LVH). It is unclear whether
such hypertrophy was due to either hemodynamic overload or neurohumoral activation.

Therefore, the correlation of both pathophysiological conditions with the inflammatory process
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allowed for the evaluation of the characteristics of atherosclerosis by analyses of the ventricular
CDA40 ligand (CD40L) expression. CD40L is a transmembrane protein expressed on the surface
of lymphocytes, endothelial cells, smooth muscle cells (SMCs), and macrophages.'> The CD40L
exerts a pro-oxidant effect'> upon interaction with its receptor CD40, eliciting inflammatory
responses that may favor and accelerate atherosclerotic progression,'® acute coronary
syndromes'” and heart failure.'® The present study was designed to verify whether deletion of
the low-density lipoprotein (LDL) receptor gene may affect the hemodynamic profile and
inotropic cardiac responses and, inparticular, to identify the ability of SNAC to prevent

cardiovascular dysfunction in hypercholesterolemic mice.

MATERIALS AND METHODS

Animals and Experimental Protocol

Experiments used 3-month-old (24 = 3 g, N= 117) male low-density lipoprotein-receptor-
deficient (LDLr-/-) mice from Jackson Laboratory (Bar Harbor, ME) and wild-type mice (strain
C57BL/6/uni) obtained from the animal facilities at UNICAMP. The Ldl/™"" mutant strain
was developed by Dr. Robert Hammer and Dr. Joachim Herz at the Howard Hughes Medical
Institute Research Laboratories, University of Texas Southwestern Medical Center at Dallas.
The 129-derived AB1 ES cell line was used. The strain was backcrossed to C57BL/6J mice for
10 generations. The transgenic mice used here, LDLr-/- and the C57BL/6/Uni strain kept in our
unit have been analyzed in order to guarantee its use as a control group. For these purpose,
DNA samples from LDLr-/- (stock 002207), C57BL/6/Uni and 129/SvPas (Steel substrain
derived) mice were analyzed using a panel of microsatellite markers. The results have shown
that no differences were observed between C57BL/6/Uni and LDLr-/- congenic strain used in

this study, with polymorphic regions identified for 129/SvPas strain. This suggests that the

35



LDLr-/- strain is congenic with the C57BL/6 background. The experimental protocols were
approved by the Institutional Committee for Ethics in Animal Experimentation (CEEA/IB —
UNICAMP, protocol no. 521-1), in agreement with the guidelines of the Brazilian College for
Animal Experimentation (COBEA).

The mice were randomly allocated to one of the three groups described below and
received diet and water ad libitum. (1) C57BL/6/Uni used as wild-type group (WT) (daily dose
0.ImL phosphate buffered saline-PBS, i.p.), which received standard diet (Nuvital CR1); (2)
LDLr -/- control group (S) (daily dose 0.1 mL PBS, i.p.), which received a standard diet
(Nuvital CR1); (3) Hypercholesterolemic LDLr-/- group (Chol) which received a high-
cholesterol diet (20% fat, 1.25% cholesterol, 0.5% cholic acid) (daily dose 0.1 mL PBS, i.p.);
(4) Similarly handled hypercholesterolemic LDLr-/- mice given SNAC (Chol + SNAC group,
daily dose 0.51 pmol/kg, i.p.).'" " After 15 days, mice were anesthetized with a mixture of
xylazine and ketamine (6 mg/kg and 40 mg/kg, respectively, i.p.).

Resting blood pressure and heart rate measurements

Tail-cuff blood pressure and heart rate were measured in conscious mice before the
treatment with SNAC between 10 a.m. and 12 a.m., using a computerized tail-cuff Kent
Scientific (XBP 1000) system. The first 6 days of measurements were mostly for training
purposes. Data collected during these days were not used for calculations, but rather for
checking that reliable flow waveforms could be obtained in each mouse. On the day of the
recordings, sets of 30 measurements were recorded. On average, 20 to 30 blood pressure value

measurements were computed for each mouse.'®

Functional analysis of inotropic responses to norepinephrine in vitro
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After being anesthetized, each mouse was submitted to euthanasia by cervical
dislocation, the heart was removed and the left atrium wasisolated. The atria were suspended in
20 mL organ baths containing Krebs-Henseleit solution with the following composition: 115
mM NacCl, 4.6 mM KCI, 2.5 mM CaCl,.2H,0, 1.2 mM KH,POj, 12.4 mM MgS04.7H,0, 25.0
mM NaHCOs, 11 mM glucose and 0.11 mM ascorbic acid. This solution was warmed (36.5 +
0.1°C) and continuously gassed with 95% O, and 5% CO,. The atria were attached to isometric
force transducers (Narco F-60, Narco Biosystem) under a resting tension of 4.9 mN and
contractile responses were recorded on a Narco Biosystem polygraph. Left atria were
electrically paced at 1 Hz and 5 ms using a voltage stimulus 20% above the threshold. '*** The
tissues were allowed to stabilize for 60 min and then a length-force curve was determined, and
the length of each atrium set to obtain 80% of the resting tension associated with the maximum
developed force. Following this, both atria were incubated with phenoxybenzamine (10 uM) for
15 min to block a-adrenoceptors, extraneuronal uptake and muscarinic receptors. This period
was followed by 45 min of thorough washing.'”** After recovery of the basal tension,
corticosterone (30 uM) and desipramine (0.1 uM) were added to the bath and maintained
throughout the experiment to inhibit extraneuronal uptake” and neuronal reuptake,
respectively.'” After this treatment, concentration-response curves for norepinephrine (NE) were
obtained by the cumulative method. A maximum response was reported when a 0.5 log unit
increase in the agonist concentration produced no additional increase in the atrial developed
tension.

Sensitivity to norepinephrine was evaluated by determining the concentration that
produced 50% of the maximum response (ECs), and was expressed as the negative logarithm of

the ECso (pDy).
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Cardiac measures, collagen deposit, NOS isoforms and CD40L immunohistochemistry

The left ventricle (LV) was weighed and the LV weight per body weight ratio was
calculated as the ratio between LV (mg) and body weight (g).Mice were anesthetized and their
hearts were perfused in situ with phosphate buffered saline (PBS) followed by 10% PBS
buffered formaldehyde. Left ventricles were fixed in 10% formaldehyde for at least 2 days and
then washed in 70% alcohol and processed for paraffin inclusion with standard methods; 3-um
serial cross-sections were cut. Some of the sections were stained with hematoxylin-eosin for
cardiomyocyte measurements and morphological analysis and others were stained with
picrosirius red for qualitative and quantitative assessment of collagen deposit using normal
light.** Interstitial and perivascular collagens appear as a red deposit with picrosirius red

staining.”

Other ventricular sections were used to immunohistochemically evaluate the
expression'' of both NOS isoforms and CD40L expression. The LGMC-image vs1.0 software,
programmed to recognize colors and distinct shades, was used to highlight pixels of a particular
color or specify shades within the field. The software highlighted a particular color within the
field (based on the operator’s threshold settings) and calculated the amount of area it occupied.
The nontissue spaces of the field were recognized (with operator-threshold settings) by the
software and subtracted to provide the correct area of total tissue in the field.® The ratio of
immunoreactive NOS and collagen deposit area to total tissue area (x100%) was then calculated
to provide a measure of percent area. Percent average was represented by the average of 11
fields from each histological section. In another analysis, the myocyte diameter within the field
was measured using standard criteria.”” A point-to-point perpendicular line was placed across

the longitudinal axis of the myocyte at the level of the nucleus and this diameter was then

measured by the computer-imaging software. All longitudinally directed cardiomyocytes with a
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distinct cell border (at the level of the nucleus) within the sampling field were measured and
averaged to provide the mean cardiomyocyte diameter.”’ Transverse or oblique cut
cardiomyocytes were excluded. We analyzed 5 different and complete cross transverse cuts per
ventricle, which produced 15 to 20 measurements of cardiomyocyte per histological section.
The total measurements were of 75 to 100 cardiomyocytes per animal. A single examiner

performed all the histological analyses, adopting a double-blind scheme.

Protein Analysis Immunoblotting

Left ventricular tissues from mice were pulverized at -80°C using a stainless steel pestle
and mortar and were resuspended in homogenization buffer of the following composition: 0.1
mM Pipes, 5 mM MgCl2, 5 mM EDTA, 0.5% Triton X100 (v/v), 20% glycerol (v/v), and
protease inhibitor mixture (Complete, Roche Applied Science). Samples were centrifuged, and
the supernatant was collected and assayed for total protein concentration using the Bradford
method (Bio-Rad). Equal amounts of protein (200ug/lane) from three left ventricles of each
group were resolved by 7.5% (w/v) SDS-polyacrylamide minigels (Mini-Protean III, Bio-Rad)
and transferred onto the nitrocellulose membrane (Amersham Biosciences). The blots were
blocked with 5% (w/v) nonfat milk (marvel) in buffer containing 10mM tris-HCI (pH 7.6),
10mM NaCl, and Tween 20 (20%, w/v) and incubated overnight with rabbit antibodies against
CD40L and eNOS3 antibodies (1:1000 dilution). Then, appropriate staining controls (GAPDH)
were processed. Blots were exposed to horseradish peroxidase-conjugated anti-rabbit IgG
secondary antibody (1:2000, Santa Cruz Biotechnology) and immunoreactivity was visualized
using an autoradiograph film."" *® Band intensities were quantified by optical densitometry of
the developed autoradiographs.

Antibodies, drugs and reagents
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Anti-rabbit anti-nNOS, anti-eNOS, anti-iNOS and anti-CD40L polyclonal antibodies
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); syrius red from the
Sigma Chemical Company (St. Louis, MO, USA); and hematoxylin, eosin and histosec paraffin
for histological analyses were from Merck KGaA (Damstadt, Germany). SNAC was
synthesized as described by Ricardo et al..!” All other reagent grade chemicals were from Sigma
Chemical Co.

Statistical analysis

The results were expressed as mean £ SEM and were compared by Analysis of Variance
(ANOVA) followed by the Tukey test with p<0.05 indicated a statistically significant
difference.

RESULTS
Deletion of the LDL receptor gene modified the hemodynamic profile

LDLr-/- mice fed a standard diet (S) exhibited increased systolic arterial pressure
compared to their wild-type (WT) counterparts. Such values were similar to those for
hypercholesterolemic LDLr-/- mice which were fed the hypercholesterolemic diet (Chol) and
were not changed by administration of SNAC (Table 1). The heart rate was lower in S, Chol
and Chol +SNAC mice compared to the wild-type mice (Table 1).

SNAC prevented LHV

Chol mice have a significantly increased left ventricular weight/body weight ratio,
compared to S mice (4.17 £ 0.09 vs. 3.34 + 0.07 mg LV weight/g body weight , respectively;
p<0.05) (Table 1). SNAC administration prevented this phenomenon in hypercholesterolemic
mice (Chol + SNAC), compared to Chol mice (3.38 £ 0.23 vs. 4.17 = 0.09 mg LV weight/body
weight /g body weight ratio, respectively; p<0.05) (Table 1). The LV weight/body weight ratio

of WT, S and Chol + SNAC mice were not significantly different from each other (Table 1).
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S mice showed no structural alterations in cardiac tissue, when compared to WT mice.
The cardiomyocyte diameter increased about 30% in Chol as compared to S mice (25+0.60 vs.
19+ 0.7um, respectively; p<0.05). SNAC completely abolished any cardiomyocyte-diameter
increase in Chol mice (20 = 0.7 um). Cardiomyocyte diameter was not significantly different
among S, WT and Chol +SNAC mice (19 + 0.7, 18 £ 0.5 and 20 £ 0.7 pum, respectively;
p<0.05). S mice showed no collagen deposition alterations in the left ventricular tissue when
compared to WT mice (interstitial region: 3.1+£0.10% vs. 2.8+0.3%; perivascular region:
1.6+.0.1% vs 1.3+0.1%, respectively; p<0.05). Chol markedly increased collagen deposition in
the left ventricle when compared to S mice in both the interstitial (8.6+0.47% and 3.1+0.10%)
and perivascular (2.0+£0.05% and 1.3+0.1%, respectively; p<0.05) regions (Figure 1). This
deposit was markedly prevented by SNAC in the interstitial (2.9+ 0.32% p<0.05 versus Chol)
rather than in the perivascular regions (1.50+£0.07%, p<0.05 versus Chol).

SNAC recovered responsiveness to norepinephrine

Basal tension in the left atria was evaluated as an indicator of the contractile function.
The basal tension and the maximal response to norepinephrine of the left atria from LDLr -/-
mice (S) were approximately 60% lower than those of WT mice (Table 2). Feeding with a high-
cholesterol diet did not modify the atrial contractile performance. The isolated left atria from the
S and Chol mice were supersensitive to norepinephrine compared to WT mice. The high-
cholesterol diet associated to SNAC treatment (Chol and Chol+SNAC groups) did not alter the
basal tension but increased the left atria maximum response to norepinephrine and prevented the
supersensitivity to norepinephrine (Table 2).

SNAC prevented alterations in NOS isoform expression
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Histological changes in ventricular tissue were associated with increased expression of
all three NOS isoforms. WT and S mice have a low basal nNOS expression, as detected by
immunohistochemistry (Figure 2A and 2B, Table 3). Feeding a high cholesterol diet to these
animals (Chol) induced a marked up-regulation of nNOS, and is mainly scattered on the free
ventricular wall and in other perivascular regions (data not showed), such as the epicardium and
endomyocardium (Figure 2C), while the administration of SNAC returned nNOS expression to
basal values (Figure 2D and Table 3).

As expected, iNOS expression was virtually absent in WT mice (Figure 2E). LDLr gene
deletion did not affect iNOS expression (Figure 2F and table 3), however a high cholesterol diet
induced iNOS expression, mainly in perivascular tissues (data not showed) and other
endomyocardium areas (Figure 2G and table 3). SNAC treatment proved to be effective in

returning iNOS expression to reduced levels (Table 3 and Figure 2H).

Expression of eNOS follows a distinct profile, as detected by immunohistochemistry
(IHC) and immunoblot analysis. A high basal expression was observed in WT mice, particularly
in the interstitium and scattered throughout the myocardial vascular system (Figure 2I).
Interestingly, eNOS expression was lower in S mice (Figure 2J and figure 3A), suggesting that
LDLr gene deletion may affect eNOS gene expression. Feeding a high cholesterol diet to these
mice (Chol) induced an increase in eNOS expression, detected by immunohistochemistry (IHC)
(Table 3 and Figure 2K) and immunoblot analysis (Figure 3A) compared to S mice. SNAC
treatment returned eNOS expression to values observed in WT animals (Table 3, Figure 2L and

Figure 3A).

SNAC prevented alterations of CD40L expression
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In order to determine whether inflammation could be influenced by our experimental
treatments, we analyzed CD40L expression, since this signaling pathway is to be important in
vascular diseases.

Basal CD40L expression is low in WT mice, as detected by IHC (Figure 2M) and
immunoblot analysis (Figure 3B). Increased expression was detected in S mice, mainly in the
endocardium interstitium, myocardium (Figure 2N) and coronary vascular wall (data not
showed). CD40L expression was further enhanced by a high cholesterol diet (Figure 20 and
figure 3B), maintaining the same pattern. SNAC treatment blocked this effect, returning CD40L
expression to values observed in S mice (Figure 2P and Figure 3 B).

DISCUSSION

The results of the present study showed that: (a) LDLr gene deletion, by itself, induces
hemodynamic changes (increased blood pressure and decreased heart rate) irrespective of the
diet, which were not affected by SNAC; (b) a high-cholesterol diet in these knockout mice
promoted LVH and induced increased interstitial and perivascular collagen deposition, an effect
prevented by SNAC treatment; (c) the NOS isoform expression profiles in heart and vascular
tissues are dependent on genetic (LDLr gene expression) and environmental (diet and SNAC
administration) factors and (d) LDLr -/- mice present an increased inflammatory response,
detected by higher CD40L expression, in heart and vascular tissues, which is enhanced by a
high cholesterol diet and corrected by SNAC administration.

The hypertensive phenotype in male LDLr-/- mice receiving a standard diet (S)
compared to their wild-type counterparts (WT) was observed. Although investigating the
mechanisms responsible for this finding was not our objective, we can speculate a role for
oxidative stress in this phenomenon. Other authors demonstrated a decreased antioxidant

. . . . .29 . . . . .
capacity in mitochondria from these mice™, which led to increased oxidative stress in vascular
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tissues, a condition related to hypertension. This hypothesis is supported by a recent report in a
murine transgenic model, which showed that uncoupling of mitochondrial respiratory chain, and
therefore an increased release of free radicals from mitochondria, leads to increased blood
pressure and atherosclerosis.*’

Besides hemodynamic effects, we observed an impairment in myocardial contractility.
Deletion of the LDL receptor gene (LDLr-/-mice) induced a contractile deficits and left atria
hypersensitivity to the inotropic effect of norepinephrine. This phenomenon may be due to a
redox imbalance in the intracellular environment, resulting in a mishandling of calcium

homeostasis. Oxidative stress is known to interfere with calcium transport in cellular

31,32 11, 29

compartments and increased ROS generation has been described in LDLr-/- mice
Therefore, oxidative stress may be responsible for triggering the changes in the contractile
responsiveness of atria observed in our study.

Interestingly, the inotropic effect of norepinephrine was not altered by the high
cholesterol diet but was abolished by SNAC treatment. This effect of SNAC might be a
consequence of the S-nitrosothiol inhibition of cardiomyocytes Ca®* channels that attenuate the
effects of NE.»

Besides the functional abnormalities, structural changes in heart tissue were also
evaluated. Several studies have demonstrated that hypercholesterolemia induces left ventricular

hypertrophy by different mechanisms***.

Various high-fat/ high-cholesterol diets can
accelerate atherogenesis in murine models (e.g. ApoE and LDLr-/- knockout mice). However,
most models of diet-induced atherosclerosis are not associated with occlusive coronary artery
disease and cardiac dysfunction. In the present study, we demonstrated that administration of a

high-cholesterol diet to LDLr-/- mice (Chol) was associated with concentric left ventricular

hypertrophy and increased interstitial and perivascular collagen deposition, as compared to S
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and WT mice. Some of these findings, particularly hypertrophy, may be ascribed to the
oxidative stress described in these LDLr-/- mice. ROS overproduction has been described as a
potent stimulus to cardiomyocyte growth®® and may be, at least in part, responsible for structural
changes observed.

Taking into account that nNOS and eNOS deficient mice spontaneously developcardiac
hypertrophy *’and that double nNOS and eNOS deficient mice lead to even more pronounced
hypertrophy **, we investigated the cardiac NOS isoforms expression in LDLr-/- mice. We
observed an increased expression of inducible and constitutive NOS when mice were fed a high
cholesterol diet and developed left ventricular hypertrophy. Hypercholesterolemia and modified
forms of LDL are know to have numerous biological effects on endothelial function such as
increasing superoxide anion generation, which may lead to peroxynitrite production and
consequently, decreased NO bioavailability. Therefore, increased eNOS expression may be a
compensatory response to NO bioavailability impairment, induced by hypercholesterolemia. In
this context, the transient increase in the expression of the NOS isoforms restricted to the period
of rapid hypertrophic growth (15 days) might suggest that the LVH in Chol LDLr-/- mice is
related to the increased amount of myocardial superoxide, rather than to increase in NO
production. This assumption is consistent with studies on LVH demonstrating that the
expression of NOS isoforms was transiently upregulated in the pressure-overload
myocardium®, and the demonstration that eNOS uncoupling occurs in myocardial tissue
exposed to chronic pressure load”.The eNOS uncoupled serves as a major source for
myocardial ROS, which is linked to dilative hypertrophy remodeling, as well as data from our
previous studies showing that the local vascular levels of superoxide increased in Chol LDLr-/-

mice are closely related to overexpression levels of constitutive NOS'".
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On the other hand, the eNOS expression profile is much more complex. There is a
marked decrease in eNOS expression in LDLr-/- mice receiving a standard diet compared to
WT animals, suggesting that LDLr gene deletion may affect eNOS gene transcription.. How it

occurs is still not understood.

We demonstrated that hypercholesterolemia might be the factor leading to inflammation
and induction of the NOS expression proteins. Furthermore, these findings correlate better with
the inflammatory process, as described below, than with any mechanism involved in cardiac
hypertrophy.

Inflammation may be a point of convergence for our findings. Cardiac and vascular
inflammation was evaluated by CD40L expression. CD40 engagement by CD40L leads to
expression of proteins involved in inflammation and healing, including metalloproteinase,
cicloxygenase 2 and secretion of substances related to signaling, like cytokines, NO and
ROS.!? CD40-CD40L seems to be controlled at the transcriptional level, therefore, CD40L
expression correlates with the inflammatory process severity*'. In our experimental model,
we could observe an increased expression of CD40L in LDLr -/- mice, compared to WT
mice, while a high cholesterol diet further enhanced CD40L expression. We speculate that
increased ROS generation and oxidative stress in inflammatory sites may follow increased
CD40-CD40L signaling activity, although no direct measurement was performed in our

model.

An intriguing feature was that SNAC was able to prevent LVH development, but caused
no change in the elevated blood pressure, suggesting that the hypertrophic phenotype in Chol

mice bears no association with the hemodynamic overload per se. Previous studies have shown
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that SNAC treatment corrected acute hypertension in conscious L-NAME treated rats."’
Regarding LDLr-/- mice, we described SNAC hypotensive effects in another experimental
protocol. This effect corresponded to a 3243 mmHg decrease in the MAP and did not last more
than 9+2 min. Interestingly, in the present study, we observed the possible hypotensive effect
after 15 days of treatment and no hypotensive effect was observed in the Chol +SNAC mice.
This result is comparable, in terms of the chronic hypertension condition to that found in adult
SHRs (spontaneously hypertensive rats),which are less sensitive to hypotensive effects of SNAP
(S-nitroso N-acetyl-DL-Penicillamine)* .

The main effect of SNAC treatment on the abnormalities detected in our experimental
model was the prevention of LVH. The following mechanisms of action might be involved in
the SNAC anti-hypertrophic effects: (1) direct donation of NO (exogenous donor) inhibits a
growth factor release, a process mediated in part by ¢cGMP®, which is compatible with the
negative feed-back in the expression of constitutive NOS in the present study; (2) an anti-
inflammatory effect, detected as a decrease in CD40L overexpression as well as fibrosis because
decreasing CD40-CD40L activity could lead to less severe vascular inflammation, which by its
turn, would lead to less fibrosis and cardiac derangements; (3) antioxidant activity and
consequent decrease in oxidative stress, which resulted in anti-inflammatory effects (as detected
by decreasing of CD40L overexpression) and a return to homeostasis. This last hypothesis is
supported by findings from Krieger et al.'', showing that SNAC treatment decreased superoxide
production in aorta from Chol mice.

In conclusion, the present study demonstrated that the deletion of the LDL receptor gene
in mice results in hypertension and a marked left atrial contractile deficit. These findings may be
related to oxidative stress that results from inflammation and eNOS underexpression. A high-

cholesterol diet promoted LVH in LDLr-/- mice, due to enhanced inflammatory and oxidant
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processes. SNAC prevented LVH by processes that involved anti-inflammatory effects (as

detected by decreased CD40L expression) and NOS overexpression, attenuating the ventricular

structural alterations induced by hypercholesterolemia independent of hypertension.
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TABLES AND FIGURES

Table 1- Systolic Arterial Pressure (SAP), Heart Rate (HR) and Left ventricular weight
(mg) per body weight (g) ratio [LVW (mg)/ BW (g)] values from wild-type mice (WT),
LDLr-/- mice fed on a standard diet (S), LDLr-/- mice fed on a hypercholesterolemic
diet (Chol) and LDLr-/- mice fed on a hypercholesterolemic diet treated with SNAC

(Chol+SNAC). *p < 0.05 compared to WT mice; # p<0.05 compared to S mice

(ANOVA + Tukey test). Data are means = S.E.M.

Group SAP (mmHg) HR (beats'min) LYVW/BW (mg'z)
WT (n=5) 127423 579499 3.08x0.04
S (n=6) 14042.7% J20&E 1% 3.3 £ 0.07
Chol (n=7) 14241 9% J1629.1% 417 + 0.09°
Chol+ SNAC (n=5) 145+1.8% 517+11.1% 3381023

Table 2- Basal tension (mN/mg wet tissue, BT), maximum response (mN/mg wet
tissue, Rmax), and ECsy negative logarithm (pD,) values for norepinephrine (NE) in
the left atrium from wild-type mice (WT), LDLr-/- mice fed on a standard diet (S),
LDLr-/- mice fed on a hypercholesterolemic diet (Chol) and LDLr-/- mice fed on a
hypercholesterolemic diet treated with SNAC (Chol+SNAC). *p < 0.05 compared to

WT mice (ANOVA + Tukey test). Data are means + S.E.M.

Group BT Rmax (NE} pl} (NE}

WT (n=06} 62.2 + 1090 327 +627 7.72 £0.02
5 (n=06) 252 £ 6.70* 208 £ 2 | 8" B3 £0.17*
Chol (n=5) 247 £4.42% 25.9 + 3. 58* B 10 0 18"
Chol+SNAC (n=5) 221 £2.33+% 328582 B0l 013
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Table 3- Immunoreactive area (%) of nitric oxide synthases expression (nNOS, iNOS
and eNOS) in the left ventricle from wild-type mice (WT), LDLr-/- mice fed on a
standard diet (S), LDLr-/- mice fed on a hypercholesterolemic diet (Chol) and LDLr-/-
mice fed on a hypercholesterolemic diet treated with SNAC (Chol+SNAC). *p<0.05
compared to S mice, # p<0.05 compared to Chol mice (ANOVA + Tukey test). Data are

means = S.E.M.

Group nNOS INOS eNOS
WT (n=6) 1.8+03 0.0£0.0 1.0:0.4
S (n=6) 26203 0.0£0.0 2.740.2
Chol (n=6) 7.2404% 6.540.3% 0.0£1.0%
Chol+SNAC (n=6) 2.0£04 0.7+0.1" 4.320.2°

Figure 1- Left ventricular collagen deposit perivascular regions from wild-type mice (WT, n=6),
LDLr-/- mice fed on a standard diet (S, n=6), LDLr-/- mice fed on a hypercholesterolemic diet

(Chol, n=6) and LDLr-/- mice fed on a hypercholesterolemic diet treated with SNAC

(Chol+SNAC, n=6).All sections were stained with picrosirius red.
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Figure 2- Immunohistochemical peroxidase staining with anti-neuronal NOS (A-D panels) and
anti-inducible NOS (E-H panels) in the left ventricular endomyocardial regions, and anti-
endothelial NOS (I-L panels) in the perivascular regions and anti CD40 ligand (CD40L)
antibodies (M-P panels) in the left ventricular myocardial regions from wild-type mice (WT,
n=6), LDLr-/- mice fed on a standard diet (S, n=6), LDLr-/- mice fed on a hypercholesterolemic
diet (Chol, n=6) and LDLr-/- mice fed on a hypercholesterolemic diet treated with SNAC

(Chol+SNAC, n=6).
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Figure 3- Western analysis of endothelial NOS (A) and CD40 ligand (CD40L) protein
expression (B) in the left ventricular from wild-type mice (WT, n=6), LDLr-/- mice fed on a
standard diet (S, n=6), LDLr-/- mice fed on a hypercholesterolemic diet (Chol, n=6) and LDLr-
/- mice fed on a hypercholesterolemic diet treated with SNAC (Chol+SNAC, n=6). *p < 0.05
compared to S mice and # p < 0.05 compared to WT mice (ANOVA + Tukey test). Data are

means £ S.E.M.
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QUANTITATION IN TISSUES AND CELLS

José Antonio Dias Garcia 1, Thais Franchini Tornatore 2, Marta Helena Krieger1 and

Kleber Gomes Franchini 2

'Department of Physiology and Biophysics, Institute of Biology, State University of Campinas
(UNICAMP), Campinas, SP, Brazil.
’Department of Internal Medicine, School of Medicine, State University of Campinas

(UNICAMP), Campinas, SP, Brazil.

Running title: Computerized image analysis.

Correspondence to: Dr. Marta H. Krieger
Departamento de Fisiologia e Biofisica, Instituto de Biologia, Universidade Estadual de
Campinas (UNICAMP), CEP13083-970, Campinas, SP, Brasil. Fax: (55) (19) 3788-6185. E-
mail: kriegerm@unicamp.br
ABSTRACT

Image analysis combined with optical microscopy and staining procedures offers a large
potential for investigation in all areas of biology. As manual counting used for morphometry is
labour intensive and subject to intra and inter-personal variation, we developed an interactive

software for image analysis of cytological and histological samples. The software is designed to
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allow a user-oriented change of a chosen RGB value in a standardized color that can be used to
calculate the fractional area occupied by an object in the image. RGB attributes of the chosen
pixel are extracted and then a matrix is generated based on an error defined by the user. This
matrix is loaded in the memory for a systematic comparative analysis of the entire set of
remaining pixels of the picture. Any pixel coincident with the values of the reference matrix will
be considered true and has its color changed to a pre-defined standardized color. To evaluate the
method, we compared computerized with manual analysis of images with 100 X magnification.
The results generated by both methods correlated well and did not show any significant
differences, except for the intra and inter-personal variability that was higher with manual
counting than with the software-counting procedure. Thus, the method allows efficient, reliable
and reproducible processing of tissue sections that is less time-consuming than conventional
methods and can be performed with a standard microscope and computer.
Key words: Image analysis, immunohistochemistry, histology, protein expression
INTRODUCTION

Structural and functional analysis of tissues and cells is common in a number of research
fields in biology. Optical microscopy has become increasingly essential to an integrated
approach to modern biomedical research. Among various possibilities, morphological
approaches not only allow us to differentiate between the different cellular and interstitial
elements found in an organ or tissue, but also, when associated with specific staining with
antibodies and oligonucleotide probes, allow us to evaluate functional aspects which include
changes in gene expression and protein location in specific cell types. Tissue images are
complex, often with a bewildering variety of overlapping cells and gross structures. However,
some success has been reported in the literature on the computer- based image analysis of

samples from the lung [1], bone marrow [2], kidney [3], muscle [4], and nerve tissue [5].

59



Among the methods available for the quantification of area in histological sections is
planimetry. Conventional methods of planimetry include linear integration, counting of points
and the use of a polar planimeter [6]. Counting of points is a classical planimetric method for
analysis of tissue sections. Counting of points requires a test system or grid (manual counting),
which is composed of an assemblage of points whose arrangement can be regular or random,
and which is superimposed on the image [7]. The grid permits the determination of the
proportion of the volume or area of a histological section that is taken up by a given structure,
by counting the points that touch the structure [8]. Although this method has been widely used,
it demands specialized personnel to perform tissue countings and also the frequent need for
counting repetition causes intra and inter-observer variability [9].

According to Castleman [10], tissue sections have a spatial component and can exhibit
hundreds of different colors depending on the staining method used. In digitization of a
histological section, a computer produces an image composed of pixels. All of them in the
figure become a bitmap image. In this image, each pixel has a specific color that can be used for
analysis. This distinction allows the program to recognize contiguous pixels and to group them
in regions.

Advances in technology have led to improvements in analysis of histological sections,
via improvements in classical techniques and development of new methods of image analysis.

As an example, the NIH-Image (http://rsb.info.nih.gov/nih-image/), one of the most popular

non-commercial digital image analysis softwares, need the acquired digital image to be
converted into binary images (8-bit), with an intensity scale of 256 shades of gray, ranging from
0 (black) to 255 (white).

The aim of the present study was to develop reliable software that allowed a user-

oriented change of a chosen RGB (red, green and blue) value in a standardized color, which
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could be used to calculate the fractional area occupied by an object in the image of stained
tissue or cell structures. This study provides the application of image analysis techniques to
tissue sections in relation to data transformation in order to prepare the image for subsequent
analysis, segmentation to divide the image into component regions and calculation of interesting

fractional areas.

MATERIAL AND METHODS

Software

The software (LGMC-IMAGE vs 1.0) is written in Object Pascal using the Delphi 6
compiler and processes images saved as BMP, JPEG and TIFF 6.0 formats, and exports in
WMF format. The program consists of a single working panel divided into four “virtual
instruments” called 1. viewer space, 2. fast functions control, 3. results space and 4. adjust
controls. The last one activates two hidden panels with more advanced commands which allow
adjustments and changes in calibration parameters, which are measured in micron (Fig.1). Tests
and developments were done on a 450-MHz Pentium III computer. The software can run on a
slower hardware supporting Windows platform, but this is not recommended because a
significant loss in display performance and computation speed may occur. The layout of
controls and graphs is optimized for display on a color monitor supporting 1152 x 864
resolutions, with 16 bit color deep, at minimum. The basic functional compiled code with
embedded libraries occupies only 1.23 MB of disk space and requires 498 kb of system memory
to execute.

The software algorithm is depicted in figure 2. The image is loaded in a matrix of pixels
on RAM which warrants the processing speed and security by preserving the original image file.

An orientation matrix is generated to create an image manipulation reference and each element
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of this matrix is determined by a pixel. The software is designed to allow a user-oriented change
of a chosen RGB (red, green and blue) value in a standardized color, which can be used to
calculate the fractional area occupied by a color object in the image. RGB attributes of the
chosen pixel are extracted and then a tonal color matrix (digital spectrum) is generated based on
an error defined by the user. This matrix is loaded in the memory for a systematic comparative
analysis of the entire set of remaining pixels of the picture (Fig. 2A and 2B). This segmentation
is defined by the software that subdivides an image into its constituent parts or objects of
interest. Any pixel coincident with the values of the reference matrix will be considered true and
has its color changed to a pre-defined standardized color. The sum of all pixels valued as true is
computed and transformed into absolute (micron) or fractional (%) areas by the software (Fig.
2A and 2C).

The software runs on Windows 95, 98, Me, XP, 2000 (not tested on NT) and requires at
least a Pentium 233 MHz processor, 32 MRAM, 800 x 600 monitor resolution at 16 bits color
deep. However, a Pentium III 850 MHz processor, 256 MRAM and 1152 x 864 monitor
resolution at 32 bits color deep is recommended.

The general scheme of LGMC-IMAGE consists of a main panel (Fig. 2) from which the
user can choose different tasks to perform. The main menu screen shows the major functions
that can be used to change a chosen color and its nuances to a pre-defined standardized color
that can be counted as fractional (%) and/or absolute (micron) area. More command buttons
showing on drawing panel can be used to retouch areas (Fig. 3B and 3C) and measure distances
between points or specific areas (Fig.3D). The self-explanatory icons allow the user to alter and
save the attributes used by each function in the analysis.

Histological samples
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The validation of LGMC-IMAGE software was performed in 1) samples obtained from
endomyocardial biopsies obtained during cardiac surgery for geometric reconstruction of left
ventricle after myocardial infarction and stained with Masson trichrome, and 2) samples from
LDL receptor knockout mice aorta prepared for immunohistochemistry with antibody against
nitric oxide synthase 1 (NOSI1). Procedures for immunohistochemistry were performed as
described by Krieger et al. [11] and Tambascia et al. [12]. Images were captured by a calibrated
high-resolution videocamera (Leica DC 300F) connected to a light microscope (Leica DMLB)
using an oil-immersion lens with final amplification of all samples of 1440 X. The digital
images were then transferred to a personal microcomputer and saved for posterior analysis as
BITMAP, characterized by the width and height of the image in pixels and the number of bits
per pixel, which determines the number of colors it can represent.

Data analysis and Statistics

The samples were examined in three different occasions by 2 observers unaware of each
other’s analysis. Both observers analyzed the images either with LGMC-IMAGE or with grid-
driven manual counting. The analysis was performed in 60 random microscopic fields of
Masson trichrome and of immunohistochemical stained samples, and a linear regression
analysis was performed to assess the ability of computerized analysis to reproduce data
generated by manual counting. The comparison of intra- and inter-personal variation between
the two methods was performed using the paired #-test, with the level of significance set at 5%.

RESULTS
Comparison of manual and software-aided counts

To validate the ability of software-aided analysis to produce reliable counting of image

structures, we first compared the results obtained by manual counts with those of software-aided

counting for stromal tissue of human myocardial samples (Fig. 4) obtained from intra-operative
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biopsis stained with Masson trichrome. A comparison of manual and software-aided counts
revealed a good correlation between both methods (R*=0.96). Software aided counts give
comparable numbers with those obtained by manual counting but with much lower variation. As
the human myocardial tissue samples used in the present study showed a relatively high
fractional area of stained stromal tissue, we next analyzed samples of aorta obtained from LDL
receptor knockout mice fed with hypercholesterolemic diet and prepared for
immunohistochemistry with anti-NOS1 antibody. These experiments characteristically
generated a more discrete staining pattern, located in a specific region of mouse aorta, such as
sub-intimal space and media layer. As shown in figure 5, the software-aided counting of
immunohistochemical staining also revealed a good correlation with manual counts of areas
specifically stained with anti-NOS1 antibody (R*=0.87).
Reproducibility of software-aided and manual counting

The reproducibility of the fractional area counting using the software-aided and manual
counting were assessed using images recorded from 15 different histological sections of LDL
receptor knockout mice aorta. The fractional area stained with anti-NOS1 antibody was counted
in 30 different images by two analysts, each image in triplicate. The intra- and inter-person
variation is given in table 1. The same analysts also quantified the fractional area in the same
sections using the computer program. Although the results of these methods correlated well,
there was a much larger variation when the fractional area was analyzed by manual counting
(Tablel).

DISCUSSION

The versatile software shown here was primarily designed for the quantification of

changes in tissue components of stained histological samples. However, the validation

procedures performed by comparison with the standard morphometric methods demonstrated

64



the reproducibility and reliability of LGMC-IMAGE software applied to image analysis of
histological sections as well as to immunohistochemical samples.

The interpretation of the results depends on the magnitude of the variables that are being
analyzed [13]. A comparison of manual and software-aided counts produced similar results;
these two methods can be considered to have a good similarity This indicates they are reliable
alternative methods for quantitative analysis of histological sections. The manual counting
method allows analysis of images visualized directly under the microscope, in cases where a
computer or appropriate software is not available. On the other hand, the software-aided counts
allow an efficient, reliable and reproducible processing of tissue sections that is less time-
consuming than conventional methods and can be performed with a standard microscope and
computer, However, some variables must be taken into account for the segmentation of the
image by the use of the software, i. e. the illumination and focus of the microscope in image
capturing.

LGMC-IMAGE has several features that may allow it to have particularly broad utility in
image analysis. Firstly, an important feature is the possibility of a user-defined adjustment of
color tones included in the counts of a specific stained area by simple adjustments of the error of
a chosen color. This has the advantage of eliminating the influence of the elevated variability of
tones of stained tissue structures commonly observed in preparations used for histology [5] and
immunohistochemistry [1]. This also eliminates one of the problems that would make RGB
analysis worse than analysis based on HIS attributes of colors. A second advantageous feature
of the LGMC-IMAGE software is its ability to allow a user-defined retouch and elimination of
undesired stained areas from the final counting, the use of this function eliminates errors caused
by unspecific staining of a sample. A third advantage of LGMC-IMAGE is that it runs well on a

fairly basic personal computer. Some commercially available softwares for image analysis,
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besides being expensive, require more sophisticated computer resources that are not always
readily available in areas where many end users are located. Moreover, image analysis may be
performed from saved images in the commonly used extensions and also from other sources
such as scanned images, for example. Finally, it is also important to say that the LGMC-IMAGE
software is useful for personnel with relatively limited background in image analysis or
computer training. The help screen and intuitive layout of the LGMC-IMAGE software
encourage both exploration and learning.

In the current manuscript we have shown a software primarily designed for quantitative
analysis of stained histological samples, but also used for immunohistochemical samples, which
is particularly useful because it performs rapid and reliable analysis and does not require major
expertise in computer or image analysis. Further developments of this software might allow its
use in the quantification of gels, arrays and in situ-hybridization experiments and also in
automated image analysis with a broad spectrum of use in biological research.
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TABLES AND FIGURES
Tablel. Intra- and inter-personal variation obtained with the software-aided and manual

quantification of the anti-NOS1 immunoreactive area from aorta.

Manual Software
Intra-personal (%) 1.6 I

Inter—EJmnal (%) 0.8 |8

Figure 1. Panel of Calibration: To activate the calibration panel click in the second icon of the
Panel (blue circle) and with the open panel inserts the relative data to the size of the image in
micron (Blue rectangle) and finishes the operation saving the measures in the button To save

(red rectangle).
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Figure 2. (A) General scheme of LGMC-IMAGE; (B) histological image of endomyocardial:
collagen fibers represented by blue area marked in the icon “cores” showed by yellow circle in
figure 2A; (C) new image created by software: collagen fibers represented by green area using
software to segment the image showed by red circle and the software calculates fractional areas

occupied by the green color showed by black and blue circle in figure 2A.
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Figure 3. General scheme of LGMC-IMAGE where more command buttons; (A) showing on
drawing panel; (B and C) retouch areas in yellow in the histological image aorta prepared for
immunohistochemistry showed by red circle ; (D) measures distances between points or specific

areas showed by blue circle.
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Figure 4. (A) Linear regression analysis revealed a good correlation between software-aided
and manual counting of collagen area; (B) microscopic field of endomyocardial stained with
Masson trichome; (C) microscopic fields of endomyocardial with the fractional area (stromal

tissue) using the software-aided.
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Figure 5. (A) Linear regression analysis revealed a good correlation between software-aided
and manual counting in a more discrete staining pattern (immunohistochemistry analyses in
aorta); (B) microscopic field of mouse aorta stained with anti-NOS1 antibody; (C) microscopic
fields of the fractional area (immunoreactivity area for expression NOS1 in the sub-intimal

space e media layer) counting using the software-aided.
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IV- Conclusao
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4- Conclusao

Os resultados desse estudo mostraram que:

4.1- A dele¢do do gene do receptor de LDL em camundongos (S) induziu alteragdes
hemodinamicas caracterizadas por hipertensao e reducdo da frequéncia cardiaca, além de déficit
contratil do miocardio. Essas altera¢des foram correlacionadas ao estresse oxidativo, resultado
do processo inflamatorio e hipoexpressao da NOSe, mostrando que o fenotipo hipertensivo e o
déficit contratil nesse modelo animal pode ser considerado como uma resposta adaptativa a
delegdo génica.

4.2- A dieta hipercolesterolémica, por um periodo de 15 dias, promoveu em camundongos
LDLr-/- (Chol) o desenvolvimento da hipertrofia ventricular esquerda com incremento no
deposito de colageno. Esse efeito deletério provido pela ingestdo da dieta foi relacionado ao
aumento dos processos inflamatorio e oxidativo, caracterizados por aumento nas expressoes do
CDA40L nos tecidos cardiaco e vascular. O tratamento com SNAC (Chol+SNAC) preveniu todas
as alteragdes estruturais induzidas pela dieta hipercolesterolémica.

4.3- A expressao das isoformas das NOS no coracdo e no tecido vascular ocorreram
dependentemente dos fatores genéticos (expressao do gene do receptor de LDL), bem como dos
fatores ambientais (administracdo da dieta e tratamento com SNAC).

4.4- O SNAC impediu o desenvolvimento da HVE por processos que envolveram efeito
antiinflamatoério (detectado pela diminuig¢do na expressdao do CD40L) e decréscimo na expressao
das NOS, independentemente da hipertensao.

4.5- O software (LGMC-IMAGE vs 1.0) mostrou resultados fidegninos, e seu uso pode ser

particularmente util para executar de maneira rapida e confiavel as medidas morfométricas.
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	MATERIALS AND METHODS 
	 The left ventricle (LV) was weighed and the LV weight per body weight ratio was calculated as the ratio between LV (mg) and body weight (g).Mice were anesthetized and their hearts were perfused in situ with phosphate buffered saline (PBS) followed by 10% PBS buffered formaldehyde. Left ventricles were fixed in 10% formaldehyde for at least 2 days and then washed in 70% alcohol and processed for paraffin inclusion with standard methods; 3-µm serial cross-sections were cut. Some of the sections were stained with hematoxylin-eosin for cardiomyocyte measurements and morphological analysis and others were stained with picrosirius red for qualitative and quantitative assessment of collagen deposit using normal light.24 Interstitial and perivascular collagens appear as a red deposit with picrosirius red staining.25 Other ventricular sections were used to immunohistochemically evaluate the expression11 of both NOS isoforms and CD40L expression. The LGMC-image vs1.0 software, programmed to recognize colors and distinct shades, was used to highlight pixels of a particular color or specify shades within the field. The software highlighted a particular color within the field (based on the operator’s threshold settings) and calculated the amount of area it occupied. The nontissue spaces of the field were recognized (with operator-threshold settings) by the software and subtracted to provide the correct area of total tissue in the field.26  The ratio of immunoreactive NOS and collagen deposit area to total tissue area (×100%) was then calculated to provide a measure of percent area. Percent average was represented by the average of 11 fields from each histological section. In another analysis, the myocyte diameter within the field was measured using standard criteria.27 A point-to-point perpendicular line was placed across the longitudinal axis of the myocyte at the level of the nucleus and this diameter was then measured by the computer-imaging software. All longitudinally directed cardiomyocytes with a distinct cell border (at the level of the nucleus) within the sampling field were measured and averaged to provide the mean cardiomyocyte diameter.27 Transverse or oblique cut cardiomyocytes were excluded. We analyzed 5 different and complete cross transverse cuts per ventricle, which produced 15 to 20 measurements of cardiomyocyte per histological section. The total measurements were of 75 to 100 cardiomyocytes per animal. A single examiner performed all the histological analyses, adopting a double-blind scheme. 
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