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1 MARCO TEORICO

1.1 Epidemiologia

A doenca aterosclerética cerebrovascular representa atualmente uma
prioridade em saude publica nos paises desenvolvidos e no Brasil. Devido a
sua alta prevaléncia, constitui-se na segunda maior causa de morte e principal
causa de incapacitagdo na populagdo adulta mundial (1-3). Cerca de 0,2% da
populacdo ocidental (2.000/1.000.000) é acometida por ataque vascular
encefalico (AVE) a cada ano, com uma taxa de mortalidade de 30% no primeiro
ano e evolugdo com sequelas maiores e incapacitagcdo em outros 30%,
ocorrendo recuperagao da capacidade produtiva nos casos restantes (4). Nos
EUA, ocorrem mais de 700.000 casos novos ou recorrentes de AVE
anualmente, e destes, 160.000 sao fatais (5).

Aproximadamente 80% de todos os AVEs sao de origem isquémica,
sendo que 60% destes sao atribuidos a doenga aterotrombdtica extracraniana.
A aterosclerose carotidea, na maioria dos casos atingindo a bifurcagéo, é
responsavel por 20% de todos os AVEs pelos mecanismos de trombose ou
embolizacdo, e representa um importante alvo para a prevencado primaria e

secundaria (5-7).

1.2 Doenca oclusiva de carétidas

Na aterosclerose carotidea, os sintomas geralmente estdo associados a

ocorréncia de macro ou microembolizagbes relacionadas a placa
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aterotrombatica localizada na bifurcagao, resultando na isquemia do territorio
cerebral acometido (8). As manifestagées da isquemia cerebral dependerao do
territério vascular comprometido por meio dos mecanismos compensatorios
relacionados ao estado hemodinamico geral do paciente e dos ramos colaterais
a partir do poligono de Willis (9, 10).

As manifestagdes da insuficiéncia vascular cerebral apresentam formas
diversas e quadros clinicos que variam desde ligeiros disturbios visuais e
sensagao de perda de sensibilidade até quadros neurolégicos graves com
sequelas motoras definitivas e morte. Caracteristicamente, os fendmenos
tromboembdlicos provenientes da bifurcacdo carotidea causam déficit
hemisférico focal, manifestando-se por amaurose ipsilateral, hemiparesia ou
hemiplegia contralateral, de predominio braquial, ou por dificuldades de
expressao, como afasia, disfasia ou disartria, quando é acometido o hemisfério
cerebral dominante. Sintomas como tonturas, vertigem, alteragdes posturais ou
sincope sdo mais raros e, geralmente, sugerem comprometimento
concomitante do territorio vértebro-basilar (9, 10). Assim, dentro do espectro
clinico da doenca cerebrovascular, pode-se ter desde queixas como dorméncia
leve e recidivante da mao até um quadro de hemiplegia subita e irreversivel
(11).

Classicamente, a nomenclatura das sindromes isquémicas cerebrais
leva em consideragdo a reversibilidade e o tempo de evolugdo do déficit
neurolégico. Quando o quadro de isquemia cerebral apresenta reversao
completa em até 24 horas, sem deixar sequelas, denomina-se ataque
isquémico transitorio (AlT), o qual apresenta risco de 30% de recorréncia ou

evolucdo para o AVE. Entretanto, se o déficit neuroldégico permanece por mais



14

de 24 horas, caracterizando o infarto cerebral, denomina-se AVE,
independentemente da recuperacgao futura ou do grau de sequela neuroldgica.
Além disso, tal distincdo & reconhecidamente arbitraria, visto que danos
teciduais permanentes sao encontrados em até 25% dos pacientes com AIT (9-

11).

1.3 Opgoes terapéuticas

A endarterectomia carotidea (EC) € uma cirurgia profilatica que tem
como objetivo evitar a ocorréncia de lesbes isquémicas cerebrais em pacientes
com doenca obstrutiva de artérias carétidas. Diversos ensaios clinicos,
baseados principalmente no percentual de estenose, estabeleceram critérios
de indicagao cirurgica e demonstraram que a EC diminui a incidéncia de AVE e
morte em pacientes sintomaticos ou assintomaticos (9,12-15).

Nos pacientes sintomaticos, a realizagdo da EC visa impedir a evolugéo
para o AVE nos pacientes com AIT, ou salvar o parénquima cerebral sob risco
de novo infarto e restaurar a qualidade de vida, nos casos de AVE ja
constituido. Nesses casos, o beneficio da EC foi claramente estabelecido por
dois ensaios clinicos, o North American Symptomatic Carotid Endarterectomy
Trial (NASCET) e o European Carotid Surgery Trial (ECST) (16, 17).

Na doencga obstrutiva assintomatica de caroétidas é dificil determinar com
precisdo o numero de AVEs que podem ser evitados pela EC na populagao
geral. Por isso, apesar de existirem evidéncias que suportam a indicagdo de
EC nos individuos assintomaticos, sdo dados menos robustos em comparagao

aos estabelecidos para os casos sintomaticos. Os principais ensaios clinicos
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demonstrando os beneficios da EC em pacientes assintomaticos sdo o
Asymptomatic Carotid Atherosclerosis Study (ACAS) e o Asymptomatic Carotid
Surgery Trial (ACST) (18, 19).

Em sintese, os diversos ensaios clinicos que testaram a eficacia da EC
na prevencao primaria e secundaria de novos eventos cerebrovasculares
demonstraram beneficio clinico evidente, porém de magnitude variavel, de
acordo com a presencga dos sintomas prévios e a gravidade da doencga oclusiva
carotidea. Todos os estudos, entretanto, utilizaram o grau de estenose vascular
(<70%, 70-90%, >90%) como parametro principal de inclusdo e estratificacao
nas analises (16-19). Este aspecto vem sendo questionado por diversos
investigadores a luz da evolugdo do conhecimento das caracteristicas
associadas a vulnerabilidade das placas ateroscleréticas, como sera visto a

sequir.

1.4 Vulnerabilidade da placa aterosclerética carotidea

A vulnerabilidade da placa de ateroma, manifestada como ulceragao da
capa fibrosa, ruptura da placa, ou hemorragia intraplaca, é responsavel pela
maioria das complicagbes da aterosclerose (20). Embora na atualidade a
decisdo terapéutica na doenga carotidea seja definida pelo percentual de
estenose, os eventos cerebrovasculares sao determinados pela vulnerabilidade
das placas (21-23), com fortes evidéncias sugerindo que os sintomas clinicos e
a morbidade resultante da doenca estdo relacionados a sua instabilidade (24-

29).



16

A placa carotidea vulneravel é aquela que apresenta uma elevada
tendéncia a causar eventos isquémicos relacionados a embolizagcao ou ruptura.
Andlises histologicas de espécimes de ECs sugerem que as placas de alto
risco apresentam um grande nucleo necrético rico em lipidios, capa fibrosa fina
com tendéncia a ruptura, infiltrado inflamatério intenso, presenga de
neovascularizagdo e hemorragia intraplaca. Assim, a vulnerabilidade é ditada,
em parte, pela morfologia da placa que, por sua vez, é influenciada por
mecanismos fisiopatoldgicos no nivel celular e molecular (20, 22, 23).

O conceito de vulnerabilidade da placa ateroscleroética foi inicialmente
introduzido nos estudos utilizando como referéncia a doenga obstrutiva
coronariana, tanto em nivel experimental como clinico (21, 30-33),
consolidando o consenso vigente de que, independentemente do grau de
estenose, as lesbes vulneraveis sdo caracterizadas pela morfologia da placa

aterosclerética (34) (Figura 1).

A

Figura 1. Patogénese da placa aterosclerética: A) Lesao inicial; B) Remodelamento positivo e
afilamento da capa fibrosa; C) Ruptura da capa fibrosa sem hemorragia intraplaca; D) Hemorragia
intraplaca determinando a ruptura da capa fibrosa. Adaptado de Rohde e Lee (34).
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Os ensaios clinicos também comprovam que a obstrugdo luminal é
limitada para determinar a ocorréncia de eventos clinicos e a histéria natural da
doenga carotidea. O grau de estenose permite prever 1 entre 4 AVEs nos
pacientes sintomaticos e somente 1 entre 10 AVEs nos pacientes
assintomaticos. Entdo, outras propriedades da placa, além do grau de
obstrugcdo isoladamente, sdo importantes para identificar os pacientes com
risco de AVE (14, 17, 18, 35).

Neste contexto, o reconhecimento precoce das caracteristicas de
instabilidade da placa pode identificar um grupo de pacientes com potencial
para complicagdes trombdticas que possivelmente poderia se beneficiar de

intervencdes mais agressivas ou precoces (36-39).

1.5 Hemorragia intraplaca

A alta prevaléncia de hemorragia intraplaca (HIP) nas lesdes
ateroscleréticas avangadas, comprovada por estudos de analise histolégica,
levanta a intrigante possibilidade de ser este o principal mecanismo da
progressao da placa aterosclerética carotidea (36) (Figura 2). Recentemente,
avangos nos métodos de imagem permitiram avaliar, de forma n&o-invasiva e
sequencial, diversos aspectos da placa aterosclerotica carotidea e, em
especial, a presengca de HIP. Ja é reconhecido que a ressonancia nuclear
magnética (RNM) de alta resolugédo in vivo pode identificar e estagiar a HIP em
placas carotideas avangadas com alta sensibilidade e especificidade moderada
(40). O sangramento dentro da parede do vaso pode estimular a progressao do

processo aterosclerdtico, pelo aumento do nucleo lipidico e consequente
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aumento do volume da placa, e também pelo estimulo de novos fatores

desestabilizadores (41).

m

Fregiéncia de Hemorragia Intraplaca
em Sitios Remotos da Lesao Culpada

Ruptura Eroséo Estenose
da Placa da >75%
Placa

Figura 2. Exemplos de hemorragia intraplaca na mesma lesdo aterosclerética (A e B) e em
ampliados (C e D). Freqiiéncia de HIP em locais remotos da lesdo culpada (E). Adaptado de
Virmani et al. (36).

Em um estudo prospectivo envolvendo 29 individuos (14 casos com HIP
e 15 controles sem HIP), acompanhados por 18 meses com RNM, Takaya e
cols. (42) observaram que a HIP acelera a progressao da placa aterosclerética
carotidea. Os pesquisadores do mesmo grupo, em um estudo envolvendo 154
pacientes consecutivos com estenose carotidea assintomatica de 50 a 70%,
diagnosticada por ultrassonografia, indicaram que a HIP identificada por RNM
pode prever eventos cerebrais isquémicos, como AlIT, AVE ou amaurose fugaz
(43). Além disso, outro estudo demonstrou que a HIP detectada por RNM pode

prever eventos cerebrovasculares recorrentes em pacientes com estenose

carotidea grave (60% a 99%) (44).
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Do mesmo modo, em um estudo desenvolvido pelo nosso grupo,
Albuquerque e cols. (45) demonstraram em 70 pacientes consecutivos
submetidos a endarterectomia carotidea, que a HIP evidenciada pela presenca
de sinal hiperintenso na RNM de alta resolucdo esta associada com a
instabilidade de sintomas neurolégicos e o aumento nos niveis de marcadores
inflamatérios sistémicos. Tais achados ndo se correlacionaram com o grau de
estenose angiografico ou com a espessura da capa fibrosa, concordando com
o conceito de que o grau de estenose luminal no sistema carotideo, de modo
semelhante ao que ocorre na doenga coronariana, ndo é um marcador
adequado de vulnerabilidade do ateroma (42-45).

Neste cenario, a HIP emerge como um aspecto central nos eventos que
levam a instabilidade da placa aterosclerética, particularmente na circulagao
extracraniana. Estudos recentes sugerem que a HIP pode representar um
potente estimulo aterogénico, contribuindo para a infiltragdo de macrofagos e
para o crescimento do nucleo necrosado da placa aterosclerdtica (46).
Adicionalmente, alteragbes estruturais na hemoglobina livre extra-eritrocitaria,
podem originar um sinal danoso ao sistema imune e, assim, contribuir para o

processo inflamatério que acontece dentro do ateroma (47).

1.6 Aterosclerose e inflamagao

A aterosclerose foi originalmente considerada um disturbio decorrente da
deposic¢ao progressiva de lipoproteinas do colesterol nas paredes dos vasos, e
ha trés décadas conceituada como um processo proliferativo brando (48). Com

a evolucao da ciéncia e o desenvolvimento da tecnologia tornou-se possivel o
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estudo de moléculas especificas na formacdo do ateroma, demonstrando o
papel critico da hipercolesterolemia e também evidenciando a importante
participacao do sistema imune na patogénese da aterosclerose (49).

Atualmente a aterosclerose é descrita como uma doenca inflamatéria
cronica multifatorial do sistema arterial (48). A descoberta do envolvimento de
varios mecanismos inflamatérios na doenga aterosclerdtica tem contribuido
para a modificacdo de alguns paradigmas etiopatogénicos que restringiam a
causa da doenga unicamente ao acumulo progressivo de lipidios na parede
arterial. O reconhecimento da natureza inflamatéria no desenvolvimento da
doencga € clinicamente relevante visto que somente 50% dos pacientes com
aterosclerose apresentam dislipidemia (50). Além disso, pacientes com
irregularidade angiografica carotidea bilateral apresentam uma taxa maior de
infarto agudo do miocardio (IAM) prévio e morte subita, possivelmente devido a
um comportamento sistémico na génese dos fendmenos aterotromboéticos mais
agressivos (51).

No modelo atual de aterogénese, a alteragdo da homeostase do
endotélio, a partir de agressores locais ou sistémicos, tais como o acumulo de
lipoproteinas, estresse mecéanico (hipertensdo arterial, intervengbes
percutaneas), toxinas do fumo ou substancias oxidantes, agentes infecciosos,
variagbes genéticas, doengas autoimunes, entre outros, constitui o evento
inicial da formagdo e progressdo da placa aterosclerética (52). A leséo
endotelial desencadeia uma série de respostas, caracterizadas por alteragdes
da sua funcionalidade, através de modificagbes na sua aderéncia,

permeabilidade, capacidade proliferativa e trombogénese (53, 54).
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A disfuncdo endotelial promove a producdo de moléculas de adeséao,
integrinas e selectinas, ocasionando o recrutamento e a agregagdo de
mondcitos, macrofagos, linfocitos e plaquetas na parede vascular, que
acarretam a alteracdo da permeabilidade do endotélio. Estes elementos
celulares ativados promovem a liberagcdo de agentes pro-inflamatérios,
sobretudo citocinas, interleucinas, interferon-a, fator quimiostatico de
mondcitos, CD40 ligante, metaloproteinases de matriz extracelular, entre
outros. Se o processo de agressao nao € bloqueado, tais agentes continuam a
ser produzidos indefinidamente, adquirindo alcance sistémico, com liberagao
adicional de citocinas, agregacao de particulas de LDL oxidado na superficie
endotelial, producéo e liberagdo hepatica de substancias inflamatoérias, como a
proteina C reativa (PCR), e ativagao do sistema do complemento e da cascata
inflamatdria sistémica (53, 54).

Simultaneamente, esta resposta inflamatéria induz a deposicao
subendotelial de particulas de LDL oxidado que sédo sequestradas, modificadas
e fagocitadas por macréfagos, originando as células espumosas (foam cells).
Estas, juntamente com subtipos especificos de linfocitos T, por meio de
mediadores quimicos, promovem a migracao e proliferagdo de células
musculares lisas para a porcao subendotelial, o que caracteriza
histologicamente a lesao precoce (53-55).

A manutencéo do estimulo pro-inflamatorio leva a fase proliferativa, com
a producao intensa de outras interleucinas, fator de necrose tumoral-a, fator de
crescimento plaquetario e fator de crescimento fibroblastico. Em um primeiro
momento ocorre um aumento acentuado na sintese de colageno, a partir da

ativagdo dos fibroblastos, formando a capa fibrosa (53-55). Nesta fase, o
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crescimento intraparietal da area de inflamacéo ocorre no sentido oposto a luz
da artéria, excentricamente, em dire¢cdo a adventicia, num fenbémeno
denominado remodelamento positivo, com estimulo constante da liberagao de
enzimas proteoliticas da matriz intersticial e de citocinas, o que pode induzir a
necrose focal. Assim, a lesdo precoce transforma-se na placa madura, que
apresenta crescimento excéntrico e remodelamento positivo (56).

O crescimento da placa de ateroma compromete, progressivamente, a
propriedade anticoagulante das células endoteliais, originando um estado pré-
trombogénico, para o qual contribuem diversos fatores, como a propria
atividade inflamatéria local, a ativagdo plaquetaria, as alteragbes no
metabolismo do 6xido nitrico, 0 aumento da fosfodiesterase A,, a liberagao de
agentes vasoconstritores (tromboxanes, leucotrienos, serotonina, endotelina-1
e angiotensina-2) e, principalmente, a ativacdo das metaloproteinases de
matriz (53-55, 57).

Dessa forma, o ciclo formado pelo acumulo de células mononucleares,
migracado de células musculares lisas, e formacao de tecido fibroso leva ao
crescimento progressivo e a permanente reestruturagdo dindmica da placa
aterosclerética, originando a capa fibrosa, que € capaz de isolar este material
lipidico (por vezes necrotico) do contato direto com o sangue. Como ja descrito,
quanto mais ténue e suscetivel a ruptura é a capa fibrosa, mais proximo estara
o desfecho clinico relacionado a instabilizacdo da placa (angina instavel, IAM,
AIT, AVE), cuja ocorréncia é estimada em 50% dos casos de eventos agudos
(56).

Além disso, as metaloproteinases de matriz promovem a degradacgéo do

colageno e, nas placas ateroscleréticas avangadas, estdo associadas a
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hemorragia intraplaca, ruptura da capa fibrosa, trombose, embolizagdo e
oclusdo. Dependendo do leito vascular envolvido, estes eventos podem trazer
consequéncias agudas e catastréficas que incluem os quadros de sindrome
coronariana aguda, sindromes isquémicas viscerais ou de extremidades e,
quando comprometem a circulagdo extra- e intracraniana, podem culminar na

isquemia cerebral (53).

1.7 Metaloproteinases de matriz

As metaloproteinases de matriz (MMPs) formam uma familia de
aproximadamente 30 enzimas proteoliticas zinco-dependentes capazes de
degradar diferentes componentes da matriz extracelular, como colageno,
elastina e proteoglicanos (58). As MMPs atuam em diversos processos
fisiologicos, como o desenvolvimento embrionario, crescimento tecidual e
morfogénese (59). Estas proteases sao identificadas e classificadas de acordo
com o substrato especifico em que atuam, e incluem, entre outras, as
colagenases intersticiais como a MMP-1, estromelisinas como a MMP-3 e
gelatinases como a MMP-9 (47).

A MMP-1 cliva o colageno tipo |, Il e Ill da matriz extracelular, podendo
atuar também sobre outros componentes da matriz, bem como sobre outras
moléculas. A MMP-3, secretada por macrofagos, cliva diversos tipos de
substratos como proteoglicanos, colagenos tipo IV e IX, fibronectina e laminina
e, ainda, pode ativar a MMP-1. J&4 a MMP-9 tem a capacidade de degradar

colagenos tipo |, lll, IV e V, gelatinas, proteoglicanos e elastina (59).
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A atividade das MMPs pode ser regulada em multiplos niveis, tais como:
transcricdo, ativacdo de precursores zimogénicos, interacdo com outros
componentes especificos da matriz extracelular e inibicdo pelos inibidores
endogenos tissulares das MMPs (TIMPs) (60). Alteragbes em qualquer um
desses mecanismos podem levar a modificagdes na expressdo ou atividade
das MMPs, o que vém sendo demonstrado em diferentes condigdes
patoldgicas, como nos processos inflamatoérios, artrite, metastase tumoral,
doencas respiratorias, aneurisma vascular, remodelamento e doengas
cardiovasculares (60, 61).

Sendo assim, diversos estudos buscam elucidar o papel destas enzimas
como mediadoras da doenca arterial. Os trabalhos demonstram que alteragdes
na funcionalidade das MMPs podem estar relacionadas aos diferentes estagios
da aterosclerose, incluindo os processos de formagdo, progressao,

complicagao das placas ateroscleréticas e trombose (62).

1.8 Metaloproteinases de matriz e doenga aterosclerética carotidea

A acdo das MMPs na ocorréncia de eventos isquémicos
cerebrovasculares vem recebendo atencido crescente. Alvarez e cols. (63)
demonstraram uma associagao entre niveis séricos elevados de MMP-9 e
placas instaveis em pacientes com eventos neurolégicos prévios, e uma
correlagdo positiva entre os niveis desta gelatinase e a presenca de
macrofagos em espécimes de EC. Verhoeven e cols. (64) analisaram a relagao

entre os componentes celulares, sintomas e niveis de atividade tissular da
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MMP-8 e -9 em 404 pacientes submetidos a cirurgia carotidea, onde
observaram que nos casos com AIT ou AVE recentes, os niveis de atividade
das MMPs foram significativamente maiores do que os encontrados nos
pacientes assintomaticos. Um estudo piloto que analisou marcadores
inflamatdérios, por imunohistoquimica, identificou um aumento nos niveis de
MMP-9, células T e macréfagos nos pacientes com isquemia cerebral
tromboembdlica comparados aos pacientes com isquemia cerebral
hemodinamica (65).

Além disso, niveis plasmaticos elevados de MMP-9 em pacientes com
estenose carotidea acima de 50% foram associados com um risco duas vezes
maior de AVE ipsilateral e morte cardiovascular (66). Taurino e cols. (67)
também demonstraram maiores concentragbes plasmaticas de MMP-9 em
pacientes com estenose carotidea e lesdo cerebral quando comparados com
controles saudaveis. Assim, a alteracao da atividade das MMPs pode ser uma
causa importante de erosado da capa fibrosa, resultando em ruptura e eventos

neuroldgicos agudos (53, 68).

1.9 Metaloproteinases de matriz e vulnerabilidade da placa aterosclerética

As placas vulneraveis apresentam uma capa fibrosa fina, infiltrado
inflamatério, pouco colageno e niveis elevados de proteases (MMPs), o que
pode enfraquecer a capa fibrosa e promover a sua ruptura. Por outro lado,
alguns trabalhos demonstraram que as MMPs, através da sua habilidade de

facilitar a migracéo e proliferacdo de células musculares lisas, sdo capazes de
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promover a estabilizacdo da placa aterosclerética, evidenciando o duplo efeito
destas enzimas no desenvolvimento da doenca aterosclerética. Sendo assim, o
papel destas proteases depende do nivel de expressado e atividade em cada
estagio do desenvolvimento da placa (69).

Estudos histoloégicos demonstraram que niveis elevados de MMPs
podem ser encontrados nas areas instaveis das placas ateroscleréticas
carotideas (70). Galis e colaboradores (71), analisando a atividade das MMPs-
1, -2, -3 e -9 diretamente nos cortes teciduais de placas ateroscleréticas e
espécimes de artérias ndo comprometidas, evidenciaram um aumento na
expressdao de MMPs nas placas ateroscleréticas, principalmente nas regides da

capa fibrosa propensas a desestabilizagao (Figura 3).
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Figura 3. Aumento regional da expressdao de MMPs nas placas ateroscleréticas. As setas indicam a
lamina elastica interna (superior esquerda, 40X) e detalhes da coloragdo para estromelisina e
colagenase (central e inferior esquerda, 400X). Os quadros da imagem superior direita
demonstram areas de imunorreatividade (40X), a capa fibrosa (centro direita, 400X) e a porgédo dos
ombros do ateroma (inferior direita, 400X) (Galis et al. [71]).

Sapienza e cols. (72) analisaram 53 casos consecutivos de EC e
demonstraram que nos pacientes com lesdes classificadas microscopicamente
como instaveis, os niveis séricos de diversas MMPs foram significativamente
maiores comparados aos pacientes com lesdes estaveis e aos voluntarios
saudaveis. Ainda, as placas instaveis apresentaram atividade e expressao de

MMPs aumentadas. No mesmo estudo, a expressao de TIMP-1 e -2 mostrou-
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se diminuida nas lesbes ateromatosas instaveis, sugerindo que um
desequilibrio local na atividade desses inibidores pode promover a
vulnerabilidade da placa aterosclerética.

Também ja foi demonstrado, por meio de analise imunohistoquimica,
que placas ateromatosas vulneraveis apresentam colagendlise intensa
mediada por MMP-1 e -3 (73). Além disso, parece haver uma correlagao entre
alguns tipos de MMPs e a ocorréncia de hemorragia intraplaca. Nikkari e cols.
(74, 75) observaram a expressao da MMP-1 somente em cardtidas humanas
com aterosclerose avangada e HIP em comparagdo a carétidas com intimas
normais.

Mais recentemente, Nooijer e cols. (76), em um estudo experimental
com ratos, demonstraram que, em lesdes ateroscleréticas intermediarias, a
MMP-9 promove a progressao da placa, afilamento da capa fibrosa e
remodelamento positivo, ndo influenciando na incidéncia de HIP, ruptura ou
trombose. Ja nas lesdes ateroscleréticas avancadas e complexas, a MMP-9
estava relacionada a morfologia da placa vulneravel, acompanhada de alta
incidéncia de HIP. Da mesma forma, Tziakas e cols. (77), em um estudo
envolvendo apenas 18 pacientes consecutivos submetidos a EC,
demonstraram que a alta concentragdo de MMPs (particularmente MMP-9) em
extratos teciduais, na area de maior estenose, tem relacédo com a presenga de
HIP. Entretanto, ndo encontraram uma correlagdo entre niveis séricos de

MMPs, HIP e instabilidade da placa.
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1.10 Polimorfismos genéticos das MMPs e doencga aterosclerética

Como visto anteriormente, a atividade das MMPs pode ser regulada em
diversos niveis, incluindo o processo de transcricdo (60). Sendo assim,
alteragcdes na expressao génica das MMPs em determinas areas da placa,
como a capa fibrosa e tecidos adjacentes, podem estar associadas a
instabilizagdo da placa aterosclerética (62). Entretanto, até o momento, poucos
estudos avaliaram o papel das variagbes genéticas das MMPs no contexto da
doenca aterosclerética. Estas investigagdes analisaram prioritariamente a
circulagdo coronariana, embora a aterosclerose carotidea seja uma das
principais causas de eventos cerebrovasculares e aparega como alvo de novas
pesquisas (1-3).

A estromelisina-1 (MMP-3) tem sido preferencialmente estudada, por ter
a capacidade de degradar diferentes componentes da matriz e ativar outras
MMPs, como as colagenases. O polimorfismo -1171 5A/6A da regido
promotora do gene da MMP-3 tem sido associado com alteragdes na taxa de
transcricdo do gene. Ye e colaboradores (78-80) encontraram a associagao do
alelo 6A com a progressao da aterosclerose coronariana e, posteriormente,
demonstraram maior atividade de transcricdo do alelo 5A por meio de estudos
de expressao génica.

Estes achados foram corroborados por outros grupos de investigadores:
Ghilardi e colaboradores (81) encontraram uma associacao entre o alelo 6A e a
gravidade da estenose carotidea; Rauaramaa e colaboradores (82), analisando
pacientes com aterosclerose carotidea assintomatica, demonstraram

associagao entre o alelo 6A e o aumento na espessura da camada intima-
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média no sistema carotideo. Gnasso e colaboradores (83) estudando
individuos saudaveis, também encontraram uma correlagcéo entre o alelo 6A e
a espessura da camada intima-média carotidea. Estes resultados, em conjunto,
sugerem que individuos portadores do alelo 6A possuem niveis menores de
estromelisina nas paredes das artérias, devido a uma redugdo na transcricéo
génica, diminuindo a atividade proteolitica, o que contribui para a deposicao de
matriz extracelular no lumen do vaso e predispde a formagdo da placa
aterosclerdtica.

Outras MMPs também apresentam atividade alterada na placa
aterosclerética. Dentre elas, grande atencdo tem sido direcionada para a
gelatinase B ou MMP-9, que é capaz de degradar colageno, o principal
componente da matriz extracelular, e gelatina (63, 84-86). Fiotti e
colaboradores (87) verificaram a associagao de um polimorfismo de repeti¢cdes
curtas adjacentes (microssatélite) com aterosclerose de carétida. Além disso, o
estudo de um polimorfismo funcional na regiao promotora do gene da MMP-9 (-
1562 C/T) demonstrou um aumento da atividade proteolitica da MMP-9
associado com o alelo T (88). Um trabalho evidenciou a associagédo do alelo T
com lesdes coronarias complicadas e instabilidade da placa (89). Outro
trabalho, do mesmo grupo, verificou que existe uma significante interagdo entre
os genodtipos das MMPs -3 e -9 com a heterogeneidade das lesdes
ateroscleréticas. Os pacientes com gendétipos considerados de maior atividade
(presenca dos alelos 5A e T) para ambos os locos apresentavam uma area
maior das lesdes complicadas quando comparados com o0s pacientes com

genotipos de menor atividade (6A/6A e CC) (90).
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O polimorfismo -1607 1G/2G no gene da colagenase intersticial (MMP-

1), que degrada colageno tipo | e lll, o principal componente estrutural da placa
fibrosa, também foi investigado. O alelo 2G esta associado com uma maior
atividade da enzima, o que contribui para um aumento na degradag¢ao da capa

fibrosa e propenséao a ruptura (81).

2 JUSTIFICATIVA

A doenca oclusiva cerebrovascular é causada primordialmente pela
aterosclerose carotidea e tem incidéncia e prevaléncia crescentes em paises
desenvolvidos e no Brasil. Na doenca obstrutiva de carétida, os sintomas
geralmente sao secundarios aos fendmenos tromboembdlicos provenientes da
bifurcagdo carotidea causando morbidade (déficit hemisférico focal) e
mortalidade elevadas. Uma das opg¢des terapéuticas comprovadamente
eficazes para a prevencdo secundaria e primaria de novos eventos
cerebrovasculares é a endarterectomia carotidea. Porém, o beneficio clinico
apresenta-se com magnitude variavel, de acordo com a presenga de sintomas
prévios e a gravidade da doencga oclusiva carotidea. Embora na atualidade a
decisao terapéutica cirurgica na doencga carotidea seja definida pelo percentual
de estenose, € reconhecido que o0s eventos cerebrovasculares sao
determinados, pelo menos parcialmente, pela instabilizacdo das placas
aterosclerédticas. Placas vulneraveis sdo caracterizadas pela presenca de

necrose ou de hemorragia intraplaca no seu nucleo, separada do lumen por



32

uma capa fibrosa ténue e instavel, além de infiltracdo de células inflamatérias
em areas especificas.

Atualmente, ha varios estudos sugerindo que métodos nao-invasivos,
como a ultrassonografia e a ressonancia nuclear magnética (RNM), né&o
somente podem confirmar o percentual de estenose como podem permitir um
planejamento cirdrgico adequado. Além disso, também podem revelar
caracteristicas da composi¢cao da placa da carétida, possivelmente associadas
a maior ou menor suscetibilidade a eventos agudos. Recentemente
demonstramos que a RNM pode identificar, com acuracia adequada, a
presenga de hemorragia intraplaca na avaliagéo pré-operatdria dos pacientes
submetidos a endarterectomia.

A aterosclerose € hoje reconhecida como uma doenga inflamatéria
cronica e sistémica, substituindo o conceito tradicional de entidade relacionada
apenas ao acumulo progressivo de lipidios na parede arterial. Processos
inflamatérios participam de todas as etapas da fisiopatologia da doenca
aterosclerética, desde sua iniciacdo até os eventos finais de ruptura da placa.
Na doenca obstrutiva de carétida, diversos estudos tém procurado esclarecer o
papel de varios mediadores inflamatérios envolvidos na formagdo, no
crescimento e possivelmente na instabilizacdo da placa, através da interagao
com células endoteliais, células musculares lisas, macrofagos e plaquetas,
promovendo a liberagdo de citocinas e de metaloproteinases da matriz
extracelular (MMPs).

As MMPs sdo uma familia de enzimas proteoliticas responsaveis pela
degradacgao de diversos componentes da matriz, em particular dos diferentes

tipos de colageno, fibrina e proteoglicanos. A agdo destas enzimas no
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desenvolvimento e instabilizacdo das placas ateroscleréticas carotideas ja foi
bem documentada por diversos estudos experimentais e patolégicos. Poucos
estudos até o momento, entretanto, avaliaram o papel de variagbes genéticas
das MMPs no contexto da doencga aterosclerética carotidea. Polimorfismos
genéticos das MMPs, capazes de alterar a transcricdo do gene e sua atividade
tecidual, poderiam ajudar a explicar a variabilidade da apresentacéao clinica e a
heterogeneidade do beneficio de diferentes terapéuticas na doenga oclusiva
cerebrovascular.

A estromelisina-1 (MMP-3), a gelatinase B (MMP-9) e a colagenase
intersticial (MMP-1) sdo as proteases mais estudadas no contexto da
fisiopatologia da aterosclerose, sendo, desta forma, os genes candidatos mais
adequados para a analise de polimorfismos genéticos. Até o momento, nenhum
estudo clinico analisou o potencial papel dos niveis séricos e dos polimorfismos
das MMP-1, -3 e -9 nas caracteristicas clinicas, radioldgicas (presenca de
hemorragia intraplaca por RNM) e histopatolégicas (deposi¢cao de colageno e
espessura da capa fibrosa) de vulnerabilidade da placa aterosclerética

carotidea.

3 OBJETIVOS

3.1 Objetivo geral
Avaliar a associagéo dos niveis séricos e os polimorfismos genéticos das
MMPs -1, -3 e -9 com as caracteristicas clinicas, radiolégicas e

histopatologicas de vulnerabilidade da placa aterosclerética carotidea.
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3.2 Objetivos especificos

» Determinar a prevaléncia dos polimorfismos genéticos da MMP-1 (-1607
1G/2G), da MMP-3 (-1171 5A/6A) e da MMP-9 (-1562 C/T) em pacientes

submetidos a endarterectomia de cardtida.

» Determinar os niveis séricos da MMP-1, MMP-3 e MMP-9 em pacientes

submetidos a endarterectomia de caraétida.

» Avaliar a correlacdo dos marcadores séricos e genéticos acima
descritos com as caracteristicas clinicas (instabilidade dos sintomas

neuroldgicos) dos pacientes submetidos a endarterectomia carotidea.

» Avaliar a relagdo dos marcadores séricos e genéticos acima descritos
com as caracteristicas radioldgicas de instabilidade da placa carotidea
(achados sugestivos de hemorragia intraplaca na RNM) nos pacientes

submetidos a endarterectomia carotidea.

» Avaliar a associagdo dos marcadores séricos e genéticos acima
descritos com as caracteristicas histopatolégicas de instabilidade da
placa carotidea (deposicdo de colageno e espessura da capa fibrosa)

nos pacientes submetidos a endarterectomia carotidea.
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» Avaliar a relagao entre os niveis séricos e os polimorfismos genéticos
das MMPs -1, -3 e -9 nos pacientes submetidos a endarterectomia

carotidea.

» Avaliar a associagdo dos marcadores séricos e genéticos acima
descritos com marcadores inflamatorios (proteina C reativa e pentraxina-

3).
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5.1 Abstract

Background — An atherosclerotic plaque undergoes continuous remodeling
overtime, mediated in part by changes in extracellular matrix components.
Development of an unstable plague has been attributed to the action of matrix
metalloproteinases (MMPs).

Methods — In the present cross-sectional study we investigated the potential
association of genetic polymorphisms and serum levels of MMP-1, MMP-3 and
MMP-9 with histopathologic and clinical characteristics of vulnerability of the
carotid atherosclerotic plaque in patients submitted to carotid endarterectomy.
Genotyping was done using the polymerase chain reaction (PCR) followed by
enzyme restriction digestion method and serum levels were measured by
enzyme-linked immunosorbent assay (ELISA).

Results — The study comprised 99 predominantly male (64%) and hypertensive
(89%) patients (67 = 9 years old). Patients homozygous for the 5A allele of the
MMP-3 gene (-1171 5A/6A) had higher MMP-3 serum levels. Carriers of the 2G
allele (MMP-1 -1607 1G/2G) presented higher levels of pentraxin-3 (PTX-3) and
high-sensitivity C-reactive protein (hs-CRP). MMP-9 serum levels had a strong
and statistically significant correlation with PTX-3 levels (r=0.7 and p<0. 001). In
addition, MMP-9 serum levels was significantly increased in patients with
previous stroke (p=0.009), peripheral vascular disease (p=0.049), as well in
patients with acute or recent intraplaque hemorrhage (p=0.008) and a thinner

fibrous cap (p=0.033) on histology. No reliable significant associations were
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observed among different MMPs genotypes and fibrous cap thickness,

intraplaque hemorrhage and collagen content.

Conclusions — MMPs polymorphisms were not associated with characteristics

of plaque vulnerability. Serum levels of MMPs, particularly MMP-9, were

involved in the process related to atherosclerotic vulnerability and progression.
Key words: atherosclerosis, matrix metalloproteinases, vulnerability,

carotid plaque.

5.2 Introduction

Cerebral vascular disease is an important cause of stroke and transient
ischemic attack (TIA) and it remains as a major cause of morbidity and mortality
in the adult population (1). Carotid endarterectomy is the most widely accepted
interventional treatment strategy for carotid atherosclerosis (2) and its indication
is based primarily on the degree of luminal stenosis (3,4). However, strong
clinical and histopathologic evidences indicate that acute vascular events occur
mostly due to the instability of vulnerable plaques (5,6). The vulnerability is
dictated in part by plaqgue morphology, which is influenced by
pathophysiological mechanisms at the cellular and molecular level. The
unstable plaque is characterized by a thin and at times ulcerated fibrous cap
that usually evolves to plaque rupture (8).

An atherosclerotic plague undergoes continuous evolution overtime,
mediated in part by extracellular matrix remodeling (8). Development of a

complicated and unstable plaque has been attributed to the action of matrix
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metalloproteinases (MMPs) that are secreted predominantly by macrophages
present in the lesion (9). MMPs form a family of zinc-dependent enzymes with
proteolytic activity that is responsible for the degradation of extracellular matrix
proteins such as collagens, proteoglycans, fibronectin and elastin. Several of
these enzymes are overexpressed in the shoulder regions of atherosclerotic
plaques and participate in the processes that lead to plaque destabilization,
particularly by degrading the fibrous cap (10,11).

Several functional polymorphisms in the promoter regions of the MMPs
genes have been reported (12-19). For instance, the -1171 5A/6A common
variant of the MMP-3 gene revealed that the 5A allele had a 2-fold higher
promoter activity than the 6A allele (12). Previous studies have shown that the
6A allele is associated to carotid stenosis, increased intima-media thickness,
but paradoxically higher levels of active MMP-3 in the blood (13-17). Therefore,
subjects carrying the 6A allele tend to accumulate extracellular matrix because
of decreased degradation.

MMP-1 is expressed in advanced carotid atherosclerotic plaques and
homozygosity for the 2G allele (-1607 1G/2G polymorphism) in the gene
promoter results in an increased proteolytic activity, leading to higher instability
of the whole lesion (14). Fiotti et al (18) have demonstrated that 1G carriers had
smaller and more stable carotid plaques, as well as better prognosis after acute
vascular events. Another common functional polymorphism is the -1562 C/T in
MMP-9 gene promoter, which leads to low- (CC) and high-transcription (CT/TT)
genotypes. The T allele has been associated to complicated coronary artery

plaques (19).
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In the present study we evaluated consecutive patients submitted to
carotid endarterectomy to investigate the potential association of genetic
polymorphisms and serum levels of MMP-1, MMP-3 and MMP-9 with
histopathologic and clinical characteristics of vulnerability of the carotid
atherosclerotic plaque. In particular, we evaluated the relationship of these
genetic and blood-derived markers with the presence of intraplaque
hemorrhage, collagen deposit and fibrous cap thickness, as well as with clinical

events such as stroke, peripheral vascular disease and other comorbidities.

5.3 Methods

5.3.1 Patients

The present cross-sectional study enrolled 99 patients with definite
carotid atherosclerotic disease and internationally-accepted, guideline-based
criteria for carotid endarterectomy (20,21). Patients were selected between
December 2004 and December 2007, at the Cardiovascular Surgery Division of
the Sdo Lucas Hospital of the Pontifical Catholic University of Rio Grande do
Sul. Patients suffering from known infectious or autoimmune diseases were
excluded from the protocol. Patients with severe peripheral arterial disease
(pain at rest, ischemic cutaneous lesions or gangrene), as well as patients with
acute coronary syndromes and those submitted to recent surgical or
percutaneous interventions (< 90 days before endarterectomy) were also
excluded, as all these conditions might increase serum inflammatory markers.

The present protocol was approved by the Ethics Committee of the institutions
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involved in the study and all patients signed a written informed consent form

before enroliment.

5.3.2 Magnetic resonance imaging (MRI)

All MRI exams were performed on a Siemens Magneton Vision Plus
apparatus (Siemens® Inc., Erlangen, Germany). The MRI protocol included two
different contrast-weighted images: time of flight (TOF) to estimate level of
angiographic stenosis and T1-weighted (T1W) sequence to access intraplaque
hemorrhage, using the same image window acquisition. This technique was
similar to the protocol described by Moody et al (22). Luminal stenosis was
determined according to NASCET criteria (23) and the graduation of stenosis
was adapted from Nederkoorn et al (24), divided into three categories: 50 to
69% stenosis, 70 to 90% stenosis, and stenosis greater than 90%. All MRIs
were interpreted by two experienced blinded neurologists. Plaque length was
measured and the proximal and distal margins were defined for comparisons

with histology findings.

5.3.3 Clinical characterization

All patients were classified according to the presence and evolution of
neurological symptoms, assessed by an experienced neurologist who was
unaware of MRI data or other clinical variables. Patients were classified as (1)
unstable (or recently symptomatic), defined as the presence of ipsilateral
hemispheric symptoms in patients in whom plaques were removed within 90
days of the event, or (2) stable (asymptomatic or remotely symptomatic),

defined as patients with no ipsilateral neurological symptoms whatsoever or



56

with ipsilateral hemispheric symptoms, but with endarterectomy performed more

than 90 days after the event.

5.3.4 Serum markers

In the operating room, before anesthetic induction, 20 mL of blood were
drawn from a peripheral vein and immediately processed. MMP-1, MMP-3 and
MMP-9 serum levels were determined with a commercially available enzyme-
linked immunosorbent assay (ELISA), using Biotrak assay system (Biotrak®,
Buckinghamshire, UK), validated for use with human serum. ELISA was

performed according to the manufacturer's instructions.

5.3.5 Genotyping

Genomic DNA was extracted from peripheral blood according to a salting
out method as previously described (25). The polymerase chain reaction (PCR)
method was used to amplify fragments containing the MMP-1 -1607 1G/2G,
MMP-3 -1171 5A/6A, and MMP-9 -1562 C/T polymorphisms, using primers and
conditions as described by Dunleavey et al (26,27) and Zhang et al (28),
respectively. The PCR products were then subjected to digestion by restriction
endonuclease Xmnl or Pael following the manufacturer’s instructions (MBI
Fermentas, St Leon-Rot, Germany). The digested fragments were separated by
electrophoresis in 8% polyacrylamide gels and visualized with silver nitrate
staining (MMP-1 and MMP-3 polymorphisms) or in 2% agarose gels and

visualized with ethidium bromide under ultraviolet light (MMP-9 polymorphism).



57
5.3.6 Histological analysis

Carotid plaques were collected at the time of the surgery and kept for 24
hours in 10% formaldehyde solution, cleared with xylene, and embedded in
blocks of paraffin (approximately three blocks per patient). Tissue sections of 5
um were cut from paraffin tissue blocks with a microtome (Leitz® 1512, Ernst
Leitz, Vienna, Austria). Sections were performed along all blocks with an
approximate interval of 150 um, throughout the extent of the carotid plaque.

Histological sections were stained with Picrosirius Red for collagen
content, lipid core and fibrous cap thickness analyses and hematoxylin-eosin to
detect the presence of intraplaque hemorrhage.

Quantitative analysis was carried out using a Nikon Labophot optical
microscope (Tokyo, Japan). The histomorphometric analysis was done using a
digital camera connected to an image capture board of a computer running the
QCapture Pro 5.1 (Qimaging®, Surrey, Canada).

Histopathological analyses were carried out in a selected group of
patients (n = 15) with genotypes that were expected to represent patients with
the highest and lowest MMPs activity (12,14,19). For instance, we selected
blocks from all patients that carried at least two alleles that have been
associated with higher MMP-1, MMP-3 and MMP-9 activity. Conversely, we
also selected blocks from all patients with at least four alleles that have been
linked to low MMPs activity (Supplementary Table 1).

Percentage of collagen: Percentage of collagen was determined by
histomorphometric analysis using a digital camera connected to an image
capture board of a computer running the Adobe Photoshop CS3 Extended 10.0

software (Adobe Systems Inc, San Jose, CA, USA). From each selected
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section, we analyzed the content of collagen of the whole atherosclerotic
plaque, based on non-polarized Picrosirius Red staining. Every image exhibited
on the monitor was adjusted to the same threshold level, and the area of
structures was measured in pixels. The total amount of pixels per image
remained constant in all fields. The percentage of fibrosis in each image was
then calculated using the ratio of red stained pixels in relation to the the total of
pixels on the board. Similar approach has been previously used (29).

Fibrous cap thickness (FCT): From the original blocks, all sections (n = 120)
from the 15 selected patients were visually evaluated. Sections within the site of
tightest arterial stenosis or where the fibrous cap was particularly thinned were
digitized and used for FCT measurement. Sections for FCT analysis were
stained with non-polarized Picrosirius Red, as depicted on Figure 1. FCT
measurements were performed with a simple length-measurement computer
system, where pixels were transformed to micrometers based on a scale set for
each image, using the ImageJ 1.44p software (National Institutes of Health,
USA). Measurements were taken at regular intervals ranging from 150 to 200
pum and were restricted to regions with clear demarcation of the fibrous cap-lipid
core interface, and always including the shoulder region of the plaque. For each
section, approximately 10 FCT measurements were performed (Figure 1). The
number of FCT measurements fluctuated for each section due to the complex
morphology of carotid atherosclerotic plaques (size, shape, and demarcation of
the fibrous cap-lipid core interface substantially differed among cases). For
each section, the minimal, maximal, and mean value was obtained. The

protocol for FCT analysis was modified from Devuyst et al (30).
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Lipid core/pool: To analyze the lipid core, the same protocol and software
were used, analyzing the total area of the atherosclerotic plaque, the area of the
lipid core and their ratio (Imaged 1.44p software; National Institutes of Health,
USA).

Intraplaque hemorrhage: Characterization of intraplaque hemorrhage was
adapted from Lusby et al (31), as previously described (32). For statistical
analysis, acute and recent bleeding were aggregated and defined as current
intraplaque hemorrhage. Late or absent bleeding were also aggregated and
defined as old or absent intraplaque hemorrhage. Analysis of histopathology
was performed by an experienced pathologist (LM) who was unaware of clinical

and laboratory data.

5.3.7 Statistical analysis

Continuous variables with normal distribution are expressed as mean =
standard deviation and compared using Student t test or analysis of variance
(ANOVA). MMP-1 values underwent logarithmic transformation as they did not
have normal distribution and were also compared using the Student t test or
ANOVA, with post-hoc analysis when appropriate. Square root MMP-3 was
used for statistical analysis, because logarithmic transformation was not
satisfactory to normalize the distribution. Categorical variables were expressed
as frequencies and percentages. For comparisons between different groups,
the chi-square test or Fisher's exact test were used. A two-tailed p value lower
than 0.05 was considered statistically significant. Analyses were performed

using SPSS statistical package (version 18.0).
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5.4 Results

5.4.1 Patients characteristics

The study comprised 99 patients who underwent carotid endarterectomy.
Patients were predominantly male (64%) and hypertensive (89%) and had a
mean age of 67 + 9 years. As expected, several patients also reported a history
of concomitant coronary disease (18% had symptoms of stable angina and 10%
reported a previous myocardial infarction). A history of a cerebral vascular attack
was found in 27% of patients and a transient ischemic attack in 14%. Other
clinical characteristics and comorbidities are described in Table 1. According to
the independent neurologic clinical evaluation, 48% of patients were considered
stable (36% were asymptomatic and 12% had experienced symptoms of
ipsilateral ischemic stroke > 90 days before carotid endarterectomy), whereas
52% were considered unstable.

MRI identified 19% of patients with stenosis of 50% to 69%, 37% with 70%
to 90% stenosis, and 43% with > 90% stenosis. In the T1W sequence, a
hyperintense signal suggesting intraplague hemorrhage (IPH) was identified in
67% of the patients. As previously described (32), neurological clinical status was
highly associated with signs of IPH in the MRI (p < 0.001). A hyperintense signal
at MRI identified 90% (46 out of 51) of patients with recent neurological
symptoms, while absence of a hyperintense signal identified 83% (39 out of 47)
of subjects considered to be clinically stable (asymptomatic or remotely

symptomatic).
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5.4.2 MMPs genotyping and serum levels of inflammatory biomarkers

The distributions of genotypes were in Hardy-Weinberg equilibrium for all
MMPs (data not shown). Genotype frequencies for MMP-1, MMP-3 and MMP-9
gene polymorphisms are depicted in Figure 2. Homozygosity for the 2G allele of
the MMP-1 gene was present in 19% of the patients, for the 5A allele of the
MMP-3 gene was present in 10%, and for the T allele of the MMP-9 gene was
identified in 2% of the sample. The frequencies of minor alleles were 0.4 for
MMP-1 -1607 1G, 0.47 for MMP-3 -1171 5A, and 0.16 for MMP-9 -1562 T. Table
2 describes the genotype frequencies according to several clinical characteristics
of the studied population. MMPs genotypes were not associated with
atherosclerotic risk factors, ischemic heart disease, revascularization procedures,
previous neurological symptoms, MRI-based hyperintense signal or angiographic
stenosis, and histology defined intraplaque hemorrhage (all p values > 0.05).

Table 3 describes the levels of different inflammatory biomarkers,
including MMPs serum levels, according to MMPs genotypes. In general, we did
not observe significant associations between MMPs genotypes and their
respective serum levels, except for a higher serum concentration of MMP-3 in
patients that were homozygous for the 5A allele of the MMP-3 gene. We also
identified higher levels of PTX-3 and hs-CRP in patients carrying the 2G allele of
the MMP-1 gene (responsible for an increased proteolytic activity in previous
studies).

Histological data from the selected patients according to MMPs genotypes
are described in Table 4. For these analyses we evaluated both the dominant

and the recessive models to stratify by genotypes. Overall, we did not observe
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significant interactions of MMPs genotypes and histological characteristics of the
carotid atherosclerotic plaque, except for a counterintuitive lower fibrous cap
thickness in patients that were homozygous for the 6A allele (MMP-3). Analysis
for minimal or maximal fibrous cap thickness also did not identify significant

associations.

5.4.3 MMPs serum levels and vulnerability of carotid plaque

We have detected strong and statistically significant correlation between
MMP-9 serum levels and PTX-3 (r = 0.7 and p < 0.001), besides a weak to
moderate association with hs-CRP (r = 0.34 and p = 0.001) (Figure 3). No
association was observed among serum levels of MMP-1 and -3 and other
biomarkers (all correlation coefficients < 0.25, data not shown). MMPs serum
levels also did not correlate significantly among themselves.

Serum levels of MMP-9 were significantly increased in patients with a
clinical history of previous active atherosclerotic disease, as well in patients with
radiological and histological evidence of atherosclerotic vulnerability. Figure 4
demonstrates augmented MMP-9 levels in patients with previous stroke (4A),
peripheral vascular disease (4B), acute or recent intraplaque hemorrhage on
histology (4C), as well as according to fibrous cap thickness (4D). In particular,
patients with a thinner fibrous cap (below the median) depicted higher levels of
MMP-9 (395 £ 251 ng/mL versus 156 + 78 ng/mL, respectively; p = 0.033).
Similar differences were not observed in the analysis of serum levels of MMP-1

and MMP-3.
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5.5. Discussion

The present study failed to demonstrate a meaningful association between
MMPs genotypes and clinical, histological and MRI-based markers of
atherosclerosis. However, MMPs serum levels, in particular, MMP-9 serum levels
were significantly increased in patients with a clinical history of previous active
atherosclerotic disease, as well as in patients with radiological and histological
evidence of atherosclerotic vulnerability. We also have demonstrated that MMP-3
6A allele showed lower serum levels of MMP-3. Moreover, MMP-1 2G allele and
MMP-9 serum levels were associated with higher serum levels of inflammatory
markers, what it would be expected, since MMPs can be activated by citokines
and other inflammatory molecules (7)

MMP-3 is a key regulator of matrix remodeling, and in situations of
atherosclerosis development in which extracellular matrix degradation is
occurring, individuals who are genetically predisposed to produce more MMP-3
would have a greater ability to remodel and degrade the matrix components. In
vitro and in vivo studies demonstrate that the 5A allele has higher promoter
activity than the 6A allele. Thus, carriers of the 5A allele would be capable of
producing more MMP-3 mRNA and hence would have a greater enzyme activity
(12). Accordingly, we also demonstrated an association between the 5A allele
and higher serum levels of MMP-3. Pdllanen et al (33) have demonstrated an
interaction of higher promoter activity genotypes of MMP-3 and MMP-9 with
areas of complicated lesions in the coronary artery. Nevertheless, some studies
have shown that the 6A allele is associated with carotid stenosis and increased

intima-media thickness and paradoxically higher levels of active MMP-3 in the
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blood (13-17). In this study, we found a counterintuitive thinner fibrous cap
thickness in patients that were homozygous for the 6A allele, since subjects
carrying the 6A allele tend to accumulate extracellular matrix because of
decreased degradation. Additionally, we observed that the 2G allele (MMP-1)
was more frequent in patients with previous stroke and peripheral artery disease,
suggesting a trend towards an association between this genotype and clinical
events. On the other hand, Fiotti et al (18) showed an association of 2G allele
with smaller plaques and thicker fibrous cap, as well as with better prognosis in

acute vascular events.

We did not identify a significant association of total MMP-1 and 9 serum
levels and their respective genotypes. This lack of association may be explained
in part by the small sample size and the high variability in the MMPs serum levels
among patients. Previous studies also have failed to demonstrate a significant
correlation between genotypes and serum levels of MMP-1 and -9 (15-17).
However, other researchers showed, in patients with coronary artery disease,
that the T allele is associated with higher levels of MMP-9 (33, 34).

A growing number of new inflammatory biomarkers of atherosclerosis
has been identified in the past few years, including hs-CRP and PTX-3. The
present study suggests that MMPs might constitute a novel biomarker for
characterizing vulnerability of carotid plaque, especially MMP-9. Several of
these enzymes are overexpressed in the shoulder regions of atherosclerotic
plaques and participate in the processes that lead to plaque destabilization,
particularly by degrading the fibrous cap (10, 11). We have shown that higher

MMP-9 levels correlated with acute or recent intraplaque hemorrhage and with
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a thinner fibrous cap thickness on histology. Choudhary et al (35) demonstrated
that spatial distribution of MMP-9 levels and activity in carotid atherosclerotic
lesions are highly heterogeneous, reflecting lesion location, size and
composition. Furthermore, Heo et al (36) showed a significant correlation
between increased MMP-9 expression and fibrous cap rupture and large lipid
core.

In addition, we observed augmented MMP-9 levels in patients with
previous stroke and peripheral vascular disease. In fact, previous studies
demonstrated an association between MMP-9 levels and clinical events. Ding et
al (37) identified higher serum levels of MMP-9 in patients with stroke than in
asymptomatic patients. Other studies demonstrated that MMP-9 levels are
higher in patients with carotid stenosis, cerebral lesion, embolic stroke and
lethal cardiovascular events (8, 34, 38). Nevertheless, Baroncini et al (39) using
specimens of carotid plaques and normal tissue, observed that MMP-9 protein
levels were significantly higher in asymptomatic patients and controls than in
symptomatic patients.

Some limitations related to our study design and analyses must be
considered. We failed to demonstrate the association of genotypes with serum
levels of MMPs, probably because we measured the total levels but no active
form of MMPs. So, additional research is necessary to verify the real
association between genotypes and activity of MMPs. In addition,
histopathological analyses were carried out in a selected group of patients (n =
15) with genotypes that were expected to represent patients with the highest
and lowest MMPs activity. This approach might have underpowered our

findings.
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Our results demonstrate that polymorphisms in MMP-3 and MMP-1

genes were associated with MMP-3 and inflammatory biomarkers serum levels,
respectively. In addition, serum levels of MMP-9 were significantly increased in
patients with a clinical history of previous active atherosclerotic disease, as well
as in patients with radiological and histological evidence of atherosclerotic
susceptibility. Therefore, our findings suggest that the MMPs are involved in the
process of vulnerability of the carotid atherosclerotic plaque, as well as with

clinical characteristics.



67

5.6. References

1.

Golledge J, Siew DA. ldentifying the carotid ‘high risk’ plaque: is it still a
riddle wrapped up in an enigma? Eur J Vasc Endovasc Surg 2008; 35: 2-
8.

Goldstein LB, Adams R, Alberts MJ, Appel LJ, Brass LM, Bushnell CD,
Culebras A, DeGraba TJ, Gorelick PB, Guyton JR, Hart RG, Howard G,
Kelly-Hayes M, Nixon JV, Sacco RL. Primary prevention of ischemic
stroke: a guideline from the American Heart Association/American Stroke
Association Stroke Council. Stroke 2006; 37: 577-617.

Executive Committee for the Asymptomatic Carotid Atherosclerosis
Study. Endarterectomy for asymptomatic carotid artery stenosis. JAMA
1995; 273: 1421-1428.

Randomised trial of endarterectomy for recently symptomatic carotid
stenosis: final results of the MRC European Carotid Surgery Trial (ECST).
Lancet 1998; 351: 1379-1387.

Shah PK. Plaque disruption and thrombosis: potential role of inflammation
and infection. Cardiol Rev 2000; 8: 31-39.

Verhoeven B, Hellings WE, Moll FL, de Vries JP, de Kleijn DPV, de Bruin
P. Carotid atherosclerotic plaques in patients with transient attacks and
stroke have unstable characteristics compared with plaques in
asymptomatic and amaurosis fugax patients. J Vasc Surg 2005; 42:
1077-1081.

Libby P, Ridker PM, Hansson GK. Progress and challenges in translating

the biology of atherosclerosis. Nature 2011; 473: 317-325.



10.

11.

12.

13.

14.

68
Taurino M, Raffa S, Mastroddi M, Visco V, Rizzo L, Torrisi MR, Faraglia

V. Metalloproteinases expression in carotid plaque and its correlation with
plasma leves before and after carotid endarterectomy. Vasc Endovascular
Surg 2008; 41: 516-521.

Loftus IM, Naylor AR, Goodall S, Crowther M, Jones L, Bell PR,
Thompson MM. Increased matrix metalloproteinase-9 activity in unstable
carotid plaques. A potential role in acute plaque disruption. Stroke 2000;
31: 40-47.

Galis ZS, Sukhova GK, Lark MW, Libby P. Increased expression of matrix
metalloproteinases and matrix degrading activity in vulnerable regions of
human atherosclerotic plaques. J Clin Invest 1994; 94: 2493-2503.
Sukhova GK, Schonbeck U, Rabkin E, Schoen FJ, Poole AR, Billinghurst
RC, Libby P. Evidence for increased -collagenolysis by interstitial
collagenases-1 and -3 in vulnerable human atheromatous plaques.
Circulation 1999; 99: 2503-2509.

Ye S, Watts GF, Mandalia S, Humphries SE, Henney AM. Preliminary
report: genetic variation in the human stromelysin promoter is associated
with progression of coronary atherosclerosis. Br Heart J 1995; 73: 209—
215.

Djuric T, Zivkovi¢ M , Radak D, Jeki¢ D, Radak S , Stojkovié L, Raigevi¢
R, Stankovic A, Alavantic D. Association of MMP-3 5A/6A gene
polymorphism with susceptibility to carotid atherosclerosis. Clin Biochem
2008; 41: 1326-1329.

Ghilardi G, Biondi ML, DeMonti M, Turri O, Guagnellini E, Scorza R.

Matrix metalloproteinase-1 and matrix metalloproteinase-3 gene promoter



15.

16.

17.

18.

19.

69

polymorphisms are associated with carotid artery stenosis. Stroke 2002;
33: 2408-2412.

Gnasso A, Motti C, Irace C, Carallo C, Liberatoscioli L, Bernardini S,
Massoud R, Mattioli PL, Federici G, Cortese C. Genetic variation in
human stromelysin gene promoter and common carotid geometry in
healthy male subjects. Arterioscler Thromb Vasc Biol. 2000; 20: 1600—
1605.

Lien LM, Hsieh YC, Bai CH, Chen WH, Chiu HC, Hsieh FI, Shyu KG,
Chiou HY, Hsu CY. Association of blood active matrix metalloproteinase-3
with carotid plaque score from a community population in Taiwan.
Atherosclerosis 2010; 212: 595-600.

Rauramaa R, Vaisanen SB, Luong LA, Schmidt-Trucksass A, Penttila IM,
Bouchard C, Toyry J, Humphries SE. Stromelysin-1 and interleukin-6 gene
promoter polymorphisms are determinants of asymptomatic carotid artery
atherosclerosis. Arterioscler Thromb Vasc Biol 2000; 20: 2657-2662.

Fiotti N, Moretti ME, Bussani R, Altamura N, Zamolo F, Gerloni R,
Ukovich L, Ober E, Silvestri F, Grassi G, Adovasio R, Giansante C.
Features of vulnerable plaques and clinical outcome of UA/NSTEMI.
Relationship with matrix metalloproteinase functional polymorphisms.
Atherosclerosis 2010; doi:10.1016/j.atherosclerosis.2010.12.010.

Pollanen PJ, Karhunen PJ, Mikkelsson J, Laippala P, Perola M, Penttila
A, Mattila KM, Koivula T, Lehtimaki T. Coronary artery complicated lesion
area is related to functional polymorphisms of matrix metalloproteinase 9
gene: an autopsy study. Arterioscler Thromb Vasc Biol 2001; 21: 1446-

1450.



20.

21.

22.

23.

24,

70
Barnett HIM, Taylor DW, Eliasziw M, Fox AJ, Ferguson GG, Haynes RB,

Rankin RN, Clagett GP, Hachinski VC, Sackett DL, Thorpe KE, Meldrum
HE, Spence JD. Benefit of carotid endarterectomy in patients with
symptomatic moderate or severe stenosis. North American Symptomatic
Carotid Endarterectomy Trial Collaborators. N Engl J Med 1998; 339: 1415-

1425.

MRC Asymptomatic Carotid Surgery Trial (ACST) Collaborative Group.
Prevention of disabling and fatal strokes by successful carotid
endarterectomy in patients without recent neurological symptoms:
randomized controlled trial. Lancet 2004; 363: 1491-1502.

Moody AR, Murphy RE, Morgan PS, Martel AL, Delay GS, Allder S,
MacSweeney ST, Tennant WG, Gladman J, Lowe J, Hunt BJ.
Characterization of complicated carotid plaque with magnetic resonance:
direct thrombus imaging in patients with cerebral ischemia. Circulation
2003; 107: 3047-3052.

North American Symptomatic Carotid Endarterectomy Trial Collaborators.
Beneficial effect of carotid endarterectomy in symptomatic patients with
high-grade carotid stenosis. N Engl J Med 1991; 325: 445-453.
Nederkoorn PJ, van der Graaf Y, Hunink MG. Duplex ultrasound and
magnetic resonance angiography compared with digital subtraction
angiography in carotid artery stenosis: a systematic review. Stroke 2003;

34: 1324-1332.



25.

26.

27.

28.

29.

30.

31.

71

Lahiri DK, Nurnberger JI. A rapid non-enzymatic method for the
preparation of HMW DNA from blood for RFLP studies. Nucleic Acids Res
1991; 19: 5444.

Dunleavey L, Beyzade S, Ye S. Rapid genotype analysis of the matrix
metalloproteinase-1 gene 1G/2G polymorphism that is associated with
risk of cancer. Matrix Biol 2000; 19: 175-177.

Dunleavey L, Beyzade S, Ye S. Rapid genotype analysis of the
stromelysin gene 5A/6A polymorphism. Atherosclerosis 2000; 151: 587-
589.

Zhang B, Ye S, Herrmann SM, Eriksson P, De Maat M, Evans A, et al.
Functional polymorphism in the regulatory region of gelatinase B gene in
relation to severity of coronary atherosclerosis. Circulation 1999; 99:
1788-1794.

Vercelino R, Crespo |, de Souza GFP, Cuevas MJ, de Oliveira MG,
Marroni NP, Gonzales-Gallego J, Tuinon MJ. S-nitroso-N-acetylcysteine
attenuates liver fibrosis in cirrhotic rats. J Mol Med 2010 88: 401-411.
Devuyst G, Ruchat P, Karapanayiotides T, Jonasson L, Cuisinaire O,
Lobrinus J-A, Pusztaszeri M, Kalangos A, Despland P-A, Thiran J-P,
Bogousslavsky. Ultrasound measurement of the fibrous cap in
symptomatic and asymptomatic atheromatous carotid plaques. Circulation
2005; 111: 2776-2782.

Lusby RJ, Ferrel LD, Ehrenfeld WK, Stoney RJ, Wylie EJ. Carotid plaque
hemorrhage. Its role in production of cerebral ischemia. Arch Surg 1982;

117: 1479-1488.



32.

33.

34.

35.

36.

72
Albuquerque LC, Narvaes LB, Maciel AA, Staub H, Friedrich M, Hoefel

Filho JR, Marques MB, Rohde LE. Intraplaque hemorrhage assessed by
high-resolution magnetic resonance and C-reactive protein in carotid
atherosclerosis. J Vasc Surg 2007; 46: 1130-1137.

Poéllanen PJ, Lehtimaki T, Mikkelsson J, llveskoski E, Kunnas T, Perola M,
Penttila A, Mattila KM, Nikkari ST, Syrjakoski K, Karhunen PJ. Matrix
metalloproteinase 3 and 9 gene promoter polymorphisms: joint action of
two loci as a risk factor for coronary artery complicated plaques.
Atherosclerosis 2005; 180: 73-79.

Blankenberg S, Rupprecht HJ, Poirier O, Bickel C, Smieja M, Hafner G,
Meyer J, Cambien F, Tiret L. Plasma concentrations and genetic variation
of matrix metalloproteinase 9 and prognosis of patients with cardiovascular
disease. Circulation 2003; 107: 1579-1585.

Choudhary S, Higgins CL, Chen |Y, Reardon M, Lawrie G, Vick GW,
Karmonik C, Via DP, Morrisett JD. Quantitation and localization of matrix
metalloproinases and their inhibitor in human carotid endartectomy
tissues. Arterioscler Thromb Vasc Biol 2006; 26: 2351-2358.

Heo SH, Cho CH, Kim HO, Jo YH, Yoon KS, Lee JH, Park JC, Park KC,
Ahn TB, Chung KC, Yoon SS, Chang DII. Plaque rupture is a determinant
of vascular events in carotid artery atherosclerotic disease: Involvement of

matrix metalloproteinases 2 and 9. J Clin Neurol 2011; 7: 69-76.

37. Ding S, Zhang M, Zhao Y, Chen W, Yao G, Zhang C, Zhang P, Zhang Y.

The role of carotid plaque vulnerability and inflammation in the

pathogenesis of acute ischemic stroke. Am J Med Sci 2008; 336: 27-31.



38.

39.

73
Kunte H, Kunte G, Busch MA, Weichert W, Rickert RI, Harms L.

Differences in carotid plaque content of macrophages, T cells and MMP-9
between patients with embolic and hemodynamic cerebral ischemia due to
symptomatic carotid stenosis. Atherosclerosis. 2010; 211: 456-460.

Barocini LA, Nakao LS, Ramos SG, Pazin A, Murta LO, Inberman M, Tefé-
Silva C, Précoma DB. Assessment of MMP-9, TIMP-1, and COX-2 in
normal tissue and in advanced symptomatic and asymptomatic carotid

plaques. Thromb J. 2011; 9: 1-6.



Table 2. Clinical characteristics of the studied population

Characteristics All, n =99
Age, years 67 +9
Male gender, n (%) 63 (63.6)
Active smoking, n (%) 21 (21.2)
Hypertension, n (%) 88 (88.9)
Diabetes, n (%) 30 (30.3)
Obesity, n (%) 23 (23.2)
Previous stable angina, n (%) 18 (18.2)
Previous myocardial infarction, n (%) 10 (10.1)
Previous CABG, n (%) 15 (15.1)
Peripheral artery disease, n (%) 34 (34.3)
Cerebral vascular attack, n (%) 27 (27.3)
Transient ischemic attack, n (%) 14 (14.1)
Atrial fibrillation, n (%) 3 (3.0)
Systolic blood pressure, mmHg 132+ 16
Diastolic blood pressure, mmHg 79+10
Total cholesterol, mg/dL 170 + 46
HDL cholesterol, mg/dL 41 +£12
LDL cholesterol, mg/dL 100 + 43
Triglycerides, mg/dL 167 £ 94
Statin therapy, n (%) 88 (88.9)
Antiplatelet agents, n (%) 68 (68.7)

CABG - coronary artery bypass graft; LDL — low-density lipoprotein; HDL —

high-density lipoprotein.
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Table 3. Clinical characteristics according to MMPs genotypes

75

MMP-1 Genotype

MMP-3 Genotype

MMP-9 Genotype

2G2G/1G2G 1G1G P 5A5A 6A6A/6A6A P TT/CT CcC p
n=80 n=19 n=10 n=89 n=28 n=68

Hypertension, n (%) 71 (88.8) 16 (84.2) 0.69 10 (100) 77 (86.5) 0.60 25 (89.3) 59 (86.8) >0.99
Hypercholesterolemia, n (%) 35 (43.8) 9 (47.4) 0.97 6 (60.0) 38 (42.7) 0.33 14 (50.0) 29 (42.6) 0.66
Previous M, n (%) 10 (12.5) - 0.21 2 (20.0) 8 (9.0) 0.26 5(17.9) 5(7.4) 0.15
Previous CABG, n (%) 12 (15.0) 3(15.8) >0.99 1(10.0) 14 (15.7) >0.99 5(17.9) 10 (14.7) 0.76
Stable angina, n (%) 16 (20.0) 2(10.5) 0.51 - 18 (20.2) 0.21 3(10.7) 14 (20.6) 0.37
Atrial fibrillation, n (%) 3(3.8) - >0.99 - 3(3.4) >0.99 1(3.6) 2(2.9) >0.99
Peripheral artery disease, n (%) 31 (38.8) 3(15.8) 0.06 2 (20.0) 32 (36.0) 0.48 9(32.1) 25 (36.8) 0.84
Previous TIA, n (%) 11 (13.8) 3(15.8) 0.72 1(10.0) 13 (14.6) >0.99 5(17.9) 7 (10.3) 0.32
Previous stroke, n (%) 25 (31.3) 2(10.5) 0.08 4 (40.0) 23 (25.8) 0.45 8 (28.6) 19 (27.9) >0.99
Symptomatic, n (%) 42 (52.5) 10 (52.6) >0.99 4 (40.0) 48 (53.9) 0.51 15 (53.6) 34 (50.0) 0.92
MRI

Hyperintense signal, n (%) 45 (56.3) 9(47.4) 0.65 5(50.0) 49 (55.1) >0.99 17 (60.7) 35 (51.5) 0.54

Stenosis > 70%, n (%) 66 (82.5) 14 (73.7) 0.51 9 (90.0) 71 (79.8) 0.68 23 (80.2) 54 (79.4) 0.98
Histology

IP hemorrhage, n (%) 48 (60.0) 11(57.9) >0.99 7 (70.0) 52 (58.4) 0.73 19 (67.9) 38 (55.9) 0.39

MI — myocardial infarction; CABG — coronary artery bypass graft; TIA — transient ischemic attack; MRI — magnetic resonance imaging; IP— intraplaque.



Table 4. Serum levels of MMPs and inflammatory markers of plaque vulnerability according to MMPs genotypes
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MMP-1 Genotype

MMP-3 Genotype

MMP-9 Genotype

2G2G/1G2G 1G1G P S5A5A 6A6A/6A6A P TT/CT cC P
MMP-1 (ng/mL) 49+56 54+53 0.59 59+43 4955 0.54 55+5.0 50+538 0.54
MMP-3 (ng/mL) 10.1+£9.0 125+11.2 0.31 15.9+10.6 9.8 +9.1 0.016 13.6 £13.5 93+7.2 0.33
MMP-9 (ng/mL) 305 + 217 228 + 205 0.20 328 + 233 258 + 214 0.57 282 + 216 297 £ 210 0.79
PTX-3 (ng/mL) 6.7+49 4326 0.01 52%22 6.3+4.38 0.74 6.9+6.7 5936 0.56
hs-CRP (mg/dL) 1.0+x1.9 06+£1.5 0.02 1.0+1.2 09+1.9 0.92 1.0£17 0920 0.66

Variables are presented as mean £ SD. Statistical analysis was based on log hs-CRP, log MMP-1, square root MMP-3,

MMP — matrix metalloproteinase; PTX-3 — pentraxin 3; hs-CRP — high-sensitivity C-reactive protein.

log PTX-3 and non-transformed MMP-9.



Table 4. Histological analysis and MMPs genotypes
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Colagen Lipid Fibrous Cap IP Hemorrhage
Content (%) Core (%) Thickness (um) n (%)
MMP-1 Genotype
Dominant model
2G2G/1G2G 40 + 17 35+ 21 376 + 204 48 (60.0)
1G1G 53+ 16 24 + 22 419 £ 223 11 (57.9)
p=0.14 p=0.35 p=0.71 p>0.99
Recessive model
1G1G/1G2G 46 + 19 31125 346 + 208 43 (58.9)
2G2G 43 +18 32+17 465 + 195 16 (61.5)
p=0.77 p=0.94 p=0.28 p=0.99
MMP-3 Genotype
Dominant model
5A5A/5A6A 47 + 16 32+23 673 + 247 41 (59.4)
6A6A 44 + 20 31122 427 + 149 18 (60.0)
p=0.77 p=0.94 p=0.04 p>0.99
Recessive model
5A6A/6A6A 46 + 18 29 + 21 539 + 249 52 (58.4)
5A5A 38+ 23 42 +24 557 + 41 7 (70.0)
p=0.55 p=0.45 p=0.81 p=0.73
MMP-9 Genotype
Dominant model
TT/ICT 41 +17 39+19 395 + 210 19 (67.9)
CC 49+ 19 21+ 21 392 + 216 38 (55.9)
p=0.42 p=0.12 p=0.98 p=0.39
Recessive model
CC/CT 46 + 18 27+20 419 £ 208 56 (59.6)
TT 40+ 19 54 + 10 225 + 67 1 (50.0)
p=0.68 p=0.10 p=0.22 p>0.99

IP —intraplaque



Supplementary Table 1. Demographic, clinical and genetic characteristics of patients who were studied in histology

Neurological . MMP-1 MMP-3 MMP-9
Patients  Age, years Gender Stenosis (%) Risk Alleles (n)

Classification Genotype Genotype Genotype
1 77 M Symptomatic 50 - 60 0 1G1G 6A6A CcC
2 85 F Symptomatic >90 0 1G1G 6A6A CcC
3 62 F Symptomatic >90 1 1G1G 5A6A CcC
4 70 F Symptomatic 70-90 1 1G1G 5A6A CcC
5 60 M Symptomatic >90 1 1G2G 6ABA CcC
6 73 M Symptomatic >90 1 1G1G 5A6A CcC
7 60 M Asymptomatic >90 1 1G1G 5A6A CcC
8 54 M Asymptomatic >90 3 1G2G 6ABA TT
9 71 M Symptomatic >90 3 2G2G 6A6A CT
10 67 M Symptomatic >90 3 2G2G 6A6A CT
11 52 F Asymptomatic >90 3 2G2G 6ABA CT
12 65 M Symptomatic 70-90 4 2G2G 5A6A CT
13 63 M Symptomatic 70-90 4 1G2G 5A5A CT
14 66 M Asymptomatic 70-90 4 2G2G 6A6A TT
15 71 M Symptomatic >90 5 2G2G 5A5A CT

M — male, F - female
*Risk alleles comprise the 2G (MMP-1), 5A (MMP-3) and T (MMP-9) alleles.



CCA ECA 0

Figure 1. Representative image of methods used in the histopathologic analyses. A, fibrous cap
thickness. B, size of lipid core. C, percentage of collagen.
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Figure 2. Genotype frequencies of MMPs gene polymorphisms in study patients
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Figure 3. Correlations of MMP-9 serum levels with inflammatory markers. A, Correlation
between MMP-9 and PTX-3. B, Correlation between MMP-9 and hs-CRP.
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Figure 4. MMP-9 serum levels and clinical and histological markers of atherosclerosis
vulnerability. FC — Fibrous cap, IPH — intraplaque hemorrhage, PVD - Peripheral vascular

disease.
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6 ANEXOS

6.1 Termo de consentimento livre e esclarecido

CORRELACAO ENTRE METALOPROTEINASES DE MATRIZ EXTRACELULAR E
HEMORRAGIA INTRAPLACA NA ATEROSCLEROSE CAROTIDEA

1. Justificativa e objetivos da pesquisa:

A circulacdo e o suprimento sanguineo do cérebro se da principalmente pelas artérias
carétidas, que estao situadas no pescog¢o. Na doenca obstrutiva de artérias carétidas, ocorre
a presenca de placas de gordura (ateromas), determinando um entupimento progressivo da
passagem do sangue, e que se nao tratadas podem causar derrame cerebral. No caso de
obstrugcbes graves, a melhor opgdo de tratamento para evitar-se o derrame € a cirurgia,
denominada de endarterectomia de cardtida, a qual é atualmente indicada com base
exclusivamente no percentual de estreitamento. No entanto, ha um componente de
inflamacao que contribui para tornar estas placas instaveis, isto €, com maior tendéncia a
provocar derrame. Essa inflamacgéao pode ser medida através de substancias encontradas no
sangue. O objetivo deste trabalho é verificar se a presenca destas substancias inflamatorias
realmente esta associada a instabilidade da placa de ateroma e risco aumentado de derrame

cerebral.

2. Os procedimentos a serem realizados:

Todos os pacientes com obstrucdo das carétidas e indicacdo de endarterectomia de
carotida serdo submetidos a uma Ressonancia Magnética da regido cervical, mais
especificamente das artérias carétidas, para determinar as caracteristicas da placa de
ateroma. Para verificarmos a presenca de substancias marcadoras de inflamacgao, seréo

coletados 20 mL de sangue de uma veia do brago, no momento da cirurgia, no bloco
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cirargico. A placa removida da artéria sera submetida a analise microscopica de suas

caracteristicas.

3. Os desconfortos ou riscos esperados:

Podera ocorrer desconforto ou fobia (medo) durante a Ressonéncia Magnética. Se
isso ocorrer, 0 exame sera interrompido imediatamente.

Ha um risco remoto (menor que 1%) de reacdes alérgicas ao contraste utilizado no
exame.

A coleta de sangue do brago pode ocasionar dor local, 0 que nao seria evitado sem
este estudo, pois a puncgao é essencial a anestesia para o procedimento cirurgico.

Nao ha aumento no risco de complicacdes pds-operatdrias ou mesmo o6bito, devido

ao estudo.

4. Os beneficios que o estudo pode trazer:

A confirmagao da hipétese da pesquisa contribuira futuramente para a deteccéo e o

tratamento precoce dos casos de obstrugéo carotidea com maior risco de derrame cerebral.
5. Direitos do paciente:
a- Garantia de resposta a qualquer pergunta;
b- Liberdade para abandonar a pesquisa sem prejuizo para si;
c- Disponibilidade de tratamento médico e indenizagdo em caso de danos;
d- Garantia de privacidade.

6. Atribuicbes do pesquisador:

a- Compromisso com informacéao atualizada do estudo;
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b- Garantia de que custos adicionais serdo absorvidos pelo orgcamento da

pesquisa.

BU, (nome do paciente ou
responsavel) fui informado dos objetivos da pesquisa acima, de maneira clara e detalhada.
Sei que em qualquer momento poderei solicitar novas informacdes e modificar minha deciséo
se assim eu desejar. A Dra. Luciane Barreneche Narvaes (pesquisadora responsavel)
certificou-me de que todos os dados desta pesquisa referentes ao paciente serdo
confidenciais e terei liberdade de retirar meu consentimento de participagao na pesquisa.

Fui informado de que caso existirem danos a minha saude, causados diretamente
pela pesquisa, terei direito a tratamento médico e indenizagdo conforme estabelece a lei.
Também sei que caso existam gastos adicionais, estes serdo absorvidos pelo orgamento da
pesquisa. Caso tiver novas perguntas sobre este estudo, posso chamar a Dra. Luciane

Barreneche Narvaes (pesquisadora responsavel) no telefone (0XX51-33368190).

Assinatura do paciente Nome do paciente Data

Assinatura da pesquisadora Nome da pesquisadora Data

Este formulario foi lido para ........ccccceeeiiiiiiiiiiiii (nome do paciente) em
................................... (data) pela .. (NOME da

pesquisadora), enquanto eu estava presente.

Assinatura da testemunha Nome da testemunha Data
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6.2 Ficha de avaliagao clinica NG
Nome: Prontuério:

Enderego:

Telefone(s):

Data Internagao: Data Cirurgia: Data Alta:

Idade: ~ Sexo: (1) Masculino (2) Feminino

Fatores de Risco Cardiovascular:
Tabagismo: (1) Ativo (2) Passado (3)Nunca fumou
(4) HAS (5) DM (6)Hxt Familiar Positiva  (7)Obesidade (8)Sedentarismo

Historia Cardiaca:

(1)Angina estavel (2)IAM prévio-Data:
(3)Cateterismo-Data: (4)ACTP-Data:

(5)CRM-Data: (6)FA paroxistica  (7)FA cronica
Histéria Neuroldgica:

(9)AIT(s) prévio(s)-Data(s):
(10)AVC(s) prévio(s)-Data(s):

Historia Médica Pregressa:

(1)Doenca vascular periférica (5)Doenca hepatica (9)Doenga cerebrovascular (13 ) Deméncia
(2)Doenga do tecido conjuntivo (6)D. hepatica (10)Ulcera gastrica

(3) DM c/ lesao orgao alvo (7) D.renal (11) DPOC

(4) Tumor metastatico (8) Neoplasia (12) AIDS

Farmacos na Admissao (nome, doses mg/dia):

(1) AAS/ Clopidogrel/ Ticlopidina (2) Estatina (3) Beta-bloqueador (4) Nitrato (5) IECA

(6) Diurético (7) Insulina/Hipoglicemiante oral (8) Blog.Canais Calcio (9) Anticoagulante
(10) Digoxina (11) Outros

Exame Fisico:

PA 1= / mmHg PA2= / FC= bpm

Peso= Kg Altura= cm



6.3 Ficha de avaliagao neurolégica

1. Assintomatico

2. Sintomatico Estavel (sem sintomas ha mais de 3 meses)
AVE menor
AIT

3. Sintomatico Instavel (com sintomas ha menos de 3 meses)
AVE menor
AIT p6s-AVE

AlTs recorrentes

85

NO




6.4 Ficha laboratorial

1. Creatinina
2. Hemograma

Hematdcrito Leucdcitos

3. Perfil Lipidico

CTotal CLDL CHDL
4. Glicemia Jejum
5. PCRUS

TG

86

NO




6.5 Ficha angiografica

Grau de estenose:
1. Estenose entre 50 e 69%

2. Estenose entre 70 e 90%

3. Estenose acima de 90%

Sinal hiperintenso:

87

NO




6.6 Ficha histolégica

o Ddh -

HEMORRAGIA INTRAPLACA:

Aguda
Recente
Antiga
Ausente

88

NO




