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Resumo

Pacientes diabéticos tipo 2 apresentam risco de 3 a 5 vezes maior de
sofrer infarto do miocardio do que individuos nao diabéticos, sendo que 75%
desses pacientes morrem de complicacdes aterotromboéticas. Os mecanismos
que levam o individuo a apresentar esse perfil pré-trombdtico incluem danos ao
endotélio, liberagcao de citocinas proé-inflamatérias, estresse oxidativo, ativacao
da cascata de coagulagcdo e das plaquetas. As proteinas da cascata de
coagulagao e as plaquetas sdo os principais atores do controle do balango
anti/pré-coagulante. A cascata de coagulagdo pode ser ativada por dano ao
endotélio ou por liberacdo de fatores, como o Fator Tecidual. Essa cascata
culmina com a ativagao da enzima trombina, que cliva o fibrinogénio e permite
sua polimerizacdo e deposicdo na forma de fibrina. A trombina também
participa da ativagao das plaquetas. Outros mecanismos tém sido propostos na
tentativa de entender as causas do perfil préo-trombodtico apresentado por
individuos diabéticos. A geragcdo Produtos Finais de Glicagdo Avangada (do
inglés Advanced Glycation End-Products — AGE) nesses individuos tem sido
frequentemente relatada como importante fator. Os AGE sao modificagcdes pds-
traducionais encontradas em proteinas e tém origem em uma reagdo nao-
enzimatica entre uma proteina e um acgucar redutor, ou com um aldeido reativo.
Durante o diabetes a hiperglicemia é considerada a principal fonte de geracao
de AGE, mas a participagao de outros aldeidos reativos, como o metilglioxal e
o glicolaldeido (GA) também s&o de grande importancia. O processo de
glicagcao pode levar a duas situagdes no organismo: a) alteragao na estrutura
da proteina com consequente alteragdo da sua funcdo; b) a geragdo de
moléculas sinalizadoras (AGE) com potencial pré-inflamatério e pré-trombatico.
Estudos recentes demonstraram que os AGE podem causar a ativagcao de
plaquetas e promover a liberacdo de Fator Tecidual por mondcitos e células
endoteliais. Muitos estudos tém sido realizados com a intengdo de entender o
papel dos AGE sobre a coagulagao, no entanto, faltam dados sobre os efeitos
dos seus precursores (agucares e aldeidos reativos) na modulagdo da
hemostasia. Nesta tese, demonstramos que o GA é capaz de reagir com
proteinas plasmaticas in vitro, levando a um aumento nos niveis de carbonil.
Os coagulos formados a partir de plasma incubado com GA apresentaram-se
resistentes a acao proteolitica. O GA teve os mesmos efeitos quando incubado
com o fibrinogénio purificado, indicando que essa proteina € um alvo
importante no desequilibrio hemostatico causado pelo aldeido. Para avaliar se
o aumento dos niveis do GA é relevante in vivo, ratos Wistar adultos foram
injetados com esse aldeido. Verificou-se aumento na oxidagdo de proteinas
(carbonil e sulfidril) e um encurtamento no tempo necessario para a coagulagao
do plasma, indicando um perfil pré-tromboético. Apdés o isolamento do
fibrinogénio desses ratos, foi identificada a formacdo de CML e um atraso no
tempo necessario para a fibrina polimerizar. Os nossos resultados indicam que
o GA pode danificar diretamente o fibrinogénio e contribuir para os efeitos pro-
trombdticos vistos em algumas enfermidades. Ainda, os efeitos do GA in vivo
nao se restringem apenas as proteinas da cascata de coagulagcdo sendo
necessaria a avaliacdo dos efeitos do GA sobre as células envolvidas com os
processos de coagulacao (plaquetas e células endoteliais).

2



Abstract

The risk of myocardial infarction is 3-5 folds higher in type 2 diabetic
patients than in healthy subjects. Seventy five percent of these patients die with
atherothrombotic complications. The mechanisms behind this prothrombotic
profile include endothelial damage, cytokine release, oxidative stress,
coagulation and platelet activation. The balance between anti/pro-coagulant is
controlled mainly by proteins of coagulation cascade and platelets. Coagulation
can be triggered by endothelial damage or by factors release, such as Tissue
Factor. This cascade ends with thrombin activation, which act upon fibrinogen
and allows its polymerization in the insoluble form fibrin. Moreover, thrombin
also may activate platelets. Several mechanisms have been proposed in order
to explain the underlying factor responsible for prothrombotic profile seen in
diabetes. The generation of Advanced Glycation End-products (AGE) in these
patients has been often described as an important factor. AGE are post-
translational modifications found in proteins that have origin in a non-enzymatic
reaction between a protein and a sugar (or reactive aldehydes). During the
diabetes, the hyperglycaemia is believed to be the main agent of protein
glycation. The role of reactive aldehydes, such as methylglyoxal and
glycolaldehyde (GA) are important too. Glycation can lead to a two main events
in organism: a) alteration in protein configuration, with change of function; b)
generation of a class of signaling molecules (AGE), which may trigger the pro-
inflammatory and pro-thrombotic events. Recent studies have revealed that
AGE can cause platelet activation and induce Tissue Factor release from
monocytes and endothelial cells. A lot of studies have been developed to
understand the role of AGE in coagulation, although few have studied the
glycation precursors on hemostasis. Here we show that GA is able in reacting
with plasma proteins in vitro leading to generation of protein carbonyl. The clots
generated from GA-incubated plasma were resistant to proteolysis. The
incubation of purified fibrinogen in presence of GA revealed the same profile
than we saw in whole plasma, suggesting the importance of this protein in the
hemostatic dysfunction induced by GA. To evaluate if the increased levels of
GA is relevant in vivo, Wistar rats were injected with the aldehyde and plasma
was evaluated. Plasma proteins showed increase in oxidative damage
(carbonyl and sulfhydryl) whereas the time necessary to plasma to clot
shortened, suggesting a prothrombotic profile. The purification of fibrinogen
from GA-injected rats revealed that there was an increase in generation of CML,
evaluated by western blot. Moreover, there was a delay in the time necessary to
fibrin polymerization in a system containing isolated fibrinogen. Our results
suggest that GA can directly damage fibrinogen and thus, contribute to
prothrombotic effects seen in some diseases. Moreover, the in vivo effects of
GA are not only restricted to the coagulation cascade proteins. More studies are
necessary to evaluate the effects of GA on cell that participate in coagulation
regulation (e.g. platelets and endothelial cells).



Abreviaturas

AGE - Produtos Finais de Glicagdo Avangada (Advanced Glycation End-
Products)

AMG — Aminoguanidina

CEL - N*-(carboxietil)lisina

CMA - N¥ (carboximetil)arginina

CMC — S-(carboximetil)cisteina

CML — N°®-(carboximetil)lisina

GA — glicolaldeido

INOS — Oxido Nitrico Sintase induzivel

IL — interleucina

i.p. — intra peritoneal

I.v. — intra venoso

MCP-1 — Proteina Quimiotatica de Mondcito 1

NOS - Oxido Nitrico Sintase

PAI-1 — Inibidor do Ativador de Plasminogénio-1

RAGE — Receptor de AGE

t-PA — Ativador de Plasminogénio tecidual

VCAM-1 — Molécula de Adeséao Celular Vascular — 1 (Vascular Cell Adhesion

Molecule)



1. INTRODUCAO

1.1.Diabetes como uma condicdo pro-trombética

O diabetes mellitus tipo 2 ocupa posigcédo de epidemia mundial, atingindo
cerca de 177 milhdes de pessoas no mundo todo. O progndstico, feito pela
Organizagdo Mundial da Saude €& que 300 milhdes de pessoas sofram de
diabetes até 2025 (KING et al., 1998). No Brasil, o estudo Multicéntrico Sobre
Prevaléncia de Diabetes Mellitus encontrou uma prevaléncia geral da doenca
de 7,6% em pessoas de 30 a 69 anos. Destas, metade ndo sabiam que
possuiam a doenga e, das ja diagnosticadas, 22% n&o faziam tratamento
(MALERBI e FRANCO, 1992).

Dentre as caracteristicas compartilhadas pelos pacientes, esta a
hiperglicemia, a resisténcia a insulina, a dislipidemia, a presencga de estresse
oxidativo, o processo inflamatério e a glicacao de proteinas. Coletivamente,
essas caracteristicas colaboram para o desenvolvimento de outra, a
caracteristica pré-coagulante do sangue desses pacientes (CARR, 2001;
GRANT, 2007). O diabetes esta associado ao aumento da mortalidade e ao
desenvolvimento de doengas micro e macrovasculares, bem como de
neuropatias. E a causa de cegueira, insuficiéncia renal e amputacdo de
membros, causando expressivos gastos em saude publica, além da diminui¢cao
na qualidade e expectativa de vida do paciente (ASSUNCAO et al., 2001). O
diabetes é um fator de risco reconhecido para o desenvolvimento de doencgas
aterosclerdticas, infarto do miocardio e acidentes vasculares cerebrais (CARR,

2001). O risco de infarto do miocardio € de 3 a 5 vezes maior em individuos



diabéticos tipo 2 do que em nao diabéticos sendo que 75% dos pacientes
diabéticos morrem com complicagdes cardiovasculares (CARR, 2001; GRANT,
2007). Em testes laboratoriais, o plasma de diabéticos também se mostra pro-
coagulante, uma vez que os tempos necessarios para o plasma coagular in

vitro se apresentam encurtados (CARR, 2001).

Diversos fatores contribuem para esse perfil, como o aumento da
concentragcdo do fibrinogénio e do fator tecidual, diminuicdo de fatores
anticoagulantes (proteina C, PAI-1), dano ao endotélio e aumento da
reatividade plaquetaria (CARR, 2001; GRANT, 2007). Em um estudo em
humanos, onde se variou as concentragdes plasmaticas de glicose e insulina
de forma independente ou combinada, verificou-se que a hiperglicemia per se
esta implicada no aumento de fatores pro-coagulantes (complexo trombina:anti-
trombina e fator tecidual), independente dos niveis de insulina. No mesmo
estudo, verificou-se que a hiperinsulinemia per se esta envolvida com a inibigéo
da fibrindlise, através do aumento do PAI-1 e diminuicdo da atividade do

plasminogénio, independente dos niveis de glicose (STEGENGA et al., 2006).

O endotélio vascular desempenha importante papel no controle da
hemostasia. Funciona como uma barreira fisica, medeia o ténus vascular e
interage com proteinas e células para regular a adesdo leucocitaria e
plaquetaria (GRANT, 2007). O desenvolvimento da disfungdo endotelial
promove inflamacado e trombose - eventos precoces na formacdo da doenca
aterosclerotica (GRANT, 2007). A hiperglicemia experimental se mostrou
capaz de causar danos ao endotélio, levando a ativacdo da cascata de

coagulagao (NIEUWDORRP et al., 2006).



A hiperfuncao plaquetaria também parece contribuir para a condicao pro-
trombdtica observada no diabetes. Apesar de a contagem plaquetaria nao
diferir de sujeitos saudaveis, pacientes diabéticos apresentam agregados
plaquetarios circulantes e altos niveis de marcadores de ativacdo plaquetaria
no plasma (CARR, 2001).

Caracteristicas fisicas e quimicas do fibrinogénio e da fibrina em
diabéticos tém sido relatadas como fatores importantes na determinacao do
aspecto pro-trombético. Sabe-se que a fibrina formada a partir de fibrinogénio
de diabéticos apresenta-se mais densa, menos porosa € mais resistente a acao
da plasmina do que em individuos saudaveis (CARR, 2001; DUNN et al.,
2005). A consequéncia € a geragao de trombos persistentes que podem
embolizar microvasos, levando a isquemia de 6rgaos e contribuindo para o
agravamento da doenca. Os mecanismos envolvidos ainda ndo sdo bem
esclarecidos, mas o aumento da compactagdo do coagulo com uma
consequente reducdo na sua permeabilidade, o aumento da ligagdo de Inibidor
de Plasmina e a diminuicdo da ligagdo de plasminogénio e t-PA na fibrina ja
foram descritos (DUNN et al., 2006). Residuos de lisina, que sado fundamentais
no processo de ligagdo do plasminogénio e do t-PA na fibrina, apresentam
modificagdes - oxidagao, glicagdo — o que acareta em resisténcia a fibrindlise

(BOBBINK et al., 1997).

1.2. O Sistema Hemostatico
O sistema hemostatico é o responsavel pela manutencédo do sangue

dentro dos vasos, evitando a sua perda quando existe um dano.



Simultaneamente a ativagao do sistema hemostatico, existe a ativacdo de um
sistema para evitar a formacdo demasiada de trombos, bem como para limitar
a sua formacao a regido da leséo. Esse equilibrio € mantido pelo balango entre
um sistema pro-coagulante e um sistema anti-coagulante. O sistema pré-
coagulante é constituido por: 1) constricdo vascular; 2) agregagao plaquetaria;
3) coagulagao sanguinea com a polimerizagao da fibrina e 4) recuperagao do
tecido lesado. Ja o sistema anti-coagulante & constituido por proteinas e
enzimas que contrapbe o primeiro sistema, agindo tanto no bloqueio da
sinalizagao pro-coagulante quanto na remogao de coagulos formados.

As proteinas do sistema hemostatico estdo constantemente presente na
corrente sanguinea na forma inativa, ou zimogénica. A ativagéo inicial da
coagulagdo se deve a um estimulo, como uma lesdo, e apds sucessivas
ativagbes acontece a formagdo do coagulo, responsavel final por estancar

sangramentos (GUYTON e HALL, 2005).

1.2.1. Viaintrinseca e Via extrinseca

Em 1964 foi proposto o modelo de cascata para explicar a fisiologia da
coagulagao (DAVIE e RATNOFF, 1964; MACFARLANE, 1964). Nesse modelo,
uma sucessao de ativagdes de zimogénios acontece até que o fibrinogénio
possa ser convertido em fibrina. Esse esquema divide a coagulagdo em duas
vias: a intrinseca e a extrinseca. Essas vias sdo apresentadas separadamente
apenas por conveniéncia didatica, uma vez que acontecem simultaneamente. A
via intrinseca pode ser disparada por contato com o colageno em regides onde

o endotélio foi removido. Ja a via extrinseca pode ser ativada por presenca de



Fator Tecidual, liberado por células endoteliais danificadas (GUYTON e HALL,
2005). As duas vias culminam com a ativagao da enzima trombina, responsavel
por catalisar a polimerizagcao da fibrina. Além de catalizar a polimerizacdo da
fibrina, a trombina também desempenha um papel de potencializador da
coagulagao, uma vez que cataliza a ativagao do fator V (na via extrinseca), do
fator Xlll (na via intrinseca), a conversao de pro-trombina em trombina e a
ativacdo plaquetaria (GUYTON e HALL, 2005). Esse mecanismo de reforgo
positivo existe para que a coagulagao atinja a hemostasia no menor tempo
possivel.

Um esquema didatico da cascata da coagulagao pode ser visto na figura 1.
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Figura 1: Ativagdo das vias extrinseca e intrinseca apds lesdo tecidual com remogéo do
endotélio. A liberacdo do fator tecidual (NIEUWDORRP et al.) é responsavel pela ativacdo da
via extrinseca, enquanto que a exposi¢do de colageno na lamina basal é responsavel pela
ativagdo da via intrinseca. As duas vias convergem para a ativagdo da trombina (fator Ila). A
acgao da trombina sobre o fibrinogénio leva a polimerizagdo da fibrina. Adaptado de GUYTON
e HALL, 2005.



1.2.2. Trombina e fibrinogénio

A trombina, também conhecida como fator lla, circula no sangue como
protrombina (fator IlI). Sua produgdo acontece no figado, de forma continua,
uma vez que esta sendo continuamente utilizada. Se a fungdo hepatica é
deficiente, os niveis de pré-trombina diminuem e podem comprometer o
sistema hemostatico. Além do fibrinogénio, diversos outros fatores de
coagulagao sao seus substratos, como os fatores V e VIII (GUYTON e HALL,
2005). Ainda, a trombina pode ativar plaquetas, endotélio e estimular o sistema
inflamatorio, através da ativagdo de receptores ativados por proteases (PAR,
do inglés Protease Activated Receptors). A ativagcdo desses receptores
desencadeia o desenvolvimento de caracteristicas pro-inflamatérias, como a
secrecao de interleucinas e a expressédo de moléculas de adesdo (SCHOUTEN
et al., 2008).

O fibrinogénio € uma proteina soluvel, abundante no plasma (valores de
referéncia: de 1,5 a 3,7mg/mL), constituida de duas cadeias alfa, beta e gama,
ligadas por pontes dissulfeto (MOSESSON, 2005). A unido das cadeias forma
um dominio E (central) com dois dominios D, externamente localizados

(MOSESSON, 2005).
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Figura 2: Estrutura do fibrinogénio (acima), composto por duas cadeias alfa, duas beta e
duas gama, unidas por pontes dissulfeto. A agdo da trombina sobre os fibrinopeptideos A
e B permite a sua liberagdo e a formagao da fibrina. Figura adaptada de MOSESSON,
2005.

As cadeias alfa e beta contém um peptideo na sua porgado N-terminal,

chamado de fibrinopeptideo A e B, respectivamente. Esses peptideos séo

clivados e liberados do fibrinogénio pela trombina, expondo sitios de

polimerizagdo que permitem o alinhamento de duas moléculas de fibrina. O

sitio de clivagem do fibrinopeptideo A e B pela trombina € apds a arginina

localizada na posi¢cao 16. Mutacbes nessa posicdo levam a um retardo na

velocidade de polimerizagdo e a uma mudanga na arquitetura do coagulo com

eventual resisténcia a fibrindlise (FLOOD et al., 2006). De fato, a velocidade da

clivagem dos fibrinopeptideos ja foi descrita como um fator importante na

determinagcdo da arquitetura da rede de fibrina (GABRIEL et al., 1992;
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MOSESSON, 2005).

Inicialmente, a polimerizagdo da fibrina se da pelo alinhamento
antiparalelo de duas moléculas de fibrina, conforme demonstrado na figura 2. A
continuidade desse processo permite o crescimento longitudinal de uma fibrila.
A associacao lateral de duas fibrilas permite o espessamento da fibra de fibrina
e € chamado de juncao bilateral (MOSESSON, 2005). A associacao de trés
moléculas de fibrina cria pontos de ramificagcdo, e € chamado de jungao
equilateral (MOSESSON, 2005). O processo de polimerizagdo e ramificacéo

pode ser visualizado na figura 3.

A estabilidade da fibrina é alcangada pela acéo do fator Xllla, uma
transglutaminase capaz de fazer ligagbes covalentes entre as subunidades

gama de duas moléculas de fibrinogénio alinhadas (MOSESSON, 2005).

Associagao
bilateral

|

3
7

it
'y

/ Ligagdes

mediadas
Associagao pelo fator Xllla
equilateral

Figura 3: Processo de polimerizagdo da fibrina. A associacdo entre quatro moléculas de
fibrina € chamada de associagao bilateral e é responsavel pelo espessamento da fibra. A
juncdo de trés moléculas é chamada de associagcdo equilateral e é responsavel pelo
surgimento de ramificacées na rede de fibrina. Adaptado de MOSESSON, 2005.

Essas ligacdes intermoleculares acontecem entre o aminoacido lisina*®®
de uma molécula com e a glutamina®®® °“ 3 da fibrina adjacente (SIEBENLIST

et al., 1996). Além dessa ligagdo cruzada, outras, inespecificas, ja foram
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descritas em fibrina incubado com fator Xllla por longos periodos. Esse
aumento de ligagbdes cruzadas conferiu resisténcia a acao fibrinolitica da

plasmina (SIEBENLIST et al., 1996).

Além de ser abundante no plasma e ser chave no processo de
coagulagdo, o fibrinogénio tem outra caracteristica importante: a alta
susceptibilidade ao ataque oxidativo e outras modificagcdes poés-traducionais.
Em um estudo que avaliou a susceptibilidade de diferentes proteinas ao
estresse oxidativo, o fibrinogénio mostrou-se um alvo importante para agentes
oxidantes (SHACTER et al., 1994). A susceptibilidade a oxidantes nao é
homogénea, sendo a cadeia alfa a mais sensivel aos danos oxidativos
(NOWAK et al.,, 2007). Testes feitos com plasma de pacientes diabéticos
demonstraram que o fibrinogénio apresenta altos niveis de glicagdo quando o
paciente ndo tem a sua glicemia sob controle (JALEEL et al., 2005). Ainda,
fibrinogénio de humanos submetidos a endotoxemia experimental sofrem
nitragdo com consequente aceleracdo nos tempos de polimerizagcao

(HEFFRON et al., 2009).

1.2.3. Eliminacéo de coagulos — fibrindlise

Tao importante quanto o sistema pré-coagulante é o sistema de
remogao de coagulos, que entra em funcionamento concomitantemente com o
primeiro. Sua fungdo €, basicamente, restringir a cascata pro-coagulante ao
sitio da lesdo e, depois de resolvido o sangramento, eliminar fatores pro-
coagulantes e coagulos que ndo sao mais necessarios. A enzima responsavel

por essa acgao € a plasmina, que na circulacdo encontra-se na sua forma
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inativa, o plasminogénio. O plasminogénio pode ser ativado pelo Ativador de
Plasminogénio Tecidual (tPA) que é liberado pelo tecido lesado (GUYTON e
HALL, 2005). Por outro lado, o plasminogénio pode ser inibido indiretamente
pela acdo do Inibidor do Ativador de Plasminogénio 1 (PAI-1). O PAI-1 é
sintetizado por hepatdcitos, fibroblastos, adipocitos, células endoteliais e

plaguetas (GRANT, 2007).

1.2.4. Plaquetas

Plaquetas sdo pequenos fragmentos celulares (1-4 um de didmetro)
derivados de megacariocitos da medula 6ssea. A concentragdo sanguinea
normal é de 150 a 300 mil plaquetas por microlitro. Esses fragmentos celulares
sao anucleados, mas apesar disso apresentam metabolismo e respondem
ativamente a estimulos externos (GUYTON e HALL, 2005).

Locais com lesdo endotelial tém expostos diversos componentes da
matriz extracelular. Dentre esses componentes, a exposi¢ao de colageno e do
fator de Von Willebrand é de extrema importancia para a adesao plaquetaria,
que é mediada pelas glicoproteinas GP VI e GP IB, respectivamente. Apds a
ativacdo plaquetaria, a exposigcdo dos receptores GP llb/llla (receptor de
fibrinogénio) permite que outras plaquetas sejam recrutadas através de pontes
de fibrinogénio (GAWAZ et al., 2005).

As plaquetas também desempenham importante papel na condugao da
resposta inflamatéria no microambiente da les&o. A secrecao de interleucina IL-
1B pelas plaquetas ativadas faz com que o endotélio responda secretando

outras interleucinas, como IL-6, IL-8, e quimiocinas (MCP-1) (KAPLANSKI et
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al., 1994; GAWAZ et al., 2005).

1.2.5. Endotélio

Além de proporcionar uma protecéo fisica, evitando o contato do sangue
com o espaco subendotelial e evitando a ativacao da via intrinseca, o endotélio
proporciona uma superficie onde a presenga do glicocalix impede a ligacéo de
fatores de coagulagcdo. A expressdo de uma proteina de membrana, a
trombomodulina, capaz de capturar a trombina e ativar um processo
anticoagulante, é de extrema importancia nos mecanismos anti-coagulantes do
endotélio (GUYTON e HALL, 2005). Porém, em situagdes como o diabetes,
mudancas no endotélio contribuem para o desenvolvimento do perfil pré-
trombodtico e para o desenvolvimento de aterosclerose. A hiperglicemia tem
sido descrita como fator causal de permeabilidade vascular, da expressao de
moléculas de adesado e diminuigdo de glicocalix no endotélio, fatores ligados a
ativagdo da coagulagdo (NIEUWDORP et al., 2006). Outros compostos, como
proteinas glicadas e aldeidos reativos ja foram demonstrados como sendo
mediadores do desenvolvimento de caracteristicas pro-coagulantes do

endotélio (MIN et al., 1999; YAMAWAKI e HARA, 2008).

1.3.Glicacao
A glicagdo néo-enzimatica inicia com a reagéo entre um agucar redutor,
ou um aldeido reativo, com um grupamento amina presente em um
aminoacido, proteina, lipideo ou acido nucléico (figura 4). Inicialmente, uma

Base de Schiff se forma e, apds alguns rearranjos moleculares, moléculas
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conhecidas como Produtos de Amadori surgem. Novamente, apds alguns
rearranjos que incluem fregmentagdes e oxidagdes, acontece a formacgao
irreversivel de produtos heterogéneos, mas chamados coletivamente de AGEs
(do inglés Advanced Glycation End-products) (figura 4) (THORNALLEY et al.,

1999; VALENCIA et al., 2004).

PROTEINA GLICOSE BASE DE SCHIFF PRODUTO DE AMADORI
R-NH, + o, H R-N_ H R - NH
N\ \Y
\CI/ \Cll \C|H2
H—C—0OH H—C—OH H—C—0OH
1 1 1
HO-C—H ™% HO-C-H ™ HO-C-H
. € | | -3 AGEs
H—C—OH H—C—OH H—C~OH
H—C— OH H—C~— OH H—C—- OH
1
H—C—OH H—C—OH H=C—OH
H H H

Figura 4: A reacdo entre uma amina presente em proteinas, lipideos ou aminoacidos com
um acucar redutor leva a formacao reversivel de uma Base de Schiff. Apés sucessivos

rearranjos, surgem produtos estaveis, chamados de AGEs. Retirado de THORNALLEY,
1999.

Tratando-se de proteinas, esse tipo de reacdo ocorre preferencialmente
em residuos de arginina e de lisina (VALENCIA et al.,, 2004). Mais
recentemente, também foi demonstrada a formacdo de tiohemiacetal com
residuos de cisteina (ADROVER et al., 2008).

A geracédo e acumulo de AGEs ocorre de forma acentuada no diabetes e
em uma série de doencgas degenerativas. A hemoglobina glicosilada € um bom
indicativo da glicemia média, e se encontra aumentada no diabetes (LAPOLLA
et al., 2003). Adicionalmente, duas formas de AGEs, a N*-(carboximetil)lisina e

a pentosidina, dobram de valores em individuos diabéticos (LAPOLLA et al.,
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2003; SHARP et al., 2003).

Diversas formas de AGE sido conhecidas, como N®-(carboximetil)lisina
(CML), N°*-(carboxietil)lisina (CEL), N® (carboximetil)arginina (CMA), S-
(carboximetil)cisteina (CMC), argpirimidina e GA-piridina (NAGAI et al., 2008).
Algumas dessas estruturas possuem papel sinalizador, apos a ligacdo em
receptores de AGE (RAGE). A ativacdo desse receptor esta relacionada a
diversos eventos pro-inflamatoérios e degenerativos, como no agravamento da
sepse e desenvolvimento de aterosclerose (PARK et al., 1998; LUTTERLOH et
al., 2007).

Além do aumento de AGEs, condigdes pro-inflamatoria e hiperglicémicas
apresentam aumento em moléculas que levam a formacdo de AGEs, como o
glioxal, metilglioxal, glicolaldeido e a 3-deoxi-glucosona (ANDERSON et al.,

1997; LAPOLLA et al., 2003).

1.3.1. Drogas anti-AGE

A heterogeneidade na geragdo de AGE permite que uma vasta
quantidade de drogas possa ter valor terapéutico. Os modos de acéo diferem,
dependendo do ponto em que a droga tera sua fungdo. Dentre os principais
mecanismos de acao, destacam-se:

1.3.1.1. Quelantes de carbonil

Agem reagindo com aldeidos, impedindo a formagéo de bases de Schiff
com as proteinas. Dentre os mais estudados estdo a aminoguanidina (AMG) e
a piridoxamina (vitamina B6). Ja foi demonstrada a eficiéncia da AMG in vitro e

in vivo, mas seus efeitos ndo se restringem a capacidade de quelar carbonil
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reativos. A AMG é capaz de inibir a iINOS (CORBETT et al., 1992) e quelar
metais, atuando como antioxidante (PRICE et al., 2001). Esses efeitos
secudarios obviamente auxiliam na sua acdo anti-AGE. Apesar de modelos
animais atestarem sua eficiéncia, dois estudos clinicos utilizando a AMG né&o
confirmam esse efeito (PEYROUX e STERNBERG, 2006).

A piridoxamina é capaz de quelar carbonil e ainda impedir a formacao de
CML, ligando e impedindo a ag¢do de ions metalicos (PEYROUX e
STERNBERG, 2006). Modelos animais de diabetes do tipo 1 e 2 tratados com
PM mostraram uma redugcdo na acumulagcdo de AGE (PEYROUX e
STERNBERG, 2006).

1.3.1.2. AGE-breakers

Promovem a clivagem da ligagdo AGE:proteina, bem como desfazem
ligagbes cruzadas entre duas proteinas pela agéo da glicagdo. Apesar de esse
efeito ja ter sido demonstrado in vitro, os efeitos benéficos de AGE-breakers
vistos em estudos com animais podem acontecer devido a um papel de
antioxidante (PEYROUX e STERNBERG, 2006).

1.3.1.3. Bloquadores de RAGE

Podem agir impedindo a ligacdo de AGE nos receptores por interferéncia
com o AGE ou com o proprio receptor. Podem ainda, impedir o sinal
intracelular disparado apés a ligacdo do AGE no seu receptor (PEYROUX e
STERNBERG, 2006). A forma soluvel do receptor (SRAGE) tem sido utilizada
com sucesso em modelos animais (PARK et al, 1998; PEYROUX e
STERNBERG, 2006). Sua funcdo é ligar ao AGE de forma competitiva ao

RAGE de membrana, impedindo que a sinalizagdo ocorra. Ratos diabéticos
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injetados com sRAGE apresentaram menor expressdo de Fator Tecidual,
VCAM-1 e colageno tipo IV em aorta do que ratos diabéticos nao tratados,
indicando um efeito protetor contra o desenvolvimento de aterosclerose

(PEYROUX e STERNBERG, 2006).

1.3.2. Glicolaldeido

O glicolaldeido (GA) € um aldeido de cadeia curta, altamente reativo e
foco de estudo desta tese (figura 5). As suas fontes no organismo sdo: a) a
partir da serina, apods sofrer ataque do sistema mieloperoxidase-H,O,-cloreto
(ANDERSON et al., 1997); b) a partir da degradacéo de produtos de Maillard
(GLOMB e MONNIER, 1995); c) a partir de intermediarios da via glicolitica

(FENG et al., 2009).

MPO
. H,0, # Cl'é HOCI
Serina — >
Base Produtos 5y
w de Amadori % . .‘
Glicose cond. retro-aldolica e fragmentagéo >

N 7 \» ®
glicolaldeido
Gliceraldeido Fenton

Hidroxipiruvato
decarboxilase

\ =3 Hid roxipiruvato

Figura 5: As diversas origens do GA no organismo. Estrutura do GA, a aldose mais simples
que pode existir, representada em modelo espacial.

Apesar de os niveis de GA ndo terem sido determinados no organismo

animal, é sugerido que até 200uM pode ser atingido pela agdo da
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mieloperoxidase sobre a serina circulante (ANDERSON et al., 1997). Em
estudos com cultura de células, € comum a utilizagdo de concentracdes que
variam entre 100uM a 1mM (AL-ENEZI et al., 2006; FENG et al., 2009). Em
estudos que usam o GA como um agente glicante, € comum a utilizagdo de até
10mM (MERA et al., 2009).

O destino do GA no organismo ainda ndo é totalmente conhecido.
Entretanto, dois destinos sdo de extrema importancia: a) a sua conversao em
glioxal, apos sofrer enolizagcdo e autoxidagdo (AL-ENEZI et al., 2006) e b) a
geracao de AGEs (NAGAI et al., 2002; ANDERSON e HEINECKE, 2003). Além
disso, em um estudo in vitro, foi demonstrado que o GA pode servir de
substrato para a enzima xantina oxidase, uma reacao que promove a liberagcao
do radical superoxido (ZANOTTO-FILHO et al., 2008).

Apesar da sua importdncia como agente glicante, o GA tem efeitos
bioldgicos per se. Ja foi demonstrado sua capacidade de inibir o crescimento
tumoral em linhagem MCF7 através da geracao de radicais livres intracelulares
(AL-ENEZI et al., 2006). Ainda, foi demonstrado seu papel na modificagdo de
proteinas da matriz extracelular in vitro, o que acarreta em dificuldade na
interacdo célula:matriz, efeito em parte responsavel pela nefropatia diabética

(PEDCHENKO et al., 2005).

Outros aldeidos reativos, relacionados ao GA, ja foram descritos como
tendo efeito sobre o sistema pro-coagulante/anti-coagulatne, contribuindo ao
menos parcialmente para o desenvolvimento do carater pro-trombatico visto no
diabetes. O metilglioxal € capaz de reagir com o plasminogénio, impedindo a

sua maturagdo em plasmina, causando prejuizo no mecanismo de fibrindlise
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(LERANT et al., 2000). Quando adicionado em cultura de células endoteliais, o
metilglioxal é capaz de estimular a produgao de radicais livres e a expressao de
moléculas de adesao (VCAM) (WELTEN et al., 2003; MIYAZAWA et al., 2010).
O glioxal, por sua vez, é capaz de causar mudangas morfoldégicas em cultura
de células endoteliais, com a concomitante expressdao da enzima
ciclooxigenase-2 (YAMAWAKI e HARA, 2008). Como se pode ver, além do
papel dos AGEs no desenvolvimento das complicacdes aterotromboéticas vistas
no diabetes, seus precursores também ocupam papel de destaque. Apesar
disso, poucos estudos investigando sua participagédo nessas complicagbes tém
surgido. E, apesar de o GA ter sua origem em processos altamente ativos no
diabetes, nenhum trabalho avaliou sua relagdo com o desenvolvimento de

complicacdes vasculares.

Portanto, visto que o diabetes € uma condigdo pré-coagulante e que as
rotas de producdo do GA apresentam-se estimuladas nessa enfermidade, e
que outros aldeidos reativos apresentam propriedades pro-coagulantes
alterando fungédo enzimatica e funcédo endotelial, nés sugerimos que GA
também contribui para o desenvolvimento de problemas cardiovasculares

vistos no diabetes.
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2. OBJETIVO

O objetivo geral desse trabalho € ampliar o conhecimento sobre os
efeitos diretos do GA sobre o sistema de coagulacdo e de fibrindlise e assim
investigar a participacdo do GA sobre o desenvolvimento de caracteristicas

pro-coagulantes. Para tanto, dois objetivos especificos foram tragados.

Objetivo especifico 1
Averiguar se o GA é capaz de causar alteragbes pos-traducionais em
proteinas quando incubado com plasma humano e se causa alteragbes nos

processos de coagulacao e fibrindlise.

Objetivo especifico 2
Investigar se ratos injetados com GA apresentam alteracbes pos-
traducionais em proteinas plasmatica nos mecanismos de coagulagdo e
fibrindlise e ainda, se 0 GA causa alteracdo nos mecanismos de coagulagao e

fibrindlise.
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Glycolaldehyde (GA) is a highly reactive aldehyde that can be generated during inflammation and hyper-
glycemia. It can react with arginine and lysine residues impairing protein function. As inflammation and
diabetes present haemostatic dysfunction, we hypothesized that GA could participate in this process. The
aim of this study was to investigate if plasma incubated in the presence of GA presents alteration in the
coagulation process. We also aimed to evaluate the role of fibrinogen in GA-induced haemostatic dysfunc-
tion. For this purpose, plasma and fibrinogen were each incubated separately, either in the presence or

gél?//z:)l;:lﬁ;hyde absence of 1 mM GA for 8 and 4 h, respectively. After that, plasma coagulation and fibrin polymerization
Carbonyl kinetics were recorded, as well as the kinetic of plasma clot digestion and fibrinolysis protein carbony-
Fibrinogen lation was quantified. An SDS-PAGE was run to check the presence of cross-linking between fibrinogen
Fibrinolysis chains. GA induced a delay in plasma coagulation and in fibrin polymerization. Maximum absorbance
Coagulation decreased after GA treatment, indicating the generation of thinner fibers. Fibrin generated after complete

coagulation showed resistance to enzymatic digestion, which could be related to the generation of thin-
ner fibers. Protein carbonylation also increased after GA treatment. All parameters could be reversed with
AMG (a carbonyl trap) co-treatment. The data presented herein indicate that GA causes post-translational
modification of lysine and arginine residues, which are central to many events involving fibrinogen to
fibrin conversion, as well as to fibrinolysis. These modifications lead to the generation of persistent clots
and may contribute to mortality seen in pathologies such diabetes and sepsis.

© 2009 Published by Elsevier Ireland Ltd.

1. Introduction

The haemostatic system is composed of cellular (platelets
and monocytes) and fluid (coagulation and fibrinolytic cascade)
systems. Coagulation can be triggered by extrinsic (tissue factor-
dependent) or intrinsic (sub-endothelial contact-dependent)
pathways and both converge to thrombin activation and fibrin
deposition, also known as common pathway. To avoid excessive fib-
rin deposition, the fibrinolytic cascade is concomitantly activated to
counteract coagulation. The haemostatic system acts as a double-
edged sword since it must be finely regulated to avoid bleeding
without generating excessive and persistent thrombi. Once the
control is lost, the haemostatic system may (a) favor coagula-

Abbreviations: GA, glycolaldehyde; AMG, aminoguanidine; DIC, disseminated
intravascular coagulation; MPO, myeloperoxidase; AUC, area under the curve.
* Corresponding author at: Rua Ramiro Barcelos, 2600, ANEXO, Laboratério 32,
CEP 90035-003, Porto Alegre, RS, Brazil. Tel.: +55 51 3308 5578;
fax: +55 51 3308 5540.
E-mail address: andrades_.m@yahoo.com.br (M.E. Andrades).

0009-2797/$ - see front matter © 2009 Published by Elsevier Ireland Ltd.
doi:10.1016/j.cbi.2009.04.005

tion, such as seen in diabetes or inflammation, and contribute to
disseminated intravascular coagulation (DIC) or atherothrombotic
events, eventually leading to death [1,2]; or (b) favor bleeding,
such as seen in some dysfibrinogenemias or even after a DIC
episode with further bleeding, also called consumption coagulopa-
thy [3].

The atherothrombotic disease is common in diabetic patients
and contributes to high levels of cardiovascular complications,
the major cause of mortality and morbidity in diabetes [1]. Some
authors have postulated that the mechanisms of haemostatic loss
in diabetes include increase in thrombin activity, increase in plas-
minogen activator inhibitor type I (PAI-I) [4] and dysfunctions in
the cellular system (see [1] for review).

Another source of haemostatic dysfunction is the inflamma-
tory process [2]. Interleukin 6 and lipopolysaccharide (LPS) are
able to increase tissue factor synthesis and release. Moreover, dur-
ing the inflammatory process the major anticoagulant pathways
(antithrombin, protein C, fibrinolysis) are disrupted [2]. The net
result of haemostatic dysfunction is in favor of the procoagulant
pathway, which contributes to DIC, organ ischemia and failure and,
eventually, death. Critical illness and sepsis are good examples of
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severe inflammatory process that, when associated with DIC, have
poor outcome [5,6].

Besides the action of cytokines and tissue lesion, post-
translational modifications of coagulation/fibrinolysis cascades
may also promote a prothrombotic state. Peroxynitrite seems to
contribute to the formation of persistent clots, since it increases
the rate of thrombin-catalyzed clot formation in nitrated fib-
rinogen isolated from patients with coronary arterial disease [7]
and decelerates the fibrinolytic pathway by inactivating the tis-
sue plasminogen activator (tPA) [8]. Rabbits chronically injected
with homocysteine presented an acquired dysfibrinogenemia,
which resulted in prolonged clotting times, increased resistance
to plasmin lysis and structural alterations in fibrin network [9].
Glucose-induced fibrinogen glycation also induced resistance to
plasmin digestion and retention of glycated fibrinogen in the renal
cortex [10]. In line with these in vitro studies, a few interventional
studies that examine the effects of glycaemic control in diabetic
patients on fibrin structure have arisen [11].

Glycolaldehyde (GA) is a short-chain aldehyde formed as by-
product of protein glycation (Maillard reaction) [12] and during
myeloperoxidase (MPO) activity upon amino acids [13]. GA is a
highly reactive aldehyde that quickly reacts with amino groups
forming a Schiff base, which rearranges to form stable Amadori
products leading to Advanced Glycation End Products generation
(AGE) [12]. One well characterized AGE derived from GA reaction
with proteins is N®-(carboxymethyl)lysine (CML), which can trigger
a pro-inflammatory cascade through AGE receptors [14]. Moreover,
GA-pyridine is the major immunological epitope in proteins mod-
ified with GA and was found in the cytoplasm of foam cells and
extracellularly in the central atheroma of atherosclerotic core [15].
Methylglyoxal, another reactive aldehyde with increased levels in
diabetes, has been shown to impair fibrinolysis by causing post-
translational modifications of plasminogen [16]. Recently, GA and
related aldehydes have been shown to react with cysteine residues
and inhibit cysteine proteases by direct adduction of the aldehyde
with the thiol group of the enzyme [17,18]. Despite GA levels having
not been quantified in plasma, physiological concentration is esti-
mated to be close to 1 mM and several works have employed this
range in in vitro studies [18-20].

In this work, we attempt to investigate if GA in a near-
physiological concentration (1 mM) is able to cause haemostatic
alterations in vitro.

2. Materials and methods

Glycolaldehyde dimer (G6805), aminoguanidine (A7259), plas-
min (P1867), and bovine fibrinogen (F8630) were purchased from
Sigma-Aldrich Co. Human citrated plasma was kindly provided by
the Hospital de Clinicas of Porto Alegre, Brazil. Thrombin was puri-
fied from human plasma according to Ding and Xu [21]. All other
reagents were of analytical grade.

2.1. Plasma and fibrinogen incubations

Plasma (990 wL) was incubated in aseptic condition in the
presence of 10 uL of GA, aminoguanidine (AMG), GA+AMG or
20mM HEPES, pH 7.4, for 8h at 37°C, rendering GA and AMG
final concentrations of 1 and 10mM, respectively. Commercial
bovine fibrinogen (0.2 mg) was incubated in 20 mM HEPES, pH
7.4, for 4h with the same treatments used in plasma incubation.
Final concentration of GA and AMG were 1 and 2.5 mM, respec-
tively. Assays with commercial fibrinogen were performed within
4h to avoid loss of clottability, as detected in preliminary stud-
ies.

26

2.2. Plasma coagulation and clot digestion

After incubation, 160 L of plasma was added to a 96-well
plate and clotting was triggered with the addition of 40 pL CaCl,
(final concentration 10 mM) and monitored spectrophotometrically
(650nm) at 37 °C[22]. After complete clot formation, 50 wL trypsin
(1.5mg) was added on top of the clot and lysis was monitored
at 405 nm [22]. Lag phase and area under the curve (AUC) were
recorded. The lag phase represents the time required for fibrin
fibers to grow sufficiently to allow lateral aggregation and it was
measured at the point where optical density (0.D.) increased 0.015
from baseline. AUC was used for statistical comparison between
treatments. To rule out direct effect of GA on the enzymes of the
coagulation cascade or fibrinolysis, we performed two sets of exper-
iments where (a) plasma was incubated as control but GA was
added immediately before triggering coagulation; (b) plasma was
incubated as control and clotted with CaCl,. After that, 1 mM (final)
GA was added and clot digestion was triggered with the addition
of trypsin. In both cases, the parameters did not differ from control
groups.

2.3. Prothrombin time (PT), activated partial thromboplastin time
(aPTT), and thrombin time

Commercial kits for aPTT and TT measurements were pur-
chased from Human GmbH (Wiesbaden, Germany). Kit for PT
measurement was purchased from Wierner (Rosario, Argentina).
Measurements were made following technical advice from manu-
facturers. Briefly, 100 L of pre-warmed plasma is incubated in the
presence of substitute platelet/ellagic acid (100 p.L) for 3 min before
adding CaCl;, (100 L, 7 mM final). The time needed for clotting is
recorded as aPTT. Prothrombin time is the time needed for 100 nL
of plasma to clot after the addition of 100 L of pre-warmed throm-
boplastin and CaCl, (4 mM final). Thrombin time was determined
after the addition of thrombin (100 wL, 1 NIH Unit) to 200 L of
pre-warmed plasma.

2.4. Fibrin polymerization and fibrinolysis

After incubation (described above), 10 wL of thrombin (0.2 pg)
were added in wells containing fibrinogen and the treatments. Fib-
rin formation was monitored spectrophotometrically at 650 nm
[23]. After complete polymerization, plasmin (10 mU) or trypsin
(1.5 wg) was added and lysis was followed at 650nm [23]. To
verify if GA interfered in the enzymatic activity of thrombin,
fibrinogen was incubated as control and GA was added just
before triggering fibrin polymerization. To verify if GA inter-
fered in plasmin or trypsin activity, fibrinogen was incubated
as control and fibrin was generated by adding thrombin. After
that, GA was added just before plasmin or trypsin addition. In
both cases, parameters did not differ from those of the control
group.

2.5. Protein carbonylation

An aliquot containing 1 mg of protein was taken after incu-
bation (described above) and dissolved in 2 M HCI (final volume
of 500 pL). 2,4-dinitrophenylhydrazine (500 pnL) was added and
reaction was stopped after 30min with the addition of TCA
10% and centrifugation (10,000 x g, 10 min). Pellets were washed
three times with ethanol:ethyl acetate (1:1) and dissolved in
8M urea (pH 2.3) and centrifuged. The resulting supernatant
was read at 380nm. We ran a blank in parallel to each sam-
ple, which had 2,4-dinitrophenylhydrazine replaced by 2M HCI
[24].
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Fig. 1. Plasma incubated with GA shows impaired coagulation and fibrinolysis. Plasma was incubated in the presence or absence of GA (1 mM), AMG (10 mM) or both for 8 h
at 37 °C. Clotting was triggered with 10 mM CaCl, and after complete clotting trypsin (1.5 mg) was added to the well. (A) Coagulation kinetics (representative curve of n=6).
(B) Lag phase (time for absorbance to reach 0.015 from baseline). (C) Area under curve of coagulation kinetics. (D) Kinetics of trypsin-mediated fibrinolysis. (E) Area under
curve of fibrinolysis kinetics (representative curve of n=6). Figures represent mean +S.E.M. (n = 8). Statistical significance was determined using ANOVA followed by SNK test.

(*) Difference from control (P<0.05); (#) difference from control and GA (P<0.05).

2.6. SDS-PAGE

After incubation, sample buffer (20% (v/v) glycerol, 120 mM Tris,
4% (w/v) SDS, 0.002% (w/v) bromophenol blue, 10% (v/v) beta-
mercaptoethanol, pH 6.75) was mixed with equal volume of sample.
Ten micrograms were loaded into each lane and a SDS-PAGE gel
(10%) was run for 2 h [25]. Gel was stained with 0.1% Coomassie
Blue and destained with methanol:acetic acid (50%:12%).

2.7. Statistical analysis

Data are expressed as mean+S.E.M. in all figures. For the bio-
chemical measures, the means for the different treatment groups
were compared by Analysis of Variance (ANOVA) followed by
a Newman-Keuls test. Statistical significance was assigned to
P<0.05.

3. Results
3.1. Clotting time and trypsin digestion

Plasma was incubated with GA, AMG or both, and plasma coag-
ulation and clot digestion kinetics are shown in Fig. 1. Plasma
incubated with GA showed alterations in the coagulation kinet-
ics when compared to control (Fig. 1A). GA induced a decrease in
maximal absorbance (Fig. 1A and C) and an increase in lag phase
(Fig. 1B), indicating the generation of thinner fibers and impairment
in lateral fibrin association, respectively. AMG avoided these alter-
ations, indicating that glycation of plasma proteins could contribute
to impairment in coagulation process. After complete plasma coag-
ulation, we analyzed clot susceptibility to trypsin digestion. Clot
generated from plasma incubated with GA showed resistance to
trypsin digestion (Fig. 1D and E) whereas AMG avoided GA-induced
resistance.

3.2. Prothrombin time, thrombin time and aPTT

All parameters were delayed in plasma incubated in 1 mM GA.
Co-treatment with AMG (10 mM) avoided delay in coagulation
times (Fig. 2). Since all times were delayed, we suggest that the
common pathway could be affected by GA treatment. As AMG may
act as an antioxidant by chelating transitional metals, we decided
to investigate if antioxidants could avoid the delay caused by
GA. Trolox (1 mM), vitamin C (1 mM), reduced glutathione (2 mM)
and deferoxamine (0.1 mM) were co-incubated in the presence or
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Fig.2. Plasmaincubated with GA shows impaired extrinsic and intrinsic coagulation
pathways. Plasma was incubated in the presence or absence of compounds indicated
in the plot. Activated partial thromboplastin time (aPTT), prothrombin time (PT),
and thrombin time were measured as index of intrinsic, extrinsic, and common
pathways. Data are expressed as mean +S.E.M. and values are relative to its controls
(n=8). Statistical significance was determined using ANOVA followed by SNK test.
(*) Difference from control (P<0.05).
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absence of 1 mM GA and were unable to avoid delay in coagulation
times (data not shown). Thus, we can rule out the participation of
free radicals in GA-induced coagulation impairment.

3.3. Fibrin polymerization and fibrinolysis

To confirm impairment of the common pathway, commer-
cial fibrinogen was incubated for 4h in the presence or absence
of GA, and fibrin polymerization was triggered with addition of
human thrombin and followed spectrophotometrically. Fibrinogen
incubated with GA showed the same profile of fibrin assembly
that GA-treated plasma did (Fig. 3A). In the same way, maximal
absorbance is lower in GA-treated fibrinogen (Fig. 3A and C), indi-
cating the formation of thinner fibers than in the control. Also, the
time to increase O.D. in 0.015 above the baseline (lag phase) was
increased after GA treatment (Fig. 3B). Incubation with AMG facil-
itated the thrombin-catalyzed fibrin formation, and co-incubation
with GA was neither able to increase the lag phase nor to decrease
maximal absorbance (Fig. 3B and C). To rule out direct effects of
GA on thrombin activity, we tested a system containing thrombin
and fibrinogen with and without GA and there was no difference
between fibrin formation kinetics (data not shown).

After complete polymerization, plasmin or trypsin was added on
top of the clot and fibrinolysis was followed spectrophotometrically.

481

As Fig. 3D and E shows, GA disturbed fibrinolysis kinetics differ-
ently when plasmin or trypsin was added. GA-incubated fibrinogen
generated a fibrin slightly susceptible to initial steps of plasmin
(up to 14 min) but strongly resistant to complete lysis (Fig. 3D and
E). Trypsin was able to digest fibrin from GA-incubated fibrinogen
to the same extent as in control fibrin, with slight difficulty up to
15 min (Fig. 3E).

3.4. Protein carbonyl

Plasma incubated in the presence of GA showed increased lev-
els of carbonylation. Co-treatment with AMG (10 mM) was able
to avoid carbonylation (Fig. 4A. GA did not induce modifications
in sulfhydryl-containing amino acid residues (data not shown).
As our results point to a central role of fibrinogen in coagulation
dysfunction, we also determined carbonyl and free sulfhydryl in
fibrinogen incubated in the presence of 1 mM GA for 4 h (Fig. 4B).
In the same way that we showed in total plasma, GA induced car-
bonylation in fibrinogen, whereas AMG was able to avoid it. GA
did not induce modification in sulfhydryl moieties present in fib-
rinogen. Antioxidant co-treatments (1 mM Trolox, 1 mM vitamin C,
2 mM reduced glutathione, and 0.1 mM deferoxamine) were unable
to avoid protein carbonylation induced by GA (data not shown).
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Fig. 3. Fibrinogen incubated with GA shows impaired coagulation and fibrinolysis. Fibrinogen was incubated in the presence or absence of GA (1 mM) for 4 h at 37 °C. Clotting
was triggered with 0.2 pg thrombin and after complete clotting plasmin (10 mU) or trypsin (1.5 g) was added to the well. (A) Fibrin formation kinetics (representative curve
of n=4). (B) Lag phase (time for absorbance to reach 0.015 from baseline). (C) Area under curve of coagulation kinetics. (D) Fibrinolysis kinetics (representative curve of n=4).
(E) Area under curve of fibrinolysis kinetics. Figures represent mean + S.E.M. (n =4). Statistical significance was determined using ANOVA followed by SNK test. (*) Difference
from control (P<0.05).
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Fig. 4. GA induces carbonylation of plasma protein and isolated fibrinogen. Plasma
was incubated as described in Fig. 1 and fibrinogen was incubated as described
in Fig. 3. Bars represent mean+S.E.M. (n=8 and n=5 for plasma and fibrinogen,
respectively). Statistical significance was determined using ANOVA followed by SNK
test. (*) Difference from control (P<0.05).
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3.5. SDS-PAGE

To verify if GA induces cross-linkage between fibrinogen chains,
we ran a 10% SDS-PAGE in reducing condition and assessed the
integrity of each chain (Ac, Bf and yvy). In Fig. 5, we can see that GA
induced the formation of high molecular weight bands after 4 h of
incubation. These data suggest the formation of cross-link between
residues different from cysteine.

4. Discussion

In this study, we attempted to show that GA causes post-
translational modification of fibrinogen which leads to altered clot
formation and resistance to fibrinolysis.

GA is a highly reactive aldehyde that can be generated in plasma
during the action of MPO upon amino acids [13] as well as in
intracellular environment, from reaction of glucose with proteins
(Maillard reaction) [12]. GA is involved in lysine and arginine mod-
ification [26] and reaction with cysteine residue has recently been
described [17]. Despite its biological importance, plasma concentra-
tion of GA has not been quantified yet. Physiological concentration
is estimated to range from 0.1 to 1 mM [18-20]. In pathological con-
ditions, however, where an increase in glycemia and MPO activity
could occur, GA concentration could increase, justifying the use of
higher concentrations. The importance of circulating aldehydes is
reinforced by data showing that glyoxalase polymorphisms is asso-
ciated with increased prothrombotic markers in healthy humans
[27]. The glyoxalase system is composed of two enzymes that are
able to remove reactive aldehydes from the body, avoiding AGE
generation. Thus, decreasing expression of glyoxalase could lead
to increase in circulating AGEs and eventually to a prothrombotic
condition [28].

Based on the present knowledge, we decided to investigate if
a near-physiological concentration of GA (1 mM) is able to cause
haemostatic alterations similar to those present in diabetes and in
inflammatory disorders. GA indeed interfered in plasma coagula-
tion, causing a decrease in maximal absorbance (Fig. 1A), increasing
lag phase (Fig. 1C) and delaying clotting times (Fig. 2). It may seem
contradictory, since diabetes and inflammation are both procoagu-
lant conditions and our data point to an apparently anticoagulant
effect. It is noteworthy that most of fibrinogen modifications cause
impaired fibrin polymerization but often it is accompanied by a
prothrombotic state, not hemorrhage. A mutation in fibrinopep-
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* = control 4h
N GA 4h
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Fig. 5. Presence of fibrinogen cross-linking induced by GA incubation. Fibrinogen was incubated as described in Fig. 3 and an aliquot was recovered after 2 and after 4h
of incubation and was mixed with same volume of sample buffer. Samples were loaded (10 pg) in a 10% SDS-PAGE gel and run at 20 mA, 40 min (stacking gel) and 30 mA,
2 h (resolution gel). Afterwards, gel was stained with Coomassie Blue and digitalized. Lane 1: control (2 h); Lane 2: GA (2h); Lane 3: control (4h); Lane 4: GA (4h). Gel
representative of three experiments. Densitometry was performed in band indicated by the arrow. (*) Difference from control (P<0.05).
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tide A (FPA) (Aa R16C) leads to defective clot formation in vitro,
with diminished fibrin polymerization and delayed clot formation.
Invivo, 15% of the patients with Ao R16C mutation show thrombosis
[29]. Indeed, fibrinogen with Aa R16C was resistant to fibrinol-
ysis induced by both plasminogen and trypsin [22] which may
contribute to the thrombosis in vivo. Thus, the balance between
coagulation and fibrinolysis should be looked rather than only
coagulation parameters. Moreover, diabetes and inflammation are
diseases where pathways of GA generation are increased and both
diseases are hypercoagulable states [1,3].

The dysfunctional fibrin polymerization forms a clot with an
abnormal structure that is resistant to lysis by plasmin. Decreased
maximal absorbance seen in Fig. 1A characterizes this abnormal
structure, constituted mainly by thinner and branched fibers [30].
Since thinner and branched fibers are poorly removed by treatment
with plasmin [30], we decided to investigate if GA-treated plasma
also is resistant to enzymatic degradation. To do this, we submit-
ted plasma clots to trypsin digestion. Trypsin is a serine proteinase
that has cleavage sites similar to plasmin (after lys and arg towards
c-terminal position) and is a useful tool to investigate if there is
any GA-modified amino acid residue in the cleavage sites of fib-
rin. As illustrated in Fig. 1D, GA-treated plasma showed resistance
to trypsin digestion. As GA glycation is not specific to fibrinogen
present in plasma, we tested if GA could impair plasma thrombin
or the exogenously added trypsin. First, we tested if unreacted GA
present in plasma after the incubation could impair plasma throm-
bin or exogenous trypsin. Second, we tested if incubation of 1 mM
GA with thrombin could impair enzymatic activity. GA did not have
inhibitory effect in both cases (data not shown). In another set of
experiments, we analyzed the participation of intrinsic and extrin-
sic pathways. GA induced a delay in both the intrinsic and extrinsic
pathways (Fig. 2). These findings suggest impairment in the com-
mon pathway. It was confirmed by assessing thrombin time, which
also presented a delay in coagulation time (Fig. 2). Since thrombin
time is assessed after adding exogenous thrombin to an aliquot of
citrated plasma we could suggest that GA causes fibrinogen mod-
ifications which leads to a delay in coagulation but promotes the
generation of clots resistant to enzymatic digestion.

In fact, fibrinogen was already described as highly susceptible to
metal-catalyzed carbonylation when compared with other abun-
dant plasma proteins [31]. This data led us to investigate the role of
GA in isolated bovine fibrinogen. Similar to total plasma, fibrin net-
work generated from GA-incubated fibrinogen showed decreased
maximum absorbance and increased lag phase (Fig. 3A and B) and
AMG co-incubation was partially able to avoid it. Glycated fibrin
also became resistant to enzymatic digestion (Fig. 3D and E), mainly
against plasmin. Trypsin was effective only during initial steps (up
to 13 min) but the whole process did not differ from control group,
as indicated by AUC (Fig. 3E). We can rule out a direct inhibitory
effect of GA on trypsin or plasmin because experiments were also
performed in presence of GA (without the 4h of incubation) and
did not differ from control. Thus, the delay in fibrinolysis could be
attributed to protein modification by GA instead to a direct effect
on enzymatic activity. In line with this, Jaleel et al. [32] showed that
fibrin and fibrinogen subunits from plasma of diabetic patients are
modified with Amadori products, an intermediate in the forma-
tion of Advanced Glycation End Products. It means that fibrinogen
glycation in vivo leads to a prothrombotic state. As the fibrinogen
modifications in our work are of the same nature (glycation) we
suggest that, despite delaying lag phase, the generation of resistant
fibers could also contributes to the prothrombotic scenario seen in
vivo.

It is important to mention that in experiments with total plasma
other proteins could be target of carbonylation and thus highlight
effects. In experiments with fibrinogen, only thrombin was added
to trigger coagulation and there were no cross-linking between fib-
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rinogen monomers, since our system lacks the factor Xllla. Thus, in
this model, trypsin and plasmin may digest the clot easier, since it
was not stabilized by alpha and gamma cross-linking.

Surprisingly, AMG caused an increase in plasmin and trypsin fib-
rinolytic activity (data not shown). Others have shown that plasmin
incubated in the presence of urea in concentrations above 3 M have
an unusual stability to autolysis [33] and that urea, freeze/drying
and other kinds of fibrinogen denaturation have a stimulatory effect
on plasminogen activation [34]. Maybe AMG causes exposition of
cleavage sitesin fibrin or increases enzymatic activity of trypsin and
plasmin, making it impossible to analyze the data. Further studies
must consider the use of other anti-carbonyl agents.

AMG is able to trap reactive carbonyl and, in concentrations
above 1 mM, may act as antioxidant [35]. In the present study, co-
treatments with antioxidants were unable to avoid the delay in
coagulation times and protein carbonylation caused by GA (data
not shown). We suggest that post-translational modification and
impairment in coagulation/fibrinolysis are caused by direct reac-
tion between GA and residues of lysine and arginine, through Schiff
base formation, without any major participation of free radicals.
Despite the reported toxicity of AMG [36], we used 2.5mM and
10 mM in experiments with isolated fibrinogen and total plasma,
respectively. In vivo, these doses would have other side effects
because AMG is a potent inhibitor of iNOS (IC59=31 M) and
inhibits pyruvate metabolism with a deduced ICs¢ of 7 mM. Taken
together, these data suggest that the beneficial effects of carbonyl
scavengers seen in diabetes trials could be related, at least in part,
to the preservation of haemostasis by avoiding fibrinogen carbony-
lation.

In fibrinogen, lysine and arginine are central to many events,
such asinthe release of fibrinopeptide A during thrombin-catalyzed
coagulation and as binding sites to start fibrinolysis mediated by
plasmin [22]. GA has already been demonstrated to be able to react
with lysine residues present in RNAse and cause cross-linking [37].
The data presented in Fig. 5 suggest that GA promotes cross-linking
between fibrinogen chains. At least three high molecular bands
were detected after 4 h ofincubation (Fig. 5) and it may contribute to
increased stability of the fibrin network and resistance to enzymatic
digestion. Unfortunately, we were not able to answer with which
residues GA reacts to decrease clotting rates and fibrinolysis and
further studies are necessary to investigate this issue. One possible
site of carbonylation is in the N-terminus of the alpha chain. This
region contains the fibrinopeptide A, which must be released by
thrombin to start fibrin assembly by exposing the polymerization
site termed E, [38]. Carbonylation in this region would decrease
FPA release or impair the E, region. In both cases, we would see a
decreased rate of lateral association. Moreover, the decreased rate
of FPA release causes the fibrin network to be more branched and
less porous [39,40]. Another site of carbonylation could be arginine
and lysine residues, which compound the cleavage site of trypsin
and plasmin.

Summarizing, our data show that GA is an important agent in
post-translational modifications of plasma proteins, mainly fibrino-
gen, and that these modifications induce the formation of persistent
clots, although delaying clotting time. We suggest that clot stability
may be induced by the decreased rate of fibrin formation and by
cross-linkage between fibrinogen chains.
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Abstract

The increased level of circulating reactive aldehydes is a common
feature in diabetic patients. They can arise from oxidative attack on lipids and
amino acids, as by-products of glycolysis or inflammatory process. Among
these aldehydes, glycolaldehyde has been described as important in the
generation of Advanced Glycation End-products (AGEs). Another feature seen
in diabetes is a prothrombotic profile which increases the risk of
atherothrombotic events. Fibrinogen is a key protein during the coagulation
process, and its susceptibility to oxidative damage and glycation suggests that it
plays a central role in coagulopathies in diabetic patients. In this study, we
aimed to evaluate if increased levels of GA in rats, induced by a single i.v.
administration, was capable of mimicking the prothrombotic profile seen in
diabetes. Plasma from GA-injected rats display increased levels of protein
oxidation, as evidenced by carbonyl generation and sulfhydryl oxidation. GA-
injected rats also displayed prothrombotic profile, since there is a decrease in

time necessary to plasma to clot. To isolate any possible confounding factors,
we isolated the fibrinogen from rat plasma. There was an increase in N&-

(carboxymethyl)lysine formation in fibrinogen from rats injected with GA, when
compared with control group. Also, the conversion of fibrinogen isolated from
GA-injected rats in fibrin presented a delay, when compared with control group.
These data suggest the effect of GA upon fibrinogen, which promotes a delay in
polymerization times. Also, GA has other effects on vascular system that

promote the acceleration of plasma clotting.
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Introduction

Hyperglycemia and atherothrombotic events are common features of
diabetes. Myocardial infarction incidence is 3 to 5 times more frequent in type Il
diabetic patients than in non-diabetic [1, 2]. This is partly attributed to the
procoagulant state of diabetic patient. Tissue factor release, decreased
plasminogen and anticoagulant protein C levels [3] and fibrinogen modifications
[4] are considered the main causes of this elevated incidence.

Fibrinogen has been described as a protein target to oxidative attack in
presence of metal [5] and glycating agents [6]. Cardiovascular diseases also
show increased fibrinogen carbonylation and nitration, which is accompanied by
an increase in its coagulability [7, 8]. Diabetes, which constitutes a risk factor for
cardiovascular diseases, also presents increased fibrinogen glycation, which
can be decreased after insulin treatment [9, 10].

Fibrinogen post translational modifications cause alterations in the
kinetics of fibrin generation, as well as in the architecture of the fibrin network.
In type 2 diabetes, fibrin network is denser and less porous, which contributes
to the generation of plasmin resistance [11]. This resistance could result in the
enhanced level of circulating thrombous in the vascular tree, promoting the
occurrence of atherothrombotic events.

Besides the effects of glucose as a glycating agent, there are another
compounds present in the metabolic milieu associated with diabetes. Reactive
aldehydes, generated in the glycolysis metabolism, lipid oxidation or amino acid
oxidation, also contribute to the generation of glycating agents. Thus, the most

studied reactive aldehydes are glycolaldehyde (GA) [6, 12, 13] and
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methylglyoxal (MG) [13, 14]. Machrophages that were incubated in presence of
glycated LDL (with GA or MG) resulted in foam cells [13]. Moreover, it was
already indentified the presence of GA-modified proteins in atherosclerotic
lesion and in the foam cells cytoplasm [12]. Our group have recently
demonstrated in vitro that GA is able to induce fibrin carbonylation that is
followed by decreased rate of fibrin polymerization and resistance to enzymatic
lysis [6]. This finding raises the question of whether increased levels of GA in
vivo could cause haemostatic alterations similar to that seen in vitro and if

fibrinogen is involved.

Materials and methods

In vivo studies were performed in accordance with the National Institutes
of Health guidelines and with the approval of the local ethics committee.

Glycolaldehyde dimer (G6805), bovine fibrinogen (F8630) and bovine
thrombin (T4648) were purchased from Sigma-Aldrich Co. Protease inhibitor
cocktail (14150700) was purchased from Roche Diagnostics, Germany. All

other reagents were of analytical grade.

GA administration

Male Wistar rats (3 m.o.) were anesthetized with a mix of ketamine
(100mg/kg) and xylazine (10mg/kg) before dorsal penis vein injection of 100uL
of NaCl 0.9% (control) or GA (10, 50 or 100mg/Kg). Rats were returned to its

cages and maintained for 6, 12 or 24 hours.
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Blood collection, plasma coagulation and clot digestion

Rats were anesthetized, as described above, and blood was collected in
citrate tubes through cardiac punction. Plasma was isolated by centrifugation
(1200xg, 15 min). Plasma (160uL) was added to a 96-well plate and clotting
was triggered with the addition of 40uL CaCl; (final concentration 10mM) and
monitored spectrophotometrically (650 nm) at 37 -C [15]. After complete clot
formation, 50uL trypsin (1.5 mg) was added on top of the clot and lysis was
monitored at 405nm [15]. Lag phase and area under the curve (AUC) were
recorded. The lag phase represents the time required for fibrin fibers to grow
sufficiently to allow lateral aggregation and it was measured at the point where
optical density (O.D.) increased 0.015 from baseline. AUC was used for

statistical comparison between treatments.

Protein carbonylation

A plasma aliquot containing 1 mg of protein was dissolved in 2M HCI
(final volume of 500 uL). 2,4-dinitrophenylhydrazine (500 pyL) was added and
reaction was stopped after 30 min with the addition of TCA 10% and
centrifugation (10,000xg, 10 min). Pellets were washed three times with
ethanol:ethyl acetate (1:1) and dissolved in 8M urea (pH 2.3) and centrifuged.
The resulting supernatant was read at 380 nm. We ran a blank in parallel to

each sample, which had 2,4-dinitrophenylhydrazine replaced by 2M HCI [16].

Measurement of protein thiol content

Protein thiol content in plasma was analyzed to estimate oxidative
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alterations in protein cystein residues. In brief, an aliquot containing 3mg of
protein was diluted in 0.1% sodium dodecyl sulfate. 5,5-dithionitrobis(2-
nitrobenzoic acid) (0.01M) in ethanol was added, and the intense yellow color
was developed and read in a spectrophotometer at 412 nm after 20 minutes.

Results are expressed percentage of control [17].

Fibrinogen purification and fibrinocoagulation

A protease inhibitor cocktail (500 uL) was added to whole blood before
centrifugation, in order to avoid fibrinolysis activation and fibrinogen
degradation. Plasma was isolated as described above and 1mL was transferred
to another tube, containing 80mM BaCl, (30min, 4°C, under agitation), in order
to precipitate vitamin K dependent proteins. The plasma was centrifuged
(4500xg, 20 min, 4°C) and the supernatant was moved to another tubes, mixed
with equal volume of 50% (NH4)2SO4 (1h, 4°C, under agitation) and centrifuged
(7000xg, 4°C, 20min). Now, supernatant was discarded and pellet was
suspended in 1mL of 50mM citrate-phosphate buffer (Ph 6.6). The same
volume of (NH4),SO4 was added and tubes were maintained for 1 hour, at 4°C,
under agitation. Tubes were centrifuged (7000xg, 20 min, 4°C) and supernatant
discarded. Pellets were suspended in 1mL of 10mM citrate buffer/100mM NaCl
(pH 7.3) and dialyzed against 1L of 10mM citrate buffer (pH 7) overnight, at 4°C
[18].

Fibrinocoagulation was run in 96 well microplate using 200ug of

fibrinogen. Volumes were adjusted to 90 uL using 50mM HEPES (pH 7,4) and

polymerization was triggered using 10 uL of thrombin (0,025 NIH U/ulL),
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according [6]. Onset time was recorded as index of time required to fibrin fibers
to grow sufficiently to allow lateral aggregation and was taken at the time where
the absorbance increased 0.015 from the baseline. Maximal absorbance is an

index of average fiber thickness [19].

Western blotting
Purified fibrinogen was mixed in a reducing sample buffer (20% (v/v) glycerol,
120mMTris, 4% (w/v) SDS, 0.002% (w/v) bromophenol blue, 10% (v/v)
betamercaptoethanol, pH6.75) and samples (7ug) were run in a 10% SDS-
PAGE (20mA) under reducing conditions. Commercial fibrinogen (Sigma) was
run in parallel to as molecular weight marker. Samples were electrotransferred
onto nitrocellulose membranes at 75mA for 180 min. Afterwards, membranes
were blocked with TTBS (0.1% Tween, Tris buffered saline) containing 5% BSA
for 1 hour. The membranes were incubated with anti-AGE (2G11) (1:2500)
overnight (4°C). After washing with TTBS, membranes were incubated with
peroxidase-labeled antimouse IgG (1:10000) for 2 hours at room temperature.
The reaction was developed using SuperSignal West Pico Chemiluminescent

Substrate (Pierce).

Statistical Analysis

Analysis were made using ANOVA followed by Dunnett test. Significance

were considered when P<0.05.

Results
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GA administration induces plasma protein carbonylation and
sulfhydryl oxidation

Protein carbonyl is an indicative of lysine and arginine modification,
mainly due to metal ion-catalyzed oxidation and reaction of primary amino
groups with reducing sugars or reactive aldehydes [20]. Sulfhydryl oxidation
may result from oxidative attack as well as after reactive aldehydes reaction
[21]. Figure 1 shows that there is an early plasma carbonyl generation (6 hours
after GA administration), whereas a late sulfhydryl oxidation (24 hours after GA

administration).

GA administration accelerates the plasma coagulation time and
alters the net architecture

Figure 2A shows that GA administration decreases the time needed to
plasma coagulate. Unexpectedly, it did happen in time or dose dependent. The
fibrin net architecture also changed after GA administration. The increase in
maximal absorbance indicates the generation of thicker fibers (figure 2B).
Despite these alterations, there is no alteration in the susceptibility of plasma

clot to trypsin action (figure 2C).

Fibrinogen isolated from GA injected rats is glycated
Glycation was analyzed just at 24 hours after GA administration. There is
an increase in glycation in the 50mg/kg dose and there are no difference in

glycation among the fibrinogen chains (figure 3).
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Fibrinogen isolated from GA injected rats display a delay in the
onset time

Fibrinogen isolated from rats injected with GA display a delay in all doses
analyzed (figure 4A). Fibrin net did not show alteration in maximal absorbance,

indicating a lack of alteration in the net architecture (figure 4B).

Discussion

Type 2 diabetes is associated with increased risk of atherothrombotic
events. The underlying factors are not completely understood. Fibrinogen
levels, platelet activation, extrinsic factors release, fibrinolysis inhibition and
post-translational modification are already described as key events in the
atherothrobotic development [1, 3]. Fibrinogen is considered the most
susceptible plasma protein to oxidative attack [5] and it was already described
that diabetic patients present increased levels of glycation, which can be
controlled with insulin treatment [4, 11]. We previously showed that GA induces
carbonyl formation in plasma proteins and resistance to fibrinolysis in an in vitro
study [6]. Here we show that increasing levels of GA in vivo can raise the
plasma protein post-translational modifications (figure 1). The increased levels
of carbonylation suggest that arginine and lysine residues are target to GA
attack, as previously described [22]. GA administration also decreases the
levels of free thiol (figure 1B), which can partly be attributed to the direct
reaction between GA and cysteine residues [23]. Indirect effects of GA, such as
free radicals mediated protein oxidation can not be excluded and, in fact, there

are evidences supporting this mechanism in cell culture [24].
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There are several evidences showing that post-translational fibrinogen
modification by either oxidation or glycation result in dysfunction in its
coagulability pattern, as well as in its susceptibility to enzymatic lysis. Clots
formed by fibrinogen from type 2 diabetic patients displayed thicker fibers with a
less porous structure when compared with healthy subjects. These data relate
strongly with both fasting glucose and HbAc [11]. Moreover, these alterations
lead to generation of a plasmin-resistant fibrin [25]. Interestingly, healthy
relatives of patients with coronary arterial disease (CAD) also showed
decreased lag time and porosity when compared with age matched controls,
factor that could contribute to the development of CAD [26]. Here we present
evidences that GA can also mediate post-translational modification in plasma
proteins, which contributes to shorten lag time, despite not affecting fibrinolysis
(figure 2).

The bias in analyzing the whole plasma is that the interference of other
plasma proteins can not be ruled out. In fact, it was already described that
glycated albumin can induce apoptosis and tissue factor release in cultured
human endothelial vein endothelial cells [27]. Moreover, direct effects of
aldehydes on vascular cells are also important. Methylglyoxal, another high
reactive aldehyde that is elevated in diabetes, is able to induce mitochondrial
superoxide production in cultured endothelial cells [28], as well as to  promote
platelet-neutrophil aggregation and tissue factor release [29]. In the same way,
endothelial cells treated with glyoxal, an oxo-aldehyde that can arise from GA
oxidation, display higher levels of COX-2 [30]. We could eliminate these indirect

effects by isolating fibrinogen and assessing its post-translational modifications,
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as well as its coagulatory characteristics.
Fibrinogen isolated from GA-injected rats display increased levels of Ne-

(carboxymethyl)lysine (CML), evidenced by western blot analysis employing the
specific anti-CML 2G11 antibody [31]. Lys is a central amino acid in coagulation
proteins. Modification of fibrinogen lys residues can impair the cleavage of
fibrinopeptide A during the thrombin-catalyzed fibrin polymerization, as well as
impair sites responsible for plasmin approach during fibrinolysis [15, 32].
Contrarily to our findings concerning the coagulation with whole plasma (figure
2), fibrinogen isolated from GA-injected rats displayed delayed times of
coagulation (figure 4A) and present no difference in the fiber thickness,
evaluated by maximal absorbance (figure 4B).

Despite this apparent anticoagulant effect seen when using isolated
fibrinogen, it is noteworthy that most of fibrinogen modifications in vivo cause
impaired fibrin polymerization and it is accompanied by prothrombotic state, not
hemorrhage. A mutation in an arginine residue in fibrinopeptide A (Aa R16C)
leads 15% of the patients to present thrombosis [32]. Moreover, fibrinogen with
Aa R16C is resistant to enzymatic lysis induced by both plasminogen or trypsin
[15]. We have previously described that either plasma or fibrinogen incubated in
vitro with GA display increased levels of carbonyl and delayed times of
coagulation. Despite this apparent anticoagulant effect of GA, we also show that
fibrin was resistant to enzymatic action of either trypsin or plasmin, suggesting
the generation of persistent clots that could contribute to vascular events seen
in some pathologies [6]. The apparent contradiction between whole plasma and

isolated fibrinogen coagulation times can also be partly explained by the
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aforementioned effect of GA and CML on other vascular cells, such as platelets,
endothelial cells and leukocytes [27-30, 33].

In conclusion, our data point to a prothrombotic effect of GA in vivo that is
can be partly attributed to glycation of fibrinogen and partly attributed to action

of GA and AGEs on vascular cells.
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Figure 1 — GA administration induces plasma protein carbonylation and
sulfhydryl oxidation. Rats were injected (i.v.) in three doses of GA (10, 50 and
100mg/Kg) and plasma was collected 6, 12 or 24 hours after GA administration.
Plasma was assayed for A) carbonyl levels and B) sulfhydryl levels. Data from
each experiment were normalized to its control group, which is represented by
the dotted line on the plot. All groups were compared with this value. Data are
expressed as mean+S.E.M. (n=7). Statistical significance was determined using

ANOVA followed by Dunnett test. (*) difference from control when P<0.01.

Figure 2 - GA administration accelerates the plasma coagulation time and
alters the net architecture but does not affect fibrinolysis. Rats were
injected (i.v.) in three doses of GA (10, 50 and 100mg/Kg) and plasma was
collected 6, 12 or 24 hours after GA administration. Plasma coagulation was
triggered with 10mM CaCl, and after complete coagulation, trypsin (1.5mg) was
added to the top of the clot. A) The clotting time was recorded when
absorbance reached 0.015 above the baseline. B) Maximal absorbance was the
absorbance recorded when the clotting process reached the plateau. C) The
time necessary to initiate fibrinolysis was recorded when absorbance decay
0.015 from baseline. Data from each experiment were normalized to its control
group, which is represented by the dotted line on the plot. All groups were
compared with this value. Data are expressed as mean+S.E.M. (n=7).
Statistical significance was determined using ANOVA followed by Dunnett test.

(*) difference from control when P<0.01.
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Figure 3 - Fibrinogen isolated from GA injected rats is glycated. Rats were
injected (i.v.) in three doses of GA (10, 50 and 100mg/Kg) and plasma was
collected 24 hours after GA administration. Fibrinogen was isolated after 25%
(NH4)2S0O4 precipitation and overnight dialysis. Samples were mixed with
sample buffer, loaded (7ug) in a 10% SDS-PAGE and run at 20mA, 2 hours.
Samples were electrotransferred onto nitrocellulose membranes at 75mA for
180 min. Membranes were blocked and incubated with anti-AGE (2G11)
(1:2500) overnight (4°C). After washing with TTBS, membranes were incubated
with peroxidase-labeled antimouse IgG (1:10000) for 2 hours at room
temperature. Densitometry was performed using Image J software and the
control group represented 100% for each experiment (n=4). Representative film
is showed on the top. Statistical significance was determined using ANOVA

followed by Dunnett test. (*) difference from control when P<0.01.

Figure 4 - Fibrinogen isolated from GA injected rats display a delay in the
onset time. Rats were injected (i.v.) in three doses of GA (10, 50 and
100mg/Kg) and plasma was collected 24 hours after GA administration.
Fibrinogen was isolated after 25% (NH4).SO4 precipitation and overnight
dialysis. Equal amount of fibrinogen was utilized in this assay (200ug). Fibrin
polymerization was triggered after thrombin addition (25 NIH U/mL). A) Clotting
time was recorded when absorbance reached 0.015 above the baseline (n=4).
B) Maximal absorbance was recorded after polymerization reached a plateau
(n=4). Statistical significance was determined using ANOVA followed by

Dunnett test. (*) difference from control when P<0.01.
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3. DISCUSSAO

Alguns trabalhos tém demonstrado que a hiperglicemia é capaz de
interferir nos mecanismos hemostéaticos de diversas formas. A glicacdo do
fibrinogénio (DUNN et al., 2006), o dano ao endotélio (NIEUWDORP et al.,
2006) e a ativacdo plaquetaria (CARR, 2001) tem sido descritos como eventos
centrais no desenvolvimento de doencas cardiovasculares no diabético. Apesar
disso, poucos trabalhos tém investigado o papel de aldeidos de cadeia curta
nessa disfuncéo. Este trabalho teve como objetivo investigar o papel do GA na
disfuncdo hemostéatica causada pela interacdo entre o aldeido e proteinas da
cascata de coagulacdo. A importancia desse aldeido de cadeia curta nos
mecanismos patologicos se deve ao fato de que sua concentracdo pode estar
elevada em situagbes como inflamacédo, hiperglicemia e estresse oxidativo,
devido ao aumento das suas fontes produtoras (GLOMB e MONNIER, 1995;
ANDERSON et al., 1997). Apesar disso, os niveis de GA ndo foram ainda
quantificados e estima-se que pode facilmente alcancar concentracbes de
200uM durante o processo inflamatério (ANDERSON et al., 1997). A reacéo do
GA com proteinas pode levar a formacdo de AGE (NAGAI et al., 2002;
VALENCIA et al., 2004). Ainda, o GA pode agir diretamente sobre as células
levando a geracdo de radicais livres (AL-ENEZI et al., 2006) ou a formacéo de
AGE intracelulares (NAGAI et al., 2002). A presenca de uma forma de AGE
especificamente resultante da reacdo entre GA e proteinas (GA-piridina) foi
identificada no citoplasma de células espumosas presentes em lesdes
ateroscleroticas (NAGAI et al., 2002).

O fibrinogénio é uma proteina plasméatica abundante (cerca de 4% das
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proteinas plasmaticas) e ocupa papel central na hemostasia. A clivagem dos
fibrinopeptideos A e B pela trombina promove a converséo do fibrinogénio em
fibrina, permitindo a sua polimerizacdo e a forma¢do do coagulo (GUYTON e
HALL, 2005). Outra caracteristica importante do fibrinogénio é a sua elevada
suscetibilidade a modificacbes pos-traducionais (SHACTER et al.,, 1994).
Espécies reativas de nitrogénio sdo capazes de causar modificacbes no
fibrinogénio que tornam sua polimerizagdo mais rapida (VADSETH et al.,
2004). Ainda, a injecdo de homocisteina em coelhos leva a modificacdes na
estrutura da rede de fibrina e deixa o fibrinogénio resistente a acado de enzimas
hidroliticas (SAULS et al., 2003). Baseando-se nesses dados prévios, nos
sugerimos que o GA ocupa um importante papel no desenvolvimento da
caracteristica pro-coagulante vista no diabetes, e que a sua importancia é
subestimada pela auséncia de dados na literatura cientifica.

No primeiro trabalho desta tese (Artigo 1) foi demonstrado que o plasma
incubado com GA apresentou aumento no dano proteico, evidenciado pelo
aumento nos grupamentos carbonil (Artigo 1, figura 4A). Ainda, a incubacéo
com GA causou um retardo na velocidade de coagulacdo (Artigo 1, figura 1B).
Esses resultados estdo de acordo com a ideia de que alguns tipos de
modificacdo pds-traducionais do fibrinogénio sdo capazes de alterar suas
caracteristicas na polimerizagdo. Porém, o retardo na velocidade de
coagulacdo aponta para um efeito anti-tromboético do GA, o qual ndo esta de
acordo com a hipotese de que o GA participa na geracdo de eventos pro-
trombéticos. E importante lembrar que muitas disfibrogenemias apresentam

retardo na velocidade de coagulacédo e ainda assim os pacientes apresentam
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um perfil pré-trombaotico (HAVERKATE e SAMAMA, 1995; FLOOD et al., 2006).
Para entender esse paradoxo aparente devemos olhar o sistema hemostatico
como um todo, considerando ndo s6 a coagulacdo, mas também a fibrindlise.
Dificuldades na clivagem do fibrinopeptideo A leva a uma polimerizacéo lenta.
A velocidade da coagulacdo € extremamente importante na definicdo da
arquitetura das fibras da rede de fibrina, que por sua vez é um fator importante
na determinacdo da resisténcia da rede de fibrina a acdo proteolitica
(BLOMBACK et al., 1994; MOSESSON, 2005). Uma polimeriza¢éo lenta tende
a gerar associacdes entre trés moléculas de fibrina, conhecidas como
associacdo equilateral. Esse tipo polimerizacdo € o principal responsavel pela
geracdo de ramificagcbes em detrimento do espessamento das fibras.
Consequentemente, ha a formacdo de uma rede mais compacta e com fibras
mais finas (MOSESSON, 2005) (Figura 3). Essa configuracéo tridimensional é
capaz de determinar a suscetibilidade da fibrina & acdo de enzimas.
Exatamente isso foi verificado no Artigo 1. O coagulo formado foi resistente a
acado da tripsina, uma serino-proteinase com sitios de clivagem semelhantes ao
da plasmina (ap6s lisina ou arginina em direcao a posi¢ao c-terminal) (Artigo 1,
figura 1D). N&o se sabe ao certo o porqué do aumento das ramificacbes causar
um aumento da resisténcia a protedlise. Alguns autores sugerem que as fibras
finas ndo fornecem éarea de ligacéo suficientemente grande para a ligacao de
plasminogénio e t-PA (GABRIEL et al., 1992; DUNN et al., 2006). Outros
sugerem que o0s dobramentos causados pelas ramificacbes geram
impedimentos estéricos nos sitios de ligacdo das enzimas fibrinoliticas

(GABRIEL et al.,, 1992). Ainda, a maior compactacdo gera uma menor
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permeabilidade do solvente contendo as enzimas e assim, a atividade
proteolitica também encontrar-se-a reduzida (FLOOD et al., 2007). Um quarto
mecanismo esta relacionado a formacdo de ligacdes cruzadas entre as
moléculas de fibrina. Fisiologicamente, essas ligacbes séo catalisadas pelo
fator Xllla (GUYTON e HALL, 2005). Porém, a longa exposicdo a esse fator
promove a formacédo de ligacdes que estabilizam demasiadamente a rede de
fibrina, promovendo a resisténcia a fibrindlise (SIEBENLIST et al., 1996). O GA
também pode gerar ligacdes cruzadas entre residuos de aminoacidos contendo
amina inter ou intramolecular, gerando agregados de alto peso molecular
(ACHARYA e MANNING, 1983). Aqui, nés demonstramos que a incubacéo do
GA com o fibrinogénio isolado também é capaz de formar agregados de alto
peso molecular e assim, promover a resisténcia a acao proteolitica. Seja qual
for o mecanismo, o fato é que a rede de fibrina gerada a partir de plasma de
pacientes diabéticos € mais resistente a acdo da plasmina do que a fibrina
gerada a partir do plasma do grupo controle (DUNN et al., 2006), efeito que
pode ser causado pela reacao entre o GA e proteinas plasmaticas.

A incubacdo do GA com o plasma total permitiu uma verificagcéo final da
coagulacdo e da fibrindlise, mas ndo permite avaliar cada um dos diversos
componentes da cascata de coagulagédo. Na tentativa de isolar os efeitos do
GA sobre os componentes da cascata de coagulagéo, foram avaliadas as vias
intrinseca e extrinseca analisando o tempo de coagulacdo ap6s a ativacao
preferencial de cada uma dessas vias. Como ambas as vias apresentavam
atraso no tempo de coagulacao, sugerindo uma alteracdo na via comum (Artigo

1, figura 2). Para testar a via comum, a formacéo do coagulo é disparada com
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uma solucdo de trombina comercial. Portanto, qualquer atraso no tempo de
coagulacdo pode ser uUnica e exclusivamente atribuido a modificacbes no
fibrinogénio. A verificacdo do atraso na via comum, somada ao fato de que o
fibrinogénio é uma proteina abundante no plasma e é altamente susceptivel a
modificacdes pds-traducionais reforgcou a hipétese de que essa proteina € um
alvo da acdo do GA. Para averiguar o efeito do GA sobre o fibrinogénio, foi
realizada uma incubacéo de fibrinogénio puro (Sigma) com GA. Da mesma
forma que com o plasma total, houve um aumento nos niveis de carbonil
(Artigo 1, figura 4B), um retardo no tempo necessario para coagular e
resisténcia a acdo da plasmina e da tripsina (Artigo 1, figura 3).

Modificacbes pos-traducionais no fibrinogénio s@o importantes
determinantes na clivagem dos fibrinopeptideos, e consequentemente na
polimerizacdo da fibrina. Nesse contexto, modificacdes em residuos de lisina
sdo extremamente importantes. O Artigo 1 (figura 4) demonstra que houve
aumento na geracdo de grupamentos carbonil quando o plasma ou o
fibrinogénio foram incubados com GA. Esse tipo de alteragdo acontece
preferencialmente em residuos de arginina ou lisina e € geralmente catalisada
por ions metélicos (Cu | ou Fe Il). A presenca de aldeidos reativos também
levam a formacdo de grupamentos carbonil nesses residuos através da
formacdo de base de Schiff (STADTMAN e LEVINE, 2003). Essas
modificacbes podem ter ocorrido em residuos essenciais para a acao
enzimatica ou ainda em regides de ligacdo da enzima ao substrato. A
polimerizacdo da fibrina expbe sitios de ligacdo ricos em lisina para t-PA e

plasminogénio, os quais estdo protegidos no fibrinogénio. A modificacdo de
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residuos neste sitio poderia ser parcialmente responsavel pela inibicdo da lise
enzimatica vista no Artigo 1.

O sistema hemostatico € composto de fracdes protéicas e celulares
(GUYTON e HALL, 2005). A avaliacdo in vitro utilizada no Artigo 1 é capaz de
isolar os efeitos sobre as proteinas da cascata de coagulacdo, mas deixa de
avaliar os efeitos do GA no restante do sistema hemostatico. A administracéo
de GA em ratos (i.v.) foi o meio escolhido para avaliar se os efeitos desse
aldeido séo especificos sobre o fibrinogénio ou se sua presenca no organismo

tem efeitos sobre outras células do sistema hemostatico.

A via de administracéo foi escolhida devido a alta reatividade do GA. A
administragao i.p. poderia desencadear efeitos localizados, ndo dando tempo
de o GA chegar a corrente sanguinea. A volemia de ratos pode ser estimada
utilizando a seguinte equacao (LEE e BLAUFOX, 1985):

Volemia (em mL) = 0,06 X peso do animal (em gramas) + 0,77
A partir desse valor de volume sanguineo, foram escolhidas trés diferentes
doses de GA (10, 50 e 100mg/Kg) de modo que as concentracfes sanguineas
foram de 1,3, 6,5 e 13 mM. Como a administracdo foi Unica e o GA é altamente
reativo, a concentracdo sanguinea da molécula ficou préximo ao que pode ser

alcancada em um estado patolégico (entre 0,2 a ImM).

Da mesma forma que no Artigo 1, a administracdo de GA in vivo levou a
uma rapida carbonilagdo das proteinas plasméticas (6 horas), que parece
diminuir com o passar das horas (Artigo 2, figura 1A). Por outro lado, a
oxidacdo de residuos de cisteina aconteceu nos tempos mais tardios (24

horas) (Artigo 2, figura 1B).

61



Diferentemente do estudo in vitro, a administracdo de GA em ratos
causou uma aceleracdo nos tempos de coagulacéo, avaliado pelo aumento da
turbidez apos a adicdo de CaCl, (Artigo 2, figura 2A). Nao houve alteracdo na
suscetibilidade a fibrindlise (Artigo 2, figura 2B). Novamente, olhando o balanco
entre o sistema pré- e anti-coagulante, podemos inferir que o GA promove a
geracdo de um perfil pré-coagulante nos animais, apesar de ter tido uma
resposta bastante diferente daquela vista in vitro (Artigo 1, figura 1A e 1D).
Porém, ao analisar a cinética de polimerizacdo de fibrina utilizando o
fibrinogénio isolado de ratos injetados com GA, verificou-se novamente um
retardo no tempo necessario para polimerizar (Artigo 2, figura 4A). Esse
resultado repete parcialmente aquele visto in vitro (Artigo 1, figura 3B) e sugere
que os efeitos globais do GA no organismo se sobrepde aos efeitos vistos no
fibrinogénio isolado.

Esses efeitos globais do GA podem estar relacionados a dois eventos:

a) a geracao de AGE plasmaticos, que levariam a ativagcdo plaquetaria e
disfuncdo endotelial (MIN et al., 1999; WANG et al., 2007). Ja foi descrito que
plaguetas incubadas na presenca de AGE expressam em sua membrana a P-
selectina, marcador de ativacdo plaquetaria, e RAGE (GAWLOWSKI et al.,
2009). Em outro estudo, plaquetas tratadas com albumina glicada
apresentaram aumento da externalizacdo de fosfatidilserina, um marcador
precoce na ativagdo plaquetaria (WANG et al., 2007). A incubagéo de cultura
primaria de células endoteliais com albumina glicada promove apoptose e
liberacdo de Fator Tecidual (MIN et al., 1999) e expressdo de VCAM

(ISHIBASHIA et al., 2010). In vivo, essas respostas celulares levariam a um
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encurtamento nos tempos necessarios para o plasma coagular, apesar de o
fibrinogénio ainda sofrer as modificacdes poés-traducionais — carbonilacdo e
glicacdo. A participacdo da sinalizacdo de AGE via seus receptores (RAGE)
parece ser de extrema importancia na disfuncdo endotelial e no
desenvolvimento da aterosclerose no diabetes, constituindo um alvo
terapéutico promissor (HUDSON et al., 2003). O blogueio dessa sinalizacao por
meio de SRAGE é capaz de prevenir a permeabilidade vascular no e diminuir a
area da lesao aterosclerotica em ratos diabéticos (HUDSON et al., 2003);

b) o GA pode agir diretamente sobre plaquetas e endotélio, levando a
sua disfuncdo e ao encurtamento do tempo de coagulacdo. O glioxal, um
aldeido relacionado ao glicolaldeido, é capaz de induzir a expressdo da
ciclooxigenase-2 e promover morte em células endoteliais cultivadas in vitro
(YAMAWAKI e HARA, 2008). Recentemente foi demonstrado que o metilglioxal
€ capaz de promover o estresse oxidativo em células endoteliais por meio do
aumento da producdo de superéxido mitocondrial (MIYAZAWA et al., 2010). O
glicoaldeido ja foi testado em alguns tipos celulares, mas nenhum relacionado
ao sistema vascular. Em linhagem de cancer de pulméao (MCF7), o GA foi
citotéxico em 20uM e ativou p53 e apoptose com 100uM. Esses eventos foram
acompanhados de geracdo de radical superéxido e de aumento nos niveis
celulares de proteinas carboniladas (AL-ENEZI et al., 2006). Portanto, além da
acao direta do GA sobre as proteinas da cascata de coagulacdo, o GA pode ter
acOes sobre qualquer célula que compunha o sistema vascular e que possa
participar da regulacédo da coagulacaof/fibrindlise.

Da mesma forma que verificado no Artigo 1, o fibrinogénio isolado de
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ratos injetados com GA apresentou aumento de dano (Artigo 2, figura 3). O
parametro analisado foi o nivel de CML presente no fibrinogénio, caracterizado
apos sua purificacdo, separacao por eletroforese desnaturante e identificacéo
de CML utilizando um anticorpo monoclonal (MERA et al., 2008). Novamente
aparecem aqui modificacbes em residuos de lisina, centrais no processo de
polimerizacao e fibrindlise.

A utilizacdo de drogas anti-AGE tem sido avaliada como ferramenta
terapéutica em diversos modelos in vitro, modelos animais de diabetes e em
alguns estudos clinicos (PEYROUX e STERNBERG, 2006). A AMG é uma
droga da classe dos quelantes de carbonil e age reagindo com os aldeidos
antes que possam formar bases de Schiff com as proteinas (PEYROUX e
STERNBERG, 2006). Ainda, essa droga € descrita como um potente quelante
de metais em concentracbes milimolares, e que esse seria 0 principal efeito
benéfico dessa molécula (PRICE et al., 2001). O No Artigo 1, a co-incubacédo
com AMG evitou a geracao de carbonil tanto no plasma quanto no fibrinogénio
incubado com GA (Artigo 1, figura 4) e foi capaz de impedir o atraso no tempo
de coagulacdo (Artigo 1, figura 3B). Como o mecanismo de carbonilacéo
proteica, e mesmo a formacéo de CML, séo processos que envolvem oxidacao,
o papel anti-AGE da AMG poderia estar sendo desempenhado por seu poder
quelante de metais em vez do postulado poder anti-aldeidos. Price et. al.(2001)
descrevem que o IC5p da AMG em um sistema de oxidacdo de ascorbato por
ions cupricos € de 2,5mM. Apesar de termos usado concentracfes de 2,5 a
10mM de AMG no Artigo 1, nossos dados indicam que o papel primario desse

molécula nesse sistema foi como quelante de aldeidos, uma vez que a co-
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incubacdo com antioxidantes (trolox, vitamina c, glutationa e deferoxamina) nao
foram capazes de reverter os danos ao plasma e nem o atraso no tempo de

coagulacéo (dados ndo apresentados).

Conclusodes

Os resultados aqui apresentados sugerem que o GA colabora no
desenvolvimento de caracteristicas pro-coagulantes. Os mecanismos de agao
apresentados aqui sugerem que ele tem uma acado anti-fibrinolitica, devido a
modificacdes pos-traducionais do fibrinogénio, e uma acdo pro-coagulante
quando presente na circulacdo, devido a sua acao sobre células do sistema

vascular.

Perspectivas

Apesar de os dados aqui apresentados sugerirem um potencial pro-
trombotico do GA, é importante lembrar que o modelo experimental utilizado no
estudo in vivo recebeu uma Unica administracdo do GA. A manutencdo da
concentracdo plasméatica ndo pode ser mantida por muito tempo dessa forma,
ja que o GA é uma molécula altamente reativa. Estudar os efeitos do GA em
um modelo em que as sua concentracdo plasmatica pudesse ser mantida
elevada de forma crbnica é interessante e forneceria dados mais precisos
sobre a acao desse aldeido sobre a coagulacéo.

O GA parece estar diretamente envolvido com a geracdo de placas

ateroscleroticas, jA que foram encontrados modificacbes protéicas causadas
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especificamente por esse aldeido (NAGAI et al., 2002). Assim, a avaliacdo de
formacdo dessas placas em animais injetados com GA também é interessante,
assim como € a possibilidade da intervencdo com medicamentos anti-AGE na
tentativa de reverter as disfuncbes hemostaticas e uma eventual geracao de

placa aterosclerotica.

Por ultimo, como né&o foi possivel avaliar o papel do GA no restante do
sistema vascular, fica a perspectiva de se fazer essa avaliacdo. A medicédo de
algumas moléculas no plasma (como endotelina e Fator Tecidual) poderiam
indicar dano ao endotélio. A ativacdo plaquetaria poderia ser avaliada pela

medicao de fosfatidilserina ou P-selectina na membrana.

Assim, conhecendo-se melhor o mecanismo pelo qual o GA é capaz de
proporcionar os efeitos danosos, aumenta-se a possibilidade de desenho e
utilizacao de drogas que previnam a disfungéao cardiovascular comum em uma

grande variedade de enfermidades.
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