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RESUMO

E bem estabelecido que respostas imunes possam ser influenciadas pelo
sistema nervoso. O neuropeptideo, peptideo liberador de gastrina (GRP) tem
sido detectado na producao e liberacédo de citocinas, em modelo animal e em
humanos com doencas inflamatdrias e sabe-se que o antagonista do receptor
de GRP, RC-3095 modula a resposta de citocinas pro-inflamatérias em
macrofagos ativados por lipopolissacarideo (LPS) molhando a sobrevivéncia
em modelo animal de sepse induzida por ligacdo e perfuracéo cecal (CLP).
Neste contexto, neste estudo avaliamos o efeito modulatério de GRP em
modelos animais de doencgas inflamatorias agudas: injuria pulmonar associada
a pleurisia induzida por carragenina e sepse induzida por CLP e
adicionalmente, em pacientes sépticos através da correlagdo dos seus niveis
com o desfecho clinico. Para esta proposta, no Capitulo 1 avaliamos em
pleurisia induzida por carragenina os seguintes parametros: migragao celular,
atividade da lactato desidrogenase, conteudo de proteinas totais, concentracéao
de nitrito/nitrato e niveis de TNF-a e IL- B no exsudato pleural e atividade da
mieloperoxidade e marcadores de dano oxidativo em lipidios e proteinas no
tecido pulmonar. Assim, o RC-3095 exibiu significante acdo anti-inflamatoria
através da inibicdo do influxo de leucdcitos e bloqueio da mieloperoxidade,
contetdo de nitrito/nitrato e niveis de citocinas. Além disso, os resultados
mostraram que RC-3095 exerce acdo contra o dano oxidativo em lipidios e
proteinas, bem como o aumento na viabilidade celular. Isto sugere que RC-
3095 tem propriedades anti-inflamatérias que podem estar relacionadas com a
reducdo do dano oxidativo. No Capitulo 2, entretanto, n6s seguimos no modelo
animal de sepse onde buscamos o entendimento do papel protetor que exerce
o RC-3095. Vérios estudos sugerem o envolvimento de TLR-4 como um
importante elemento de defesa do hospedeiro durante a infeccdo, e
importantes eviéncias indicam que esses receptores também possuem um
papel na patofisiologia da sepse, onde camundongos deficientes de TLR-4 ndo
apresentam faléncia na migracdo de neutréfilos para a cavidade peritoneal
durante a sepse polimicrobiana induzida por CLP letal, e como consequéncia,
foram mais resistentes para sepse que controles. Nossos resultados indicam
que este efeito protetor pode ser atribuido para uma atenuacao de sinalizacéo
de TLR-4 em cultura de células RAW 264.7 estimuladas por LPS e tecido
pulmonar em ratos CLP, levando a uma diminuicdo de citocinas pro-
inflamatodrias as quais a via de ativacdo de GRPR mostra seletividade como
verificado no Capitulo 3, possibilitando a explicacdo dos baixos niveis de
citocinas pro-inflamatérias em pacientes sépticos tratados com RC-3095. Esta
atenuacao favorece a infiltracdo de neutrdfilos, resultando na diminuicdo de
bacteremia preservando o controle da infec¢ao no local melhorando o desfecho
da sepse. Nossos resultados ainda mostram que niveis plasmaticos de GRP
podem predizer o desfecho na sepse, mas ndo em pacientes SIRS sugerindo
que GRP exerce funcdes diferenciais nas duas condicdes e sugere que o0
antagonismo de GRPR modula a inflamag&o incontrolada por agir em
respostas mediadas por TLR-4 e funcionalidade imunoregulatéria. Em
conclusdo, os presentes resultados indicam que o antagonista de GRPR
exerce um papel na inflamacédo aguda e pode ser utilizado como uma nova
terapia alternativa para sepse bacteriana Gram-negativa.



ABSTRACT

It is well established that immune responses may be influenced by the
nervous system. The neuropeptide gastrin-releasing peptide (GRP) has been
detected on the production and release of cytokines, both in animal models and
humans with inflammatory diseases and reported that the GRP receptor
antagonist RC-3095 modulates the response of proinflammatory cytokines in
activated macrophages by lipopolysaccharide and improved the survival in an
animal model of sepsis induced by cecal ligation and puncture (CLP). Within
this context, in this work we evaluate the GRP modulatory effect in animal
models of acute inflammatory illnesses: lung injury associated with
carrageenan-induced pleurisy, and in CLP-induced sepsis and additionally in
septic patients through the correlations of its levels with the clinical outcome.
For this purpose, in Chapter 1 we evaluated in carrageenan-induced pleurisy
the following parameters: cell migration, lactate dehydrogenase activity, total
protein content, nitrite/nitrate concentration, TNF-a and interleukin-18 (IL-1)
levels in pleural exudates; myeloperoxidase activity and lipid and protein
oxidative damage markers in lung tissue. Thus, RC-3095 exhibited pronounced
anti-inflammatory actions by inhibition of leukocyte influx and blockade of
myeloperoxidase, nitrite/nitrate content and cytokine levels. Moreover, the
results showed that RC-3095 elicits action against oxidative damage in lipids
and proteins, as well as increases cell viability. These suggest that RC-3095
has anti-inflammatory properties that can be related with the reduction of
oxidative damage. In Chapter 2, however, we follow the animal model of sepsis
where we search the agreement of the protective role that RC-3095 exerts.
Increasing evidences suggest the evolvement of TLR-4 as an important element
of host defense during an infection, a growing body of evidence indicates that
these receptors also may play a role in the pathophysiology of sepsis where
TLR-4 defective mice did not present failure of neutrophil migration to the
peritoneal cavity during polymicrobial sepsis induced by lethal CLP, and as
consequence, they were more resistant to sepsis than controls Our results
further indicate that this protective effect can be attributed to an attenuation of
TLR-4 signaling in RAW 264.7 cell culture stimulated by LPS and lung tissue in
CLP rats, leading to a decrease of release of proinflammatory cytokines which
the pathway of activation of GRPR shows selectivity as verified in Chapter 3,
and can additionally explain the lower levels of the proinflammatory cytokine in
RC-3095-treated septic patients. This attenuation favors neutrophil infiltration,
resulting in decreased bacteremia preserving the control of infection in situ
improving sepsis outcome. Our finding still show that plasma GRP levels could
predict outcome in sepsis but not SIRS patients suggesting that GRP plays
different roles in the two conditions and suggest that GRPR antagonism
modulates uncontrolled inflammation by targeting TLR-4-mediated responses
and immunoregulatory functionality. Taken together, the present results
indicate that a GRPR antagonist plays a role in acute inflammation and could be
developed as a new alternative therapy for Gram-negative bacterial sepsis.
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l.1. INTRODUCAO

[.1.1. Definicdo e aspectos epidemioldgicos da sepse

Todo processo infeccioso desencadeia uma resposta inflamatéria do
hospedeiro, cuja magnitude pode variar de individuo para individuo. A interacéo
complexa entre o organismo e 0 agente causador da infec¢cao resulta no
processo fisiopatolégico que antigamente era definido como septicemia e hoje
€ denominado sepse (Vicent e Korhut, 2008).

Em 1879-80, Louis Pasteur encontrou pela primeira vez, bactérias no
sangue de uma paciente que sobreviveu a sepse e assim as diferentes etapas
desse processo, foram inicialmente definidas por Willian Osler em 1892 (Baron,
Baron e Perrella, 2006). Aproximadamente um século apos a observacao feita
por Pasteur € que finalmente se chegou a um consenso sobre a definicdo de
sepse. A relativa demora se deve principalmente a dificuldade de identificacao
desta sindrome por clinicos e pesquisadores, uma vez que 0s sinais e sintomas
clinicos variam enormemente dependendo do estdgio em que o paciente se
encontra (Annane, Bellissant e Cavaillon, 2005). E em 1991 na Conferéncia de
Consenso feita pela American College of Chest Physicians and the Society of
Critical Care Medicine foram estabelecidos critérios para a classificacdo de
sepse e doencas similares (Bone et al., 1992).

Optou-se por enquadra-las como sindrome da resposta inflamatéria
sistémica (SIRS). Além disso, ficou estabelecido também que o termo sepse
deveria ser utilizado nos casos onde a infeccdo € documentada, pois a SIRS

pode ser causada por diversos outros insultos (além da infec¢@o por bactérias,



virus e fungos), considerados como “estéreis”, tais como trauma, queimaduras,
choque hemorragico e pacreatite aguda (Beishuizen, Vermes e Haanen, 1999).
Esta medida foi necesséria para adequacéo do tratamento a fase de evolucéo
da sindrome em que o paciente se encontra. Esses parametros vém sendo
reavaliados nas subsequentes conferéncias e hoje compde as diretrizes da
“Surviving Sepsis Campaign” para diagnostico precoce e tratamento adequado
em cada etapa do processo fisiopatoldgico da sepse, com objetivo Unico de
diminuir a taxa de mortalidade (Dellinger et al., 2008; Vicent e Korhut, 2008).

O desenvolvimento de alteracfes clinicas, hematoldgicas, bioquimicas e
imunoldgicas associadas a infec¢cdo caracteriza a sepse, a qual quando
complicada pela disfungdo organica € denominada sepse severa. O choque
séptico se refere a um estado de faléncia circulatéria aguda com hipotenséo
arterial apesar da reposicdo volémica, fazendo-se necessario a terapia
vasopressora para manutencdo de uma pressao arterial a valores aceitaveis
(Vicent e Korhut, 2008).

A ocorréncia de faléncia organica segue um padrao comum: a disfuncao
pulmonar ocorre quase sempre e precoce, persiste durante o choque, que
também ocorre precocemente, e se resolve rapidamente ou € fatal. Sérias
anormalidades da funcdo hepética, coagulagdo e manifestacées neuroldgicas
tendem a ocorrer horas ou dias ap0s o inicio da sepse e persistem por tempo
indeterminado (Bone, 1996; Nathens e Marshall, 1996; Warren, 1997,
Hotchkiss e Karl, 2003). O numero de faléncias organicas, além da gravidade
destas, afeta o progndéstico do paciente, pois cada 6rgéo adicional em faléncia
acrescenta de 15-20% a taxa de mortalidade (Boné, 1992; Warren, 1997,

Friedman, Silva e Vicent, 1998; Hotchkiss e Karl, 2003).



Apesar do desenvolvimento crescente de diversos métodos diagndsticos
e terapéuticos, as taxas de mortalidades globais da sepse permanecem
inaceitavelmente altas, variando, conforme o estudo, de 20 a 80% (Zannon et
al., 2002). Sepse e choque séptico juntos representam a causa mais importante
de morte em unidades de terapia intensiva (UTIs) de adultos, superando as
doencas cardiovasculares (Nguyen et al., 2006). Dados dos Estados Unidos
indicam que ocorrem aproximadamente 751.000 casos de sepse por ano
(Remick, 2007). No Brasil, dados do “Brazilian Sepsis Epidemiological Study”
(BASES) mostram que a sepse é o maior problema de saude publica em UTls
brasileiras, com uma alta incidéncia (cerca de 57 pacientes-dia por 1000), altas
taxas de mortalidade (33,9% para sepse, 46,9% para sepse grave e 52,3%
para choque séptico) e altos custos (Silva et al.,, 2004). Um estudo
observacional multicéntrico, realizado em pacientes sépticos de 21 UTIs de
hospitais publicos e privados do Brasil, no periodo de outubro de 2003 a marcgo
de 2004, estimou uma meédia de custo de US$ 9.632 por internagdo, com um
custo médio diario de US$ 934 por paciente (Sogayar et al., 2008).

A analise conjunta desses dados nos da a dimensdo dos enormes
custos sociais e econdmicos que a sepse representa, em vidas perdidas, em
perda de capacidade produtiva e em dispéndio direto. Ainda que nos ultimos
anos, ocorreram importantes avancos no entendimento da fisiopatologia da
sepse e que estudos multicéntricos tenham identificado intervencdes benéficas
no manejo da sepse, como a manutencdo adequada dos parametros
hemodindmicos e 0 uso precoce da antibioticoterapia, com a sua elevada
mortalidade torna essencial a busca de novas alternativas de tratamento

(Carvalho e Trotta, 2003).



I.1.2. Fisiopatologia da sepse

A fisiopatologia da sepse esta relacionada com uma interacdo complexa
entre o0 hospedeiro e o microorganismo infectante. Os mecanismos de
reconhecimento especifico, componentes da resposta inata, tém sido
caracterizados como uma via de controle da imunidade adquirida. Esses
mecanismos sdo deflagrados por receptores de membrana celular, que, por
sua vez, sao ativados com o reconhecimento do microorganismo através de
estruturas conservadas, constitutivamente expressas na superficie dos
patdogenos, denominadas padrbes moleculares associados a patdgenos
(PAMPs) (Cinel e Dellinger, 2007). Assim, os fatores desencadeadores da
ativacdo celular e da cascata de eventos plasméticos sao principalmente os
componentes da parede celular dos microorganismos, como o0 &cido
lipoteicdico (LTA) e peptideoglicados, derivados de bactérias Gram-positivas
(exotoxinas), ou o lipopolissacarideo (LPS), no caso de bactérias Gram-
negativas (endotoxinas).

O LPS e as exotoxinas sao liberados normalmente durante a replicagéo
da bactéria e/ou como conseqiiéncia de sua morte, devido a lise da parede
celular. Diversos receptores foram encontrados nos ultimos anos, capazes de
reconhecer essas moléculas e ativar assim, a resposta imune inata (Triantafilou
e Triantafilou, 2002). Dessa forma os PAMPs sao reconhecidos por receptores
encontrados em células do sistema imune inato como neutréfilos
polimorfonucleares, macréfagos e células dendriticas. Esses receptores sao
denominados de receptores de reconhecimento de padrdes (PPRs). Entre os

membros mais importantes dos PPRs destacam-se o0s receptores Toll-like
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(TLRs). Tais receptores sdo uma familia de receptores transmembrana do tipo
1, codificados em linhagem germinativa e nao clonais, que sédo caracterizados
por dominios extracelulares repetitivos ricos em leucina e um dominio
citoplasmatico homadlogo ao receptor de interleucina-1 (IL-1) (Weighardt e
Holzmann, 2007).

O primeiro receptor da familia Toll foi identificado em Drosophila como
componente da via de sinalizacdo que controla a polaridade dorso-ventral em
embrides, e, além disso, com importante participacdo na resposta imune de
moscas adultas, o que pode ser demonstrado pelo fato de moscas com
mutacdo que lhes confira perda da funcdo do gene Toll, tornam-se altamente
suscetiveis a infec¢cdes fungicas (Lemaitre et al., 1996). Atualmente, 11
homologos humanos dos TLRs foram identificados e, se ndo todos, a maioria
envolvida no reconhecimento dos principais padrdes microbianos (Hopkins e
Sriskanda, 2005) existindo a evidéncia de que o polimorfismo de proteinas dos
TLRs pode explicar em parte a grande variabilidade de respostas individuais
aos estimulos infecciosos (Lorenz et al., 2000).

Portanto, de um modo geral, apés a interacao inicial PAMPs-PPRs
acontece ativacdo da resposta imune inata com a finalidade de coordenar uma
resposta defensiva envolvendo componentes humorais e celulares. Nesse
contexto, com tal interacdo, células residentes tém um papel chave, liberando
uma grande variedade de moléculas sinalizadoras como prostaglandinas,
leucotrienos, citocinas e quimiocinas que desencadeiam a resposta
inflamatoria, culminando no recrutamento e ativacdo de leucocitos para o local
da infeccéo, representando uma das fungbes mais importantes da imunidade

inata (Janeway, 2001; Janeway, 2002). No entanto, a interacdo de varios
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componentes como infecciosos, imunolégicos, enddcrinos, hemodinamicos,
cardiovasculares e até mesmo genéticos (De Maio, Torres e Reeves, 2005;
Remick, 2007), pode levar a uma resposta exacerbada do organismo com
producdo de varios mediadores inflamatérios e consequentes alteractes
fisiologicas (Annane, Bellissant e Cavaillon, 2005; Rocha, Oliveira e Farias-

Corréa, 2006).

[.1.3. Mecanismos moleculares de agao do LPS

Diversos estudos mostram a importancia do LPS como fator
desencadeador da sepse como o estudo demonstrado apdés a sua
administracdo em humanos sudaveis, com reproducdo de alteracbes
hemodindmicas observadas em pacientes com sepse e em modelos
experimentais sendo provavelmente a estrutura com maior atividade
imunoestimulatoria entre os componentes de bactérias, incluindo a producéo
de citocinas pro-inflamatérias como interleucina-1p (IL-1B), fator de necrose
tumoral-a (TNF-a), interleucina -12 (IL-12) e substancias inflamatoérias efetoras
como o oxido nitrico (NO) (Sufradini et al., 1989).

Em bactérias Gram-negativas, o LPS tem papel determinante no
reconhecimento deste grupo bacteriano. A membrana externa de Gram-
negativos € composta por uma dupla camada lipidica, separada da membrana
citoplasmatica por uma camada de peptidoglicano. O LPS esta embebido na
porcdo externa através de sua porcdo lipidica (o lipidio A) (Akira, Uematsu e

Takeuchi, 2006).
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A falta de um receptor para LPS foi durante muitos anos uma barreira no
entendimento de como bactérias Gram-negativas disparavam a resposta
inflamatoria que resultava no choque séptico. Porém, uma série de estudos
mostram que a ativacado de macréfagos estimulados por LPS é dependente da
presenca de proteinas ligadoras de LPS (LBP) e da proteina de membrana CD-
14 (Cohen, 2002; Liew, Xu e Brint, 2005). A LBP é uma proteina de fase aguda
que catalisa a transferéncia do LPS para CD-14 potencializando a ativacédo de
macrofagos induzida por LPS de 100 a 1.000 vezes. O CD-14 foi originalmente
identificado como um co-receptor essencial na ativacdo de mondcitos por LPS
e trata-se de uma proteina ancorada a membrana através de uma ancora
glicosilfosfatidilinositol (GPI) (Cohen, 2002; Heumann e Roger, 2002; Liew, Xu
e Brint, 2005).

Embora a descoberta do CD-14 tenha representado um importante
passo na compreensado de como o hospedeiro responde ao LPS, o fato de CD-
14 nao possuir um dominio intracelular tornava obscura a maneira pela qual a
interacdo LPS-LBP-CD-14 induzia ativacéo celular (Beutler e Poltorak, 2001).
Portanto como descrito anteriormente, um componente da familia dos
receptores Toll se faz presente. O CD-14 em conjunto com a proteina de
diferenciacdo mieldide-2 (MD-2) uma pequena molécula sem regido
transmembrana, participam da apresentagéo de LPS para o receptor similar ao
Toll e em 1998, Poltorak e colaboradores, mostraram que a sinalizacao pelo
LPS é transmitida pelo receptor Toll-like-4 (TLR-4) o primeiro membro da
familia a ser caracterizado em mamiferos (Poltorak et al., 1998).

TLR-4 transmite um sinal de ativacdo onde o dominio intracelular

Toll/Interleucina-1 (TIR) interage com quatro moléculas adaptacdo do dominio
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TIR. Todas compartiham uma sequéncia significativa de aminoacidos
similares. S&o elas o fator de diferenciagcdo mieloide humano 88 (MyD88), a
proteina adaptadora contendo o dominio TIR (TIRAP), a dominio TIR contendo
o adaptador do indutor de interferon-f (TRIF) e a éwlla adaptadora
relacionada ao TRIF (TRAM). Atualmente esta claro que a MyD88 e TRIF
promovem uma plataforma central para a propagacao de sinais complexos dos
TLRs via associagéo direta com quinases e fatores de transcricdo (Yamamoto
et al., 2003; Honda et al, 2004). Na ativagdo do receptor, a MyD88 é recrutada
via seu préprio dominio TIR que entdo interage com o dominio TIR do TLR em
questdo. Isso favorece o recrutamento e ativagdo da familia de quinases
conhecida como a quinase associada ao receptor IL-1 (IRAKs) 1, 2 e 4. A IRAK
4 é recrutada primeiramente, torna-se ativa e fosforila a IRAK 1. Estas quinases
interagem com a MyD88 através do dominio de morte comum a ambas as
proteinas, promovendo entdo a ativagdo do fator 6 associado ao receptor de
TNF (TRAF6). Esse evento resulta na ativacdo de quinases situadas na
sequéncia do processo de sinalizacado com a liberacao do fator nuclear-kB (NF-
kB) que transloca para o nucleo e aumenta a expressdo génica de citocinas
inflamatorias determinando, por fim, uma resposta pré-inflamatéria (Akira e
Takeda, 2004).

Dependendo de qual molécula de adaptacdo esteja envolvida, o
processo de resposta dos TLRs pode ser dividido em duas categorias: de
resposta precoce dependente de MyD88 onde estdo envolvidos MyD88 e
TIRAP, vitais para a ativacdo de NF-kB pelo TLR-4, e de resposta tardia que

independe de MyD88 e tem envolvimento de TRAM e TRIF, sendo este
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utilizado pelo receptor toll-like-3 (TLR-3) na inducéo da sintese de interferon do

tipo 1 (Sato et al., 2003).

1.1.4. Migrag&o de neutrofilos

1.1.4.1. Aspectos gerais

Conforme descrito anteriormente, o recrutamento leucocitario para o
local de injdria celular é uma das etapas essenciais da defesa do organismo
contra um agente agressor. Nos estagios iniciais de variados processos
infecciosos, incluindo infecgdes por fungos, virus e bactérias, o leucécito
predominante € o neutréfilo, permanecendo em geral de 12-24 horas no local
da injaria. Apés esse periodo, o neutréfilo inicia um processo de morte
programada (apoptose), sendo em seguida fagocitado por macréfagos. A partir
da décima hora surgem progressivamente o0s eosinoéfilos, macréfagos e
linfécitos, permanecendo por cerca de uma semana no local, isto se o agente
agressor for removido, caso contrario, ocorre a cronificacdo do processo (Gallin
e Snyderman, 1999). Todavia, existem diferengcas no tipo e cinética de
leucécitos dependendo do agente agressor. A migracdo de neutrofilos durante
a resposta inflamatéria resulta principalmente da liberacdo, por células
residentes de fatores quimiotaxicos. Destacando-se os mediadores lipidicos,
como o PAF e o leucotrieno B4 (LTB,4) fragmentos do complemento, como o
quinto fragmento do sistema complemento ativado (C5a), citocinas e uma
variedade de quimiocinas, incluindo interleucina-8 (IL-8), oncogene relacionada
ao crescimento — a (GRO-a), fator derivado do estroma da medula 6éssea (SDF-

1), quimiocina derivada de queratinécitos (KC), proteina inflamatéria de
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macréfagos-1a (MIP-1a), protdna inflamatéria de macrofagos -1 (MIP-18) e
proteina inflamatéria de macrofagos-2 (MIP-2) no sitio inflamatoério formando
um gradiente de concentracdo dessas substancias que € fundamental para o
correto direcionamento dos leucécitos para o foco inflamatério (Harkness,

1981; Lee et al,. 2002).

1.1.4.2. Origem e mobilizag&o de neutréfilos

O numero de neutréfilos no sangue periférico é usualmente constante,
mas o0 hospedeiro é capaz de aumentar significativamente a quantidade. A
origem dos neutréfilos acontece a partir de células tronco da medula 6ssea
com a influéncia de fator de estimulacdo de colénias de granulocitos (G-CSF)
e podem ser rapidamente mobilizados durante reac¢des inflamatérias tais como
nas primeiras fases de sepse. Essa liberacdo de neutréfilos da medulla 6ssea
resulta em um grande aumento do numero de neutrofilos circulantes
disponiveis para serem recrutadas ao sitio de inflamacdo (Furze e Rankin,
2008). A migracdo dessas células do compartimento intravascular para o
extravascular ocorre predominantemente nas vénulas pds-capilares, sendo
mediadas por uma combinacdo de processos mecéanicos, quimicos e
moleculares. Tais eventos distintos estdo ligados em uma sequéncia temporal
(Seely e Pascual, 2003). Inicia-se com a marginacdo ou movimento dos
neutrofilos do fluxo central para a periferia do vaso. Esse mecanismo ocorre
atraves da interag@o molecular entre a superficie celular de neutrofilos e células
endoteliais, resultando no rolamento de neutréfilos ao longo da parede do vaso.
Tal interacédo é dependente de forgas fisicas e moleculares sendo mediado por

selectinas e seus ligantes. Selectinas sdo uma familia de moléculas de adesao
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incluindo L-selectina, expressa constitutivamente exclusivamente em leucdcitos
circulantes, E-selectina (expressa em células endoteliais), e P-selectina
(expressa em plaquetas e células endoteliais) apds a ativacdo por quimiocinas
e outros mediadores inflamatérios. A combinacdo do contato de baixa afinidade
entre neutrofilos e células endoteliais e ativacdo de quimiocinas induzem a
expressdo de moléculas de adesdo que permitem a ligacdo de alta afinidade,
que compreende a segunda fase da migracdo. Essa fase é estabelecida pela
interacdo entre integrinas leucocitarias, principalment® »-integrinas com as
moléculas—membros da superfamilia das imunoglobulinas, molécula de adesédo
vascular (VCAM) e molécula de adesao intracelular (ICAM) expressas pelo
endotélio, quando ativado. As integrinas estdo normalmente expressas nos
leucécitos em um estado de baixa afinidade por ligantes. No entanto, durante o
rolamento, os leucdcitos passam a interagir com quimiocinas como IL-8 e as
qguimiocinas da familia GRO, que se encontram ancoradas na superficie das
células endoteliais, resultando na ativacdo dos leucdcitos promovendo
alteracbes conformacionais nas integrinas presentes nos leucdcitos em
rolamento, que aumentam a sua capacidade adesiva. Consequentemente o
rolamento é interrompido e os leucocitos aderem firmemente ao endotélio
vascular (Huttenlocher, Sandborg e Horvitz,1995; Meng et al., 2004).

O estagio final do recrutamento de neutréfilos € a passagem através da
parede endotelial para o tecido inflamado. Essa etapa também envolve as
integrinas leucocitarias e uma interagdo adesiva posterior, envolvendo uma
outra molécula chamada molécula de adesao plaquetaria (PECAM), e molécula
de adeséao intracelular-2 (ICAM-2), que sdo expressas tanto nos leucdcitos

como nas juncdes intracelulares das células endoteliais. Essas intera¢des entre
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leucécitos e células endoteliais permitem, finalmente, que o leucocito penetre
nas juncdes intracelulares das células endoteliais e degradem a membrana
basal com o auxilio de enzimas proteoliticas, ultrapassando finalmente a
barreira endotelial (Huttenlocher, Sandborg e Horvitz, 1995; Meng et al., 2004).
Uma vez que isso ocorre, 0 processo é guiado por um gradiente de
concentracdo de quimiocinas conhecido como quimiotaxia. Entre as varias
moléculas quimioatraentes destacam-se IL-8, quimiocinas da familia Gro, bem
como o0s mediadores lipidicos LTB,, PAF e Cba que sdo produzidos
primeiramente pelas células residentes no local de inflamacdo. A ligacdo das
moléculas quimioatraentes aos leucécitos ocorre por meio de receptores
especificos levando a uma complexa interagdo dos elementos do citoesqueleto
dos leucdcitos, como a polimerizacdo da actina, permitindo que os leucécitos

migrem em direcao ao foco de inflamacgao (Reddy e Standiford, 2010).

1.1.4.3. Acéo dos neutrdfilos no foco infeccioso

Todos esses eventos que ocorrem, sdo responsaveis, portanto, pelo
papel fundamental dos neutréfilos na circunscricdo e controle do foco
infeccioso. Uma vez no foco infeccioso, sdo capazes de engolfar os patégenos
por meio de um processo conhecido como fagocitose, resultando na formacéao
de vesiculas citoplasmaticas formadas pela fusdo dos fagossomas e dos
lisossomas (Janeway e Medzhitov, 2002). Através dessa fusdo os neutroéfilos
iniciam uma potente defesa antimicrobiana onde pode ser dividida em um
processo dependente e independente de oxigénio. Mecanismos dependentes
de oxigénio envolvem a transformacdo de oxigénio molecular em uma familia

de espécies reativas de oxigénio (EROs) que sdao liberadas nos fagossomos ou
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no ambiente extracelular (Hampton, Kettle e Winterbourn,1998). Esses
intermediarios sédo altamente reativos com moléculas biol6gicas importantes
causando peroxidacao de lipidios, modificagBes estruturais de proteinas e dano
ao DNA, levando a morte do microorganismo. A geracdo de EROs requer o
complexo enzimatico conhecido como nicotinamida adenina dinucleotideo
fostato (NADPH) oxidase na membrana fagossomal que transfere elétrons para
o NADPH no citoplasma para o oxigénio molecular dentro do fagossomo
iniciando a geracdo de EROs através de um processo conhecido como burst
respiratério. Produtos importantes dessa reacdo sdo anion superoxido (O3,
peréxido de hidrogénio (H,05), radical hidroxil (OH"), acido hipocloroso (HCIO)
e peroxinitrito (ONOO-) ( Marshall, 2005).

Os efetores da defesa antimicrobiana de neutréfilos independentes de
oxigénio estdo contidos em granulos no citoplasma dos neutréfilos conhecidos
como granulos azurdfilos ou primarios (Faurschou e Borregaard, 2003). Essas
estruturas contém uma variedade de proteinas pré-formadas que séo liberadas
no fagossomo durante o processo de morte microbiana como defensinas,
elastase e lactoferrinas (Marshall, 2005) . Ainda em uma descoberta recente
revelou que durante a ativagcdo de neutrofilos, estes liberam sua cromatina para
0 meio extracelular conhecido como NETs (do inglés neutrophil extracelular
traps). A cromatina extracelular forma uma espécie de “teia” que aprisiona
bactérias, ao mesmo tempo que concentra a atividade bactericida da elastase e
das histonas, sobre a bactéria liberando mediadores inflamatoérios, como
citocinas e eicosandides, com extrema importancia na defesa do hospedeiro,
promovendo a ativacdo celular, recrutamento de mais leucocitos para o sitio

infeccioso e indugéo da atividade microbicida (Clark et al., 2007).
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1.1.4.4 Faléncia da migragéo de neutréfilos na sepse severa

Conforme mencionado anteriormente, neutréfilos sdo conhecidos por
exercer um importante papel na resposta inflamatoria por uma série de fungdes
efetoras que representam um mecanismo central de imunidade contra
infeccbes (Nathan, 2006; Appelberg, 2007). Dessa forma, o recrutamento de
neutréfilos € um evento chave para o controle do processo infeccioso visto que
o desequilibrio desse processo pode ser verificado em diferentes patologias
onde encontra-se uma reducdo na quimiotaxia in vitro, além da diminuicdo de
migracdo para o tecido infectado em modelos in vivo, resultando no aumento
da suscetibilidade do hospedeiro a infeccdo (Pereira, Sannomiva e Leme,
1987; Mastroianni et al.,, 1999; Filza, 2002). Da mesma forma, estudos
mostram que em modelo animal de sepse severa por ligacdo e perfuracéo
cecal (CLP) encontra-se a faléncia da migracdo de neutrofilos para o foco
infeccioso, associado ao numero de bactérias aumentado no exsudato
peritoneal e sangue, seguido pela inflamagéao sistémica caracterizada pelo
aumento dos niveis de citocinas e quimiocinas circulantes e o sequestro de
neutrofilos para o pulméo e redugcédo da taxa de sobrevida (Alves-Filho et al.,
2006a). Assim como em modelo animal, neutrofilos em pacientes sépticos
apresentam uma supressao da resposta quimiotaxica por diferentes estimulos
gue associado ao indice de mortalidade dos pacientes (Tavares-Murta et al,
2002).

Diferentes mecanismos estdo envolvidos no desequilibrio desse sistema.
Entre as investigacdes no entendimento de tais mecanismos, verifica-se a
reducdo da expresséo do receptor CXCR-2 um dos receptores da quimiocina

IL-8 que se associa a diminuicdo na funcdo quimiotaxica dos neutréfilos em
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pacientes com sepse grave além da relagdo entre a sua reducgéo e a piora dos
indices prognésticos de pacientes com sepse tornando-se claro a importancia
da presenca de tais receptores em neutréfilos na prevencdo e controle de
insultos infecciosos (Chishti et al., 2004). Embora os mecanismos envolvidos
na faléncia da migracdo de neutréfilos devido a dessensibilizacdo e
internalizacdo desses receptores ndo serem completamente entendidos, a
producdo excessiva de citocinas e quimiocinas circulantes, proteinas de fase
aguda, aumento da atividade de 6xido nitrico sintase induzivel (iNOS), heme
oxigenase-1 (HO-1) e ativacao sistémica de TLRs sdo associados a esse
fendmeno (Alves-Filho et al., 2008).

Conforme mencionado, TLRs sdo componentes essenciais na resposta
Imune inata contra a infeccdo, no entanto, diferentes evidéncias indicam que
podem desempenhar um papel importante na patofisiologia da sepse (Meng et
al., 2004). Durante uma infec¢ao polimicrobiana onde componentes estruturais
de diferentes bactérias levam a ativacdo de varios TLRs, a ativagdo de um
deles é suficiente para o desencadeamento de uma eficiente resposta
inflamatoéria local. Por outro lado, a sinalizacdo excessiva de todos os
receptores leva a geracdo de uma resposta inflamatoria sistémica que €
caracterizada pela excessiva producéo e liberacdo de citocinas e quimiocinas
na circulagdo (Alves-Filho et al.,, 2008). Esse fato leva, portanto, a
dessensibilizacdo e internalizacdo de receptores CXCR2 por sua ativagéo
constante e excessiva de quimiocinas na sepse severa.

Durante a sepse, acontece um aumento de duas enzimas conhecidas
como a quinase 2 e a quinase 5 do receptor acoplado a proteina G (GRK-2 e

GRK-5, respectivamente). Essas enzimas promovem a fosforilagdo de
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receptores gquimiotaxicos, que pertencem a familia dos receptores acoplados a
proteina G (GPCR), levando a sua dessensibilizagcdo e internalizacéo,
resultando na reducéo significativa da sinalizagao intracelular que culmina na
reducdo da polimerizagdo da actina nos neutrdéfilos (Fan e Malik, 2003).

Nesse sentido, neutrofilos de pacientes sépticos em comparagcdo com
neutréfilos controle mostram um aumento da expressdo de GRK2 e GRK5
(Arraes et al., 2006). Similarmente, a inducédo de células de pacientes controle
saudaveis com LPS levam a up-regulation na expressdo de GRK2 em
neutroéfilos. Esses dados sugerem que o aumento de mediadores inflamatérios
sistémicos na sepse podem aumentar a estimulagdo de neutréfilos circulantes,
induzindo a expressao de GRK e a fosforilagdo de GPCR. Assim, a
dessensibilizacdo de GPCR muito provavelmente induzida pelo aumento na
producdo de mediadores em pacientes com sepse severa podem ser
responsavel pelos neutrofilos ndo responderem a quimioatraentes durante a
sepse (Carvalho et al., 2008).

Recentemente, foi investigado o papel crucial de TLRs durante sepse
polimicrobiana, onde foi demonstrado que a ativacdo sistemica de TLR-2 e
TLR-4 prejudica a migracdo de neutréfilos para o sitio de infeccdo por down-
regulating a expressao de CXCR2 em neutrofilos circulantes (Alves-Filho et al.,
2006a; Alves-Filho et al., 2009). Além disso, essa reducdo de CXCR2 foi
restabelecida através da inibicdo genética TLR-2 ou TLR-4, bem como pela
inibicdo farmacoldgica e genética de INOS (Rios-Santos et al., 2007).

De um modo geral portanto, a faléncia de neutréfilos que pode resultar
na faléncia organica e alta mortalidade estando associada a ativagédo sistémica

de TLRs na sepse severa. O conjunto dos dados sugerem que a faléncia da
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migracao neutrofilica para o foco infeccioso compromete diversas etapas da
migracéo celular, incluindo a dessensibilizagdo e internalizagcdo de receptores
de fatores quimiotéxicos reducdo da sinalizagdo intracelular envolvida na
quimiotaxia e reducdo do rolamento e adesdo dos neutréfilos ao endotélio
vascular resultando no aumento da disseminacgao bacteriana (Alves-Filho et al.,
2008).

Portanto, os receptores TLR como TLR-4 exercem um papel central na
patogénese de sepse, sendo um alvo no devenvolvimento de novas terapias

antisepse (Matsuda e Hattori, 2006).

[.1.3. Neuropeptideos e inflamacéo

Atualmente o tratamento de sepse inclui o controle precoce do processo
infeccioso, 0 suporte hemodinamico com reposicdo volémica e drogas
vasoativas para otimizacao da oferta e consumo de oxigénio tecidual, correcao
dos disturbios da coagulacéo, glicocorticoides, controle & glicemia e suporte as
disfungcbes organicas como a oxigenoterapia e a ventilagdo mecanica
(Azevedo, Park e Schettino, 2008). Assim, o controle do processo inflamatorio
€ um dos objetivos mais pesquisados na biologia do paciente séptico. Nesse
sentido, interessantemente nos ultimos anos tem-se dado énfase no estudo de
neuropeptideos como tratamento de doencas inflamatérias.

Neuropeptideos sdo peptideos liberados por neurbnios que atuam como
mensageiros intracelulares, exercendo inumeras fungdes modulatérias do
sistema nervoso. O espectro da sua acao e restrito, isto se da de acordo com o

tipo de neuropeptideo e o local de acdo (Brogden et al., 2005).
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A evidéncia do seu envolvimento em doencas inflamatérias tem
focalizado predominantemente no papel proinflamatério da substancia P
(O'Connor et al., 2004), peptideo liberador de gastrina (GRP) (Dal-Pizzol et al.,
2006) e nociceptina/orphanina FQ (Carvalho et al.,, 2008), bem como efeito
imunomodulador do peptideo Y (Bedoui et al.,, 2004) e atividade anti-
inflamatoria do peptideo vasoativo intestinal (VIP) (Gonzalez-Rey et al., 2007).
Dessa forma, o mecanismo de acdo dos neuropeptideos na modulacdo das
doencas inflamatorias €, em grande parte, pela influéncia na producdo de

citocinas.

1.1.3.1 Bombesina/Peptideo Liberador de Gastrina

A bombesina (BN) é um peptideo primeiramente isolado por Anastasi e
colaboradores a partir da pele dos sapos Bombina bombina em 1971 (Anastasi,
Esparmer e Bucci, 1971). Estudos imunoquimicos mostraram a presenca da
BN (imunorreatividade) no Sistema Nervoso Central (SNC) e trato
gastrointestinal em varias espécies, incluindo ratos, porcos, cachorros e
humanos. Contudo a imunoreatividade, ndo € devida somente a BN, como
também aos peptideos relacionados: GRP, decapeptideo neuromedina-B (NM-
B) e neuromedina C (NM-C). Todos esses peptideos fazem parte da familia
dos peptideos relacionados a bombesina (BNPs) (Cornelio et al., 2007). Um
analogo mamifero da bombesina, com potente atividade liberadora de gastrina,
o GRP, foi caracterizado quimicamente em 1978 a partir do tecido gastrico de
suinos (McDonald et al., 1978). Esse peptideo apresenta 27 aminoéacidos e é
estruturalmente homologo & BN de anfibios, tendo em comum 9 dos 10

aminoacidos da porcdo carboxiterminal (McDonald et al., 1979). Estudos
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direcionados ao GRP, tém mostrado que encontra-se em varios tecidos de
diversas espécies de mamiferos, incluindo: trato gastrointestinal (Bjornskov-
Bartholdy, Bersani e Holst, 1991), cérebro (Hernanz, 1990), glandula pituitaria
(Larsen et al.,1989), medula espinhal (Fuxe et al., 1983), ganglios simpatico e
sensorial (Panula et al., 1983;Helen et al, 1984), glandula adrenal (Lemaire et
al., 1986), pulmédo (McKillop et al., 1990), tiredide (Conlon et al., 1988), trato
genituritario (Bjornskov-Bartholdy, Bersani e Holst, 1991; Xiao, et al., 1996) e
articulagdes (Chu et al., 1995).

O receptor de GRP (GRPR) é uma proteina de superficie celular ligante
com alta-afinidade da BN e GRP, assim como de peptideos intimamente
relacionados, desencadeando alteragbes intracelulares que influenciam o
comportamento celular (Tokita et al., 2001). O GRPR, clonado no inicio da
década de 1990, interage com proteinas G e ativa a liberacdo de inositol-
trifosfato, com aumento do calcio idnico intracelular (Battey et al., 1991). Esses
receptores apresentam uma ampla distribuicdo no SNC e no tecido periférico,
incluindo o trato gastrointestinal de murinos, suinos, caninos e de seres
humanos. S&o encontrados em altos niveis no musculo liso (intestino,
estbmago e bexiga) e em glandulas secretoras (por exemplo, pancreas).
Também sdo encontrados em varias linhagens celulares (por exemplo,
fibroblastos de Swiss 3T3 e carcinoma pulmonar de pequenas células (Watson,

1994).

1.1.3.2 Importancia do GRP
O GRP possui importante papel em varias atividades biolégicas, tais

como crescimento tecidual (McKillop et al., 1990), modulacdo do trato
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gastrointestinal, SNC, trato respiratério e resposta imune. Relacionado ao
crescimento celular do tecido normal e neoplasico, os efeitos troficos foram
estabelecidos na mucosa intestinal normal (Chu et al., 1995), pancreas,
(Parekh et al., 1994), neoplasias do pulmé&o (Alexander et al.,1988), estbmago
(Bold et al., 1988; Kim et al., 1996 ), célon (Narayan et al., 1990), mama (Burns
et al., 1999) e prostata (Bologna et al., 1989; Logothetis e Hoosein, 1992)
através da mediacao dos receptores de membrana especificos nas células-alvo
(Sunday et al., 1998).

Na questdo relacionada ao trato gastrointestinal, o GRP modula a
secrecdo gastrica e pancredtica através da ativacdo das células G e
consequente liberacdo de colestocinina e gastrina, regulando a secrecéo do
acido gastrico e fungcdes motoras na musculatura estomacal (Ghatei et
al.,1982). No pancreas, estimula a liberagdo de neurotensina, motilina,
peptideo pancreatico, insulina e glucagon (Minamino et al., 1983). Enquanto
no SNC, tem sido envolvido na modulagdo da saciedade (McCoy e Avery,
1990), termorregulacdo (Brown, Carver e Fisher, 1988), homeostase, ritimo
circadiano (Albers et al., 1991), metabolismo (Hill e McDonald, 1992) e na
participacdo em desordens psiquiatricas e neurolégicas desempenhando papel
neuroimunomodulatério importante na patogenia da ansiedade, depresséo,
esquizofrenia, autismo e deméncia (Roesler et al., 2006; Roesler, Henriques e
Schwartsmann, 2006).

Finalmente, o GRP atua sobre o desenvolvimento e regulacdo da
resposta imune através de acdes diretas sobre as células do sistema
imunoldgico. Linfécitos, neutrofilos, eosindfilos, macréfagos, mastocitos e

células endoteliais expressam o receptor GRP (Degan et al., 2008; Tokita et al.,
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2001). A ativacdo do receptor do GRP tem efeitos imunolégicos, incluindo
quimioatracdo de macrofagos peritoneais, monaocitos e linfécitos (Medina et al.,
1998a,b; Del Rio, Hermanz e de la Fuente, 1994) estimulo da producéo de
linfocitos (Del Rio e De la Fuente, 1994), ativacao de células natural killer (NK)
e citotoxicidade dependente de anticorpos (De la Fuente, Del Rio e Hernanz,
1993). Além disso, induz a proliferacdo de mastocitos e quimiotaxia in vitro,
sendo implicado na patogenia de doencas pulmonares (Subramaniam et al.,
2003) e artrite reumatdide (Green, 2005; Grimsholm, Rantapaa-Dahlqvist e

Forsgren, 2005).

1.1.3.3. RC-3095 - um antagonista do receptor GRP

O antagonista da BN, RC-3095 foi sintetizado através de uma técnica de
fase sélida da resina benzidrilamina no laboratério de Shally (Universidade de
Tulane, New Orleans) (Liebow et al., 1994). Na posi¢éo 6 a forma D do anélogo
Trp 2, 3, 4, 9 tetrahidro-1H-pirido (3, 4-b) acido indol-3-carboxilico (Tpi) foi
introduzida no nonapeptideo Leu 13 w(Ch2-NH) Leu 14-Bombesina. A reducgéo
da ligacao peptidea entre a posi¢cdo 13 e 14 foi introduzida utilizando-se uma
reacdo de alquilagdo redutiva (Cuttitta et al., 1985). O antagonista da BN foi
sintetizado como dois diferentes sais: D-21663 € um sal triflior-acetato e D-
22213 é um sal acetato (Schwartsmann et al., 2006).

Diversas pesquisas mostram que a meia-vida de peptideos relacionados
a BN, como o GRP, € muito curta na circulacdo, devido a sua rapida
metabolizacdo. Assim, os efeitos de BN/GRP e seus antagonistas aparecem
rapidamente mais séo relativamente de curta duracdo. Estudo in vitro mostra

gue a meia-vida de varios antagonistas da BN/GRP estdo entre 154 e 1.388
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minutos (Davis et al., 1992). Experimentos em modelos animais demonstraram
que o RC-3095, em nivel sanguineo, decresce rapidamente apos injecao
intravenosa ou subcuténea, decaindo rapidamente e tornando-se indetectavel
apos 3-5h (Groot et al., 1995). Quando é administrado pela via subcutanea, os
efeitos do RC-3095 sédo obtidos em 15-30 minutos apos a injegédo terminando
em poucas horas. Observa-se inibicdo significativa da liberagdo da gastrina
diminuindo a elevacédo de glicose no plasma, causada pelo GRP (Pinski et al.,
1992a; Pinski J. et al., 1992b).

Em relagcdo ao perfil de seguranca, estudos clinicos de fase | em
pacientes com diferentes tipos de cancer em estagio avancado ndo tem
demonstrado nenhum efeito colateral significativo, mesmo em doses mais
elevadas, que variam entre 8-96ug/kg (Schwartsmann et al., 2006).

Como macréfagos ativados secretam GRP e estas células exercem
funcdo importante entre as células do sistema imune no desenvolvimento de
doencas inflamatérias (Dal-Pizzol, 2004; Shasby e McCray, 2004)
recentemente foi abordado o efeito de RC-3095 como importante papel anti-
inflamatério. Em modelo experimental de artrite induzida por adjuvante
completo de Freund em ratos, RC-3095 exerceu significante inibicdo na
inflamacé@o articular com diminuicdo nos niveis seéricos de IL-1B, TNF,
interleucina-6 (IL-6) e interleucina-10 (IL-10) em relagcdo ao grupo controle
(Oliveira et al., 2008). Um estudo recente também verificou o seu papel em
modelo animal de colite ulcerativa e sua atividade anti-inflamatoria foi
associada com a reducdo na expresséo colonica de TNF-a (Damin et al.,

2009).
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Os efeitos do RC-3095 foram demonstrados por nosso grupo em modelo
bem estabelecido de sepse experimental de CLP e dano pulmonar agudo (Dal-
Pizzol et al., 2006). Nesses modelos propostos, 0 RC-3095 melhorou as taxas
de sobrevida, reduzindo a insuficiéncia organica e o infiltrado inflamatério. Além
disso, modulou a liberagdo de citocinas pro-inflamatorias (TNF e IL-18) por
macrofagos ativados, bloqueando diversos processos associados a progressao
da sepse. De forma interessante, o0 RC-3095 ndo modula a liberagdo de IL-10,
sugerindo que os caminhos intracelulares modulados pela BN/GRP é seletivo
para citocinas proé-inflamatérias. Portanto, o RC-3095 pode representar um
possivel alvo farmacoldgico para o controle da resposta inflamatoria local e

sistémica.

[.1.4. Modelos animais de inflamacgé&o pleural e sepse

Diversos modelos de inflamacé&o, utilizando animais de diferentes
espécies, tém sido utilizados para avaliar as drogas usadas no tratamento de
doencas inflamatérias. Isto se deve ao fato de que apesar da maioria das
reagOes inflamatorias apresentarem caracteristicas comuns, sua etiologia e
manifestacbes clinicas diferem significativamente, necessitando, portanto, de
modelos especificos que reproduzam as suas caracteristicas basicas. Desta
forma €& facil compreender também porque o tratamento de doencas
inflamatorias é bastante diversificado.

Relacionado ao modelo de inflamacdo pleural, o modelo foi

originalmente desenvolvido em ratos (Spector, 1956) e mais tarde reproduzido
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em cobaias (Yamamoto et al., 1975; Saleh, Calixto e Medeiros, 1996). Com o
desenvolvimento deste modelo, foi possivel fazer uma avaliagdo ndo sé do
extravasamento de liquido como da migracao de células induzidos por diversos
agentes flogisticos (Saleh, Calixto e Medeiros,1997; Saleh, Calixto e Medeiros,
1999). A técnica de pleurisia possui vantagens, pois a partir da coleta do lavado
na cavidade pleural é possivel analisar e quantificar os componentes celulares
e humorais da inflamacdo, sem necessitar recorrer a procedimentos
complicados de extracdo e quantificagdo. Outra vantagem adicional é a sua
facil execucdo, pois diferentes agentes flogisticos (especificos e néo
especificos) podem ser estudados. Caracterizada por uma primeira fase, que
ocorre 4 h ap6s a administracdo da carragenina na cavidade pleural destes
animais onde evidencia-se um aumento na exsudacdo, bem como de
leucdcitos do tipo polimorfonucleares. A segunda fase ocorre 48 h apés, e é
caracterizada pelo aumento da exsudacdo e de leucécitos do tipo
mononucleares (Saleh, Calixto e Medeiros,1997; Frode e Medeiros, 2001;
Dalmarco, Frode e Medeiros, 2002).

Admite-se que o sitio primario da inflamac&o na cavidade pleural seja a
microvasculatura subpleural, local onde se inicia a exsudacdo e o influxo de
células inflamatérias. A partir do processo inflamatério, induzido
experimentalmente na cavidade, pode ocorrer acumulo de liquido, o qual pode
apresentar caracteristicas de exsudato, com ou sem fibrina, ou transudato. Os
mediadores envolvidos neste tipo de inflamacdo s&o liberados por células
residentes ou que migram para o local do processo inflamatério. Além disso, o

tipo, a intensidade e a duracdo da inflamag&o produzida pela injecdo de um
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agente flogistico dependera da sua persisténcia na cavidade pleural e da
natureza da sua interagdo com fatores humorais e/ou celulares.

Relacionado a sepse, sabe-se que em humanos é uma sindrome
complexa e terapeuticamente desafiadora, na qual diversos sistemas organicos
estdo interligados e desequilibrados. Varios modelos experimentais tém sido
desenvolvidos para os estudos dos aspectos fisiopatolégicos e das
consequéncias sistémicas da sepse, assim como para a investigacdo de
agentes potencialmente terapéuticos e seus mecanismos de acgdo. Para esta
proposta, deve-se utilizar um modelo animal que reproduza a vasodilatacéo,
hipotensdo, aumento no débito cardiaco, resposta ao tratamento e mortalidade
vistos em pacientes sépticos. Tem-se utilizado para tal finalidade o modelo de
sepse abdominal, sepse cutanea, sepse induzida pela administracdo de LPS
ou TNF. Porém os modelos que induzem peritonite sdo mais amplamente
utilizados. A peritonite pode ser induzida por inoculagéo direta de bactérias ou
conteudo fecal na cavidade peritoneal e, entretanto o modelo mais aceito na
literatura, e que parece simular mais adequadamente o quadro clinico de sepse
€ chamado de CLP (Deitch, 2005; Hubbard et al., 2005; Rocha, Oliveira e
Farias-Corréa, 2006; Rittirsch, Hoesel e Ward, 2007). A CLP baseia-se na
ligacdo do ceco logo abaixo da vélvula ileo cecal, perfuracdo do ceco com
tamanho padronizado e liberacéo do conteudo fecal para a cavidade peritoneal,
conforme classicamente descrito por Wichterman e colaboradores
(Wichterman, Baue e Chaudry, 1980). Desta maneira além da peritonite se
induz isquemia mesentérica simulando as grandes sindromes clinicas de sepse
abdominal (p. ex. apendicite, isquemia mesentérica) (Hollenberg et al., 2001).

Representa vantagens como relativa simplicidade, reprodutibilidade e
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possibilidade de controlar o grau de contaminagcdo bacteriana na cavidade
peritoneal, e consequentemente, a mortalidade, pela mudanca do tamanho da
agulha e/ou numero de perfuragbes realizadas no ceco. Em contrapartida,
variabilidades na mortalidade podem ser encontradas mesmo quando
protocolos iguais séo usados devido a fatores aos quais, na maioria das vezes,
nao sao considerados como, por exemplo, diferengcas no tamanho da incisdo
na pele e masculo, no comprimento ligado do ceco e volume de contetudo fecal
extravasado para a cavidade peritoneal (Deitch, 2005; Hubbard et al., 2005;
Rocha, Oliveira e Farias-Corréa, 2006; Rittirsch, Hoesel e Ward, 2007). Por
iIsso, a padronizacao do procedimento de inducdo de sepse polimicrobiana por
CLP tem relevante importancia na consisténcia e reprodutibilidade dos

resultados.
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[.2. OBJETIVOS

[.2.1. Objetivo Geral

Determinar o efeito modulatério do peptideo liberador de gastrina na

resposta inflamataria.

[.2.2. Objetivos Especificos

Investigar o efeito do antagonista do peptideo liberador de gastrina nos
marcadores de inflamacdo e dano oxidativo em dano pulmonar
associado a pleurisia induzida por carragenina em ratos.

Investigar o efeito do antagonista do peptideo liberador de gastrina na
expressdo genética e protéica de TLR-4 em culturas de células RAW
264.7 estimulados por LPS e em tecido pulmonar e lavado
broncoalveolar de ratos induzidos ao modelo de sepse por ligacdo e
perfuracao cecal.

Investigar o efeito do antagonista do peptideo liberador de gastrina nas
vias de sinalizagdo quinase regulada por sinais extracelulares Y%
(ERK1/2), quinase n-terminal c-Jun (JNK) a Akt e a translocacgéo nuclear
dos fatores de transcricdo NK-kB e AP-1 em culturas de células RAW
264.7 estimulados por LPS.

Investigar o efeito do antagonista do peptideo liberador de gastrina nos
niveis de citocinas e quimiocinas em culturas de células RAW 264.7
estimulados por LPS e no soro e lavado broncoalveolar de ratos

induzidos ao modelo de sepse por ligacéo e perfuracdo cecal.
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Investigar os niveis plasmaticos de citocinas sob infusdo continua por
12h do antagonista do peptideo liberador de gastrina em pacientes
sépticos.

Investigar o efeito do antagonista do peptideo liberador de gastrina na
migracdo de neutréfilos no lavado broncoalveolar e disseminacéo
bacteriana a nivel sistémico em ratos induzidos ao modelo de sepse por
ligacdo e perfuracéo cecal.

Investigar os niveis plasmaticos do peptideo liberador de gastrina em
pacientes com sindrome da resposta inflamatéria sistémica e sepse e a

correlagdo com o desfecho clinico.
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Abstract

Objective  We report the effects of the gastrin-releasing
peptide (GRP) receptor antagonist RC-3095 in an acute
inflammation model induced by carrageenan.

Methods Male Wistar rats received saline or saline
containing 2% A-carrageenan into the pleural cavity, with
some also receiving RC-3095 3 mg/kg subcutaneously,
immediately after surgery. Four hours later, the rats were
killed and pleural exudate was obtained for evaluation of
total cell count, lactate dehydrogenase activity, total pro-
tein, cytokines analysis and nitrite/nitrate concentrations;
myeloperoxidase (MPO) activity and oxidative stress were
evaluated in the lung.
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Results RC-3095 exhibited pronounced anti-inflamma-
tory actions by inhibition of leukocyte influx and blockade
of MPO, nitrite/nitrate and cytokine levels. Moreover, the
results showed that RC-3095 elicits action against oxida-
tive damage in lipids and proteins, as well as increasing
cell viability.

Conclusion The present findings suggest that GRP plays
a role in acute inflammation that can be related with the
reduction of oxidative damage and that it could be effective
in therapeutic applications.

Keywords Gastrin-releasing peptide - Pleurisy -
RC-3095 - Oxidative stress

Introduction

Carrageenan is a high-molecular-weight sulphated poly-
saccharide which is widely used in pharmacology to
induce local inflammation (paw oedema and pleurisy) [1]
in mice. Carrageenan-induced pleurisy is a well-charac-
terized experimental model of inflammation which permits
the quantification and correlation of both exudates and
cellular migration with changes in other inflammatory
parameters [2].

The administration of carrageenan into the pleural space
leads to pleurisy, characterized by an immediate neutrophil
infiltration followed by replacement of neutrophils by
macrophages and lung injury. Besides neutrophil infiltra-
tion, the pleurisy induced by carrageenan is characterized
by the production of neutrophil-derived reactive oxygen
species (ROS), such as hydrogen peroxide (H,0,), super-
oxide anion and hydroxyl radical, as well as the release of
other neutrophil-derived mediators [3]. Evidence from the
literature shows that the production of ROS and reactive
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nitrogen species (RNS) occurs at the site of inflammation
and contributes to tissue damage [4].

Under pathological circumstances, such as acute lung
injury and sepsis, excessive production of neutrophil-
derived ROS, RNS and cytokines may influence neigh-
bouring endothelial or epithelial cells, contributing to the
amplification of inflammatory tissue injury [5]. Furthermore,
oxidative stress elicits the activation of redox-sensitive
transcription factors such as NF-B and AP-1, resulting in a
large output of proinflammatory cytokines and chemokines,
which further increase inflammation- and oxidative stress-
induced tissue damage [6].

Gastrin-releasing peptide (GRP) has been detected in
various cells and has been related to immune cell regula-
tion [7-9]. GRP is also considered a critical mediator of the
development of bronchopulmonary dysplasia [10, 11] and
is implicated in the pathophysiology of other chronic
inflammatory lung diseases [12]. Studies have shown the
role of GRP in the production and release of cytokines,
both in animal models and humans with inflammatory
diseases [11, 13]. Some pathologic conditions, such as
exposure to tobacco smoke, chronic obstructive pulmonary
diseases and eosinophilic granuloma, have recently been
found to be associated with an increase of pulmonary
GRP-producing cells [14]. We have recently reported that
the GRP receptor antagonist RC-3095 modulates the
response of proinflammatory cytokines in activated mac-
rophages by lipopolysaccharide, and improved the survival
in an animal model of sepsis induced by cecal ligation and
puncture (CLP) [15]. Additionally, RC-3095 was able to
improve experimental arthritis, attenuate joint damage and
decrease serum levels of cytokines [16].

Within this context, the present study was designed to
investigate the effect of RC-3095 on lung injury associated
with carrageenan-induced pleurisy. For this purpose, we
evaluated the following parameters: cell migration, lactate
dehydrogenase (LDH) activity, total protein content,
nitrite/nitrate concentration, TNF- and interleukin-1/
(IL-1p) levels in pleural exudates; myeloperoxidase (MPO)
activity and lipid and protein oxidative damage markers in
lung tissue.

Materials and methods
Materials

The GRP receptor antagonist RC-3095, originally synthe-
sized in the Schally laboratory by solid-phase methods
[17], was made by Zentaris (Frankfurt am Main, Germany).
Thiobarbituric acid (TBA), dinitrophenylhydrazine
(DNPH), 5,5'-dithio-bis (2-nitrobenzoic acid), hexadecyl-
trimethylammonium  bromide, tetramethylbenzidine,

5,5-dithiobis(2-nitrobenzoic acid) (2-nitrobenzoic acid)
and A-carrageenan were purchased from Sigma Chemical
Co. (St. Louis, USA).

Animals

Adult male Wistar rats (weighing 250-350 g) obtained
from Central Animal House of Universidade do Extremo
Sul Catarinense were used for induction of pleurisy.
They were caged in groups of five, with free access to
food and water, and were maintained on a 12-h light-
dark cycle (lights on 7:00 a.m.), at a temperature of
22 £ 1°C. All experimental procedures involving ani-
mals were performed in accordance with the National
Institutes of Health (Bethesda, MD, USA), Guide for the
Care and Use of Laboratory Animals, with the approval
of Ethics Committee from Universidade do Extremo Sul
Catarinense.

Induction of pleurisy

Pleurisy was induced by carrageenan as previously
described [18]. The rats were anesthetized with ketamine
hydrochloride and submitted to a skin incision at the level
of the left sixth intercostal space. The underlying muscle
was dissected and saline (0.2 ml) or saline containing 2%
A-carrageenan (0.2 ml) was injected into the pleural cavity.
The skin incision was closed with a suture and the animals
received RC-3095 3 mg/kg subcutaneously (s.c). Four
hours after the induction of pleurisy, the animals were
killed and approximately 1 ml of pleural exudates from
each animal was obtained for total cell count, LDH activ-
ity, total protein, cytokines analysis and nitrite/nitrate
concentrations; lung was separated to evaluate inflamma-
tory and oxidative damage parameters.

Experimental groups

The animals were divided into three groups (n = 8 animals
per group): group 1 was treated only with saline, receiving
0.2 ml saline into the intrapleural cavity, group 2 recei-
ved0.2 ml of carrageenan 2% in the intrapleural cavity and
group 3 received 0.2 ml of 2% carrageenan intrapleural
cavity plus 3 mg/kg of RC-3095 s.c immediately after
surgery [15].

Inflammatory parameters in pleural exudates

Cells of pleural exudate were counted in a Neubauer
chamber. LDH activity was determined with commercially
available kits (Labtest Diagndstica, Brazil) and the amount
of total protein was measured in accordance with the
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Lowry method using bovine serum albumin as the standard
[19].

Measurement of nitrite/nitrate concentration in pleural
exudates

Total nitrite concentration in the samples was then mea-
sured using the Griess reaction, by adding 100 pl of Griess
reagent [0.1% (w/v) naphthylethylendiamide dihydrochlo-
ride in H,O and 1% (w/v) sulphanilamide in 5% (v/v)
concentrated H3PO,], vol. [1:1] to the 100 pl sample. The
optical density at 550 nm (ODssy) was measured using
ELISA microplate reader [20].

Measurement of cytokines in pleural exudates

TNF-o0 and IL-1f concentrations were evaluated in the
pleural exudates at 4 h after intrapleural injection of
carrageenan. The assay was carried out by using a colori-
metric, commercial ELISA kit (Calbiochem-Novabiochem
Corporation, USA).

Myeloperoxidase activity in lung tissue

Tissues were homogenized (50 mg/ml) in 0.5% hex-
adecyltrimethylammonium bromide and centrifuged at
15,000x g for 40 min. The suspension was then sonicated
three times for 30 s. An aliquot of supernatant was mixed
with a solution of 1.6 mM tetramethylbenzidine and 1 mM
H,0,. Activity was measured spectrophotometrically as the
change in absorbance at 650 nm at 37°C [21].

Thiobarbituric acid reactive substances in lung tissue

The formation of thiobarbituric acid reactive substances
(TBARS) during an acid-heating reaction is widely adop-
ted as a sensitive method for measurement of lipid
peroxidation [22]. Briefly, the samples were mixed with
1 ml of 10% trichloroacetic acid and 1 ml of 0.67% TBA.
Subsequently, they were heated in a boiling water bath
for 30 min. Malondialdehyde (MDA) equivalents were
determined by absorbance at 532 nm using 1,1,3,3-tetra-
methoxypropane as an external standard. Results were
expressed as MDA equivalents (nmol/mg protein).

Protein carbonyl content in lung tissue

The oxidative damage to proteins was assessed by the
determination of carbonyl groups content, based on the
reaction with dinitrophenylhidrazine (DNPH) [23]. Briefly,
proteins were precipitated by the addition of 20% trichlo-
roacetic acid and redissolved in DNPH, and the absorbance
was monitored at 370 nm.

Sulfhydryl groups in lung tissue

Total thiol content in lungs was determined using the
5,5-dithiobis(2-nitrobenzoic acid) (2-nitrobenzoic acid)
method (DTNB). The conditions of DTNB measurement
were as described in [24] with some modifications. Briefly,
30 pul of a sample was mixed with 1 ml of PBS/1 mM
EDTA (pH 7.5). The reaction was started by the addition of
30 pl of 10 mM DTNB stock solution in PBS. Control
samples, which did not include DTNB or protein, were run
simultaneously. After 30 min of incubation at room tem-
perature, the absorbance at 412 nm was measured and
amounts of TNB formed [equivalent to the amount of
sulfhydryl (SH) groups] were calculated.

Statistical analysis

Results are expressed as mean £ SEM and P < 0.05 was
considered to be significant. Differences between groups
were determined by one-way analysis of variance followed
by a Newman—Keuls test. All statistical analyses were
performed with SPSS 12.0 for Windows (SPSS, Chicago,
IL, USA).

Results

The effects of subcutaneous injection of RC-3095 on
inflammatory cell recruitment into the pleural cavity are
illustrated in Fig. la. Carrageenan-induced pleurisy dis-
played a substantial increase in the number of cells in the
pleural cavity compared with control rats, and treatment
with RC-3095 decreased cells migration in the pleural
cavity compared to the carrageenan group. RC-3095
administration reduced protein content and pleural effusion
LDH as an index of pleural cell injury (Fig.2a, b,
respectively). Moreover, a substantial increase in TNF- and
IL-1p production was found in pleural exudates collected
from rats 4 h after carrageenan injection (Fig. 3). Pleural
exudates production of TNF- and IL-1f was significantly
reduced in carrageenan-injected rats treated with RC-3095.
A significant decrease in nitrite/nitrate accumulation in the
pleural exudates 4 h after carrageenan administration and
with RC-3095 relative to the non-treated carrageenan
group was also observed (Fig. 4).

We also investigated the effect of RC-3095 on the
presence of neutrophils by measurement of the activity of
MPO. MPO activity in the lung tissues was significantly
elevated at 4 h after carrageenan administration (Fig. 5a).
In addition, in rats treated with RC-3095, MPO activity in
the lungs was significantly reduced. The pulmonary injury
in carrageenan-treated animals was also characterized by
an increase in the tissue levels of MDA, indicative of lipid
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Fig. 1 Cell migration into the pleural cavity in carrageenan-induced
pleurisy and treated with RC-3095. Assessment of cell migration into
the pleural cavity was performed 4 h after pleurisy induction and
treatments. Results are expressed as mean + SD, n = 8 per group;
*P < 0.05 compared with control group and **P < 0.05 compared
with carrageenan group
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Fig. 2 Total protein (a) and LDH activity (b) in pleural exudate of
rats submitted to carrageenan administration and treated with
RC-3095. Results are expressed as mean + SD, n = 8 per group;
*P < 0.05 compared with the control group and **P < 0.05
compared with the carrageenan group

peroxidation (Fig. Sb). MDA levels were significantly
enhanced in lungs collected from carrageenan-treated rats
when compared to those found in the saline group and were
significantly reduced when RC-3095 was administered. In
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Fig. 3 TNF-« and IL-1§ levels in pleural exudates of rats subjected
to carrageenan administration and treated with RC-3095. Results are
expressed as mean £ SD, n = 8 per group; *P < 0.05 compared with
the control group and **P < 0.05 compared with the carrageenan
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Fig. 4 Nitrite/nitrate concentration in pleural exudates of rats
subjected to carrageenan administration and treated with RC-3095.
Results are expressed as mean + SD, n = 8 per group; *P < 0.05
compared with the control group and **P < 0.05 compared with the
carrageenan group

addition, carrageenan decreased the free SH groups, and
this was partially reversed by RC-3095 treatment (Fig. 5c¢);
this did not occur with protein carbonyl levels (data not
shown).

Discussion

In this study, we report on the effects of the GRP receptor
antagonist RC-3095 in a well-established murine model for
acute inflammation induced by carrageenan. In the present
work, acute administration of RC-3095 exhibited pro-
nounced anti-inflammatory actions, characterized by the
inhibition of leukocyte influx into the pleural cavity, nitrite/
nitrate content, TNF-o and IL-1p levels in the acute model
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of inflammation caused by intrapleural administration of
carrageenan. Moreover, RC-3095 elicited important action
against oxidative damage in lipids and free SH groups and
increased cell viability. Taken together, these findings
suggest that the administration of RC-3095 could effec-
tively interfere with the inflammatory process in pleurisy
induced by carrageenan.

Cellular immune responses appear to be the predomi-
nant mechanisms involved in the pathogenesis of most

inflammatory pleural effusions. Recent advances in basic
research have extended our comprehension of the immu-
nological mechanisms underlying pleural inflammation.
Clearly, understanding the pleural inflammatory mecha-
nisms has direct clinical implications, although many
aspects relating to pleural inflammation and disease pro-
gression or resolution remain only partially understood
[25]. Although differential leukocyte count in pleural fluid
is of limited diagnostic value, it reflects the stage of the
inflammatory response and narrows the diagnostic possi-
bilities in exudative effusions. A pleural neutrophil
predominance is associated with the early phase of
the inflammatory response and can be found in several
infectious and non-infectious conditions, such as para-
pneumonic effusions, pulmonary embolus, viral infection,
gastrointestinal disease and acute tuberculous pleuritis
[26]. In our study, we demonstrated that RC-3095 inhibited
cell migration, LDH activity and total protein in pleural
exudates in carrageenan-induced pleurisy; this could
block several processes associated with pleural diseases
progression [27].

Studies have also shown that cell influx into the pleural
cavity occurs after the release of chemotactic cytokines by
pleural mesothelial cells in response to other cytokines
[27]. There is evidence that the pro-inflammatory cytokines
TNF-o and IL-1p help to propagate the extension of a local
or systemic inflammatory process [28-30]. We confirm
here that the inflammatory process caused by the admin-
istration of carrageenan into the pleural cavity leads to a
substantial increase in the levels of both TNF-« and IL-1§
in the exudates. Interestingly, the levels of these two pro-
inflammatory cytokines are significantly lower in the exu-
date obtained from RC-3095-treated animals. Dal-Pizzol
and colleagues described that, in a sepsis animal model,
RC-3095 attenuated TNF-a and IL-1§ and macrophage
stimulation with lipopolysaccharide [15]. Additionally,
another study demonstrated that RC-3095 was able to
attenuate serum levels these cytokines on complete
Freund’s adjuvant-induced arthritis in rats [16].

There is a large amount of evidence that the enhanced
formation of nitric oxide (NO) by inducible nitric oxide
synthase (NOS) may negatively contribute to the inflam-
matory process [3, 31-34]. For instance, inhibitors of NOS
activity reduce the development of carrageenan-induced
inflammation [32, 35]. In this context, we demonstrated
that the formation of nitrite and nitrate (final metabolites of
NO in water) after carrageenan administration were
reduced in pleural exudate from RC-3095-treated rats
compared to non-treated rats. The induction of iNOS by
injection of endotoxin in rodents in vivo is mediated by
endogenous TNF-o and IL-1f [36, 37]. As the levels of
TNF-o. and IL-1f are significantly lower in the exudates
obtained from RC-3095-treated rats, we propose that the
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attenuation of the formation of nitrite and nitrate observed
is secondary to reduced TNF-o and IL-1f levels.

Reduced amounts of NO lead to decreased endothelial
cell membrane permeability, thus limiting polymorphonu-
clear cell transmigration from the vascular compartment
into the lung [6]. Together with NO, MPO activity is an
indirect marker of activated leukocytes and is implicated in
exudation and cell migration [38]. The low MPO and NO
levels in our study following RC-3095 treatment showed
what had already been verified in an animal model of sepsis
by CLP [15].

ROS and primary granule constituents are secreted by
activated neutrophils, and these sometimes lead to injury of
normal tissue [39]. Several studies have demonstrated its
participation in models of inflammation, such as carra-
geenan-induced pleurisy in rats [40-43]. In accordance
with Guo and Ward [6], lipid peroxidation is believed to
play an important role in inflammatory lung diseases. As
expected, MDA concentrations increased in lung tissue in
the carrageenan group. On the other hand, when RC-3095
was administered, the levels of lipid peroxidation end-
products were substantially reduced. Other oxidative indi-
cators, SH-containing amino acid residues in protein
sulfhydryls, are susceptible targets for a variety of pro-
oxidants [44]. The increase of free SH groups in proteins
from the lung provides additional evidence for a decrease
in oxidative damage by RC-3095.

The present study showed that ROS amplify inflamma-
tory response by activating oxidant-regulated transcription
factors such as nuclear factor kB (NF-xB) and activa-
tion protein-1 (AP-1), with a subsequent increase of
pro-inflammatory cytokines [45]. NF-xB inhibitors
strongly inhibit the early phase of the pleural inflammatory
response induced by carrageenan in mice, suggesting that
the NF-xB pathway plays a relevant role in the inflam-
matory response elicited by carrageenan in the mice model
of pleurisy [46]. Levine and colleagues showed that bom-
besin stimulates NF-xB activation and expression of pro-
angiogenic factors in prostate cancer cells [47]. Therefore,
the decrease of inflammatory response and oxidative
damage in carrageenan-induced pleurisy may be attributed
to the GRP receptor; RC-3095 can be involved in the
regulation of NF-xB activation.

In conclusion, the present results support the view that
in carrageenan-induced pleurisy model, the GRP receptor
antagonist RC-3095 has anti-inflammatory properties
which can be related with the reduction of oxidative
damage.
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Abstract

In lethal polymicrobial sepsis, toll-like receptor-4 (TLR-4) signaling mediates a
critical role in impeding the migration of neutrophils to infectious foci, thereby
favoring increased bacteremia and ultimately leading to mortality. We have
previously shown that the selective gastrin-releasing peptide receptor (GRPR)
antagonist RC-3095 can reduce organ dysfunction in experimental sepsis by
modulating the release of cytokines by activated macrophages. Here we report
a novel link between GRPR and TLR-4 signaling and its relationship with
inflammatory parameters in in vitro and in vivo experimental models as well as
in sepsis patients. RC-3095 treatment inhibited expression of TLR-4 and
molecules in its downstream signaling pathway, leading to decreased activation
of nuclear factor-kB (NF-kB) and activator protein 1 (AP-1) in macrophages. In a
rat model of sepsis, RC-3095 treatment decreased lung TLR-4 content, reduced
the migration of inflammatory cells to the lung, reduced systemic cytokine
levels, and attenuated bacterial dissemination. Patients with systemic
inflammatory response syndrome (SIRS) and sepsis displayed elevated plasma
levels of GRP and GRP plasma levels correlated with clinical outcome in the
sepsis patients. These findings highlight the role of GRPR signaling in sepsis
outcome and the beneficial action of GRPR antagonism in controlling the
inflammatory response in sepsis through a mechanism involving inhibition of

TLR-4 signaling.

Keywords: gastrin releasing peptide/ toll-like receptor 4/ RC-3095/sepsis
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Introduction

Sepsis remains a critical problem with significant morbidity and mortality despite
modern advances in critical care management. Severe sepsis (acute organ
dysfunction secondary to infection) and septic shock (severe sepsis plus
hypotension not reversed by fluid resuscitation) are major healthcare problems,
affecting millions of individuals around the world annually, killing upwards of one
in four afflicted patients, and increasing in incidence (1-5). As sepsis accounts
for >200,000 deaths and accounts for an estimated expenditure of $16 billion
per annum in the United States alone (6), it is a financial motivations for
researchers in the pharmaceutical industry to develop a therapy that can
substantially improve sepsis clinical outcomes (7). A better understanding of the
molecular mechanisms associated with development of sepsis and sepsis-
related organ injury is essential for reducing sepsis-related mortality.

Systemic inflammation is characterized by increased levels of circulating
cytokines and chemokines, and neutrophil sequestration in the lung (8).
Reduction of neutrophil chemotaxis has been associated with illness severity
and organ damage (9,10). Expansion of bacterial infection leads to systemic
toll-like receptor (TLR) activation (11). Endotoxin (lipopolysaccharide, LPS), a
major cell wall component in Gram-negative bacteria, is generally considered to
be a major pathogenic element in Gram-negative bacterial infection, and can
induce systemic inflammatory response syndrome (SIRS) (12). LPS sensing by
innate immune cells is vital for host defense against Gram-negative bacteria.
Recognition of LPS requires the accessory protein LPS-binding protein (LBP),
which converts oligomeric micelles of LPS into monomers that can interact with

CD14 for binding to the TLR-4-MD2 complex which is present on the surface of
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many cell types including macrophages and dentritic cells (13). LPS-LBP-CD14
binding of the TLR-4-MD2 complex triggers conformational changes in TLR-4
that activate an intracellular downstream signaling pathway. Molecules involved
in the TLR-4 activated pathway include the adaptor molecule myeloid
differentiation primary response protein 88 (MyD88), interleukin (IL)-1 receptor-
associated kinases, and tumor necrosis factor (TNF) receptor-associated factor
6 (14). This pathway culminates in activation of several mitogen-activated
protein kinases (MAPKS), including extracellular signal-regulated kinase (ERK)-
1/2, c-Jun NH2-terminal kinase (JNK) and p38, as well as activation of the
transcription factors NF-kB and AP-1, resulting in the expression of humerous
genes encoding cytokines and other inflammatory molecules (6, 15). It is well
documented that NF-kB and AP-1 play prominent roles in LPS-induced
transcriptional regulation of inflammatory genes that contribute to the
development of septic shock and multiple organ failure (16). C3H/HeJ mice
bearing a mutation in the TLR-4 gene and TLR-4 knockout mice are
hyporesponsive to LPS and exhibit resistance to LPS-induced mortality,
indicating that TLR-4 signaling plays a critical role in LPS-induced sepsis (12).
However, TLR-4-defective mice exhibit neutrophil migration to the peritoneal
cavity during polymicrobial sepsis induced by lethal cecal ligation and puncture
(CLP), and as a consequence, were more resistant to sepsis than controls. The
systemic inflammatory response was also reduced in TLR-4-defective mice
because cytokine levels were lower than in wild-type TLR-4 mice submitted to
polymicrobial peritonitis. These results suggest that TLR-4 signaling may
diminish neutrophil migration to infection sites and promote an excessive

systemic inflammatory response (17). Given its central role in the pathogenesis
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of sepsis, TLR-4 is a target of choice for the development of novel antisepsis
therapies (6).

Bombesin (BN) is a 14-amino acid peptide isolated from frog skin (18).
BN-like immunoreactivity via amphibian BN antibodies has been demonstrated
in the mammalian gut, central nervous system (CNS) and lung. Gastrin-
releasing peptide (GRP), a BN-like peptide, has been implicated in the
pathogenesis of inflammatory conditions (19-21) by studies showing that it is
involved in the control of CNS and gastrointestinal system functions (22,23),
cancer growth (24,25), and immune cell regulation (26-28). BN-like receptors
such as GRP/BN-preferring receptor (GRPR), neuromedin B receptor, and the
orphan BN receptor subtype 3, have been cloned. These receptors are seven-
transmembrane-spanning G protein-coupled receptors that are able to stimulate
various intracellular signaling pathways that are intimately involved in activation
of neutrophils and macrophages by chemokines (29), long known to attract
various inflammatory cells (30).

We recently demonstrated that the selective GRPR antagonist RC-3095
attenuates the release of proinflammatory cytokines in vitro and in vivo and
improves survival in experimental sepsis (31). In particular, we showed in a
well-established model of sepsis and acute lung injury that RC-3095 could
reduce mortality rates by alleviating organ dysfunction and inflammatory
infiltration and modulating the release of pro-inflammatory cytokines by
activated macrophages (31). These findings are consistent with the involvement
of a GRPR-stimulated inflammatory pathway in the development of sepsis.
Given that TLRs are essential components of the innate immune response to

infection and a growing body of evidence indicates that these receptors may
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play a role in the pathophysiology of sepsis (32-34), together with the
aforementioned critical role of TLR-4 in particular in neutrophil migration (6), we
hypothesize that GRPR stimulation may exert its inflammatory effects via a
mechanism involving the TLR-4 signaling pathway.

The aims of this study were firstly investigate the effects of RC-3095 on
TLR-4 expression and its signaling pathways in LPS-stimulated peritoneal
macrophages. Additionally, TLR-4 content, cytokine/chemokine levels,
neutrophil migration levels, and bacterial dissemination levels were determined
in a CLP animal model of sepsis. These experiments in animals were
completed by an examination of cytokine levels in human septic patients. Anti-
inflammatory neuropeptides have recently emerged as endogenous factors
participating in the maintenance of immune tolerance and a loss of immune
tolerance results in the breakdown of immune homeostasis and an exacerbation
of inflammatory conditions (35). Therefore, our second aim was to examine

whether GRP levels in plasma are related to sepsis severity in humans.

Results

GRPR antagonist RC-3095 inhibits expression of TLR-4 and its signaling
pathway constituent molecules in LPS-stimulated RAW 264.7 cells.
Reverse-transcription polymerase chain reaction (RT-PCR) experiments in
RAW 264.7 cultures revealed that RC-3095 significantly reduced TLR-4 mRNA
levels in macrophages after LPS exposure (Fig. 1A). The decreased TLR-4
expression induced by RC-3095 was followed by decreased ERK1/2, JNK and
Akt phosphorylation in a sustained fashion (until 60 min after the end of RC-

3095 treatment) (Fig. 1B). Subsequent electromobility shift assay (EMSA)
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experiments showed that the nuclear extract from LPS-stimulated RAW 264.7
cells had a significant increase in the DNA-binding activity of NF-kB and AP-1
(Fig. 1C). However this binding activity was suppressed by RC-3095 exposure,
suggesting that suppression of NF-kB and AP-1 nuclear translocation by RC-
3095 was associated with decreased gene expression of TLR-4 and MAP

kinase activation (Fig. 1A and B).

RC-3095 inhibits expression of TLR-4 in the lung in an animal model of
polymicrobial sepsis. RT-PCR using TLR-4 specific primers demonstrated
high levels of TLR-4 mRNA expression in lung tissue 6 h after sepsis and
significantly reduced expression of TLR-4 mRNA in RC-3095 treated animals
relative to that in the sepsis group (Fig. 2A). Immunoblotting experiments
showed that the decreased mRNA levels in the lung were followed by
decreased TLR-4 protein levels (Fig. 2B), and a subsequent decrease in
inflammatory cell presence in the bronchoalveolar fluid (Fig. 2C). Thus
pharmacologic blockade of the GRP-GRPR system decreased TLR-4

expression and protein content both in vitro and in vivo.

RC-3095 decreases cytokine/chemokine expression in LPS-activated RAW
264.7 cells and in severe sepsis animal model and in septic patients.
Enzyme-linked immunosorbent assays (ELISAS) revealed elevated monocyte
chemotactic protein 1 (MCP-1) levels in RAW 264.7 cells exposed to LPS (Fig.
3A) and serum and the bronchoalveolar fluid (BALF) of CLP septic rats (Fig. 3B
and Fig. 3C), relative to unexposed control cells and un-ligated control rats,

respectively. Administration of RC-3095 resulted in a significant decrease in
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MCP-1 levels compared with the corresponding levels in LPS-exposed cells and
CLP septic rats. LPS-stimulated RAW 264.7 cells (Fig. 3D) and vehicle-injected
CLP animals showed a significant increase in serum (Fig. 3E) and BALF (Fig.
3F) interleukin-6 (IL-6) levels compared with that in unstimulated cells and sham
rats, respectively. RC-3095 administration significantly reduced IL-6 levels both
in vitro and in the animal model of sepsis (Fig. 3D-F). Continuous infusion with
RC-3095 (3 mg/kg) for 12 h decreased IL-6 plasma levels in septic patients
(Fig. 3G) but did not significantly affect IL-10 plasma levels (Fig. 3H). These
data demonstrate that TLR-4 inhibition mediated by RC-3095 decreased

inflammatory markers in sites distant to the infectious focus.

RC-3095 decreases inflammatory cell migration to the lung and bacterial
dissemination. RC-3095 decreased inflammatory cell levels in the BALF of
CLP animals compared to that in untreated CLP animals (Fig. 4A). RC-3095
administration also reduced bacterial dissemination in circulation (Fig. 4B) and

in peritoneal exudate (Fig. 4C) compared to levels in untreated CLP animals.

Plasma GRP levels can be related to outcome in septic patients. The
clinical profiles of sepsis patients (regardless of severity, n = 30) were
compared to those of patients with SIRS (n = 29). The data were further
analyzed for differences among sepsis patients according to disease severity:
sepsis (n = 9), severe sepsis (n = 10), and septic shock (n = 11) patients. The
patient groups were similar in terms of race, age, sex, ICU stay, sepsis source
and SOFA score (data not shown). The median APACHE Il score of the mild to

moderate sepsis group was lower than those of the septic shock, severe sepsis
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and SIRS groups (Table 1). Plasma GRP concentrations sampled on the
patients’ first day in the intensive care unit (ICU) were similar between the SIRS
patients and sepsis patients (sepsis, severe sepsis, and septic shock combined,;
Fig. 5A). Comparing patients across sepsis gravity levels, we found that
patients with septic shock had greater GRP concentrations than their sepsis
and severe sepsis counterparts (Fig. 5B). Both SIRS and sepsis patients had
significantly higher GRP concentrations compared to healthy subjects (data not
shown). Clinical outcome measures revealed that those subjects with the
highest GRP concentrations had major mortality in the sepsis groups (Fig. 5C);
this association was not apparent in patients with SIRS (Fig. 5D). Patients with
a GRP concentration <1 pg/ml had no mortality, whereas those with a GRP
concentration 21 pg/ml) had a mortality rate of approximately 87% (Fig. 5E),

with an area under the ROC curve of 0.85.

Discussion

In the present study, we demonstrated for the first time that RC-3095 treatment
can decreases TLR-4 expression and down-stream signaling activation in RAW
264.7 cells stimulated by LPS, leading to a decrease of release of chemokines
and cytokines. These results were supported by our in vivo experiments which
showed lower IL-6 and MCP-1 concentrations and bacteremia in RC-3095
treated CLP animals. We further showed that RC-3095 treatment decreased
inflammatory cell levels in the BALF of CLP animals. These findings are
noteworthy given that neutrophil function is essential to preventing bacterial
dissemination into the circulation; thus we can postulate that impairment of their

migration should contribute to bacterial clearance failure during an infection
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process (36). Our results indicate that the RC-3095 treatment limited the spread
of infection beyond the abdominal compartment, suggesting that RC-3095 could
potentially prevent development of multiple organ dysfunction syndrome (35-
39). There are numerous factors that interact in the long chain of events from
pathogen recognition to the overwhelming of host responses (40). Our findings
provide support for the notion that TLR-4 is a particularly important element of
host defense during an infection and may play a role in the pathophysiology of
sepsis (33,34,41). This view is strongly supported by prior research showing
that TLR-4 defective mice do not exhibit failure of neutrophil migration to the
peritoneal cavity during polymicrobial sepsis induced by lethal CLP, and as
consequence, are more resistant to sepsis than controls (17). Furthermore,
increased concentration TLR-4 mRNA in lung tissue 3 h after CLP surgery has
been shown to precede and correlate with death (32).

It is well established that immune responses may be influenced by the
nervous system (42). Studies supporting the involvement of neuropeptides in
inflammatory diseases have focused predominantly on a proinflammatory role
for substance P (43,44), GRP (31,45) and nociceptin/orphanin FQ (46), as well
as an immunomodulatory role for peptide Y (47) and an anti-inflammatory role
for vasoactive intestinal peptide (VIP) (48). Furthermore neuropeptides, which
regulate the macrophage response to LPS, affect TLR-4 expression (49), and
regulate TLR-4 signaling (50). In this context, and because activated
macrophages have been shown to secrete GRP (51) and macrophages seem
to be central in the development of sepsis and septic shock (52,53), we observe
a decrease in the expression of TLR-4 mRNA in RAW 264.7 cells stimulated by

LPS following treatment with RC-3095. Our findings are consistent with recent
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reports that increased expression of TLR-2 and TLR-4 during the early phase of
sepsis correlates with death in CLP animals (32), and that the down-regulation
of these receptors increases their survival (17). Furthermore, our observation
that RC-3095 inhibits upregulation of TLR-4 in polymicrobial sepsis in lung
tissue 6 h after CLP, resulting in a diminution of lung inflammation, fits with prior
research indicating that GRP is present in pulmonary neuroendocrine cells and
may be a mediator of acute and chronic lung injury in bronchopulmonary
dysplasia (54), as well as work showing that the GRPR antagonism can
alleviate alveolar edema and inflammatory infiltration (31).

TLR activation can be affected by perturbation of receptor complexes by
soluble TLRs or structurally related membrane proteins, ubiquitin-mediated
degradation of TLRs, and signaling proteins, sequestration of adapter proteins,
expression of dominant negative signalling inhibitors, and deactivation of
kinases through phosphatases (55,56). BN-activated G protein-coupled
receptor may phosphorylate proteins members of the Jak/STAT family (57).
RC-3096 might exert it effects on TLR-4 expression through STAT6 as
phosphorylated STAT6 down-regulates TLR-4 expression and STAT6
overexpression enhances inhibition of the TLR-4 promoter (58). TLR-4
enhances the inflammatory response through four major intracellular kinase
signaling pathways: p39 MAPK, JNK, and phosphatidylinositol 3-kinase
(PIBK)/Akt (59-63). The present results provide a clear demonstration that
GRPR antagonism influences TLR-4 induced activation of intracellular kinase
signaling pathways. TLR-4 signaling has been previously shown to activate the

ERK1/2, JNK and PI3K pathways, ultimately activating Akt (12, 64-69).
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Activation of TLR-4 leads to increased activity of NF-kB and AP-1
transcription factors (68) while TLR-4-binding peptide inhibits LPS-induced
activation of NF-kB (12). NF-kB and AP-1 appear to play key roles in the
transcription of a number of inflammatory genes strongly involved in the
pathophysiology of sepsis (68). These observations are in accordance with our
results showing that RC-3095 exposure in RAW 264.7 cells decreased LPS-
stimulated DNA-binding activity of NF-kB and AP-1.

Neutrophil recruitment to infection sites is heavily dependent on
chemotatic cytokines (chemokines) such as MCP-1 (10,62). Moreover, because
IL-6 directly affects the adhesion and migratory functions of neutrophils, it may
promote the activity and production of important neutrophil modulators (69,79).
Wagner and Roth’s work showed that plasma MCP-1 and IL-6 are intermediate
effectors in neutrophil migration by 1-2 h after endotoxemia (71). Systemic
activation of TLR-4 results in inadequate activation of neutrophils by bacterial
products and/or chemokines induced by the expression of inducible nitric oxide
synthase, resulting mainly in CXCR2 desensitization and loss of adhesion
molecules (e.g. L-selectin). In addition, increase in acute-phase protein serum
levels induced by chemokines may also inhibit neutrophil-endothelium
interactions, thereby reducing the rolling/adhesion and chemotaxis of
neutrophils and ultimately disrupting neutrophil migration (41).

During endotoxic shock, massive numbers of neutrophils and other
leukocytes accumulate in the lung, a process entirely dependent on TLR-4.
Leukocyte accumulation in the lung is also observed in human septic patients
(72) and systemic activation of TLR-4 results in immense trapping of leukocytes

within lung capillaries (73-75). Furthermore, neuropeptides are known to
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stimulate cytokine production in macrophages, lymphocytes, and mast cells,
and substance P is reported to influence LPS-induced production of pro-
inflammatory cytokines, which was abolished by neurokinin-1 (NK-1) receptor
blocking (76). Arranz and collaborators have showed that pro-inflammatory
cytokines can act synergistically, together with Gram-negative bacterial
components, to upregulate TLR-4 expression, and it is possible that VIP-
induced inhibition of TLR-4 up-regulation in inflammatory models occurs
indirectly via suppression of pro-inflammatory cytokine production (77). We
proposed in recent review that GRP may serve an autocrine/paracrine role in
macrophage activation during sepsis and/or LPS sitmulation, leading to a
modulation of pro-inflammatory, but not anti-inflammatory responses (44).

In this study, we demonstrated RC-3095 to be an effective blocker of
bacterial dissemination into the circulation. Our results showing that acute RC-
3095 treatment decreased cell migration in the lung fit Alves-Filho et al.’s
findings showing that TLR-4-deficient mice exhibit reduced neutrophil migration
to the infection focus and sequestration of the cells within lung tissue during
lethal polymicrobial sepsis (17). Cell sequestration is a key event in sepsis-
induced acute lung injury as it hampers bacterial clearance, leading to
bacteremia.

The presence of increased GRP concentrations in patients with
inflammatory disease and correlations of GRP concentration with erythrocyte
sedimentation rate and with TNF and IL-6, suggest that it may also be involved
in modulation of the inflammatory process in humans (78-79). The present

observation of reduced IL-6, but not IL-10, levels in the plasma of sepsis
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patients treated with RC-3095 indicates that this GRPR antagonist may be
selective for activation of pro-inflammatory cytokines.

Our results suggest that GRP may be differentially involved in SIRS and
sepsis. Despite the presence of similar plasma levels of GRP between SIRS
and sepsis patients, GRP could only predict outcome in septic patients. Our
accompanying findings suggesting that GRP increases the inflammatory
response via TLR upregulation could, at least in part, explain the presently

observed differences between septic and SIRS patients.

Conclusions

The present experiments demonstrated that GRPR antagonism exerts an
overall protective role in LPS-activated macrophages culture and in acute
sepsis in rodents. Our results further indicate that this protective effect can be
attributed to an attenuation of TLR-4 signaling. This attenuation favors
neutrophil infiltration, resulting in decreased bacteremia and thus improving
sepsis outcome. Our finding that plasma GRP levels could predict outcome in
sepsis but not SIRS patients suggests that GRP plays different roles in the two
conditions. Our findings suggest that GRPR antagonism modulates uncontrolled
inflammation by targeting TLR-4-mediated responses and immunoregulatory
functionality. Taken together, the present results suggest that a GRPR
antagonist could be developed as a new alternative therapy for Gram-negative

bacterial sepsis.

Materials and Methods
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Cells. RAW 264.7 macrophages were obtained from UFRJ Cell Bank, Rio de
Janeiro, Brazil. In preparation for RT-PCR analyses of TLR-4 mRNA,
immunoblotting of pERK1/2, pJNK, pAkt, and EMSA of NF-kB and AP-1, the
cells were seeded in 24 well plates (0.5 x 10° cells/well) and incubated for 24 h

in RPMI-1640 media supplemented with 10% bovine fetal serum.

Animal subjects. A total of 15 male Wistar rats, 2 to 3 mos. old, were used in
this study. The rats were randomly divided, n = 5 per group, into sham
operated, CLP and CLP plus RC-3095 groups. Six hours after surgery
(described below), all rats were anesthetized with a mixture of ketamine (80
mg/kg) and xylazine (10 mg/kg), given intraperitoneally. As soon as anesthesia
was confirmed in each animal by the loss of pedal and corneal reflexes, the
animal’s thoracic cavity was opened and it was killed by cardiac puncture. Blood
was collected from the site of the cardiac puncture, BALF and peritoneal
lavages were performed, and the lung tissue was dissected out. All
experimental procedures involving animals were performed in accordance with
National Institutes of Health (Bethesda, MD) Guide for Care and Use of

Laboratory Animals with the approval of our institutional ethics committee.

Human subjects. Twelve patients, (7 males, 5 females), admitted to an adult
medical ICU with a clinical diagnosis of septic shock and failure of three or more
organs were enrolled in the RC-3095 administration experiment according to
the Consensus Conference (80). All procedures involving patients and healthy
volunteers were performed in compliance with the Declaration of Helsinki and

National Institutes of Health guidelines and were approved by the institutional
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ethics committee (protocol number 431/2006). All patients gave their informed
consent prior to their inclusion in the study. Their mean age (£SD) was 61 + 7 y.
Patients’ plasma samples were collected in heparin-treated vacuum tubes
before and after RC-3095 administration.

All patients consecutively admitted to an adult medical ICU between
August 2008 and December 2008 with SIRS or sepsis diagnosis were screened
for enroliment in the GRP analysis experiment. Septic patients (n = 30) were
classified as sepsis, severe sepsis, or septic shock according to the Consensus
Conference (80) by two board-certified internal medicine specialists. Septic
patients were paired to SIRS patients (n = 29) in relation to age, gender,
severity scores and mortality (demographics summarized in Table 1). Patients
were eligible if the time between sepsis diagnosis (this was done by reviewing
medical charts and/or contacting to patients assisting physician) and ICU
admission was no more than 24 h. In parallel, clinically relevant data were
recorded daily for 28 d. Exclusion criteria were: age below 18, chronic hepatic
or renal insufficiency, neoplasia receiving chemo, or radiotherapy and
immunodeficiency. Blood samples were drawn into heparin-treated vacuum

tubes for GRP quantitative analysis (described below).

CLP model. Rats were subjected to CLP as previously described (81). Briefly,
they were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine 10
mg/kg, given intraperitoneally. Under aseptic conditions, a 3-cm midline
laparotomy was performed to expose the cecum and adjoining intestine. The
cecum was tightly ligated with a 3.0 silk suture at its base, below the ileocecal

valve, and was perforated once with 14-gauge needle. The cecum was then
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squeezed gently to extrude a small amount of feces through the perforation site.
The cecum then was returned to the peritoneal cavity and the laparotomy was
closed with 4.0 silk sutures. Animals were resuscitated with normal saline (50
mL/kg subcutaneous) immediately after the operation. All animals were returned

to their home cages with free access to food and water.

Drug treatments. GRP receptor antagonist RC-3095, originally synthesized in
the Shally laboratory by solid-phase methods (82), was obtained from Zentaris
(Frankfurt am Main, Germany). Cultures were exposed to LPS (Escherichia coli
055:B5, Sigma Aldrich, St. Louis, MO) (100 ng/ml)—supplemented medium
(RPMI 1640) or RPMI 1640 alone and, 4 h later, RC-3095 (10 ng/ml) was added
for 2 h. Several times after the treatment period, cells and/or media samples
were collected for analyses in RC-3095-free media. Rats in the CLP plus RC-
3095 group were administered RC-3095 (3 mg/kg, subcutaneously) immediately
after surgery. Human patients received a continuous infusion with RC-3095 (3

mg/kg) over a period of 12 h.

RT-PCR. RNA was extracted from RAW 264.7 cells and from lung tissue
specimens collected from animals in the CLP and CLP+RC3095 groups using
TRIZOL reagent (Invitrogen®). RNA concentration was determined by
absorbance at 260 nm, and RNA integrity was confirmed by electrophoresis on
1% agarose gels and staining with 0.1 mg/L ethidium bromide. After DNAse |
digestion of the total extracted RNA, 1-pg aliquots of RNA were used to
synthesize single-strand cDNA using oligo dT primer (Promega®) and Impron II

reverse transcriptase (Promega®). PCR was carried out with 1.0 pl of RT
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product serving as the template. The amplified products were analyzed by
ethidium bromide-stained agarose gel electrophoresis. For cell extracts, the
PCR primer sequence for TLR-4 were 5 GGCAGCAGGTGGAATTGTAT 3
(sense) and 5 AGGCCCCAGAGTTTTGTTCT 3’(reverse) 5
AAGAGCTGGAATACCTGGAC 3 (sense) and
5 GAAATGCTACAGTGGCTACC 3'(reverse) for cell extracts and for animal
tissues. The gel was analyzed using Gene Flash and Software Image Gene
Tools (Syngene). TLR-4 mRNA levels were expressed as the ratio of signal
intensity for the target genes in relation to that for co-amplified glyceraldehyde-

3-phosphate dehydrogenase.

EMSA. The protein contents of RAW 264.7 cell nuclear extracts were prepared
as described previously (83). EMSA was performed using biotin-labeled
oligonucleotides to measure NF-kB or AP-1 content according to the Kit

manufacturer’s protocol (Pierce).

Western blot. Phosphorylation of ERK1/2, JNK and Akt in cells was measured
by western blotting wherein whole cell lysates (20 pg, for phospho-ERK1/2,
phospho-JNK and phospho-Akt) were separated by 10% SDS-PAGE and then
electro-transferred to nitrocellulose membranes (Amersham International,
Buckinghamshire, UK). The membranes were preincubated for 1 h at room
temperature in Tris-buffered saline, pH 7.6, containing 0.05% Tween 20 and 3%
bovine serum albumin. The nitrocellulose membranes were incubated with

phosphorylated ERK1/2, phosphorylated JNK and phosphorylated Akt and the
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immunoreactive bands were detected by incubation with HRP conjugates of
anti-rabbit IgGs and enhanced with chemoluminescence reagents (Amersham).

TLR-4 protein content in rat BALF and lung tissue was also quantified by
immunoblotting. The tissues were pooled, minced coarsely, and homogenized
immediately in extraction buffer (mM) (1% Triton-X 100, 100 Tris, pH 7.4,
containing 100 sodium pyrophosphate, 100 sodium fluoride, 10 EDTA, 10
sodium vanadate, 2 PMSF and 0.1 mg of aprotinin/ml) at 4°C with a Polytron
PTA 20S generator (Brinkmann Instruments model PT 10/35) operated at
maximum speed for 30 s. The extracts were centrifuged at 11000 rpm and 4°C
in a Beckman 70.1 Ti rotor (Palo Alto, CA) for 40 min to remove insoluble
material, and the supernatants of these tissues were used for protein
guantification, using the Bradford method (84). Extracted proteins were
denatured by boiling in Laemmli (85) sample buffer containing 100 mM DTT,
run on SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were blocked, probed with anti-TLR antibodies (Santa Cruz
Biotechnology, Inc, CA) and developed as described previously (86). The blots
were exposed to preflashed Kodak XAR film with Cronex Lightning Plus
intensifying screens at -80°C for 12—48 h. Band intensities were quantitated by
optical desitometry (Scion Image software, ScionCorp, Frederick, MD) of the

developed autoradiographs.

ELISA. Concentrations of IL-6 (in cells, rat BALF and serum, and human
plasma), IL-10 (in human plasma) and MCP-1 (in cells, rat BALF and serum)
were determined by a standard sandwich ELISA, employing commercially

available kits (R&D Systems, Minneapolis, MN). Plasma GRP concentrations
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were determined in blood samples from healthy volunteers and septic patients
by ELISA commercial assays according to the manufacturer’s instructions

(Phoenix Pharmaceuticals, Inc., Burlingame, CA, U.S.A)).

Neutrophil migration in BALF. Cells were harvested by introducing 1.5 ml of
sterile PBS through the tracheal cannula and withdrawn to recover BALF.
Migrating neutrophil cell counts were performed as previously described (87).

The results are expressed as the number of cells/mm?.

Bacterial counts in the peritoneal exudate and blood. Bacterial count was
determined as previously described (88). Briefly, after peritoneal lavage with
sterile PBS and blood collection performed during euthanasia (described
above), aliquots of serial dilutions of the samples were plated on Muller-Hinton
agar dishes (Difco Laboratories) and incubated at 37°C; colony-forming units

(CFUs) were analyzed after 24 h. The results were expressed as CFU/ml.

Statistical Analysis

Results are expressed as means + SD and p < 0.05 was considered significant.
Differences between groups were determined by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Differences between two groups
were determined by t test. In the human experiments, demographic and clinical
characteristics of the study groups were compared by t-test, y* test or ANOVA,
followed by LSD post hoc test, as appropriate, and a two-sided significance
level of 0.05 or less was considered statistically significant. The accuracy of

GRP concentrations in distinguishing between survivors and non-survivors was
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examined separately by receiver operator characteristic (ROC) curves. Survival
curves were generated by the Kaplan-Meier curve. Differences between groups
were calculated by the log rank test. All statistical analyses were performed with

SPSS 12.0 for Windows (SPSS, Chicago, IL).
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Figure Legends

Fig. 1. RC-3095 decreased TLR-4 mRNA expression and signaling pathways in
RAW 264.7 cells exposed to LPS. (A) RT-PCR using specific primers to TLR-4
demonstrated that 2-h RC-3095 treatment of LPS-activated RAW 264.7 cells
(collected 30 min post-RC-3095 treatment) reduced TLR-4 mRNA levels
(expressed as the ratio of signal intensity to that of co-amplified GAPDH: TLR-4
MRNA/GPDH) (*p < 0.05 vs. LPS without RC-3095). (B) Western blot
experiments showed that RC-3095 treatment also resulted in a sustained (up to
60 min) reduction of phosphorylated ERK1/2, phosphorylated JNK and
phosphorylated Akt levels (p < 0.05, LPS plus RC-3095 versus LPS without RC-
3095). (C) RAW 264.7 macrophages were stimulated with LPS, as evidenced
by increased NF-kB and AP-1 DNA-binding activity measured by EMSA and
macrophage activation was attenuated by RC-3095 treatment alone or following

LPS stimulation (p < 0.05).

Fig. 2. Acute administration of RC-3095 decreased TLR-4 mRNA expression
and TLR-4 protein level in rats subject to lethal sepsis in lung and BALF. (A)
RT-PCR experiments showed that TLR-4 mRNA levels (reported as TLR-4
MRNA/GPDH) were increased in CLP rats (*p < 0.05 vs. sham) and this
increase was attenuated in CLP rats treated with RC-3095 ($p < 0.05 vs. CLP
without RC-3095). Immunoblot (IB) experiments with anti-TLR antibody (B-actin
loading control) showed that CLP produced increased TLR-4 protein levels in
lung tissue extracts (B) and lavage exudates (C) (*p < 0.05 vs. sham) and that

RC-3095 treatment attenuated this increase (°p < 0.05 vs. CLP). Scanning

78



densitometry results are expressed as arbitrary units. Bars represent means *

SE of five rats.

Fig. 3. RC-3095 attenuated cytokine/chemokine production in vitro, in CLP
animals, and in sepsis patients. ELISA showed that RC-3095 attenuated MCP-1
increases induced by LPS stimulation in RAW 264.7 cells (A) as well as MCP-1
increases induced by CLP in serum (B) and BALF (C). ELISA also showed that
RC-3095 similarly attenuated IL-6 increases induced by LPS stimulation in
RAW 264.7 cells (D) as well as increases induced by CLP in serum (E) and
BALF (F). Results are expressed as means + SD. (*p < 0.05 vs. LPS without
RC-3095 in A and D and vs. sham in B, C, E and F; ®p < 0.05 vs. LPS without
RC-3095 in A and D and vs. CLP without RC-3095 in B, C, E and F).
Complementary experiments in human plasma showed that 12-h infusion of
RC-3095 resulted in decreased levels of IL-6 (G) and IL-10 (H). Plasma
samples collected before (TO) and after (T12) the infusion were compared and

the data are expressed as means = SD. (p < 0.05 vs. T0).

Fig. 4. RC-3095 protected against lung injury by impairing neutrophil migration
to BALF and preventing bacterial dissemination into the blood and peritoneal
exudate in CLP rats. (A) Neutrophil migration into the BALF and bacterial count
was decreased in serum (B) and peritoneal exudate (C) in RC-3095 treated
animals (*p < 0.05 vs. CLP without RC-3095). Results are expressed as means

+ SD.
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Fig. 5. GRP plasma levels were elevated in human patients diagnosed with
sepsis and correlated with outcome. (A) When sepsis severity was not
accounted for, no difference between GRP levels was observed between SIRS
and sepsis patients (p < 0.05). (B) Comparison between the gravity levels of
sepsis (mild to moderate sepsis, severe sepsis and septic shock) revealed
greater plasma GRP levels in the septic shock group relative to the other two
groups (*p < 0.05). (C) Plasma GRP concentrations differed between sepsis
patients who survived and those who did not (*p < 0.01). (D) Plasma GRP
concentrations were similar, however, between the survivors and non-survivors
in the SIRS patient group (p > 0.05). (E) GRP concentration served as an
effective predictor of mortality in septic patients; a GRP concentration below a
cut-off value of 1 pg/mL was associated with greater incidence of survival (p <

0.01 vs. non-survival). Results are expressed as means + SD.
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Table 1. Patient characteristics. Age, race, sex, ICU stay, mortality, APACHE I,

sepsis source are quoted as median (range) or number (n).

SIRS Sepsis  Severe sepsis Septic shock P value

N 29 9 10 11
Age, years, SD 59 (15) 60(14) 62(7) 56(15) p >0.05
Race

Black 0 1 0 1 p > 0.05

White 29 8 10 10 p >0.05
Sex

Female 11 4 3 5 p > 0.05

Male 18 6 p > 0.05
ICU stay (days) 15 17 13 10 p >0.05
Mortality, n 9 2% 4 10° p <0.01
APACHE Il, SD 18(9) 10(8)* 21(13)* 24(10)°® p <0.01
Sepsis source (n)

Abdominal 0 2 3 5 p >0.05

Respiratory 0 2 4 3 p >0.05

Surgical cut 0 2 1 1 p >0.05

Urosepsis 0 1 2 1 p >0.05

Skin and 0 2 0 1 p >0.05
limp tissue

*p < 0.01 vs. non-sepsis group, *p < 0.01 vs. sepsis group.
SD = Standard deviation
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Gastrin-Releasing Peptide Receptor as a Molecular Target for Inflammatory

Diseases
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Abstract: Bombesin-like peptides (BLP) and its receptors are widely distributed in mammalian peripheral tissues and in
the central nervous system. Recently, effects of these peptides on the production and release of cytokines were described
both in animal models and humans with inflammatory diseases. Some pathological conditions such as exposure to tobacco
smoke, chronic obstructive pulmonary diseases and eosinophilic granuloma have recently been found to be associated
with an increase of pulmonary BLP-producing cells. Proinflammatory neuropeptides have a key role in the pathogenesis
and maintenance of rheumatoid arthritis and sepsis. Together, these findings support the view that the GRPR should be
considered a therapeutic target for a subset of inflammatory diseases.

Keywords: Neuropeptide, bombesin-like peptides, gastrin-releasing peptide receptor, immune system, sepsis.

IT TRODUCTIOI

Bombesin (BBS) is one of the active peptides purified
from amphibian skin [1]. This peptide is also active in
mammals and its pharmacological effect extends into various
physiological aspects: hypertensive action, contractive effect
on uterus, colon or ileum, stimulating action on the gastric
secretion, hyperglycemic effect or increasing insulin secre-
tion [2]. Many other peptides structurally related to BBS are
discovered from amphibian skin and divided into three
groups: BBS family that includes BBS and alytesin, ranat-
ensin family that includes ranatensin, litorin and their deriva-
tives and phyllolitorin family [3]. The first mammalian BBS-
like peptide was isolated from porcine gastric tissue and
named gastrin-releasing peptide (GRP) since its first known
activity was inducing gastrin secretion from G cells in the
gastric antrum [4]. Shortly thereafter, a novel bombesin-like
peptide was identified in porcine spinal cord and named neu-
romedin B (NMB) [5].

1. GRP Receptors

Four different receptor subtypes (GRP-R, NMB-R, BRS-
3 and BB4-R) have been described for the bombesin-like
peptides. GRP-stimulated signal transduction occurs with the
binding of GRP to its cognate cell surface receptor, the G
protein-coupled receptor (GPCR) [6]. The GRP-GPCRs have
the typical structural features of G protein binding seven-
transmembrane receptors. The NMB-R cDNA was then
cloned from rat oesophagus [7] and from human genomic
libraries [8]. In an attempt to search for novel G-protein-
coupling receptors from guinea-pig uterus, Gorbulev et al.
cloned a new subtype of bombesin-like peptide receptor [9]
that has the highest amino acid similarity to GRP-R (52%)

*Address correspondence to this author at the Laboratorio de Fisiopatologia
Experimental, Universidade do Extremo Sul Catarinense, Criciima, SC,
Brazil, Avenida Universitaria 1105, 88806-000; Tel: 55 48 4312641; Fax:
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and has beendesignated as bombesin-like peptide receptors
subtype-3 (BRS-3). The gene encoded for human homolog
of BRS-3 was reported subsequently [10, 11]. In search of
receptors for bombesin-related peptides in amphibian,
Nagalla et al. isolated two clones encoding fragments highly
homologous to mammalian GRP-R and one clone encoded
for a novel bombesin receptor subtype and named it as BB4
[12]. This receptor has higher affinity for bombesin than
GRP and shared only 56% and 70% amino acid identity to
the human GRP-R and human BRS-3, respectively. Another
subtype of bombesin-like peptide receptor was cloned from
chick brain [13]. This subtype, called BRS-3.5, has moderate
affinity for bombesin but low affinity for GRP. Distinct from
chick GRP-R that is expressed in the brain and gastrointesti-
nal tissues, BRS-3.5 is expressed only in the brain.

All the GRP receptors characterized to date are guanine
nucleotide binding protein (G-protein)-coupled, have seven
transmembrane domains and activate phospholipase C to
increase intracellular concentrations of inositol phosphates,
diacyl glycerol and calcium. Among the multiple intracellu-
lar signaling pathways that mediate the proliferative effects
of GPCRs, a family of related serine-threonine kinases, col-
lectively known as ERKs or MAPKs, appeared to play a
central role [14]. The effects of bombesin on cyclooxy-
genase-2 expression in intestinal cell lines require an in-
crease in Ca'’; activation of extracellular signal-regulated
kinase-1 and -2 and p38MAPK; and increased activation and
expression of the transcription factors Elk-1, ATF-2, c-Fos,
and c-Jun [15]. We demonstrated that in the central nervous
system, BBS/GRP acts at least through a mechanism involv-
ing the PKC, MAPK and PKA signaling pathways [16].
Some of the actions of bombesin/GRP upon immune cells
seem to involve the activation of protein kinase C [17].

2. General Function of Bombesin Related Peptides (BRP)

The BRP play many physiological roles in addition to the
stimulation of gastric acid secretion. The neural effects of

© 2007 Bentham Science Publishers Ltd.
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GRP-like peptides include changes in animal behavior, sup-
pression of food intake and improvement of learning and
memory in rodent models [16, 18-20]. Bombesin and GRP
stimulate growth of the gastrointestinal mucosa and pancreas
[21]. BRP are growth factors for 3T3 fibroblasts, normal
airway epithelial cells [22, 23]. BRPs promote fetal lung
development, including lung branching morphogenesis,
epithelial and mesenchymal cell proliferation and Type II
cell differentiation [24, 25]. During lung development, the
first epithelial cells to differentiate are the pulmonary neu-
roendocrine cells [26], which contain high levels of BLP.
BLP can promote growth and maturation of developing fetal
lung in humans, nonhuman primates, rats and mice [24, 25,
27]. Levels of GRP receptor (GRPR) and GRP mRNAs peak
during the canalicular phase, then fall to much lower levels
during normal alveolarization after birth [28].

GRP-like peptides may also provide a protective effect
for the GI mucosa during periods of inflammation. In ex-
perimental studies, Chu et al. demonstrated that the admini-
stration of BBS greatly ameliorated the effects of
methotrexate on the intestinal mucosa and increased survival
of rats given methotrexate [29]. Exogenous bombesin pre-
vents gastric injury induced by ethanol [30] and significantly
improves the healing of the gastric mucosa of rats after ace-
tic acid-induced ulcer induction [31]. Colonic damage in-
duced by trinitrobenzene sulfonic acid in rats [32] and burn-
induced gut malfunction were also ameliorated by bombesin
treatment [33]. Bombesin-induced gastroprotection involves
the release of endogenous gastrin [30]. In addition, bombesin
improved intestinal barrier function and oxidative stress in
rats with experimentally induced jaundice [35] or following
partial hepatectomy [35]. Apart from its physiological roles,
GRP has been shown to be mitogenic for a number of can-
cerous tissues [36].

3. GRP and Inflammatory Disease

The evidence for the involvement of neuropeptides in
inflammatory diseases has focused predominantly on a
proinflammatory role for substance P (SP) [37, 38], as well
as an immuno-modulator role for neuropeptide Y [39], the
proinflammatory action of neuromedin U [40] and an anti-
inflammatory role for VIP [41]. The mechanism of action of
these neuropeptides in modulating inflammatory diseases is,
at least in part, due to their ability to affect cytokine produc-
tion. For example, SP increases the production of the proin-
flammatory cytokines TNF-a, IL-6 and IL-1p [42], whereas
VIP inhibits the production of the proinflammatory cytoki-
nes TNF-a, IL-6 and IL-12 and stimulates the production of
the anti-inflammatory cytokines IL-10 and IL-1Ra [43].

The number of BLP-producing neuroendocrine (NE)
cells in adult lung is extremely low under normal conditions
[44.45]. Some pathological conditions such as exposure to
tobacco smoke, chronic obstructive pulmonary diseases
(COPD) and eosinophilic granuloma have recently been
found to be associated with an increase of pulmonary BLP-
producing NE cells [46-48]. NE cell hyperplasia with BLP
hyperproduction is present in chronic obstructive airway
diseases, particularly among cigarette smokers [49-51]. BLP
could exert a role in these disease since they are chemotactic
for monocytes, increase phagocytosis and superoxide anion
production and expression of procoagulant activity by
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mononuclear phagocytes and modulate the release of some
proinflammatory cytokines by peripheral monocytes and
alveolar macrophages [52-55]. Mast cells can function in
both acute and chronic inflammation, promoting both innate
and acquired immune responses including leukocyte re-
cruitment by chemotaxis and leading to lung injury and fi-
brosis in later stages [56, 57]. An increase in mast cells in the
lung in response to GRP leads to inflammatory response that
may have a role in the pathogenesis of bronchopulmonar
dysplasia (BPD). Proinflammatory cytokines, adhesion
molecules and inflammatory cells including mast cells have
been demonstrated in the lung parenchyma of infants with
BPD [58, 59]. The concept that GRP-induced mast cell re-
sponses might be an early event leading to lung injury in
BPD represents a paradigm shift in current understandings of
BPD. These observations could be of further relevance be-
cause BPD is associated with bronchospasm and inflamma-
tion, similar to asthma [60, 61]. In addition, bombesin dimin-
ished alveolarization in C57BL/6 mice, but not in outbred
Swiss-Webster mice, suggesting that this response depends
on the background genes that are as yet unidentified [62].
Second, GRPRKO mice are protected in part against this
inhibitory effect of bombesin on alveolarization, indicating
that GRPR mediates a significant part of the reduced alveo-
larization [62]. Similarly, it has been suggested that elevated
GRP levels in humans might predict which adult patients
will develop smoking related lung diseases, including em-
physema [51]. Thus, increased GRPR signaling due to in-
creased BLP levels could be a common denominator for lung
diseases with decreased alveolarization, including both BPD
and emphysema.

GRP is present in the synovial fluid of joints affected by
arthritis and that the pattern of GRP increase differs from
that of SP [63]. It appears as if the presence of GRP is par-
ticularly related to the early processes of joint involvement.
These observations are of interest because GRP has well-
known trophic and paracrine effects and chondrocytes have
been shown to produce neuropeptides such as GRP [64].
Grimsholm and colleagues [65] have hypothesized that
proinflammatory neuropeptides have a key role in the patho-
genesis and maintenance of rheumatoid arthritis (RA), and
they report that there is a correlation between the synovial
concentration of GRP and proinflammatory cytokines and
RA disease activity in these patients.

In this context we report for the first time the beneficial
effects of the selective GRP receptor antagonist, RC-3095, in
a well-established model for experimental sepsis and LPS-
induced acute lung injury [66]. RC-3095 modulates the re-
lease of proinflammatory cytokines (TNF and IL-1) by acti-
vated macrophages, leading to a diminution of inflammatory
infiltration and organ dysfunction, thus improving mortality
in a clinically relevant model of sepsis. Interestingly, RC-
3095 did not modulate the release of the anti-inflammatory
IL-10, suggesting that the intracellular pathway modulated
by bombesin/GRP is selective to proinflammatory cytokines.
Thus we proposed an autocrine/paracrine role of GRP on
macrophage activation by sepsis and/or LPS (Fig. 1) leading
to a modulation of proinflammatory, but not anti-
inflammatory response and this is consistent with the in-
volvement of a new inflammatory pathway relevant to the
development of inflammatory diseases.
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I1l.1. DISCUSSAO

Segundo observacdes classicas de Lewis publicadas em 1972 no New
England Journal of Medicine “E nossa resposta a presenca dos
microorganismos patogénicos que causa a doenca. Nosso arsenal para
combater as bactérias é tdo poderoso...que nés estamos mais em perigo do
que os préprios invasores”. A perda do direcionamento de resposta do
hospedeiro aos organismos invasores torna-se a principal caracteristica
relacionada a sepse e sua resposta sistémica caracterizada tradicionalmente
como pro-inflamatoria e excessiva. O conceito “inflamacéo excessiva” encontra
respaldo em diferentes achados, o que denota a complexidade da definicdo
clinica e 0 manejo terapéutico da sepse em muitos aspectos ainda ndo bem
definidos o que leva ainda a um aumento na sua incidéncia nos ultimos anos
com uma discreta reducdo na mortalidade (Alberti et al., 2002; Annane et al.,
2002; Annane et al., 2003; Brun-Buisson et al., 2004; Dellinger et al., 2004).
Portanto, o entendimento sobre os mecanismos celulares e moleculares que
contribuem na fisiopatologia de doencas inflamatodrias e na disfuncao de 6rgéos
e a busca de novas alternativas terapéuticas tornam-se essenciais na redugéo
da mortalidade (Baron et al., 2006; Vincent e Abraham, 2006).

Estudos mostram que a resposta imune pode ser influenciada pelo
sistema nervoso onde recentemente N0SsoO grupo mostrou que o neuropeptideo
homologo da bombesina, o peptideo liberador de gastrina, encontra-se
envolvido na inflamacéo sistémica caracteristica da sepse, sendo que 0 seu
antagonista, RC-3095 modulou a liberacdo de citocinas pro-inflamatorias por

macréfagos ativados, levando a diminuicdo da infiltracdo inflamatoria e
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disfuncdo de oOrgdos, melhorando dessa forma a mortalidade em modelo
clinicamente relevante de sepse e dano agudo pulmonar (Dal-Pizzol et al.,
2006).

Nesse contexto, na primeira fase do nosso estudo, avaliamos o efeito
protetor de RC-3095 em modelo de inflamacg&o aguda relacionada ao dano
pulmonar induzido por carragenina. Sabe-se que a administracdo aguda de
carragenina no espaco pleural leva a pleurisia, caracterizada pela infiltragéo
imediata de neutréfilos e dano pulmonar. Com o infiltrado de neutréfilos, a
pleurisia induzida por carragenina é caracterizada pela producdo em excesso
de espécies reativas de oxigénio bem como outros mediadores derivados de
neutrofilos que segundo a literatura estdo envolvidos em condi¢cfes que levam
ao dano tecidual por ativarem fatores de transcricdo responsaveis pela
liberacéo de citocinas pré-inflamatorias (Guo e Ward, 2007). Assim a resposta
inflamato6ria € o mecanismo predominante envolvido na patogénese no dano
pleural causado por carragenina.

Uma vez a efuséo pleural é caracterizada por um exsudato, o estagio da
inflamacé@o € caracterizado pela presenca significante de neutrofilos onde a
predominéncia é associada ja nas primeiras fases da resposta inflamatéria e
progressdo da doencga pleural, no entanto o antagonista do GRPR, RC-3095
inibiu a migracdo celular, o dano tecidual com a diminuicdo da atividade de
lactato desidrogenase e niveis de proteinas no exsudato pleural comparando
com 0 grupo que nao recebeu tratamento.

Trabalhos mostram que o mecanismo da migragdo celular para a
cavidade pleural é dependente da acdo de citocinas quimiotaxicas e ocorre

apos a sua liberacdo por células mesoteliais pleurais em resposta ao estimulo
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por outras citocinas (Antony et al., 1993). O processo inflamatério causado com
administracdo de carragenina na cavidade pleural é consistente com o
aumento de citocinas pro-inflamatérias como IL-13 e TNF-a (Kroegel e Antony,
1997) o que foi demonstrado adicionalmente no estudo onde camundongos
knockout do receptor 1 de TNF-a foram resistentes a inflag& aguda
induzida por carragenina na cavidade pleural em relagdo aos camundongos
selvagens (Mazzon et al.,, 2008). Conforme mencionado anteriormente
verificamos a acado inflamatéria induzida por GRP na sepse e em macrofagos
peritoneais induzidos por LPS e observamos que a via induzida por GRPR é
seletiva para a ativacao de citocinas pro-inflamatorias (Dal-Pizzol et al., 2006).
E em paralelo nosso grupo verificou tal efeito em modelo de artrite em ratos
(Oliveira et al., 2008). Através destes dados verificamos os niveis de TNF-a e
IL-1B no exsudato pleural de ratos sujeitos ao modelo proposto sob tratamento
com RC-3095 onde constatamos a diminuicdo dos seus niveis com 0
tratamento.

Outro evento positivo causado por RC-3095 sob o processo inflamatério
relacionado a atenuacdo da liberagdo de citocinas pode ser a diminuicdo da
concentracdo de nitrito/nitrato. A inducdo de INOS por injecdo de LPS em
roedores é mediado por TNF-a e IL-1B (Szabo et al., 1993; Jin et al., 2006) e
sabe-se que o aumento na producédo de NO por iINOS pode contribuir para o
processo inflamatdrio (Oh-Ishi et al., 1989; Tracey et al., 1995; Cuzzocrea et
al., 1999). Evidéncias, confirmam que inibidores da atividade de INOS est&o
relacionados com a reducéo da pleurisia causada por carragenina (Cuzzocrea
et al., 1998) e constatamos uma diminuigéo na formacédo de nitrito-nitrato, um

metabdlito final de NO (Guo e Ward, 2007). Ainda, verificamos a atividade de
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RC-3095 na diminuicdo da enzima mieloperoxidade conhecida como um
marcador indireto de leucdcitos ativados e na exudagdo e migracdo celular o
gue também foi verificado em modelo de sepse (Dal-Pizzol et al., 2006).

Visto que como uma das fun¢gdes dos neutrofilos quando reconhecem
um patdégeno é elimin-lo, neutroéfilos ativados contam com substancias como
EROs que agem sobre a membrana celular dos microorganismos com a
finalidade de destrui-los e consequentemente evitar a disseminagdo. No
entanto, as EROs também podem levar a injuria em tecidos normais (Yasui e
Baba, 2006). Este mecanismo deletério causado por tais moléculas exerce
efeito contra importantes componentes celulares devido a sua intensa
instabilidade e reatividade e encontram-se associados ao modelo de inducéo
de pleurisia por carragenina (Cuzzocrea et al., 2000; Nardi et al.,, 2007;
Bhattacharyya, Dudeja e Tobacman, 2008; Menegazzi et al.,, 2008) Nesse
contexto, marcadores de peroxidacdo de lipidios foram encontrados em
estudos que avaliam o dano pulmonar induzido por anion superdxido (O3,
peréxido de hidrogénio (H,0O,), radical hidroxil (OH") e peroxinitrito (ONOQO)
(Guo e Ward, 2007). Assim, no tecido pulmonar de ratos submetidos a
pleurisia, RC-3095 foi importante na diminuigcdo do dano em lipidios e dano em
proteinas com o aumento de residuos de aminoécidos contendo grupos tiéis.
Essa resposta positiva esta relacionada também a diminuicdo de citocinas
anteriormente descritas pois as EROs podem amplificar a resposta inflamatéria
com a liberacdo de mediadores inflamatoérios através da ativagdo de NF-kB e
AP-1 (Kirkham e Rahman, 2006; Uffort, Grimm e Ellerhorst, 2009).

Evidéncias sugerem que NF-kB exerce importante papel na resposta

inflamatoria induzida por carragenina onde através da administracdo de seus
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inibidores, inibe-se a resposta inflamatéria exacerbada apds a administracédo de
carragenina na cavidade pleural em camundongos (Frode-Saleh e Calixto,
2000). Dessa forma, segundo Levine, a bombesina estimula a ativacdo de NF-
kKB (Levine et al., 2003), o que pode sugerir a associacdo da diminuicdo da
resposta inflamatoria e a atenuacdo do dano oxidativo em modelo animal de
inflamacéo pleural com o bloqueio de GRPR envolvido na up-regulation da
ativacéo de NF-kB.

Os resultados até agora discutidos podem demonstrar, portanto que o
neuropeptideo GRP encontra-se envolvido na génese da inflamacao pleural e
que antagonizando o0 seu receptor encontramos uma diminuicdo em
parametros oxidativos e inflamatoérios que segundo a literatura levam ao dano
pulmonar (Farley, Wang e Mehta, 2009). Assim 0 nosso proximo estudo
baseou-se na sua acdo como efeito modulatério da inflamacédo a nivel
sistémico.

Sabe-se que a inflamagdo sistémica € caracterizada por niveis
aumentados de citocinas e quimiocinas circulantes e como resultado em niveis
aumentados de neutréfilos em 6érgdos como o pulmdo (Abraham, 2003).
Estudos mostram que o mecanismo desta relacdo acontece em animais
submetidos a sepse severa ou ao choque endotoxemico, onde uma das
funcBes principais da imunidade inata realizada por neutréfilos no tecido
infectado esta alterada, com comprometimento da sua resposta guimiotaxica e
da capacidade em migrar para o foco infeccioso, evento denominado de
paralisia ou faléncia da migracdo de neutrofilos (Benjamim et al., 2002; Alves-
Filho et al., 2006b). Nesse sentido, recentemente foi observado que

camundongos deficientes de TLR-4 exibem migracdo de neutréfilos para a

102



cavidade peritoneal durante sepse polimicrobiana letal induzida por CLP,
interessantemente tal evento ndo ocorre em camundongos normais, portanto
sugeriu-se o envolvimento de TLR-4 na faléncia da migragédo de neutrofilos
para o foco infeccioso nos casos mais severos de sepse visto que esse fato
ocorre através da ativacao sistémica dos TLRs com a invasdo bacteriana em
niveis relevantes (Alves-Filho et al.,, 2006a). Dessa forma, devido seu
importante papel na regulagdo de moléculas envolvidas na resposta
inflamatoria, receptores TLR principalmente TLR-4 sdo alvos importantes para
o desenvolvimento de novas terapias contra doencas inflamatérias como a
sepse (Matsuda e Hattori, 2006).

Assim, no segundo capitulo do presente trabalho tivemos por objetivo
investigar o efeito do antagonista de GRP, RC-3095 na sinalizagcéo de TLR-4 e
esta relacdo com parametros inflamatérios em modelos experimentais in vitro e
in vivo e em pacientes com sepse, bem como avaliar os niveis plasmaticos de
GRP em pacientes com SIRS e sepse correlacionando com o seu desfecho
clinico.

O estudo das interagOes entre o sistema imune e nervoso central tem
despertado o interesse de inUmeros grupos de pesquisa. Esses sistemas
trocam informacdes, influenciando-se mutuamente, com evidentes implicagdes
fisiol6gicas e patoldgicas. Assim como outros neuropeptideos GRP esta ligado
a esses dois sistemas, como verificado na modulagdo como um estimulador ou
inibidor da funcdo de linfocitos (Medina et al., 1998b; Medina et al., 1999),
fagécitos (De la Fuente et al.,, 1991) e células NK (Medina et al., 1998a).
Adicionalmente, BLPs possuem efeitos estimulatorios na mobilidade, ingestao

e producdo de superoxido em macréfagos de ratos adultos, potencializando a
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liberacdo de IL-1 por macrofagos alveolares ativados com LPS (Lemaire, 1991;
De la Fuente et al., 2000) e em condi¢des inflamatorias como bronquite crénica
(Meloni et al., 1992) e fibrose pulmonar (Lemaire, Jones e Khan, 1991) além do
aumento nos niveis de GRP em células da linhagem mondcito-macréfago (Del
Rio e De la Fuente, 1994).

Recentes trabalhos indicam que neuropeptideos podem ainda regular a
resposta de macrofagos para LPS, afetando a expressao de TLR-2 e regulando
a sinalizacdo de TLR-4 (Tsatsanis et al., 2006). Nesse caso, devido aos
macrofagos secretarem GRP (Genton e Kudsk, 2003) e tais células serem
importantes no processo de desenvolvimento de sepse e choque séptico
(Shasby e McCray, 2004), as nossas primeiras observac¢des foram em torno da
diminuicao da expressao de mRNA de TLR-4 em cultura de células RAW 264.7
estimuladas por LPS quando tratadas com RC-3095. Estudos mostram que
existe um aumento na expressdo de TLR-4 durante as fases iniciais de sepse
correlacionando-se com a morte em modelo animal de sepse por CLP, portanto
a down-regulation desses receptores aumenta a sobrevida em modelo de CLP
(Williams et al., 2003) que mostra-se em concordancia com 0S NOSSO0S
resultados apresentados através da acdo de RC-3095. Ainda, considerando
que GRP induz a proliferacdo de mastdcitos e quimiotaxia in vitro, € detectado
em células pulmonares neuroenddcrinas sendo implicado na patogenese de
doencas pulmonares como um mediador de injuria pulmonar aguda e crbénica
em displasia broncopulmonar (Subramaniam et al., 2003; Degan et al., 2008) e
ainda, relacionando ao seu receptor, foi visto que GRPR estd implicado no
edema alveolar (Dal-Pizzol et al.,, 2006), tais informacdes remetem oS

resultados observados onde o efeito inibitdrio de RC-3095 na up-regulation de
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TLR-4 no tecido pulmonar nos ratos sujeitos a sepse polimicrobiana letal por
CLP resulta na atenuacao da inflamacao pulmonar.

Pouco se sabe ainda a respeito do mecanismo pelo qual acontece a
inibicdo ou estimulacdo de TLR-4. No entanto pesquisadores mostram que 0s
receptores TLRs podem ser afetados através da ubiquitilagdo um mecanismo
geral para a regulacéo de funcdes de receptores de membrana celulares por
promover a degradagdo proteolitica de proteinas, sequestro de proteinas
adaptadoras, e a desativacao de quinases através de fosfatases e pela inibigdo
da expressao por citocinas anti-inflamatérias (Han e Ulevitch, 2005; Liew, Xu e
Brint, 2005). Tais mecanismos podem associar-se as vias de ativacao de
GRPR. Sabe-se que o receptor de BN acoplado a proteina G pode fosforilar
membros da familia Janus quinase/transdutora de sinais e ativadora de
transcricao (Jak/STAT) (Pansky et al., 1998). Podemos especular que RC-3095
pode exercer este efeito na expressdo de TLR-4 através de STAT6 como
STATG6 fosforilada down-regulate a expressao de TLR-4 visto que a expressao
excessiva de STAT6 aumenta a inibicdo de promotores de TLR-4 (Fiset et al.,
2006). Ainda, STAT6 pode inibir importantes genes inflamatorios, incluindo
fator regulatério de interferon—1 (IRF-1) (Ohmori e Hamilton, 1997), TNF-a e IL-
12p40 (Major, Fletcher e Hamilton, 2002) e nas células mononucleares, o
interferon-y (IFN-y), induz o aumento de mMRNA e expressao na superficie da
célula de TLR-4, inibindo a reducéo de TLR-4 induzida por LPS. Portanto, IFN-
y sensibiliza as @lulas mononucleares para o efeito do LPS, justificando qu e
essa citocina aumenta a expressado de TLR-4 (Cohen, 2002), o que pode ser
um link entre a relacéo da inibicdo de GRPR e a expresséo atenuada de TLR-

4.
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Com o aumento da sinalizacdo de TLR-4 acontece a ativacao de
importantes vias inflamatorias como verificado na ativacdo de ERK1/2 em
monadcitos/macréfagos, via JNK em células RAW (Sugiyama, Muroi e
Tanamoto, 2008) e fosfatitilinositol 3 quinase (PI3K), que ativa Akt em
macrofagos de camundongos (Kim et al., 1996; Monick et al., 2001; Bozinovski
et al., 2002; Ojaniemi et al., 2003; Wrann et al., 2007; Laird et al., 2009).
Constatamos que o estimulo de células RAW 264.7 com LPS resultou na
fosforilacdo de ERK 1/2, JNK e Akt em 60 minutos apés o tratamento com RC-
3095. Assim, antagonizando o GRPR pode-se influenciar em vias de
sinalizacao de kinases intracelulares induzida por TLR-4.

Adicionalmente, € bem documentado que fatores de transcricdo NF-kB e
AP-1 exercem um importante papel na regulagdo transcricional induzido por
LPS de muitos genes inflamatérios como de citocinas/quimiocinas que
contribuem para o desenvolvimento do choque séptico e faléncia multipla de
orgdos (Guha e Mackman, 2001). Essas observacdes, estdo de acordo com
nossos resultados onde células RAW 264.7 estimuladas por LPS a atividade de
NF-kB e AP-1 ligado ao DNA foi diminuido. Sugerimos assim, que a supressao
da translocagéo nuclear de NF-kB e AP-1 por RC-3095 esta associada com a
diminuicao da expresséo de TLR-4 e ativagao de MAP kinase.

Segundo Alves-Filho e colaboradores, uma significante deficiéncia no
recrutamento de neutrofilos durante a sepse severa € caracterizada pelo
sequestro inapropriado dessas células para o pulmdo. A migracdo de
neutrofilos prejudicada para os sitios de infec¢do implica-se na patogénese da
sepse, e a magnitude desse evento associa-se a razdo da mortalidade (Alves-

Filho et al., 2006a). O recrutamento de neutrofilos para o sitio de infec¢do é
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dependente de quimiocinas tais como proteina quimiotaxica de mondécitos -1
(MCP-1) (Chishti et al., 2004), alem da acdo de citocinas pro-inflamatoérias
como IL-6 que afetam diretamente a adesdo e fungdes migratérias de
neutroéfilos (Johnson et al., 1991; Adams e Lloyd, 1997). Como demonstrado no
estudo onde MCP-1 e IL-6 s&o efetores na migracéo de neutrofilos de 1-2 h
apos endotoxemia (Wagner e Roth, 1999). No entanto, a faléncia na migragéo
de neutréfilos ndo é uma consequéncia de niveis de mediadores quimiotaxicos
baixos, mais de altos niveis de mediadores quimiotaxicos no foco de infeccéo
(Benjamim, Ferreira e Cunha, 2000; Crosara-Alberto et al., 2002).

A participagdo de citocinas/quimiocinas na faléncia de migracdo de
neutrofilos para o foco de infeccdo pode ser justificada por diferentes estudos
como a alta concentracdo dessas moléculas na circulacdo de pacientes com
sepse (Ozbalkan et al., 2004; ter Meulen et al., 2004); e em modelo animal
(Benjamim, Ferreira e Cunha, 2000; Crosara-Alberto et al., 2002; Moreno et al.,
2006), a inibicho da migracdo de neutrofilos por diferentes estimulos
inflamatdrios com a administracéo intravenosa de TNF-q, IL-8 e IL-2 (Otsuka et
al.,, 1990; Hechtman et al.,, 1991; Tavares-Murta, Cunha e Ferreira, 1998);
aumento da sobrevida de camundongos B6 a infec¢ao polimicrobiana letal com
aumento do recrutamento de neutréfilos e clearance bacteriano na cavidade
peritoneal comparados com camundongos deficientes dos receptores 1 e 2 de
TNF-a (Secher et al., 2009). Dados consistentes, portanto mostram que a
resposta exacerbada com a presenca de mediadores inflamatérios como
citocinas/quimiocinas podem comprometer a acédo controlada de neutrdfilos e
propde-se que isso se deve em parte ao fato de que tais mediadores exercem

sua ac¢do via ligacdo ao GPCRs (Katanaev, 2001) onde sua ativacao continua
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leva a um processo de dessensibilizagdo devido a sua fosforilagdo por GRK
(Fan e Malik, 2003). Recentemente foi observado que a ativacdo de GRKs esta
envolvida na dessensibilizagcdo de CXCR2 em neutrofilos de pacientes sépticos
e camundongos submetidos a sepse severa (Arraes et al., 2006; Alves-Filho et
al., 2009). Nesse sentido, ativacdo sistémica de TLR-4 resulta na ativagéo
inadequada de neutroéfilos por produtos bacterianos e/ou quimiocinas induzidas
pela expressado de INOS, resultando principalmente na dessensibilizacédo de
CXCR2 e perda de moléculas de adesdo. Em adi¢cdo, aumento em niveis de
proteina de fase aguda no soro induzida por quimiocinas podem também inibir
interagbes neutrdfilo-endotélio, desse modo reduzindo a adesédo/rolamento e
quimiotaxia de neutrdéfilos e finalmente comprometendo a migracdo levando
possivelmente a uma resposta alterada de neutréfilos contra células de
diferentes 6rgaos (Annane, Bellissanti e Cavaillon, 2005).

Durante o choque endotoxico, um massivo numero de neutréfilos e
outros leucécitos acumulam-se no pulmao, um processo dependente de TLR-4.
Certamente, o acumulo de células no pulmédo é também observado em
pacientes sépticos (Kerfoot e Kubes, 2005). Novamente, a ativagdo sistémica
de TLR-4 resulta em um significante sequestro de leucécitos para os capilares
pulmonares (Welbourn e Young, 1992; Sheridan et al., 1997; Andonegui et al.,
2003). Ainda, neuropeptideos sdo conhecidos por estimular a producdo de
citocinas em macréfagos, linfocitos, mastécitos e a substancia P é conhecida
por influenciar a producédo de citocinas pro-inflamatorias induzida por LPS
(Dickerson et al., 1998). Arranz e colaboradores mostraram que citocinas pro-
inflamtérias podem agir sinergisticamente, com componentes de bactérias

gram-negativas, up-regulating a expressdo de TLR-4 e é possivel que a
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inibicdo induzida por VIP na up-regulation de TLR-4 em modelos inflamatorios
ocorre indiretamente via supressdo da producgdo de citocinas pro-inflamatérias
(Arranz et al., 2008). Essa questdo vem ao encontro de informacbes que
propomos no Capitulo Il e anteriormente mencionado, visto que o papel
autocrino/paracrino de GRP na ativacdo de macréfagos por sepse e/ou LPS é
seletivo para a modulacdo de pro-inflamatoria, mas n&do resposta anti-

inflamatoria conforme a Figura 2.

RC-3095
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Figura 1. Mecanismo da interacdo LPS x GRP em macrofagos

De acordo com esses dados, em nosso estudo verificamos que RC-3095
modulou a resposta inflamatoria dependente de TLR-4 produzindo uma
diminuicdo nos niveis de MCP-1 e IL-6 em células RAW 264.7, soro e lavado
broncoalveolar em ratos CLP. Sabe-se que o tratamento agudo com RC-3095

diminui a migracédo de células para o pulméo e de acordo com os estudos de
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Alves-Filho e colaboradores, onde camundongos normais mais nao o0s
deficientes de TLR-4 exibem diminui¢cdo na migracdo de neutrofilos para o foco
infeccioso e exibem significante sequestro dessas células para o tecido
pulmonar durante sepse polimicrobiana letal e isto é conhecido por ser o
evento chave no dano agudo pulmonar induzido na sepse com diminui¢cdo da
morte bacteriana levando a bacteremia (Alves-Filho et al., 2006a).
Consequentemente percebemos que a acdo de RC-3095 na atenuagao de
TLR-4 em modelo animal de sepse resulta em uma migracdo normal de
neutrofilos, sendo efetivo na atenuagdo da disseminacdo bacteriana na
circulacédo e foco infeccioso.

Visto que GRP afeta varios sistemas em mamiferos, incluindo regulacéo
neuroenddcrina, secrecao gastrointestinal e proliferagéo celular. Esta presenca
em concentracdes aumentadas tem sido demonstrada em pacientes com
doencgas inflamatorias e este nivel correlaciona-se a razdo da sedimentagéo de
eritrocitos e com TNF e IL-6, sugerimos, portanto que tal neuropeptideo pode
estar envolvido na modulag&o de processos inflamatorios também em humanos
(Fagiolo et al., 1993). Em pacientes com sepse RC-3095 revela a deficiéncia de
niveis de IL-6 no plasma, entretanto este resultado ndo foi encontrado para
niveis de IL-10, mostrando adicionalmente a seletividade apresentada na
Figura 2. Nossos resultados sugerem ainda que GRP pode estar
diferencialmente envolvido em SIRS e sepse onde GRP pode somente predizer
o desfecho em pacientes sépticos. Finalmente, de acordo com esses
resultados obtidos na ultima fase do estudo, sugerimos que GRP aumenta a

resposta inflamatéria por up-regulating TLRs e isto se deve em grande parte

explicar as diferencas entre pacientes com sepse e pacientes com SIRS.
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l1I.2. CONCLUSOES

e O antagonista do GRPR ¢é efetivo na diminuicdo da inflamacdo aguda
em modelo animal de pleurisia induzido por carragenina e relaciona-se a
diminuicao de parametros de dano oxidativo.

e O antagonista do GRPR diminui a expressao do receptor TLR-4 e de
uma forma secundaria é efetivo na atenuacdo da fosforilagdo de
quinases resultando na inibicAo da translocacdo dos fatores de
transcricdo NF-kB e AP-1 em cultura de macréfagos estimulados por
LPS e a nivel pulmonar em modelo animal de sepse.

e Niveis de IL-6 e MCP-1 parecem estar associados a diminuicdo da
expressdo de TLR-4 através da sua atenuacdo em cultura de células
estimuladas por LPS e a nivel sisttmico e pulmonar em modelo animal
de sepse polimicrobiana letal.

¢ O nivel plasmatico de IL-6 em pacientes com choque séptico atenuado
com a infusdo de RC-3095 mostra a seletividade da via de ativacdo do
receptor do peptideo liberador de gastrina para mediadores pro-
inflamatorios e n&o anti-inflamatorios.

e A modulacdo de citocinas e quimiocinas através do antagonismo de
GRPR associa-se a diminuicdo da inflamacdo em locais distantes do
foco infeccioso limitando a disseminacdo bacteriana a nivel local em
modelo animal de sepse polimicrobiana letal estando associada a
diminuicao da resposta mediada por TLR-4.

e GRP esta diferencialmente envolvido em pacientes com SIRS e sepse

onde GRP pode somente predizer o desfecho em pacientes sépticos e
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esta diferenga pode estar relacionada ao aumento da resposta

inflamatoria causado por GRP por up-regulating TLRs.
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[11.3. PERSPECTIVAS

Nosso propdsito como continuidade para o estudo até agora apresentado,
esta relacionado a investigacdo sobre os efeitos do antagonista do peptideo
liberador de gastrina em camundongos deficientes de TLR-4 submetidos a
sepse polimicrobiana na migracéo neutrofilica para o foco infeccioso avaliando
a interacdo do receptor de quimiocina CXCR2 com todo esse processo.

Portanto pretendemos passar pelas seguintes etapas:

e Investigar a acdo de RC-3095, em camundongos deficientes de TLR-4 e
animais controle sujeitos a sepse severa polimicrobiana, a fim de verificar a
migracdo neutrofilica para o foco infeccioso e em sitios distantes da
infeccéo.

e Testar o rolamento e adeséo de leucocitos no mesentério de camundongos
deficientes de TLR-4 e animais controle sujeitos a sepse severa
polimicrobiana tratados com o antagonista do receptor do peptideo
liberador de gastrina.

e Avaliar através da contagem de bactérias a disseminacdo bacteriana no
foco infeccioso e a nivel circulatério em camundongos deficientes de TLR-4
e animais controle sujeitos a sepse severa polimicrobiana, tratados com o
antagonista do receptor do peptideo liberador de gastrina.

e Determinar niveis de citocinas e quimiocinas no foco infeccioso, na
circulacdo sanguinea e no tecido pulmonar de camundongos deficientes de
TLR-4 e animais controle sujeitos a sepse severa polimicrobiana tratados

com o antagonista do receptor do peptideo liberador de gastrina.
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e Verificar a expressdo de CXCR2 na superficie de neutréfilos isolados do
sangue de camundongos deficientes de TLR-4 e animais controle sujeitos a
sepse severa polimicrobiana tratados com o antagonista do receptor do
peptideo liberador de gastrina.

e Analisar a expressdo de GRK-2 em neutréfilos isolados do sangue de
camundongos deficientes de TLR-4 e animais controle sujeitos a sepse
severa polimicrobiana tratados com o antagonista do receptor do peptideo
liberador de gastrina, a fim de verificar a migracao neutrofilica para o foco

infeccioso.

Essa abordagem nos proporcionara resultados mais refinados que poderéo
ser potencialmente U(teis para o desenvolvimento de novas estratégias
terapéuticas para a sepse e alie-se a isto o fato de que nenhum grupo nacional

ou estrangeiro estar se dedicando ao estudo que ora propomos até o momento.
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