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Resumo

Durante uma resposta inflamatéria existe um importante acumulo (chegada e permanéncia no
sitio inflamado) de leucdcitos, producdo de mediadores inflamatérios e, consequente,
comprometimento da fungdo do 6rgdo envolvido. Os neutrdfilos sdo células efetoras da
resposta imune inata e sao os mais abundantes leucdécitos nas articulagdes de camundongos
com artrite induzida por antigeno. Neste estudo avaliamos as caracteristicas inflamatorias
durante a artrite induzida por antigeno em camundongos e 0os mecanismos que influenciam a
hipernocicepcdo durante a AIA. Além disso, avaliamos a importancia de mediadores
enddgenos, como énfase em espécies reativas de oxigénio e vias de sinalizacdo intracelular
para a apoptose de neutrofilos e suas relevancias para a resolucdo da resposta inflamatéria:
eliminacdo de neutréfilos e controle da hipernocicepcao. Primeiramente, demonstramos que
durante a AlA existe um acumulo de neutrofilos associado a produgéo local de TNF-a, IL-18 e
CXCL-1 e hipernocicepcao. O préximo passo foi avaliar a importancia da resolucdo da resposta
inflamatoria para o controle da AlA. Assim, demonstramos que a producéo de espécies reativas
de oxigénio precede a resolucdo natural da resposta inflamatoria, observado 48 horas ap0s o
desafio com antigeno. Além disso, foi observado que em camundongos deficientes em
gp91lphox ou tratados com catalase ou apocinina apresentam um atraso na resolugcdo da
resposta inflamatéria. O aumento de espécies reativas de oxigénio, gerado
farmacologicamente, adianta a resolugéo da resposta inflamatoria por inibir vias de transducgéo
de sinal, como a PI3K, a ERK1/2 e a P38, como também a ativacdo de NF-kB, estes ligados a
sobrevida de leucocitos em sitios inflamatérios. O adiantamento no tempo da resolugéo da
resposta inflamatéria diminui a producdo das quimiocinas CCL1, CCL5 e CXCL1, que contribui
para a preservacdo de estruturas comumente acometidas pela artrite induzida por antigeno,
como também a reducédo da hipernocicepc¢ao. A inibicao farmacoldgica dessas vias também foi
capaz de adiantar a resolucéo da resposta inflamatoria. Neutréfilos humanos também adiantam
a apoptose quando cultivados com H,O,, por este inibir vias de sobrevida celular. A modulacao
da produgdo de espécies reativas de oxigénio pode representar uma nova estratégia para

controlar a inflamagé&o neutrofilica nas articulacoes.



Abstract

During inflammatory response there an important accumulation (arrival and permanence at
inflamed site) of leukocytes, production of inflammatory mediators and, consequently, loss of
function of involved organ. Neutrophils are effector cells of innate immune response and are the
most abundant leukocyte in joints of mice with antigen-induced arthritis. This study evaluated
inflammatory characteristics during antigen-induced arthritis in mice and mechanisms that
influence hypernociception during AIA. Furthermore, we evaluated the importance of
endogenous mediators, such as emphasis on reactive oxygen species and intracellular
signaling pathways for apoptosis of neutrophils and their relevance to resolution of inflammatory
response: elimination of neutrophils and control hypernociception. First, we demonstrated that
during the AIA has an accumulation of neutrophils associated with local production of TNF-a, IL-
18 and CXCL-1 and hypernociception. The next time was to evaluate the importance of
resolution of inflammatory response to control AlA. Thus, we demonstrated that production of
reactive oxygen species precede natural resolution of inflammatory response observed 48
hours after challenge with antigen. Furthermore, it was observed that in mice deficient in
gp91P" or treated with apocynin or catalase presented a delay in resolution of inflammatory
response. Increased reactive oxygen species generated pharmacologically advancing the
resolution of inflammatory response by inhibiting signal transduction pathways such as PI3K,
ERK1/2 and P38, as well as activation of NF-kB, linked to these survival leukocytes into
inflammatory sites. Advance of time resolution of inflammatory response decreases production
of chemokines CCL1, CCL5 and CXCL1, which contributes to preservation of structures
commonly affected by antigen-induced arthritis, as well as reducing hypernociception.
Pharmacological inhibition of these pathways was also able to advance the resolution of
inflammatory response. Human neutrophil also advance apoptosis when cultured with H,O,, by
this inhibit cell survival pathways. The modulation of production of reactive oxygen species may

represent a new strategy to control neutrophilic inflammation in the joints.



Introducao

Inflamacéo

A leséo tecidual causada por agentes infecciosos, trauma, cirurgia, queimadura, infarto
do tecido e cancer induz uma complexa sequéncia de eventos coletivamente conhecida
como resposta inflamatéria (ISOBE e col., 2012). A inflamacgé&o elimina o agente nocivo
e desencadeia eventos que podem curar e reconstituir o tecido lesado (FIALKOW e
col., 2007). O reparo comeca logo nas fases iniciais da inflamacéo, entretanto, so6 finda
guando a influéncia nociva for neutralizada. Em contrapartida, a resposta inflamatoria e
o reparo podem se tornar prejudiciais. A inflamacao é, por exemplo, a base de varias
doencas cronicas como a artrite reumatoide (MISHARIN e col., 2012), a aterosclerose
(ELKHAWAD e col., 2012), a asma (MARTIN e col., 2012) e a fibrose pulmonar (JIANG
e col., 2012), como também de reacdes de hipersensibilidade potencialmente fatais a

picadas de insetos e toxinas (FYHRQUIST e col., 2012).

A resposta inflamatéria apresenta duas reacdes principais: a vascular e a celular. As
reacdes vasculares e celulares sdo mediadas por fatores quimicos derivados de
proteinas ou células plasmaticas que sdo produzidos ou ativados pelo estimulo
inflamatorio. Até mesmo as proéprias células e tecidos necréticos podem desencadear a
formacdo destes mediadores. A liberacdo destes mediadores quimiotaticos leva os
leucdcitos a uma sequéncia de eventos: a) no lumen do vaso sanguineo ocorre a

marginalizacdo, rolamento e adesdo ao endotélio; b) transmigracdo através do
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endotélio; e ¢) migragdo nos tecidos intersticiais em direcdo ao estimulo quimiotatico

(LAWRENCE e GILROY, 2007; GRIFFIN e col., 2012; SUBRAMANIAN e col., 2012).

Na maioria das inflamacdes agudas, os neutréfilos predominam no infiltrado
inflamatério nas primeiras 24h. Apds este periodo, o neutréfilo sofre um processo de
morte programada conhecida como apoptose e, entdo, é fagocitado por macréfagos.
Dependendo do tipo de resposta inflamatoria e do seu tempo de duragdo outros
leucécitos também podem ser encontrados no sitio inflamatério, como os eosindfilo,
macroéfagos e linfécitos que permanecem até uma semana, até que o agente agressor

seja eliminado.

Recrutamento de leucocitos

O recrutamento de leucoécitos durante a resposta inflamatdria envolve trés
fundamentais etapas: captura e rolamento das células, adeséo firme e transmigracéao.
Essas etapas dependem de moléculas de adesdo presentes no leucdOcito e no
endotélio, que se encaixam de maneira complementar. A producdo de fatores
guimiotaticos como, por exemplo, as quimiocinas, também contribuem para o processo

de recrutamento (SALMI e JALKANEN, 2012; CHEN e col., 2012).

Assim, o recrutamento de leucécitos para um sitio inflamatério obedece aos seguintes
passos:
e Captura e rolamento: primeiramente, ocorre uma interacao "frouxa" entre os

leucocitos e as células endoteliais. Essa fase pode ser dividida em duas etapas:

13



captura (“tethering”) e rolamento (“rolling”) e € mediada pelas selectinas (P, E e L) e os
ligantes de selectinas, proteinas que contém carboidratos. Essa primeira etapa
aproxima os leucécitos das células endoteliais e, consequentemente, dos eventos que
estao ocorrendo no tecido. Uma vez rolando sobre as células endoteliais, os leucécitos
podem ser ativados por agentes quimiotaticos.

e Ativacdo por fatores quimiotaticos: Os agentes quimiotaticos agem em
receptores com sete dominios transmembrana (serpentindides) acoplados a proteina
G. Essa ativacdo leva ao aumento do numero e, principalmente, da afinidade de
integrinas expressas na superficie do leucdcito com moléculas do endotélio.

e Adeséo firme: A firme adesdo e a posterior transmigracao dos leucécitos séao
mediadas por integrinas. As integrinas sao glicoproteinas heterodiméricas, aderentes,
transmembrana, constituidas de cadeias a e . As integrinas, entdo, se ligam a
moléculas da familia das imunoglobulinas expressas nas células endoteliais. Essa
ligacdo permite firme adeséo entre o leucdcito e o endotélio.

e Transmigracdo: O processo de transmigracdo pela célula endotelial podera,
entdo, ocorrer e depende de interacdes moleculares semelhantes aquelas necessarias

a firme adesao, em adicdo a participacdo do PECAM-1 (CD31).
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Figura 1. Mecanismo de recrutamento de leucécitos através do endotélio. As etapas do recrutamento de
leucdcitos envolvem a captura e o rolamento, dependente de selectinas; da ativagcdo e firme adesdo,
dependente de integrinas e imunoglobulinas; e a transmigracdo, dependente de quimiocinas.

Os diversos leucdcitos, como os neutréfilos, mondcitos, eosindfilos e linfocitos, utilizam
moléculas distintas, entretanto, superpostas para o processo de recrutamento. Isso
explica, em parte, a seletividade por certos tipos celulares em determinadas respostas
inflamatorias. Este modelo de recrutamento também é valido para a migracdo de
diferentes leucdécitos para os o6rgaos linféides, contribuindo para a homeostase do

sistema imunolégico (SALLUSTO e MACKAY, 2004).

ApoOs a transmigracdo pelo endotélio, os leucécitos migram através do tecido em
direcdo ao tecido inflamado por um mecanismo orientado pelo gradiente quimiotatico.
Substancias exdgenas e enddgenas podem exercer esse papel quimiotatico para os
diversos leucécitos. Agentes exdgenos podem ser moléculas derivadas de bactérias.
J4 os mediadores endbégenos envolvem componentes do sistema complemento,

produtos da via da lipoxigenase, citocinas e quimiocinas (SCHULTE e cols., 2011).
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Quimiocinas

As quimiocinas sé@o proteinas com atividade quimioatrativa e peso molecular variando
de 8 a 12 KDa. Sédo produzidas por varias células, incluindo: células endoteliais
(NAKANO e cols., 2012), células epiteliais (OH e col., 2012), fibroblastos (WOLF e
cols., 2012), mondcitos/macrofagos (FANG e cols., 2012), células dendriticas (HOLL e
cols., 2012), células T (OWEN e cols., 2011) e eosindfilos (ROSE e cols., 2010).

Quimiocinas sdo caracterizadas pela presenca de quatro residuos de cisteina
conservados na porcdo amino-terminal. Na presenca ou auséncia de aminoacidos
entre as duas primeiras cisteinas, séo classificadas como CC (CCL1-28), CXC
(CXCL1-16), CX3C (CX3CL1/ fractalkine) e, ainda, existe a quimiocina C que possuli
somente uma cisteina na porcdo N-terminal (XCL1 e XCL2/ lymphotactin-alpha e
lymphotactin-beta, respectivamente) (GUERREIRO e COL., 2011).

Tais proteinas contribuem para resposta inflamatéria dada sua capacidade de induzir
recrutamento e ativar populacdes de leucécitos, induzindo degranulacdo e levando a
liberacdo de mediadores inflamatérios de células efetoras tais como basofilos,
mastécitos, neutréfilos e eosindfilos. Entretanto, essas moléculas também podem
exercer um papel na a homeostase do sistema imune. Algumas delas dirigem o
recrutamento de células para os tecidos linféides (SALLUSTO e MACKAY, 2004).
Contudo, o estudo das quimiocinas nos ultimos anos tem contribuido para o
entendimento do seu papel nas diversas doencas inflamatérias, na hematopoiese, na
angiogénese, na geracao de metastases, na rejeicdo de tumores, na diferenciacao de
células T e na infeccdo pelo virus da imunodeficiéncia humana (JOHNSON e cols.,
2004). Assim, as quimiocinas sao fatores essenciais para a migracéo celular, atuando
sobre receptores com sete dominios transmembrana associados a proteina G, levando

a ativacao de cascatas de sinalizacao intracelular (GUERREIRO e COL., 2011).
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Artrite Reumatéide

A artrite reumatoide (AR) afeta aproximadamente 1% da populacdo adulta do
mundo, sendo uma doenga auto-imune comum que acomete com maior frequéncia
as mulheres (FELSON, 2008). O gasto anual com o seu tratamento € de
aproximadamente $16 bilhdes, incluindo as despesas soOcias econdmicas diretas,
como custo com despesas médicas, e custos indiretos, como a queda de

produtividade e reducao da qualidade de vida do paciente (DUNLOP e col., 2003).

A intensa inflamacéo articular, com destruicéo da cartilagem e do osso, edema, dor e
impossibilidade ou dificuldade em executar atividades habituais caracteriza a artrite
reumatoéide (Lesuis e col., 2012).

O sitio inicial da inflamagéo articular € a membrana sinovial, que normalmente
secreta o liquido sinovial que reduz o atrito e nutre a cartilagem articular. A capsula
articular consiste de duas camadas: uma externa de tecido conjuntivo denso com
vasos sanguineos e nervos, e uma camada interna chamada de membrana sinovial.
A superficie interna da membrana sinovial é revestida por uma ou duas camadas de
células sinoviais: as células sinoviais tipo A semelhantes aos macréfagos e as
células sinoviais tipo B semelhantes aos fibroblastos. Os sinovidcitos semelhantes a
macrofagos normalmente fagocitam debris no liquido sinovial e sdo capazes de
secretar citocinas pro-inflamatérias como IL-1, IL-6 e TNF-a. Os sinoviocitos

semelhantes a fibroblastos que fisiologicamente formam o acido hialurénico,
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sintetizam as metaloproteinases (MMP) e prostaglandinas E2 quando estimulados
pelo TNF- a e IL-1 (SAKAGUCHI e SAKAGUCHI, 2005). Deste modo, na artrite 0os
sinovidcitos proliferam exacerbadamente, invadindo e gerando erosao na cartilagem
e no o0sso, alterando o balanco entre citocinas pré e anti-inflamatérias e,

consequentemente, levando a perpetuacdo dos mecanismos da AR.

Estudos em modelos experimentais resultam em um melhor entendimento do papel
de diferentes tipos celulares e mediadores inflamatérios envolvidos no
desenvolvimento da artrite. Pesquisas tém demonstrado que dentre os diferentes
tipos celulares, os neutrofilos se destacam, pois regulam e orquestram a resposta
inflamatéria aguda e participam também da inflamacao cronica (KASAMA e col.,
2005). O envolvimento dos neutrdéfilos na patogénese da artrite reumatéide tem sido
demonstrado utilizando-se diferentes modelos experimentais. Foi descoberto que
camundongos K/BxN desenvolvem artrite espontaneamente, sendo estes animais
provenientes do cruzamento de animais NOD com animais KRN. A transferéncia de
soro de animais K/BxN que contém o0s auto-anticorpos para animais C57/BI6,
também induz uma reacao inflamatéria especifica mimetizando o modelo animal
K/BxN, indicando que a transferéncia destes auto-anticorpos é suficiente para induzir
inflamacdo na articulagdo (KOUSKOFF, 1996). Utilizando-se este modelo,
demonstrou-se que animais depletados de neutrofilos sdo resistentes aos efeitos
inflamatdrios do soro artritogénico de animais K/BxN. Interessantemente, a

deplecdo dos neutrofilos cinco dias apds a transferéncia do soro reverteu a reacéo
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inflamatoria das articulagfes. Estes resultados demonstram o papel fundamental dos

neutrofilos na iniciagdo e manutencéo do processo inflamatério nas articulacdes.

O acumulo de produtos potencialmente toxicos, como serino proteases, colagenase,
espécies reativas de oxigénio e fibronectina no liquido sinovial ocorrem devido a
processos de ativacdo de neutrdfilos in situ. A presenca deste tipo celular tem sido
associada aos principais danos articulares observados na artrite reumatoide
(ELLIOTT e col., 2011). Sendo assim, o modelo de artrite se torna um modelo ideal
para se estudar o recrutamento de neutrofilos, a resolucéo da resposta inflamatéria e

a participacao de diferentes moléculas nestes processos.

Outro importante ponto citado acima € a intensa dor articular gerada na AR. Como
resultado de leséo tecidual e reatividade imune anormal ou lesdo neural, a dor esta
frequentemente relacionada a processos inflamatérios (STEIN e col. 2003). Tais
processos geram a sensibilicdo de nociceptores aferentes priméarios, que é
caracterizada pela diminuicdo do limiar de excitabilidade necessério para ativa-lo, pelo
aumento da atividade espontanea da célula nervosa e pelo aumento na frequéncia de
disparo em resposta a estimulos supralimiares (COSTIGAN e col.,, 2009). A
consequéncia de tais alteragBes leva a dois fenémenos clinicos relevantes, a
hiperalgesia, caracterizada pela resposta exacerbada a estimulos dolorosos, e alodinia,
gue é o surgimento da dor em resposta a um estimulo normalmente inécuo (LOESER e
TREEDE, 2008), melhor descrito como hipernocicepcdo em modelos animais

(OLIVEIRA e col.,, 2011). Existem diversos mediadores quimicos finais da
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hipernocicep¢do inflamatoria que podem ativar diretamente e/ou indiretamente o0s
nociceptores. Entretanto, o estimulo inflamatério normalmente néo libera estes
mediadores diretamente, mas séo precedidas por outros mediadores como as citocinas
(CUNHA e col.,, 2005; VERRI e col.,, 2006). Assim sendo, células residentes
(principalmente macréfagos, mastécitos e células dendriticas) e células infiltradas
liberam diversos mediadores inflamatorios, como as citocinas, que desempenham

papel essencial para o desenvolvimento da hipernocicepg¢éo inflamatoria.

Citocinas como o TNF-a e IL-1B estdo também diretamente implicada em muitos dos
processos imunes que estdo associados com a patogénese de artrite reumatdide. Com
efeito, o tratamento com anticorpos anti-TNF ou TNFR soluvel provou ser um
importante desenvolvimento no tratamento de doentes com artrite reumatoide (SCOTT
e KINGSLEY, 2006). Um problema associado ao tratamento baseado em citocinas € a
de que estes sao caros e precisam de ser administradas por via parentérica. Além
disso, muitos pacientes nao respondem a qualquer bloqueio de TNF-a (KEKOW e col.,
2012). Assim, novas opcoes terapéuticas para o tratamento da AR s&o claramente
necessarios, bem como os modelos para investigar a inflamacao articular e dor

concomitantemente.

Resolucéo da resposta inflamatoria e apoptose

Durante a resolucdo do processo inflamatério, uma série de eventos pode contribuir
para a eliminagdo da resposta inflamatoria. A vasodilatagdo e formacdo de edema

contribuem para a reducdo das concentracdes efetivas do estimulo inflamatoério. Os
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leucdcitos recrutados eliminam o agente efetor, os mediadores inflamatérios sao
desativados espontaneamente ou enzimaticamente, moléculas com funcéo inibitéria
sdo produzidas e as células efetoras sdo eliminadas do tecido (sendo este, o principal
mecanismo do processo de resolucdo inflamatéria). A eliminacdo de células
inflamatérias do tecido lesado € um dos principais focos de pesquisa atualmente. As
células inflamatorias podem ser eliminadas por recirculacdo sistémica, drenagem
linfatica ou, principalmente, por morte celular (GILROY e col.,, 2004). Dois tipos
fundamentais de morte celular tém sido descritos atualmente: a necrose e a apoptose
seguido de fagocitose que sdo definidas de acordo com suas caracteristicas

morfologicas e bioquimicas.

O termo apoptose foi utilizado pela primeira vez por KERR e colaboradores (1972) no
inicio dos anos 70 para definir outro tipo de morte celular que se diferenciaria da
necrose. A apoptose, também conhecida como morte programada de células, é
definida como forma programada ou fisiol6gica de morte celular por um mecanismo
altamente controlado que nao induz inflamacdo e possui morfologia caracteristica.
Durante a apoptose, a célula sofre encolhimento, retencdo de organelas, condensacéao
da cromatina e fragmentagcdo nuclear. Em algumas linhagens celulares, ocorre a

formacao dos corpos apoptoticos (SAVILL e col., 2002).

A apoptose é um importante contraponto fisiologico a mitose na regulacdo do numero
de células em processos como a reproducédo, embriogenese e desenvolvimento, na

renovacao celular homeostatica do individuo adulto e na eliminagdo de células
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danificadas (ELMORE, 2007). A apoptose € descrita desde organismos muticelulares
primitivos até os vertebrados, mas também foi identificado mecanismos semelhantes a

apoptose em organismos unicelulares (Alberts e col., 2002).

A apoptose € um processo ativo que pode ser desencadeado por uma série de
estimulos, extra e intracelulares, controlados por uma série especifica de genes
especificos que podem participar de cinco passos sequenciais e distintos: (1) a decisédo
da célula em morrer ou viver, (2) a ativacdo dos mecanismos de morte celular, (3) a
execucao do processo de morte, (4) a fagocitose da célula apoptotica e (5) a

degradacdo da célula apoptotica (ELMORE, 2007).

Nos mamiferos, a apoptose pode ser desencadeado por duas grandes vias: (1) via de
receptor de morte, ou via extrinseca; e (2) via mitocondrial, ou via intrinseca (RUBIO-

MOSCARDO e col., 2005; EKERT e VAUX, 2005).

Os receptores de morte estdo localizados na superficie celular com dominio
extracelular rico em cisteina e pertencentes a familia TNF (MELET e col., 2008). Tais

receptores transmitem sinais de morte desencadeados por ligantes especificos.

Genes envolvidos na apoptose, tanto como anti ou proapoptoticos, vem sendo
estudados. A via mitocondrial & controlada pela familia BcL-2 (B-cell imphoma protein
2) (ROLLAND e CONRADT, 2010). A eficacia dessas proteinas no controle da

apoptose € proporcional a sua expressao.
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Foram identificadas mais de doze proteinas da familia BcL-2. S&o divididas, em relagédo
a sua funcdo e semelhanca de sequéncia de aminoacidos em trés subfamilias. A
subfamilia anti-apoptose é representada por BcL-2/BcLxl, que inibe a apoptose por
prevenir a liberacdo de proteinas mitocontriais das duas familias pro-apoptoticas
representadas por Bax/Bak (BcL-2 associated protein X) e Bid/Bim (FRENZEL e col.,

2009).

Praticamente todos os estimulos apoptdticos sdo desencadeados por caspases
(cystenil aspartat especific protease), grupo de enzimas proteoliticas sintetizadas como
proenzimas inativas. As caspases dos mamiferos sdo divididas em duas subfamilias. A
primeira ligada ao desencadeamento de apoptose (caspases 2, 3,6, 7,8,9,10e 12), e
a segunda ligada ao processamento de citocinas (caspases 1, 4, 5 e 11) (RAIl e col.,

2005).

As caspases envolvidas na apoptose podem ser subdividas em iniciadoras e efetoras,
de acordo com o tamanho de seu predominio. Caspases longas (2, 8, 9 e 10) atuam
como iniciadoras, e caspases curtas (3, 6 e 7) atuam como efetoras (RAI e col., 2005).
O controle da cascata de caspases é fundamental em varios processos homeostéticos
e de diferenciacéo celular, com isso, o controle da atividade de caspases apresenta

potencial terapéutico.
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A morte celular por apoptose exerce um papel fundamental na maioria dos processos
biolégicos e a desregulacdo desse mecanismo € um importante fator na patogénese e
progressdo de inumeras doencas (ELMORE, 2007). Excessiva morte celular por
apoptose ou falta de apoptose estéd associada ao desenvolvimento de doencgas. Assim,
como por um lado a morte acelerada de células estd associada a muitas doencas
autoimunes, a reduzida capacidade de sofrer apoptose é uma caracteristica basica de
muitos tumores e doencas inflamatorias. Durante doencgas inflamatérias como a artrite,
a dermatite atépica, a asma, ocorre uma reducao ou atraso da apoptose (GILROY e

col., 2004).

A resolucéo é imperativa para que haja uma resposta adequada do hospedeiro, para
protecdo tecidual e para um retorno a homeostase (SCHWAB, e col., 2007; SERHAN e

SAVILL, 2005; GILROY e col., 2004)

Espécies reativas de oxigénio

Espécies reativas de oxigénio sdo moléculas que possuem em sua Orbita externa um
elétron livre. As principais espécies reativas de oxigénio sdo: o anion superoxido, o
peréxido de hidrogénio, e o peroxido de nitrito, que por alguns autores é considerado
uma espécie reativa de azoto. Essas moléculas possuem instabilidade elétrica muito
grande, e por isso, mesmo tendo meia vida muito curta, apresentam grande
capacidade reativa, o que pode acontecer com qualquer composto que esteja proximo,
a fim de captar um elétron desse composto, ou liberar um elétron para esse composto

para sua estabilizacdo. As espécies reativas de oxigénio produzidas por macréfagos e
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neutréfilos exercem uma funcdo microbiana contra fungos e bactérias, por gerarem
peroxidacgdo lipidica e danos ao DNA destes microrganismos. Participam também da
ativacao celular em sitios inflamatorio, levando a liberagé@o de citocinas e quimiocinas e

aumentando a expressao de moléculas da adesao (ARAZNA e col., 2013).

Em condigbes normais por volta de 95 a 98% do oxigénio absorvido pelos organismos
aerdbicos é reduzido, formando agua na cadeia respiratéria através do transporte de
elétrons na mitocdndria, bem como no reticulo endoplasmatico, onde o sistema
enzimético citocromo, no processo de fosforilagdo oxidativa, procede a reducéo
tetravalente do O, pelo sistema citocromo oxidase, fornecendo simultaneamente 4

elétrons para o oxigénio, que se reduz diretamente a agua:

O, + 4H+ 4e” — 2H,0

As fontes que cedem os cations de hidrogénio e os elétrons para a reacdo sao,
basicamente, o NADH, o FADH e a ubiquinona ou coenzima Q (DE LUCA e col., 2005).
Todavia, 2 a 5% do O, sdo reduzidos univalentemente, processo em que uma molécula
recebe apenas um elétron, o qual ocupa um dos orbitais externos, ao mesmo tempo
em que o outro continua ndo parelhado, produzindo intermediarios altamente reativos,
denominados espécies reativas de oxigénio. Forma-se entao a primeira espécie toxica

reativa de oxigénio, o superoxido, conforme esquema:

O,+e — 0Oy
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Em condi¢des inflamatérias, entretanto, a producdo de superdoxido é aumentada, pois
este desenvolve um importante papel na resposta imune de mamiferos. O superoxido
tem acdo antimicrobiana e facilita a morte de microorganismos invasores, pois através
de oxidacao lipidica a membrana plasmatica é degradada (GUERRA e col., 2007).

A partir do superdéxido, e sob a acédo de algumas enzimas, sdo geradas outras espécies
reativas, como observado na figura 2. Em sitios inflamatoérios sdo formadas espécies
reativas de oxigénio, pois, como dito acima, estas tém a capacidade de ativar
leucécitos e possuem propriedades microbicidas, como o peréxido de hidrogénio
(H202), que é formado pelo superoxido através da acdo da enzima superdxido

dismutase (SOD).

HOCI
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A
SOD " catalase
MPO -
-
e
J - )
| .\\\
MADH/MNADPH oxidase Y
Xantina oxidase R %0 d \\
Lipoxigenase NO €acdo de N
Cicloxigenase Fenton \\
P-450 monooxigenase k)
Fosforilagdo oxidativa
mitocondrial OH + OH-
ONOO-

Figura 2: Espécies reativas de oxigénio e suas enzimas formadoras

Como citado acima, a eliminacédo de neutrofilos de um tecido inflamado é crucial para
resolucéo da resposta inflamatéria. Assim, podemos ressaltar trabalhos que reforcam a
idéia de que espécies reativas de oxigénio podem ter um papel importante no controle

26



do acumulo de leucdcitos durante uma resposta inflamatoria. Neutrofilos de pacientes
com a sindrome autoinflamatoria SAPHO (sigla de: synovitis, acne, pustulosis,
hyperostosisandosteitis) tem um defeito especifico na producédo de espécies reativas
de oxigénio, indicando que a diminuida producdo dessas moléculas est4 envolvida no
desenvolvimento e manutencdo dessa doenca inflamatéria (FERGUNSON e col.,
2008). De forma interessante, em pacientes com sindrome de Down nos quais o gene
para SOD é superexpresso, e consequentemente devem apresentar maior producao de
H.O,, a apoptose de neutrdfilos, espontanea bem como aquela induzida por anticorpos
anti-Fas € acelerada tornando esses pacientes mais susceptiveis a doencas
infecciosas, por exemplo, as bacterianas (YASUI e col.,, 2005). O perdxido de
hidrogénio parece ser o principal mediador da apoptose de neutréfilos (YASUI e col.,
2005). Além disso, os pacientes com doenca granulomatosa crbnica, caracterizada por
um defeito genético na producdo de superdxido e consequentemente de perdxido de
hidrogénio, apresentam diminuida capacidade de resolucdo de resposta inflamatéria
(YASUI, e col., 2006). De fato ja foi demonstrado que a SOD adicionada exogenamente
em uma cultura de neutréfilos induz a apoptose dessas células (SULUWSKA, e col,
2005). Além dos dados acima, experimentos utilizando camundongos trangénicos que
apresentam uma alta producdo de SOD demonstraram uma reducdo no namero de
neutréfilos em fluidos de lavados brénquio-alveolares apds administracdo intratraqueal

de particulas poluentes (YASUI, e col., 2005).
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Vias de sinalizagao celular e sua relevancia para resolucdo da resposta inflamatdria

A apoptose pode ser induzida por receptores de morte encontrados na membrana
celular (LIN e col.,, 2012), como também induzida pela interrup¢cdo de vias de
sinalizacdo relacionada a sobrevida. A ativacdo dessas vias de sinalizacdo induz a
producdo de varios mediadores e previne a apoptose. Sob a maioria das condi¢des, 0s
neutréfilos serdo expostos a ambos os fatores pré6 e anti-apoptéticos. O efeito
resultante sobre a morte de neutréfilos e sobrevivéncia reflete um equilibrio entre as
atividades de tais fatores. A morte de neutrofilos estd associada com a regulacao
positiva de sinalizacdo da morte e a regulacdo negativa da sinalizacdo de
sobrevivéncia. A via da PI3k tem sido mostrada importante para a sobrevida de varios
tipos celulares (SONG e col., 2005). Foi demostrada que tal via é importante para a
sobrevida de células da tiredide e hepatécitos (CULLEN e col., 2004), como também
eosindfilos in vivo (PINHO e col., 2005). Drogas que inibem a fosforilacdo de AKT
podem contribuir para a resolu¢cdo da resposta inflamatéria. Em nosso grupo de
pesquisa descrevemos a influencia do inibidor PDE4 (rolipram) na resolucdo da
pleurisia induzida por LPS (SOUSA e col., 2010). A inibicdo da fosforilagcdo de AKT
gerada por Rolipran diminuiu o numero de neutrofilos na cavidade pleural aumentando
0 numero de neutrdéfilos apoptéticos induzidos por ativagcdo de capase. Mostramos,
também, que além do Rolipran outras drogas inibem a ativacdo de AKT e resolvem a
inflamacéo eosinofilica induzida na pleura por OVA. Forskolin, um mimético da

adenilato ciclase, que aumenta os niveis intracelulares de cAMP também inibiu a
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fosforilacdo de AKT. Como consequéncia, observamos 0 aumento da apoptose
(SOUSA e col, 2009). A inibicdo da fosforilagdo de ERK1/2 também induz apoptose em
midcitos (ZHANG e col., 2011). Algumas infec¢Bes virais podem ativar a fosforilagdo de
MAP quinases, como ERK1/2, JNK e p38, inibindo a apoptose das células infectadas

promovendo a replicacéo viral (LIU e col., 2012).

O fator de transcricdo NF-kB é um regulador chave de varias funcdes celulares,
incluindo a ativacdo e sobrevida de leucocitos (WARD e col., 2004; DUTTA e col.,
2006). Os efeitos de sobrevida de muitas vias pode ser mediada por NF-kB. Um
exemplo é que AKT ativada pode fosforilar IkB quinase (IKK) levando a ativacao de NF-

kB (NAIR e col., 2006).
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Objetivos

Objetivo geral:

Assim, o objetivo geral desta tese de doutorado foi estudar a resposta inflamatéria

gerada pela artrite induzida por antigeno, bem como os mediadores endégenos

importantes para sua resolucao, com enfoque na formacéo de espécies reativas

de oxigénio.

Objetivos especificos I: Estudar resposta inflamatdria gerada pela artrite induzida por
antigeno

1.

2.

Verificar a cinética da hipernocicepc¢éo induzida pela AlA.

Verificar o efeito da morfina na hipernocicepcéo induzida pela AlA.

Avaliar o infiltrado inflamatdrio e as estruturas articulares apos a inducéo da AlA.
Verificar a producao de TNF-q, IL-18 e CXCL1 apds a indugao da AlA.

Verificar o efeito do tratamento com anti-TNF-a, IL-1ra e dexametasona na
inflamacé&o e na hipernocicepcéo na AlA.

Verificar o papel de neutrofilos no mecanismo de dor articular e producédo de

citocinas na AlA.

Objetivos Especificos I1: Estudar o papel de mediadores enddgenos, com foco na produgéo
de ROS na resolucgédo da resposta inflamatéria

1.

Verificar a cinética e o papel da producdo de H,O,na resolugédo natural, bem
como a resolucdo da resposta inflamatoria induzida pela administracdo de

H,O.na AlA.
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. Verificar se a resolucdo da resposta inflamatéria da AlA induzida por H,0,é
promovida por apoptose de neutréfilos.
. Verificar se a inducdo da apoptose de neutrdfilos por H,O, é dependente da
inibicdo de vias de transducéo de sinal.

. Verificar a cinética e o papel da ativacdo das vias de transducéo de sinal PI3K,
ERK1/2 e P38 na AIA

. Verificar se a administragcdo de H,O, € capaz de inibir a hipernocicepgdo na AlA.

6. Verificar se a resolucao da resposta inflamatéria induzida por H,O, € dependente

da producéo de lipoxinas.

. Estudar de apoptose de neutréfilos humanos por H,O in vitro.
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Material e Métodos detalhados

Animais

Neste estudo usamos camundongos C57BIl/6 obtidos no Centro de Bioterismo do
Instituto de Ciéncias Biologicas da Universidade Federal de Minas Gerais (CEBIO-ICB
UFMG). Os camundongos gp91P"" foram adquiridos no biotério mantido pelo nosso
grupo de pesquisa (Laboratéro de Imunofarmacologia) Todos os procedimentos

experimentais foram avaliados pelo Comité de Etica da UFMG.

Drogas e reagentes

Superoxido Dismutase de Eritrocito Bovino (SOD), Catalase, H,0,, UO126, SB 203580,
LY 294002, Adjuvante Completo de Freud (CFA), Albumina de Soro Bovino Metilada
(mBSA), Albumina de Soro Bovino (BSA), Z-VAD-fmk, um inibidor de caspases e LPS
foram adquiridos da Sigma (St. Louis, MO).Anexina-V e os anticorpos para Western

blotting foram adquiridos da Cell Sinaling (Beverly MA, USA).

Modelo de Artrite Induzida por Antigeno

1-Procedimento de imunizacao, desafio com mBSA

Camundongos C57BL/6 ou gp91P"*"foram imunizados, através de injecdo intra-
dérmica, com uma emulsdo contendo 100uL de volumes iguais de PBS e adjuvante
completo de Freud (CFA), na qual foi dissolvida 500pgde mBSA. No 14° dia, os animais
imunizados foram desafiados com mBSA (10 pg/cavidade) através de injecdo intra-

articular (articulagéo fémur-tibial).
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2-Quantificacao de neutrofilos na cavidade articular induzida por mBSA

Para quantificagdo de neutrdéfilos, os camundongos foram sacrificados 24 horas apos o
desafio com 0 mBSA e foi realizado em lavado intra-articular (2 vezes) com 5uL de
Albumina da Soro Bovino (BSA) 3% diluido em PBS. Este lavado foi diluido em 90uL
deBSA e a partir deste, realizadas as contagens total e diferencial dos leucdcitos. Os
tratamentos foram realizados de acordo com o estabelecimento do pico de acumulo de

células na cavidade intra-articular.

Medida da hipernocicepcao: Teste de pressao crescente no joelho de camundongo

Os experimentos foram realizados utilizando o teste de pressdo com um
anestesiometro eletrénico (Modelo 1601C, Life Science Instruments Califérnia, EUA),
gue consiste em um transdutor de pressdo conectado a um contador digital de forca
expressa em gramas (g). A precisdo do aparelho é de 0,1 g. O aparelho é calibrado
para registrar uma forgca maxima de 150 g, mantendo a precisdo de 0,1 g até a forca de
80 g. O contato do transdutor de pressédo ao joelho foi realizado através de uma
ponteira descartavel de polipropileno com 0.5 mm de diametro adaptada a esse. Os
animais foram colocados em caixas de acrilico, medindo 12x20x17 cm cujo assoalho é
uma rede de malha igual a 5 mm2 constituida de arame ndo maleavel de 1 mm de
espessura, durante 15 minutos antes do experimento para adaptacdo ao ambiente.
Espelhos foram posicionados 25 cm abaixo das caixas de experimentacédo para facilitar
a visualizacao das plantas das patas dos animais. O experimentador aplicou, por entre
as malhas da rede, uma presséao linearmente crescente no centro da planta da pata do

camundongo até que o animal produzisse uma resposta caracterizada como sacudida
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(“flinch”) da pata estimulada. Os estimulos foram repetidos por até seis vezes, em geral
até o animal apresentar 3 medidas similares com uma clara resposta de “flinch” apés a
retirada da pata. A intensidade de hipernocicepcéo foi quantificada como a variagao na
pressdo (A de reagdo em gramas) obtida subtraindo-se a média de trés valores
expressos em gramas (forga) observada antes do procedimento experimental (O hora)
da média de trés valores em gramas (forca) ap6s a administracdo dos estimulos que
variam de acordo com o experimento. Os testes nociceptivos foram realizados entre
08:00 e 16:00 h. Todos os experimentos seguiram as normas e éticas estabelecidas
para experimentacdo com animais conscientes, recomendadas pelo IASP (International

Association for the Sdudy of Pain) (ZIMMERMANN, 1983).

Atividade da mieloperoxidase

Para avaliar o acumulo de neutrofilos no joelho, foi também utilizado o método de
guantificacdo da atividade de mieloperoxidase como descrito previamente (Matos e
cols., 1999). Brevemente, um fragmento do joelho foi pesado e picado, suspenso a 5%
em salina EDTA, submetido a homogeneizacéo e centrifugacao (3000 g, 10 minutos).
O sobrenadante foi desprezado e o componente residual (pellet) ressuspendido em 1,5
mL de NaCl 0.2% gelado e 1,5 mL de NaCl 1.6% com glicose 5% gelada para cada 100
mg de tecido. Realizou-se nova centrifugacdo 3000 g por 10 minutos. Novamente, o
sobrenadante foi descartado e o pellet ressuspendido em tampao fosfato com HTAB a
5% e 15 re-homogenizado por 30 segundos. As amostras foram congeladas e
descongeladas seguidamente (3 vezes) em nitrogénio liquido, submetidas novamente a

centrifugacédo e os sobrenadantes coletados para ensaio de MPO. Atividade de
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mieloperoxidase (MPO) das amostras foi determinada através de leitor de ELISA (450
nm) usando tetramethylbenzine (1.6 mM) e H»0, (0.5 mM). Os resultados foram

expressos como numero relativo de neutrofilos.

Contagem total dos leucdcitos

Aliquotas de 10uL do lavado articular foram diluidas em liquido de Turk, na proporcéo
de 1:2, sendo que a contagem total dos leucdcitos foi realizada em camara de
Neubauer, com o auxilio de microscopio Optico (aumento de 40x) e contador manual.

Os resultados foram expressos como nimero de células x 10° /cavidade.

Contagem diferencial dos leucocitos

As laminas para contagem diferencial foram preparadas por citocentrifugacédo de uma
aliquota dos lavados (citospin; ShandonLipshaw Inc., Pittsburgh, Pennsylvania, USA).
As células foram examinadas em microscopio Optico através da objetiva de imersédo em
6leo (aumento de 100x), sendo contadas 100 células por lamina diferenciando-se 3
tipos celulares, neutréfilos, eosinéfilos e monucleares. A quantificacdo de cada tipo
celular presente na cavidade articular foi calculada pela percentagem dessas células
contadas nas laminas e pela quantidade de células totais obtidas na contagem total. Os

resultados foram expressos como numero de neutréfilos x 104 /cavidade.
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Dosagem de H,O, por quimioluminescéncia

O métodos utilizados para dosagem de H,O, foi 0 de quimioluminescéncia do luminol
em presenca de peroxidase (HRP)-peroxido de hidrogénio (Tarpey & Fridovich, 2001).
ApOs o lavado articular (como descrito anteriormente, as amostras foram colocadas em
tubos de poliestireno (1 ml) e colocadas em luminémetro (BIO-orbit, 1250) para
confeccao da leitura zero. Foi colocado entdo o luminol 100 uM e feito novo registro. A
reacdo foi iniciada pela adicdo de horse radish-peroxidase (HRP, 6U/ml). Foram
realizados registros em um intervalo de 10 minutos e os dados expressos como meédias
das areas sob as curvas. A funcionalidade do método foi confirmada pela utilizacdo de

um padrao de peroxido de hidrogénio 0,5mM.

Técnica histolégica

A regido da articulagdo fémur-tibial foi isolada e imersa em formol tamponado a 10%,
para fixagdo durante 24 horas. Em seguida os tecidos provenientes da articulacao
fémur-tibilal foram descalcificados em EDTA (20%) por aproximadamente 72 horas.
Esses tecidos foram desidratados e incluidos em blocos de parafina. Cortes de 6 um de
espessura foram dispostos em |laminas de microscopia. As laminas foram coradas

segundo a técnica de coloracao de hematoxilina e eosina.
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Tratamento com SOD, H,0O,, Catalase, Z-VAD, SB 203580, UO-126 e LY 294002

Os camundongos foram tratados com SOD (0,3 mg/kg), H20,(0,5mM), Catalase (1,2
mg/kg), Z-VAD (1,0 mg/kg), SB 203580 (1,0 mg/kg), UO-126 (3,0 mg/kg) e LY
294002(10 pg/cavidade), BOC-1 (1 mg/kg) ou veiculo localmente (intra-articular) apos
(esses tempos foram determinados apods realizacdo de experimentos) a inducdo da

resposta inflamatoria.

Determinacdo de quimiocinas e citocinas por ELISA

Os kits para ELISA de camundongo foram obtidos da R&D Systems (DuoSet) e

utilizados de acordo com os procedimentos previamente descritos pelo fabricante.

Avaliacdo da apoptose

1-Caracterizacao morfologica da apoptose: Caracterizacao morfologica foi realizada
como rotineiramente realizado no laboratério (PINHO et. al, 2005). Brevemente, células
recuperadas apos o estimulo inflamatério e tratados ou ndo foram citocentrifugadas,
fixadas e coradas com May-Grunwald-Giemsa e contadas usando microscopio para
determinar a propor¢ao de células com morfologia apoptética.

2-Caracterizaciao bioquimica da apoptose: Medida do niumero de células apoptadticas
foi feita, também, através de citometria de fluxo (usando BectonDickensonFACScan e
CELL quest software) utilizando marcacdo com anexina-V-FITC que liga-se a

fosfatidilserina exposta na superficie das células apoptéticas e com iodeto de propidio
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como uma forma de excluir da amostra células que tenham perdido a integridade de

membrana.

Western blot

Células (5 x 10° células/ml) recuperadas da cavidade articular de camundongos foram
lisadas utilizando solucéo de lise especifica. O lisado foi, entdo, incubado por 12h com

anticorpos especificos. O conteudo foi analisado por Western blotting.

Cultura de neutrofilos humanos

Neutrofilos humanos foram isolados do sangue periférico de individuos normais por
gradiente de densidade usando Histopaque 1077/1119 (ENGLISH e ANDERSEN,
1974), logo apés coleta com o &cido tileno diamino tetracético dipotassico (EDTA-K2).
Os neutréfilos foram separados do sangue total logo apdés a coleta;, ap6s o
procedimento de separacdo de células foi realizado fixacdo das células por
citocentrifugacédo para confirmar a pureza da suspensdo celular (aproximadamente
95%) e foi realizada a contagem de leucdcitos em camara de Neubauer. Os neutroéfilos
foram, entdo, cultivados em meio RPMI incompleto, com ou sem H,O, nas
concentracdes de 0,01; 0,1 e 1,0 mM, por 6 horas para avaliacdo da apoptose, e por

20, 40 e 60 minutos para avaliacdo da fosforilacdo de vias de sobrevida celular.
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Analises estatisticas

Os dados foram apresentados com média + SE. A andlise da diferenca entre dois ou
mais grupos foi realizada, respectivamente, pelo teste t-student e ANOVA seguida do
pos-teste Student-Newman-Keuls. A significAncia estatistica foi estabelecida em

p<0,05.
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Resultados

Este capitulo € composto por artigos publicados e de resultados ainda ndo publicados,
contendo os resultados dos objetivos propostos nesta tese. Sendo assim, cada artigo

apresentado aborda um angulo da questéao aqui tratada.
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Cooperative role of tumour necrosis factor-a, interleukin-1b and neutrophils in a novel
behavioural model that concomitantly demonstrates articular inflammation and
hypernociception in mice
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BACKGROUND AND PURPOSE

Chranic joint inflammation and pain are the hallmarks of disease in patients with inflammatory arthritis, notably rheumatoid
arthritis. The aim of the present study was to investigate the relative contribution of tumour necrosis factor (THF)-r,
interleukin (IL)-14 and neutrophil influx for joint inflammation and nociception in a novel murine model of antigen-induced
arthritis (AlA).

EXPERIMENTAL APPROACH

AlA was induced by administration of antigen into knee joint of previously immunized mice. Meutrophil accumulation was
determined by counting neutrophils in the joints and assessing myeloperoxidase activity in tissues surrounding the joints.
THF-o, IL-1R and CXCL-1 were measured by eusa. Mechanical hypermnociception was assessed in parallel, using an electronic
pressure meter.

KEY RESULTS

Hypemociception was dependent on antigen dose and the time after its administration; it was prevented by treatment with
morphine and associated with neutrophil infiltration and local production of TMF-o, IL-1p and CXCL-1. Administration of a
chimeric monoclonal antibody te TMF-u (infliximab) or IL-1receptor antagonist prevented neutrophil influx and
hypernociception, and this was comparable to the effects of dexamethasone. Treatment with fucoidin (a leucocyte adhesion
inhibitor) greatly suppressed nedtrophil influx and local production of TMF-a and IL-16, and hypemociception.

72 British Journal of Pharmacology {2011) 162 72-33 © 2010 The Authars
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CONCLUSIONS AND IMPLICATIONS

TNF-t, IL-1[( and neutrophils in arthritis l” 1)

In conclusion, the present study describes a new model that allows for the concomitant evaluation of articular
hypernociception and inflammation. Using this system, we demonstrated that a positive feedback loop involving neutrophil
influx and the pro-inflammatory cytokines TMF-a and IL-1f is necessary for articular hypermociception after antigen challenge

of immunized mice.

Abbreviations

AlLA, antigen-induced arthritis; CFA, complete Freund's adjuvant; IL-1, interleukin-1; IL-1ra, IL-1receptor antagonist;
mB5A, methylated BSA; MO, myeloperoxidase; RA, rtheumatoid arthritis; TMB, 3,3-5,5"-tetramethylbenzidine; TNF-o,

tumour necrosis factor-o; TNFR, TNF receptor

Introduction

Chronic joint inflammation and pain are the two
main symptoms in patients with theumatoid arthri-
tis (RA), and are associated with significant morbid-
ity (Firestein, 2005). RA is a chronic autoimmune
disease with repeated acute episodes characterized
by infiltration of leucocytes into the synovial and
peri-articular tissues (Wipke and Allen, 2001; Liew
and Mclnnes, 2005; Coelho et al., 2008) that results
in destruction of cartilage and bone (Firestein,
2003). Neutrophils are the most abundant of leuco-
cytes in the joints of patients with active RA (Kitsis
and Weissmann, 1991; Wipke and Allen, 2001}, and
these cells are thought to contribute to local produc-
tion of cytokines and to inflict joint damage, per-
petuating the inflammatory process (Coelho et al.,
2008; Grespan et al., 2008; Lemos ef al., 2009). In
addition to their potential to inflict joint damage,
neutrophils may also play a role in the induction of
cutaneous inflammatory pain in animals (Lavich
et al., 2006; Cunha et al., 2008).

The sensitization of primary afferent nociceptors
is a common denominator of all kinds of inflamma-
tory pain that leads to a state of hyperalgesia and/or
allodynia, better described as hypernociception in
animal models (Millan, 1999). Hypernociception is
induced by inflammatory mediators released in the
inflamed tissue in response to a range of inflamma-
tory stimuli that trigger the release of a cascade of
cytokines [tumour necrosis factor (TNF)-w, interleu-
kin (IL)-1f and CXC chemokines) by resident and
imcoming cells (Cunha etal, 2005 Verri etal,
2006). Moreover, cytokines such as TNF-o and IL-1§
are also directly implicated in many of the immune
processes that are associated with the pathogenesis
of RA. Indeed, treatment with anti-TNF antibodies
or soluble TNFR has proven an important develop-
ment in the treatment of patients with RA (Scott
and Kingsley, 2006). IL-1f-based therapies also
appear to be useful in the context of RA, a tenet that
awaits confirmation with drugs or antibodies that
are longer acting than anakinra [IL-1receptor
antagonist (IL-1ra)]. A problem associated with

cytokine-based treatment is that these are costly and
need to be given via the parenteral route. Moreover,
many patients fail to respond to either TNF-a (More-
land et al., 1997) or IL-1p (Jiang et al., 2000) block-
ade. Thus, new therapeutic options for the
treatment of BRA are «clearly needed, as are
madels to investigate joint inflammation and pain
concomitantly.

Several experimental models have been used to
investigate the pathophysiology of arthritis.
However, there are few methods to directly evalu-
ate nociception concomitantly with inflammation
events in experimental models of arthritis. In mice,
joint hypernociception is usually evaluated only
indirectly by stimulating the surrounding tissues in
the hind paw after adjuvant administration (Chill-
ingworth and Donaldson, 2003). Pain inferred
from performing these latter strategies may reflect
sensitization of cutaneous nociceptors instead of
joint nociceptive terminals. In the present paper,
we addressed the contribution of TNF-o and IL-1p
for neutrophil influx and nociception, using a
novel behavioural model, and the contribution
of neutrophils for cytokine production and
nociception.

Methods

Animals

Animal care and handling procedures were in accor-
dance with the guidelines of the International Asso-
ciation for Study of Pain, and had prior approval
from the local animal ethics committee (CETEA,
Certificate number 166/2006 and 007/2007). Eight-
to ten-week-old male C57Bl/a] (WT) mice were
obtained from Centro de Bioterismo of the Univer-
sidade Federal de Minas Gerais (UFMG, Brazil) and
maintained in the animal facilities of the Labo-
ratorio de Imunofarmacologia, Department of Bio-
chemistry and Immunology (UFMG), with filtered
water and food ad libitum and in a controlled envi-
ronment (temperature and humidity).
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Arthritis induction and determination of
intra-articular inflammation

The animals were immunized i.d. at the base of the
tail with 500pg of methylated BSA (mBSA) in
100 pL of an emulsion of saline and an equal
volume of complete Freund's adjuvant (CFA) at day
0 (Teixeira et al., 2001). Challenge of mice was per-
formed 14 days later. Each mouse received an injec-
tion of the amount of mBSA (in 10 pL sterile saline)
in the knee joint. At the indicated time after antigen
challenge, the mice were culled. The knee cavity was
washed with phosphate-buffered saline (PBS)
(2= 5uL), and peri-articular tissues were removed
for evaluation of cytokines, chemokines and
myeloperoxidase (MPO) activity. The total number
of leucocytes was determined by counting leuco-
cytes in a Neubauer chamber after staining with
Turk’s solution. Differential counts were obtained
from cytospin (Shandon [, Thermo Shandon,
Frankfurt, Germany) preparations by evaluating the
percentage of each leucocyte on a slide stained with
May=Grinwald-Giemsa.

Hypernociception assessment by a modified
electronic pressure meter test for mice

In a guiet room, the mice were placed in acrylic
cages (12 = 10 = 17 cm high) with a wire grid floor
15-30 min before testing for environmental adapta-
tion. A series of stimuli was performed only when
the animals were quiet, without exploratory move-
ments or defecation and not resting on their paws.
In these experiments, an electronic pressure meter
was used. It consists of a hand-held force transducer
fitted with a polypropylene tip (INSIGHT Instru-
ments, Ribeirao Preto, $io Paulo, Brazil) (Cunha
etal., 2004). A non-standard large tip (4.15 mm?)
and standard large tip (0.5 mm?®) were adapted to
the probe (Guerrero et al., 2006). An increasing per-
pendicular force was applied to the central area of
the plantar surface of the hind paw to induce the
flexion of the knee joint, followed by paw withdraw.
A tilted mirror below the grid provided a clear view
of the animal’s hind paw. The end point was char-
acterized by the removal of the paw. After the
flexion-elicited withdrawal threshold, the intensity
of the pressure was automatically recorded. The
value for the response was obtained by averaging
three measurements. The animals were tested before
and after treatments. Results are expressed as A with-
drawal threshold (g) calculated by subtracting zero-
time mean measurements from the time interval
MEean measurements.

The sensitization of the nociceptive neurones in
humans results in hyperalgesia (Ferreira, 1972) (an
increased response to a stimulus which is normally
painful) or allodynia (pain from stimuli that are not

74 British Jeurnal of Pharmacolegy {2011) 162 72-81

normally painful). However, in animal behaviour
maodels of mechanical nociception, hyperalgesia
and allodynia can be distinguished by the use of
apparently different mechanical tests. Moreover, the
terms hyperalgesia and allodynia have been devel-
oped for use in clinical practice rather than for
experimental work, physiology or anatomical pur-
poses (see IASP Pain Terminology). Therefore, we
have used the term hypernociception to describe
the decrease of behavioural nociceptive threshold in
experimental animals (Parada etal., 2003; Sachs
et al., 2004; Cunha et al., 2005; Verri et al., 2006).

Quantification of neutrophil accumulation

in tissues

The extent of neutrophil accumulation in tissues
was measured by assaying MPPO activity (Souza ef al.,
2002a; Barsante et al., 2007). Briefly, the knee joint
was removed and frozen at -70°C. Upon thawing,
the tissue (0.1 g of tissue per 1.9 mL of buffer) was
homogenized and processed for determination of
MPO activity. The assay employed 25 pL of 3,3'-5,5'-
tetramethylbenzidine (TMB, Sigma, St Louis, MO,
USA) in PBS (pH 5.4) as the colour reagent. Neutro-
phil number in each sample was calculated from a
standard curve of neutrophils obtained from the
peritoneal cavity of 5% casein-treated animals, and
processed the same way. The results are expressed in
relative number of neutrophils mg ! wet tissue.
Using this methodology, the test is specific for neu-
trophils over macrophages and lymphocytes.

Measurement of cylokines and chemokines in
peri-articular tissues

The concentrations of TNF-, IL-1f and CXCL-1
were measured in peri-articular tissues using com-
mercially available ELsa  assays, following the
instructions supplied by the manufacturer (DuoSet
kits, R&D Systems, Minneapolis, MN, USA). Briefly,
100 mg of tissue was homogenized in 1 mL of PES
0.4 M NaCl and 10 mM de NaFP () containing anti-
proteases 0.1 mM phenylmethylsulphonyl fluoride,
0.1 mM benzethonium chloride, 10 mM EDTA,
20 KI mL" aprotinin A and 0.05% Tween 20. The
samples were then centrifuged for 10 min at
3000 g, and the supernatant was immediately used
for ELISA assay at a 1:3 dilution in PBS. All samples
were assayed in duplicate.

Histology

The knee joint was removed and fixed for 24 h with
10%: neutral-buffered formalin. The joints were then
incubated in 10% EDTA at pH 7.2 for 3 weeks at
room temperature to decalcification. The samples
were embedded by routine histological technique in
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paraffin, and sectioned at 7 pm for Mallory's tricro-
mic staining.

Drugs. mBSA, fucoidin, naloxone hydrochloride,
morphine sulphate, dexamethasone and CFA were
purchased from Sigma Chemical Co., and lidocaine
chloride was obtained from Cristilia (5o Paulo,
Brazil). Anti-TNF-oo (Infliximab, Remicade®, Kenil-
worth, NJ, USA) was obtained from Schering-
Plough, and IL-1ra was a kind gift from Dr Steve
PPoole (National Institute for Biological Standards
and Control, South Mimms, Hertfordshire, UK). All
compounds were dissolved in saline. Morphine and
naloxone were administered i.p. in a volume of
200 pL. The solution of 2% lidocaine was locally
administered in the s.c. plantar tissue in a volume of
10 pL. The abbreviations used conform to Bis
Guide to Receptors and Channels (Alexander et al.,
2009), and to the IUPHAR guidelines, as published
in Phanmacological Reviews.

Statistical analysis

Results are shown as the mean = SEM. Difference
among groups was evaluated by using anova fol-
lowed by Student-Newman-Keuls post hoc test. The
level of significance was set at ' < 0.05.
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Results

Kinetics of hypernociception in a model of
antigen-induced arthritis (AIA)

The ia. challenge of immunized mice with 10 pL
of sterile saline induced a small degree of hyper-
nociception that peaked at 1h and declined
rapidly thereafter (Figure 1A). Challenge of immu-
nized mice with mBSA induced dose-dependent (1,
3, 10 and 30 pg) mechanical hypernociception that
was of much greater intensity and duration. The
intensity of hypernociception induced by the
lower doses of mBSA (1 and 3 pg ia.) in immu-
nized mice was significantly increased after S h
(Figure 1A) of i.a. challenge, remained stable until
day 6 and declined thereafter (Figure 1B). For
higher doses (10 and 30 pg per cavity), the inten-
sity of hypernociception was significant from the
first hour, achieved a maximal response at 5 h and
remained at the same magnitude until day 6,
declining thereafter (Figure 1), but after each of the
assessment times the response was increased when
compared with the saline group. A submaximal
dose (10pg) and the read-out at 24 h after i.a.
injection of mBSA were chosen for subsequent
experiments.

3 3 5 7

Time (h} after mBSA joint injaction

Figure 1

1234 @ 1z 20
Time (days) after mBEA poant injechon

Dose- and time-dependent mechanical hypemnociception after injection of antigen (mBSA} in the tibio-femural joint of immunized mice. mBSA
{1, 3, 10 and 30 pg in 10 pL) or sterile saline (control; 10 ul} was injected into the left tibio-fermural joint. The intensity of hypermociception was
evaluated, 1-12 h {4) and 1-20 days (B) after the injection of mBSA into the joint inimmunized mice, by electronic pressure meter test. The results
are expressed as the mean = 3EM of 4-3 animals per group. *F < 0L05 when compared with contrel mice.
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Discriminating articular from

cutaneous hypernociception

A set of experiments was performed to wverify
whether the probe tip applied on the plantar surface
of the hind paw stimulated cutaneous nociceptors
instead of articular nociceptors. To distinguish
articular (flexion) from cutaneous nociception
(poking), two probes with different tip size (stan-
dard size tip, 0.5 mm® and non-standard size tip,
4.15 mm?) were adapted on the electronic pressure
meter, and applied on the plantar hind paw surface
of the mice. To confirm that the nociceptive
response induced by intra-articular administration
of mBSA in immunized mice was not due to the
sensitization of cutaneous nociceptors, the mice
received an intraplantar injection of either lidocaine
(2% in 10pLl) or saline (10pl). As shown in
Figure 2, the intraplantar injection of lidocaine pre-
vented the decrease in withdrawal threshold pro-
duced by the standard size tip (0.5 mm?, thin tip)
and did not alter the flexion movement produced
by the large size tip (4.15 mm?, large tip) applied on
the plantar surface. These results suggest that the
application of the standard size tip provokes cuta-
neous nociception by itself and that the large tip

Large tip
.

1 Saline 10 pL par paw
I Lidocaine 2% in 10 pL per paw
[
= Thin tip
o
82 44
24
cg
=
$% 2
=
535
=5
4@ 2 po
§°
£ mBSA i.a.
=27 Saline i.a.
~ “Saline ia.
Figure 2

Effect of intraplantar lidocaine injection on  hypernociceptive
responses to injection of antigen (mB3A) in the tibio-femural joint of
immunized mice. The mice received an intraplamtar injection of
lidocaime {Lido: 2%, 10 pl) or saline {10 pL) 24 h after the i.a injec-
tion of mB&A {mB5A, 10 pg in 10 pL) or saline {10 pl). Hypernoc-
ception was evaluated 30 min after the intraplantar injection of
lidocaime or saline with an electronic pressure meter test using tip
probes of two sizes (4.15 and 0.5 mm?). The results are expressed as
the mean * SEM of five animals per group.
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causes dorsal flexion movement of the knee joint
without the stimulation of cutaneous nociceptors,
hence allowing the evaluation of the dorsal flexion-
elicited hypernociception during joint inflamma-
tion. The large size tip (4.15 mm?, large tip) was thus
chosen for subsequent experiments.

Effect of morphine on mBSA-induced
hypernociception in immunized mice

To corroborate the view that flexion of tibio-femural
joint indicates an articular nociceptive response
{not a cutaneous nociceptive response), immunized
mice challenged with i.a. mBSA were treated with
morphine.  The mice received morphine
(2-8 mg-kg; i.p.) 24 h after i.a. injection of mBSA.
Treatment with morphine inhibited in a dose-
dependent manner the mBSA-elicited hypernocice-
ption. Furthermore, treatment with the opioid
receptor  antagonist naloxone (1 mgkg', sc)
30 min before morphine (2 mg-kg’; i.p.) injection
prevented the analgesic effect of morphine
(Figure 3). The administration of naloxone alone
had no significant effect on the nociceptive
TESPONSE.

Evaluation of joint inflammation

Joint inflammatory parameters after i.a. challenge of
immunized mice with mBSA were also evaluated.
There was an increase in the number of neutrophils
in the synovial cavity (Figure 4A) and in peri-
articular tissues (Figure 4B) at 24 h after challenge.
In line with these findings, histological analysis of
joint sections demonstrated a dense infiltration of
neutrophils in the synovium and peri-articular
tissues, and synovial hyperplasia at 24 h after chal-
lenge when compared with contral (Figure 4C,D).
Levels of the cytokines TNF-o and IL-1j, and the
chemokine CXCL-1 were increased 24 h after chal-
lenge in peri-articular tissues (Figure 5A, B and C
respectively).

Reduction of mBSA-induced joint
inflammation and hypernociception by
treatments with anti-TNF-c, IL1-ra and
dexamethasone in a model of AIA

In order to evaluate the usefulness of the maodel to
investigate the role of drugs currently shown to
maodify the outcome of arthritis, especially TNF-o-
and IL-1p-based therapies, we compared the effects
of the treatment with anti-TNF-o, IL-1ra and dex-
amethasone (standard anti-inflammatory steroid) in
our model. In the same animals and joints, we
assessed the effects of the treatment on hypernoci-
ception, and on intra- and peri-articular neutrophil
influx. As seen in Figure 6, treatment with anti-
TNF-rr antibody (infliximab, 10 mgkg'; s.c) or
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Figure 3

Antinociceptive effect of morphine after injection of antigen (mB5A)
in the tibio-femural joint of immunized mice. mBSA (10 pg i 10 pl)
or sterile saline {control; 10 pl) was injected into the fermur-tibial
joint. The animals were post-treated (24 h after ia. injection of
mBSA) with morphine {2-8 mg-kg™', i.p.) or vehicle {sterile saline).
The effect of naloxone (1 mgkg') 30 min before marphine
(8 mig-kg ") is also demonstrated. The intensity of hypernociception
was evaluated 24 h after i.a. injection of mBSA in immunized mice by
electronic pressure meter test. The results are expressed as the
mean £ 3EM of five animals per group. *F = 0.05 when compared
with contrel mice. #F < 0.05 when compared to wehicle-treated
animals.

IL-1ra (5 mg-kg ", s.c.) 30 min before antigen chal-
lenge of immunized mice greatly reduced the hyper-
nociception, and intra- and peri-articular neutrophil
influx. Overall, the effect of anti-TNF-o or IL-1ra was
of similar magnitude to that of the treatment with
dexamethasone (5 mg-kg'; s.c.) (Figure 6). Treat-
ment with anti-TNF-u decreased production of IL-1§
by approximately 50%, whereas treatment with
IL-1ra decreased TMF-o. in the joints by approxi-
mately 40% (n =4 in each group, P = 0.05).

Neutrophils play a critical role

in mechanical joint hypernociception and
cytokine production

Neutrophils have been shown to play a major role in
mechanical and thermal hypernociception due to
intraplantar inflammation in rats (Lavich etal,
2006; Cunha efal., 2008). In the present series of
experiments, the selectin inhibitor fucoidin 20
(mg-kg ', iv.) was used to evaluate the role of neu-

TNF-t, IL-1[( and neutrophils in arthritis l” 1)

trophil migration in the induction of inflammatory
hypernociception. As shown in Figure 7, fucoidin
given 10 min before mBSA challenge greatly
reduced mechanical hypernociception (Figure 7A),
number of neutrophils in the synovial cavity
{Figure 7B) and the number of neutrophils in peri-
articular tissues (Figure 7C) evaluated 24 h after
mBSA challenge in immunized mice. Interestingly,
the treatment with fucoidin also reduced concentra-
tions of TNF-z (Figure 7D), IL-1f (Figure 7E), but not
CXCL-1 (Figure 7F) in peri-articular tissues.

Discussion

In the present study, we characterized a nowvel
behavioural model that allows the gquantification of
articular hypernociception after antigen challenge
of immunized mice. Arthritis, induced by adminis-
tration of antigen into the knee joint of previously
immunized mice, mediated a dose-dependent
hypernociception, which was associated with a sig-
nificant infiltrate of inflammatory cells and synovial
hyperplasia. Using this model, we show a coopera-
tive role between neutrophil influx and the produc-
tion of the pro-inflammatory cytokines TNF-o
and [L-1f in driving tissue inflammation and
hypernociception.

Articular hypernociception is usually indirectly
evaluated by mechanical and thermal tests. The
application of a cutaneous nociceptive stimulus on
the ipsilateral plantar skin is used to detect primary
or even secondary hypernociception (central sensi-
tization) induced by inflammatory agents injected
in the joint (Butler et al., 1992; Chillingworth and
Donaldson, 2003; Cook and Nickerson, 2005).
Whereas a standard-sized tip probe evoked a
mechanical nociceptive response that was decreased
by lidocaine given locally, nociception induced by a
large tip probe was not affected by lidocaine appli-
cation in the paw. These findings further support
the notion that in the present model, only articular
nociception is being evaluated. Morphine was used
to confirm that the decrease of withdrawal thresh-
old elicited by flexion of the knee joint was indica-
tive of a hypernociceptive response, because its
analgesic effect has been well documented (Mal-
donado ef al., 1994; Nagakura et al., 2003; Verri et al.
2004; 2005). As expected, morphine inhibited in a
dose-dependent manner hypernociception  after
antigen challenge of immunized mice, and this
effect was prevented by the opioid receptor antago-
nist, naloxone, Altogether, these results suggest that
the use of a large tip probe in mice is suitable for
studying articular hypernociception after antigen
challenge of immunized animals.
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Figure 4

Articular inflammation after injection of antigen (mBSA) in the tibio-f | joint of i ized mice. mBSA (10 ug in 10 pL) or sterile saline
(control; 10 uL) was injected into the right tibio-femural joint. In (A), the ber of phils in the synovial cavity was assessed into the knee
joint of i ized animals. (B) The ber of neutrophils in peri-articular tissues was assessed by using MPO assay, and results are shown as

relative units. The results are expressed as the mean * SEM of five animals per group. *P < 0.05 when compared with control mice. Representative
sections of knee joints are shown from control (C) or mBSA animals (D) at 24 h after AIA induction or sterile saline injection. Details: high
magnification of bone, articular space, synovium and perisinovial tissue (Mallory's trichromic staining); bar = 10 um. The arrows show the region

of greater magnification (x400) that appears as an insert in each of the figures.

Recently, Guerrero et al. (2006) evaluated hyper-
nociception evoked by flexion of the tibio-tarsal
joint of mice given a non-immune stimulus
(zymosan) using a similar methodology. In contrast
to our studies, these authors could not evaluate
inflammatory parameters (cell influx and cytokine
production) concomitantly, due to technical diffi-
culties in obtaining material from the injected joint.
Therefore, in addition to using immune stimulation
as the cause of joint inflammation, the model
described here allows a direct comparison, in the
same joint, of leucocyte influx, local cytokine and

78 British Journal of Pharmacology (2011) 162 72-83

chemokine production and hypernociception.
Therefore, it is possible to evaluate, in the same
experimental  system, whether the anti-
inflammatory effect of a given compound may con-
tribute to its anti-hyperalgesic effect.

Strategies that block or antagonize TNF-« and
IL-1p have been used for the treatment of RA, and
found to be useful in preventing the progression of
the disease in groups of patients (Schiff, 2000; Olsen
and Stein, 2004). Consistent with the human
studies, treatment of animals with anti-TNF-a,
IL-1ra and dexamethasone (standard anti-
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Figure 5

Levels of TRF-, IL-1[i and CXCLY in the joint after injection of antigen {mB3A) in the tibio-fermural joint of immunized mice. mBSA {10 pg in
10 pl) or sterile saline (control; 10 pl) was injected into the left knee joint The concentrations of (&) TMF-w, (B) IL-1 and {C) CXCLY in
peri-articular tissues after AlA induction was assessed by EUSA, and results are shown as pg of cytokine/chemokine 100 mg' tissue. The results are
expressed as the mean = SEM of 4-5 animals per group. *F < 0.05 when compared with control mice.

inflammatory steroid) reduced neutrophil migration
after antigen challenge of immunized mice. These
results demonstrate the relevance of TNF-o and
IL-1p for neutrophil influx in this model, and are
consistent with the well-known effects of these
cytokines in driving the production of a neutrophil
chemoattractant and cell adhesion molecule expres-
sion at sites of inflammation (Hickey et al. 1997;
Kelly et al. 2007). On the other hand, blockade of
neutrophil influx with fucoidin decreased TNF-o
and IL-13 production (as seen in Figure 7). Fucoidin
inhibits leucocyte migration (Ley et al., 1993; Kubes
et al., 1995; Shimaoka et al, 1996; Teixeira and
Hellewell, 1997) by binding to L- and P-selectins,
and consequently inhibiting leucocyte rolling and
subsequent adhesion (Ley et al., 1993; Kubes et al,,
1995; Shimaoka etal, 1996). Therefore, in the
context of AIA in mice, TNF-« and 1L-1f are neces-
sary for an adequate influx of neutrophils, but neu-
trophils are also essential for the full production of
TNF-oe and [L-1f. This is not to say neutrophils are
actually major producers of these cytokines, but
they do appear to contribute to their local produc-
tion, possibly by interacting with resident macroph-
ages. These findings are consistent with previous
findings in another model of acute inflammation
induced by reperfusion injury (Souza et al,, 2000b;
2001; 2002b; 2004). Indeed, in the context of intes-
tinal reperfusion injury, neutrophil influx was nec-
essary for TNF-o production (Souza et al., 2000a;
200M), whereas TNF-o was necessary for neutrophil
influx (Souza et al., 2001). Interestingly, blockade of
TMF-c¢ partially decreased IL-1f production, and
blockade of IL-1[ partially decreased TNF-g produc-

tion, suggesting that these cytokines facilitate the
production of each other in the context of AIA. A
previous study from our group showed that CXCR2-
acting cytokines, such as CXCL1, are needed for
neutrophil influx in AlA (Coelho etal, 2008).
CXCL1 production was not decreased by fucoidin
treatment. Therefore, although CXCL1 acting on
CXCR2 appears to be necessary for neutrophil
recruitment, it seems that neutrophils are not nec-
essary for the production of CXCL1. Altogether,
these studies demonstrate the complexity of the
inflammatory response and the many positive feed-
back loops which are necessary for inflammation to
occur. In the context of experimental arthritis, there
is strong positive interaction between neutrophils
and the pro-inflammatory cytokines TNF-c and
IL-1p. Extrapolating this more generally, the exist-
ence of positive feedback loops explains why mul-
tiple interventions are capable of inhibiting a given
inflammatory response, when interventions are
given at the beginning of the response.

Several studies have clearly described a role for
TMF-r and IL-1p in the genesis of inflammatory
hypernociception (Cunha et al., 2005; Verri ef al.,
2006). Similarly, it is now clear that neutrophils play
a crucial in the induction of inflammatory hyperno-
ciception induced by several stimuli (Levine ef al.,
1984; Cunha ef al, 2008). In our study, strategies
that blocked neutrophil influx (fucoidin) or cytok-
ine inhibitors (anti-TNF-a¢ or IL-1ra) decreased
hypernociception induced by antigen challenge of
immunized mice. These results demonstrate that a
paositive interaction between neutrophils and cytok-
ines (TNF-c and IL-1[3) drives articular inflammation
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after antigen challenge of immunized animals, and
triggers the mechanisms that lead to inflammatory
hypernociception. However, it is of note that,
whereas hypernociception was blocked by around
500% by cytokine inhibitors (or dexamethasone),

B0 British Journal of Pharmacology (2011) 162 72-83

Figure 6

Effects of the treatment with anti-TMF-w, IL-1ra or dexamethasone on
mechanical hyperneciception, neutrophil recruitment and levels of
cytokines after injection of antigen (mBSA} in the tibio-fernural joint
of immunized mice. Anti-TMNF-o (10 mg-kg ', s.c.), IL-Tra {5 mg-kg ",
5.}, dexamethasone (DEXA, 5 mg-kg ', 5.c.) orvehicle {sterile saline,
200 ply was given 30 min before mB5SA (10 pg, i.a). Control animals
received 10 pL sterile PBS (vehicle) in the kmee joint. In (A), the
hypermociception was evaluated 24 h after mBSA {10 ug in 10 L)
i.a. imjection in immunized mice by electronic pressure meter test. ()
The number of neutrophils in the synovial cavity was assessed in the
knee joint of immunized animals. {C) The number of neutrophils in
peri-articular tisswees was assessed by using MPO assay, and results are
showm as relative units. The results are expressed as the mean * SEM
of five animals per group. *P < 0.05 when compared with control

mice. #F < 0.05 when compared to vehicle-treated animals.
-l

leucocyte recruitment was inhibited by around
B0-90% in the same joint. We have no explanation
for these findings, but it is possible that the remain-
ing cell influx may be sufficient for causing a signifi-
cant degree of hypernociception. In agreement with
the latter possibility, fucoidin was the most effective
at preventing neutrophil influx and at preventing
hypernociception.

In conclusion, we describe a new model that
allows for the concomitant evaluation of articular
hypernociception and inflammation after antigen
challenge of immunized mice. In this model, pro-
duction of TNF-q, IL-1f and recruitment of neutro-
phils occur together with the development of
articular  hypernociception. More importantly, a
positive feedback loop involving neutrophil influx
and the pro-inflammatory cytokines TNF-e and
IL-1p are necessary for the development of articular
hypernociception. This medel should be useful in
the development of novel strategies for the treat-
ment of diseases with joint inflammation and pain,
and can be used to evaluate the inhibitory effects of
drugs in clinical use on hypernociception.

Acknowledgements

This waork was supported by grants from Conselho
Macional de Pesquisa (CNPg, Brazil), Coordenadoria
de Aperfeicoamento de Pessoal de Nivel Superior
{CAPES, Brazil) and Fundagao do Amparo a Pesqui-
sas do Estado de Minas Gerais (FAPEMIG, Brazil).

Conflict of interest

The authors state no conflict of interest.

50



THNF-t, IL-1f and neutrophils in arthritis l” 1_;

A * B [
L] * k]
1
T F = &
foo :?” 1 g
4 4
AR 3
o Sz =
i SE =
‘bg‘! - E"
H iim
a? * g 3
o . 2 = = T
a | | o [ ] i}
Control  Vahicke Fuocidin Control  Wehick  Fuccidn Coniral Wahicle  Fuccidin
mBSA 1 pg per knee mBS4 10 pg per knee mBEA 10 pg per knes
D . E M F &
150 1200 :|_
12004
I 5 ®
) T g0 ET
sk £ . Eiow
th ] T gk
83 s # E3 soo 1 »&
£5 g} Sgew
L =y :
e TE. gﬁm
5
0 '; i}
Contdl  ehie Fuoadin Conrd  Vehickh  Fucodn Coniral  Varsck: Fucodin

mBSA 10 pg per knes

Figure 7

mBSA 10 pglines

mEA 10 pg per knee

Effacts of the treatment with fuccidin on meachanical hypernociception, neutrophil recruitment and cytokine production after injection of antigen
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Objective. Neutrophil accumulation contributes
to the pathogenesis of rheumatoid arthritis. This study
was undertaken to examine the ability of H,0,; to
influence neutrophilic inflammation in a model of
antigen-induced arthritis (ALA) in mice.

Methods. AIA was induced by administration of
antigen into the knee joints of previously immunized
mice. Neutrophil accumulation was measured by count-
ing neutrophils in the synovial cavity and assaying
myeloperoxidase activity in the tissue surrounding the
mouse knee joint. Apoptosis was determined by morpho-
logic and molecular technigques. The role of H,0, was
studied using mice that do not produce reactive oxvgen
species (gp91""~'~ mice) and drugs that enhance the
generation or enhance the degradation of H,0,.

Results. Antigen challenge of immunized mice
induced neutrophil accumulation that peaked at 12-24
hours after challenge. H,(, production peaked at 24
hours, after which time, the inflammation resolved.
Neutrophil recruitment was similar in wild-type and
gp91P"*~'~ mice, but there was delayed resolution in
gp91P""*~'~ mice or after administration of catalase. In
contrast, administration of H,0, or superoxide dismu-
tase (SOD) resolved neutrophilic inflammation. The
resolution of inflammation induced by S0D or H,0,
was accompanied by an increase in the number of
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apoptotic neutrophils. Apoptosis was associated with an
increase in Bax and caspase 3 cleavage and was second-
ary to phosphatidylinositol 3-kinase (PI3K)/Akt
activation.

Conclusion. Our findings indicate that levels of
H,(), increase during neutrophil influx and are neces-
sary for the natural resolution of neutrophilic inflam-
mation. Mechanistically, enhanced levels of H,(; (en-
dogenous or exogenous) inhibit p-Akt/NF-xB and
induce apoptosis of migrated neutrophils. Modulation
of H,0; production may represent a novel strategy for
controlling neutrophilic inflammation in the joints.

Rheumatoid arthritis {RA) affects —19% of the
adult population of the world (1). The annual cost of RA
is estimated to be —16 billion dollars, including medical
expenses and indirect costs, such as decreased produc-
tivity and quality of life (2). In RA. the altered balance
between proinflammatory and antiinflammatory cyto-
kine production leads to chronic inflammation, synovio-
cvte proliferation, and erosion of cartilage and bone (3).
MNeutrophils are the most abundant leukocyte in the
joints of patients with active RA (4) and are thought to
play a role in the pathogenesis of the disease by inflicting
damage to tissues and releasing proinflammatory cyto-
kines (3,5.6).

More direct evidence of the involvement of neu-
trophils in the pathogenesis of arthritis has come from
studies of animal models of the disease (7). Neutrophils
are attracted into affected joints by chemoattractants
commonly detected in rheumatoid synovial fluid (8). For
example, we have shown that chemokines active on
CXCR1 and CXCR2 receptors play an important role in
driving neutrophil influx and joint damage in experimen-
tal arthritis (6). Accumulation of a particular leukocyte
subset in tissue depends not only on the number of cells
being recruited, but also on the number of cells that are
cleared (by apoptosis) or leave the tissue (9). Recent
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studies have shown that apoptosis of neutrophils con-
tributes to natural or induced (by antiinflammatory
agents) resolution of inflammation (10,11).

Several mediators and molecular pathways have
been shown to modulate the survival and death of
leukocytes at sites of inflammation, including growth
factors (12). proinflammatory cvtokines (13), phospha-
tidylinositol 3-kinase y (PI3K+y) (14), and tumor necrosis
factor o (TWNFa) (15). Reactive oxygen species (ROS)
are released during inflammatory responses and have
been shown to regulate cell survival (16). Under condi-
tions of oxidative stress, superoxide dismutase (50D
acts as an endogenous cellular defense system that
degrades O, into oxygen and H,O,. H,0O; may then be
detoxified by glutathione peroxidase or catalase (17).
H.0; has been demonstrated to induce apoptosis in
epithelial cells (18), endothelial cells {19), human hep-
atoma cells (20). and myocytes (21).

In this study, we examined the ability of H,O, to
resolve neutrophilic inflammation in a model of antigen-
induced arthritis (ALA) in mice. We demonstrated that
endogenous generation of H,0, is important for the
natural resolution of inflammatory responses and that
administration or generation of H,0, resolves estab-
lished inflammation in AIA. Mechanistically, H,O, re-
solves inflammation by inhibiting a PI3K survival path-
way and. hence, promoting neutrophil apoptosis.

MATERIALS AND METHODS

Animals. Male CSTBL/6 and gpB1P™*"'" (22} mice
(ages B-10 weeks) were bred and housed in a temperature-
controlled room and given free access 1o water and food. All
experimental protocols were subjected to evaluation and were
approved by the local animal ethics committee.

Reagents and drugs. SOD from bovine ervthrocytes,
catalase, H.0., Freund's complete adjuvant (CFA). methyl-
ated bovine serum albumin (mBSA), and LY294002 were
purchased from Sigma. Rabbil anti-p-AKT (Ser*™). anti-
cleaved caspase 3, and anti-Bax (P-19/5c-526) or secondary
anti-rabbit peroxidase-conjugated antibodies were purchased
from Santa Cruz Biotechnology. Anti-#-actin and anti-mouse
perovidase-conjugated antibodies were from Sigma.

Arthritis induction. Animals were immunized intra-
dermally at the base of the tail with 500 pg of mBSA in 100 pl
of an emulsion of saline and an equal volume of CFA on day
{0 {6). Mice were challenged with antigen 14 days later. Each
mouse received an injection of mBSA (10 pg mBSA in 10 pl
sterile saline) into the left knee joint. The knee cavity was
washed with phosphate buffered saline (PBS; 2 % 5 ul), and
periarticular tissue was removed for evaluation of cytokines,
chemokines, and myeloperoxidase (MPO) activity. The total
number of leukocytes was determined by counting leukocytes
in a Meubauer chamber after staining with Turk’s solution.
Differential counts were determined wsing standard morpho-
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logic criteria and were performed in May-Grunwald-Giemsa—
stained cytospin (Shandon 1T} slides. In experiments to eval-
uate the effects of drug treatment on inflammation resolution
and neutrophil apoptosis, mice were treated intraarticularly
with 50D (0.3 mgkg), HaO; (10 pl, 0.5M), catalase (1.2
mgkg), or LY294002 (10 pgfcavity) 12 or 24 hours after
arthritis induction, and parameters were evaluated 24 or 48
hours after arthritis induction. Doses were determined by
dose-response experiments.

Histologic analysis. The mouse knee joinis were ne-
maved and fixed in 8% paraformaldehyde. After fixation in 8%
paraformaldehyde (pH 7.2) for 12 hours, the joints were
incubated in 204 EDTA (pH 7.2) for 3 days at room temper-
ature to decaleify the bone. Samples were washed with PBS
and dehydrated. Afier embedding in paraffin, 3-pm-thick
sections were obtained and stained with hematosylin and
08in.

Cuantification of neutrophil accumulation in tissue by
measurement of MPO activity. The extent of newtrophil
accumulation in tissue was measured by assaying MPO activity,
as previously described (23). Briefly, the mouse knee joint was
removed and frozen at —70°C until analyzed. Upon thawing,
the tissue (0.1 gm of tissue per 1.9 ml of buffer) was homog-
enized and processed for determination of MPO activity. The
assay used 25 pl of 3,355 -tetramethylbenzidine (Sigma) in
PBS (pH 3.4) as the color reagent. The neutrophil number in
each sample was calculated from a standard curve of neutro-
phils oltained from the peritoneal cavity of 5% casein—treated
animals and processed in the same manner. The resulis were
expressed as the relative number of neutrophils per milligram
af wetl tissue.

Assessment of leukocyte apoptosis. Apoplosis was
assessed as previously described (24). Briefly, cells (5 = IU"_]
collected 48 hours after antigen challenge were cytocentri-
fuged, fixed, stained with May-Grinwald-Giemsa, and counted
using oil immersion microscopy (1000 objective) to determine
the proportion of cells with distinctive apoptotic morphology.
Twenty-five fields were counted per slide, and results are
expressed as the mean *+ SEM number of apoptotic cells in
25 fields.

Lysate preparation and Western blot analysis. Inflam-
matory cells harvested from the mouse knee cavity were
washed with PBS, and cytesolic and nuclear cell extracts were
obtained as previously described (23). Protein levels were
quantified using the Bradford method (Bio-Rad). Lysate sam-
ples (40 wg of cytosolic extracts and 10 pg of nuclear extracts)
were separated by electrophoresis on a denaturing 10-15%
sodinm  dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto nitrecellulose membranes as described
(25). Rainbow markers (Amersham Biosciences) were run in
parallel to estimate molecular weights. Membranes were
blocked overnight at 4°C with PBS containing 5% (weight/
volume) nonfat dry milk and 0.1% Tween 20, washed 3 times
with PBS containing 0.1% Tween 20, and then incubated with
specific antibody in PBS containing 5% (wiv) BSA and 0.1%
Tween 200 After washing, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
rabbit antibody (1:3,000). Immunoreactive bands were visual-
ized using an ECL detection svstem, according 1o the recom-
mendations of the manufacturer { Amersham Biosciences). To
ascertain that blots were loaded with equal amounis of protein
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lysates, they were also incubated in the presence of antibodies
against B-actin or lamin A. The levels of p-Akt were quantified
by using densitometric analysis software (Lablmage) and were
normalized to the levels of B-actin in the same sample. Results
were expressed as a p-Akt:g-actin ratio, measured in arbitrary
units.

H,0, assay. Luminol-dependent chemiluminescence
induced by H,0, was measured using a BioOrbit 1250 Lumi-
nometer, according to the method described by Capettini et al
(26). with some modifications. The samples obtained by artic-
ular wash were placed in tubes containing 1 ml PBS solution
(137.0 mmoles/liter NaCl, 2.7 mmolesfliter KCI, 8.1 mmoles/
liter Na,HPO,, and 1.5 mmolesliter KH,PO, [pH 74]),
containing 100 pmoles/liter of luminol (Sigma), stirred, and
maintained at 37°C. The reaction was initiated by the addition
of 6 IU/ml of HRP (27) and recorded for 10 minutes.

Statistical analysis. All results are presented as the
mean * SEM. Normalized data were analyzed by one-way
analysis of variance, and differences between groups were
assessed using Student-Newman-Keuls posttest. P values less
than 0.05 were considered significant.
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RESULTS

Kinetics of joint inflammation and H,0, pro-
duction in a murine model of AIA. After injection of
antigen into the left knee joints of immunized mice.
recruitment of neutrophils was first detected at 3 hours
and peaked at 12-24 hours after challenge (Figure 1A).
Neutrophilic inflammation was substantially resolved
(=80% decrease in neutrophil influx) by 48 hours after
antigen challenge. A similar profile was observed when
the MPO assay was used to investigate neutrophil accu-
mulation in tissues surrounding the mouse knee joint.
Neutrophil influx was first detectable at 3 hours after
challenge, peaked at 12-24 hours after challenge, and
was markedly decreased at 48 hours after antigen chal-
lenge. (Results are available from the author upon
request.) Levels of H,0, in the cavity were evaluated by
luminol/HRP chemiluminescence assay. As shown in

Figure 1. Kinetics of joint inflammation and H,0O, production in a murine model of antigen-
induced arthritis. A, Number of neutrophils in the synovial cavity at different time points after
injection of 10 pg of methylated bovine serum albumin (mBSA) or 10 ul of sterile phosphate
buffered saline (PBS) into the knee joints of immunized wild-type (WT) mice. B, H,O, pmducuon
at different time points after arthritis induction in wild-type mice, & d by luminol chemil

nescence in the presence of horseradish peroxidase. The x-axis shows the duration of chemilumi-

¢ ement in

RLU = relative luminescence units. C, Number of neutrophils

in the synovial cavity at different time points after injection of 10 pg of mBSA into the knee joints
of immunized wild-type or gp91™*" " mice. D, Effect of catalase treatment on the number of
neutrophils in the synovial cavity in wild-type mice. Catalase (1.2 mgkg) or vehicle (10 pl saline)
was administered intraarticularly 12 hours after arthritis induction (challenge), and the number of
neutrophils in the synovial cavity was assessed 48 hours after arthritis induction. Values are the
mean = SEM (n = 5 mice per group). * = P < (.01 versus PBS-treated mice nAand D; + = P <

0.01 versus wild-type mice in C.
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Figure 2. Effect of superoxide dismutase (SOD) treatment on neutrophil recrui and joint i tion in
wild-type and gp91™* " micc with antigen-induced arthritis. A and B, Number of neutrophils in the synovial cavity in
wild-type mice treated with an intraarticular injection of SOD (0.3 mg/kg). SOD plus catalase (CAT; 1.2 mg/kg), or
vehicle (10 pl saline) (A) and in wild-type mice and gpi)l""‘"‘ " mice treated with vehicle or SOD (B). Treatment was
administered 12 hours after arthntis induction with 10 ug of mBSA or injection of 10 pl of stenile PBS into the knece
joints of immunized mice, and the number of neutrophils was assessed 24 hours (A) or 48 hours (B) after arthritis
induction. Bars show the mean = SEM (n = 5 mice per group). + = P < 0.05 versus PBS-treated mice: # = P < 005
versus vehicle-treated mice. €, Hematoxylin and cosin-stained sections of the knee joints of control mice (i),
vehicle-treated arthritic mice (i), and SOD-treated arthritic mice (iii). Histopathologic features were assessed 24 hours
after induction of arthritis or injection of sterile PBS. Insets, Higher-magnification views of the regions indicated by
arrows. Representative results are shown. Bars = 100 pm. Original magnification x 40; % 400 in insets. See Figure 1

for other definitions.

Figure 1B, H,0, was first detected at 12 hours, and
the levels peaked at 24 hours, after which time, the
inflammation resolved. Levels of H,0, decreased by
36 hours, and H,0, was virtually undetectable at 48
hours (Figure 1B).

A series of experiments was then conducted in
gp917"*~/~ mice that were immunized and challenged
with an injection of antigen into the knee. The
gp917"* =/~ mice lack the ability to assemble NADPH
oxidase and are therefore incapable of generating ROS
(22). As shown in Figure 1C, the productive phase of
inflammation was similar in wild-type and gp917he*—/~
mice, i.e., neutrophil migration into the cavity was
similar from 6 hours to 24 hours. However, whereas
neutrophilic inflammation resolved in wild-type mice,
the numbers of neutrophils in the cavity were still
elevated in gp91""‘“"" mice 48 hours, and even 72
hours, after antigen challenge. At 72 hours, there were
virtually no neutrophils in the cavity in antigen-
challenged wild-type mice (Figure 1C).

Since H,O; production peaked 24 hours after

antigen challenge and a decrease in the production of
ROS was associated with prolonged inflammatory re-
sponses, we treated wild-type mice with catalase, an
enzyme that degrades H,0,, 12 hours after challenge.
and counted neutrophil numbers 48 hours after chal-
lenge. As shown in Figure 1D, there were significant
numbers of neutrophils in the articular cavity in
catalase-treated animals, suggesting that enzyme treat-
ment prevented neutrophil clearance.

Requirement of H,0, for the natural resolution
of inflammation and H,0,-mediated resolution of ongo-
ing neutrophilic inflammation. Since H,0, generation
was associated with the natural resolution of inflamma-
tion in an inflammatory response. we examined whether
administration of H,0, or generation of endogenous
H,0,, by means of SOD treatment, induced the resolu-
tion of inflammation. In the experiments depicted in
Figure 2, SOD was administered to mice 12 hours after
arthritis induction, before H,O, levels in the cavity
peaked. At the dose used. SOD treatment increased the
levels of H,O; in the synovial cavity (mean = SEM 0
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Figure 3. Effect of HaO, treatment on newtrophil recruitment in wild-type mice and gp@lF=
miee with antigen-induced arthritis. The number of neutrophils in the synovial cavity in wild-type
mice (A) and in p:p‘J]""‘“" mice (B) was determined after intraarticular injection of vehicle (10 pl
saline} or HoO, (05M). Treatment was administered 12 hours (in wild-type mice} or 24 hours (in
gpaLFe mice} after arthritis induction with 10 pg of mBSA or injection of 10 gl of sterile PBS
into the knee joints of immunized mice, and the number of neutrophils was assessed 24 hours (in
wild-type mice) or 48 hours {in gp#17"™* " mice) after arthritis induction. Bars show the mean =
SEM {n = 5 mice per group). + = F < 001 versus PBS-treated mice; # = P = 03 versus
wehicle-treated mice. See Figure 1 for definitions.
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relative luminescence units {RLU)/second in mice that
received PBS. 1645 = B0 RLUfsecond in mice that
received antigen plus vehicle, and 82095 = 1.517.5
RLU/second in mice that received antigen plus SOD
[n = 4 mice per group]). Importantly, SOD treatment at
12 hours significantly reduced the number of neutrophils
recovered from the mouse synovial cavity at 24 hours
(Figure 2A).

A decrease in neutrophil recruitment was associ-
ated with decreased joint damage in the mice. as ob-
served on histopathologic analysis (Figure 2C), but there
was no effect on the number of mononuclear cells
{mean = SEM 0.7 = 0.1 ¥ 10° mononuclear cells/cavity
in mice that received PBS, 1.0 = 2.1 » 10° mononuclear
cells/cavity in mice that received vehicle, and 1.7 = (L8 %
10° mononuclear cells/cavity in mice that received SOD;
n = 4 mice per group). Indeed, SOD treatment signifi-
cantly ameliorated synovial hvperplasia and leukocyte
recruitment after antigen challenge in immunized mice
(Figure 2C). Treatment of mice with catalase. which
degrades H,0,. reversed the ability of SOD to resolve
inflammation (Figure 2A). Moreover, administration of
80D into the knee joints of gp917** '~ mice, which do
not generate ROS, had no effect on neutrophil numbers
(Figure 2B). Taken together, these results suggest that
50D generated H,O, from ROS in the mouse knee joint

and that H,0, mediated the resolution of neutrophilic
inflammation after SOD treatment.

To confirm the latter possibility, H,0, was in-
jected into mouse knee joints 12 hours after antigen
challenge, and neutrophil numbers were evaluated at 24
hours. As shown in Figure 3A, H,0, induced the
resolution of neutrophilic inflammation in wild-type
mice. Significantly, administration of H.0: also de-
creased the level of neutrophil accumulation in the
cavity in gp@1P"™ '~ mice to levels ohserved in wild-type
mice (Figures 3B and 1C).

Promotion of the resolution of neutrophilic in-
flammation by H,(), induction of neutrophil apoptosis.
The next series of experiments was performed to inves-
tigate whether induction of apoptosis was the mecha-
nism by which administration of H,O, or endogenous
enhancement of HyO, (by SOD treatment) resolved
neutrophilic inflammation in the mouse synovial cavity.
The resolution of inflammation induced by treatment
with SOD or H,0, was accompanied by an increase in
the number of apoptotic neutrophils, as assessed mor-
phologically (Figures 4A and B). Consistent with the
ability of catalase to degrade H,0, and to prevent
SOD-induced resolution, administration of catalase to
arthritic mice prevented the enhancing effects of SOD
on neutrophil apoptosis (Figure 4A). Administration of
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Figure 4. Effect of H,0, treatment on the number of apoptotic neutrophils in wild-type mice with antigen-induced arthritis. A and B, Percentage
of apeptotic neutrephils in the synovial cavity in mice given an intraarticular injection of vehicle, superoxide dismutase (SOD; 0.3 mg/kg), or 30D
plus catalase (CAT; 1.2 mg/kg) (A). and in mice given an intraarticular injection of vehicle or HO, (LM} (B) 12 hours after arthritis induction.
The percentage of apoptotic neutrophils in the synovial cavity was assessed 12 hours after treatment. Bars show the mean = SEM (n = 5 mice per
group). = = P < 005 versus PBE-treated mice; # = F < 0.05 versus vehicle-treated mice. C, Western blot analysis of cleaved caspase 3 and Bax
in fractionated cytoplasmic extracts treated with vehicle, SOD, or SOD plus catalase. See Figure | for other definitions.

S0D also increased the accumulation of the proapop-
totic protein Bax and activated caspase 3. both of which
were inhibited by catalase treatment (Figure 4C). Taken
together, these findings show that H,O, or SOD admin-
istration induces apoptosis of neutrophils, an event
which precedes and explains the resolution of neutro-
philic inflammation in arthritic mice.

Inhibition of PI3K/Akt and NF-xB activation by
treatment with SOD. The PI3K/Akt pathway has been
shown to mediate survival in many cell types (28).
Recently, we have demonstrated that the PISK/Akt
pathway is important for survival of eosinophils in vivo
(29.30). To explore the importance of the PIZK/Akt
pathway for neutrophil accumulation and survival in the
joint cavities of mice with ALA, we used the PI3K
inhibitor LY294002. Local treatment with LY294002
after arthritis induction in mice reduced the number of
neutrophils in the joint cavity (Figure 5A) and increased
the number of apoptotic cells (Figure 5C). With this in
mind, we examined the levels of Akt phosphorylation in
the joint cavities of mice with AIA and found that there
was an increase in Akt phosphorylation 24 hours after
arthritis induction, which declined 48 hours after arthri-
tis induction, in inflammatory cells recovered from the
joint cavity (Figure 6). In control mice (treated with
PBS). the number of cells recovered was not sufficient to
analyze by Western blotting. However, it has previously
been shown that Akt phosphorylation in cells recovered
from the pleural cavity is increased after inflammatory
challenge when compared with control mice (29). Of
note, the kinetics of Akt phosphorylation paralleled the
kinetics of neutrophil accumulation and migration into

the joint cavity observed in both wild-type and
Ep91FP*="" mice {Figures 1 and 6A).

Since PI3K inhibitors resolved neutrophilic in-
flammation, we examined whether the resolution of
inflammation and increase in apoptotic cell numbers
observed in arthritic mice after SOD administration
were associated with less Akt phosphorylation. Treat-
ment of mice with S0OD 12 hours after arthritis induction
diminished Akt phosphorvlation to baseline levels (Fig-
ure 6A). suggesting that control of Akt phosphorylation
may be an important mechanism by which SOD resolves
neutrophilic inflammation.

The transcription factor NF-«B is a crucial regu-
lator of granulocvte apoptosis (30.31). Blockade of
NF-kB function with SN50 was associated with the
resolution of inflammation and induction of apoptosis
(Figures 5C and D). Thus, we examined the transloca-
tion of NF-xB p65 to the nucleus after arthritis induction
in mice. There was an increase in NF-xB p63 transloca-
tion at 24 hours in inflammatory cells recovered from
the joint cavity (Figure 6B), and translocation decreased
thereafter. The kinetics of translocation of NF-xB p65
to the nucleus paralleled the kinetics of neutrophil
accumulation into the joint cavity in mice (Figures 1A
and 6B). Importantly, treatment of arthritic mice with
LY294002 decreased NF-«B p65 translocation to the
nucleus, showing that NF-xkB activation occurs down-
stream of PI3K/Akt. (Results are available from the
author upon request.)

Therefore, we investigated whether the NF-xB
pathway was also implicated in the resolution of neutro-
philic inflammation after SOD treatment. As shown in
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neutrophil apoptosis in wild-type mice with antigen-induced arthritis.. A and B, Number of
neutrophils in the synovial cavity in mice given an intraarticular injection of LY294002 (10 pg) {A)
or SN30 (1 pg) (B) 12 hours after arthritis induction. The ber of phils was

24 hours after arthritis induction. € and D, Percentage of apoptotic neutrophils in the synovial
cavity in mice given an intraarticular injection of LY294002 (10 pg) (C) or SN30 (I ug) (D}
12 hours after arthritis induction. The percentage of apoptotic neutrophils was assessed 24 hours
after arthritis induction. Bars show the mean £ SEM (n = 5 mice per group) ¢ = P < 0.01 versus

control mice. See Figure | for definitions.
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Figure 6. Inhibition of phosphatidylinositol 3-kinase/Akt and NF-xB

activation by superoxide dumutauc (SOD) treatment. Immunized mice
were challenged with mBSA and 12 hours later were treated with SOD.
After 6 hours, cells were collected from the joint cavity and processed
for analysis. Times shown are the time between arthritis induction and
evaluation. A, Western blot analysis of phosphorylated Akt in cytosolic
extracts from wild-type mice, gp917** " mice, and wild-type mice
treated with vehicle or SOD. B, Western blot analysis of NF-xB p65 in
nuclear extracts from wild-type mice treated with vehicle or SOD. See
Figure | for other definitions.

Figure 6B. antigen challenge of immunized mice was
associated with significant translocation of NF-xB p65 to
the nucleus. Treatment of arthritic mice with SOD
decreased NF-kB p65 translocation to the nucleus (Fig-
ure 6B). Therefore, the ability of SOD to decrease
NF-«B translocation and the relevance of NF-«xB func-
tion for the survival of neutrophils suggest that modula-
tion of the PI3K/NF-«B axis is a major mechanism by
which H,0, affects neutrophil survival in murine AIA.

DISCUSSION

In arthritis, there is a characteristic recruitment
of neutrophils to the articular cavity, which may contrib-
ute to pathophysiologic manifestations of disease (32).
Thus, an understanding of the mechanisms involved in
neutrophil accumulation, recruitment, and survival at
sites of inflammation may be useful for the development
of novel therapies for arthritis. There has been great
interest in understanding the molecular pathways in-
volved in the clearance of neutrophils during the reso-
lution of the inflammatory response. The following are
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the major findings of the present study. First, endoge-
nous generation or administration of H,O, resolves
neutrophilic inflammation. Second, gp91P"*.deficient
mice, which do not produce ROS, have delayed resolu-
tion of inflammation, which is reversed by administra-
tion of HyO». Third, resolution of inflammation by H20»
is secondary to induction of proapoptotic melecules and
consequent apoptosis of neutrophils. Fourth, mechanis-
tically, neutrophil apoptosis is due to inhibition by H,0,
of a PI3K/NF-«B survival pathway.

Previous studies have demonstrated the role of
ROS in the context of inflammation. Most of these
studies have focused on the productive phase of the
inflammatory response. ROS play an important role in
pathologic processes such as aging, hypertension. ath-
erosclerosis. cancer, ischemia, neurodegenerative dis-
eases, and diabetes (33). Similarly, during inflammation,
activated phagocoytic cells, such as neutrophils, generate
a ROS-dependent respiratory burst that directs toxicity
toward invading microbes (34). Furthermore, the re-
lease of ROS (H.0,) by damaged tissue can form a
concentration gradient that directs leukocyte recruit-
ment at the site of tissue injury, demonstrating that
ROS can orchestrate inflammatory responses in tissue
(35). In our experiments, we showed that endogenous
production or exogenous administration of ROS plaved
an active role in the resolution of inflammation. In-
deed, experiments in gp91™™.deficient mice showed
that the inflammatory response was processed normally,
but resolution was delayed. Previous studies have shown
that low levels of ROS production, due to deficiency
in pd7™™ of the NADPH oxidase complex, were asso-
ciated with increased autoimmunity and arthritis sever-
ity (36).

The findings in mice deficient in subunits of
NADFPH oxidase remind us of human diseases in which
neutrophils contribute to pathogenesis and in which
there are genetic defects that result in decreased pro-
duction of ROS, such as SAPHO syndrome (synovitis,
acne. pustulosis, hyperostosis, and osteitis) (37) and
PAPA syndrome (pyogenic arthritis, pyoderma gangre-
nosum, and acne) (38). Chronic granulomatous discase
is also the result of a failure of phagocytes in the
NADPH oxidase enzymatic system, causing the patient
to develop inflammatory granulomas (39). Therefore, an
inability to produce ROS appears to explain the pro-
longed neutrophilic inflammation ohserved in gp91#=—/~
mice and may explain the greater discase severity in the
absence of NADPH oxidase.

The major ROS in our study was H>0y, as shown
by experiments using catalase and SOD. Engraftment of
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cells overexpressing SOD in knee joints at the time of
arthritis induction has previously been shown to reduce
arthritis in rats (40). However, this is the first report to
describe the effect of these enzymes in postprocessing,
Le., after the arthritis is already present. Treatment of
mice with catalase, which degrades Ha0s,, delayed the
resolution of inflammation. In contrast, administration
of SOD, which generates H,0,, accelerated the resolu-
tion of inflammation. Thus, we found that treatment of
mice with SOD or H,0, resulted in increased numbers
of apoptotic cells in the articular cavity. Interestingly.
macrophage counts were unaffected. indicating specific-
ity for neutrophils. Of note, although H,0, may induce
either apoptosis or necrosis depending on the tvpe of
cell tested and the H,O, concentration used (41). we did
not find necrotic neutrophils in the present study. There-
fore, the ability of H,0, to resolve inflammation in the
knee joints of mice appears to be due to the ability of
H,0, to induce apoptosis of neutrophils, This idea is
consistent with the findings of other studies showing that
H,0, can induce apoptosis in hepatocytes (42), lung
epithelial cells (43), cortical neurons (44), and neutro-
phils in vitro (45).

The mechanisms of neutrophil apoptosis induced
by H;0, are still poorly understood. Recently, Aikawa et
al (46) demonstrated that H20, induced apoptotic death
of Jurkat cells. This effect was inhibited by overexpres-
sion of human Bel-2, by silencing of cytochrome ¢, and
by ablation of Bax/Bak, indicating that H,Os-induced
apoptosis was mediated by the mitochondrial pathway in
Jurkat cells (46). Furthermore. testicular germ cells
treated with H,0, were found to be apoptotic and
showed an increase in the expression of proapoptotic
proteins and cleaved caspase 3 (47). In the present study.
treatment of mice with SOD or H,0, enhanced Bax
expression and promoted the activation of caspase 3 in
leukocytes recovered from the articular cavity. These
events were reversed by concomitant administration of
catalase, suggesting that H,O,-dependent neutrophil
apoptosis in ALA may involve the mitochondrial path-
way. However, experiments in different systems will be
necessary to confirm the latter possibility, since it was
not feasible to purify neutrophils from the articular
cavity in adequate numbers in the present study.

Apoptosis can be triggered by inhibition of sur-
vival pathways. In leukocytes, including neutrophils, a
major survival pathway is dependent on a PI3K/Akt/
NF-xB pathway (24). In the mouse knee joint, there is a
correlation between the expression of activated Akt and
NF-kB and the permanence of neutrophils. We have
previously shown that the resolution of established in-
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flammation was associated with the prevention of signal-
ing via the PI3K/Akt/NF-«B pathway (29). In the mouse
knee joint, PI3K or NF-kB inhibitors resolved neutro-
philic inflammation. Moreover, NF-xkB appeared to be
downstream of PI3K, since PI3K inhibitors could pre-
vent NF-xB translocation. Therefore, neutrophil sur-
vival in mice with AIA relies on PI3K-dependent acti-
vation of NF-xB. These results are consistent with the
results of other studies showing that Akt can induce cell
survival by phosphorvlating IkB kinase and. conse-
quently, activating NF-xB (48). The activated NF-xB
may then control cell survival via induction of the
expression of antiapoptotic genes (24,49). Importantly,
increasing H,0, generation by administration of SOD to
arthritic mice decrecased Akt phosphorylation and
NF-kB activation. Therefore, the ability of H,0O, to
resolve neutrophilic inflammation in ALA depends on its
ability to control PI3K and NF-xB activation and, con-
sequently, leukocyte survival in vivo.

Taken together, our results show that exogenous
administration or endogenous generation of H,O, in-
duces resolution of neutrophilic inflammation in ALA.
The resolution is due to inhibition by H,0, of a PI3K/
NF-kB survival pathway in neutrophils. Because oxida-
tive stress plays key roles in many chronic inflammatory
diseases, antioxidant therapies have frequently been
considered as potential agents to treat or prevent such
discases. However, large-scale studies have failed to
contirm such theoretical benefits (50). Our observations
may help to explain these disappointing results by show-
ing that oxidative stress plays an important role in the
resolution of inflammation. Understanding the complex
interactions between oxidative stress and inflammation
should help in the design of efficient antiinflammatory
therapies.
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Resultados ainda néao publicados

Com o objetivo de aprofundar nos mecanismos envolvidos na resolucdo da resposta

inflamatoria produzimos os resultados que sdo apresentados abaixo.

Cinética da resposta inflamatdria, da producao de espécies reativas de oxigénio, de
vias de transducao de sinal e de quimiocinas na AIA

Através da medida do didmetro do joelho, 12 horas apds o desafio com mBSA em
animais previamente imunizados, observamos um aumento do edema. Tal edema ja
nao foi mais observado 24 horas apo6s o desafio (Figura 3A). Como ja foi mostrado em
publicacdo acima, 48 horas apds o desafio ja se torna possivel observar a resolucéo da
resposta inflamatéria. Inversamente proporcional a diminuicdo de células na cavidade

observamos o0 aumento no numero de neutréfilos apoptéticos (Figura 3B).

Por termos observado aumento do numero de neutréfilos apoptéticos apds 48 horas
em seguida buscamos observar a cinética de vias de transducdo de sinal ja
identificadas pelo nosso grupo como sendo importantes para a sobrevida de neutréfilos
em sitios inflamatérios. Nesta cinética, juntamente com o inicio do pico de células na
cavidade articular, observamos o pico da fosforilagdo de P38 12 horas apds o desafio
com mBSA. A fosforilacdo desta via diminui apds 24 horas. Apos a diminuicdo da
fosforilacdo de P38 podemos observar, entdo, a diminuicdo da fosforilacdo de ERK1/2

e da AKT, esta ultima sendo a representante da via da PI3 quinase (Figura 3C).
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Figura 3: Cinética da resposta inflamatoéria, de vias de transducéo de sinal e de quimiocinas na AlA. O
edema articular foi avaliado nos tempos descritos apés o desafio com mBSA (10ug/cavidade) (A). O
namero de neutréfilos e o nimero de neutréfilos apoptéticos foram avaliados nos tempos descritos apés
o desafio com mBSA (B). Através de western blot foi avaliada a cinética da ativagdo das vias da p38,
ERK 1/2 e PI3K e foi representado em grafico a densitometria das bandas (D). Foi avaliado a producéo
de quimiocinas CCL2, CCL5 e CXCL2 nos tempos descritos (E). Valores expressos em média +/- desvio
padrdo (n = 5 camundongos por grupo). * P<0,05 em relacdo ao controle negativo e #P<0,05 em relagéo
ao controle positivo.

A diminuicdo da sobrevida de leucdcitos em sitios inflamatérios ndo é o Unico ponto
importante na resolucéo da resposta. E, também, importante que novas células parem
de migrar para o sitio. Com isso acompanhamos também a cinética da producédo das
guimiocinas CXCL1, CCL2 e CCL5. CXCL1 e CCL5 apresentaram pico 12 horas apés
0 desafio, mostrando diminuigdo 24 horas depois. CCL2 também apresentou pico 12
horas ap0s o desafio, entretanto manteve-se em platé até 24 horas, mostrando
diminuicdo apenas 48 depois (Figura 3D). A cinéticas dessas quimiocinas corroboram

com a cinética observada da resolucado da resposta na AlA.

66



Espécies reativas de oxigénio influenciam na resoluciao da resposta inflamatoria por
inibir vias de tranducao de sinal

A administracéo de apocinina, um inibidor da enzima NADPH oxidase, 12 horas apés o
desafio manteve o numero de células na cavidade articular mesmo apds 48 horas,
mostrando, assim como observamos em publicacdo acima, que a auséncia de espécies
reativas de oxigénio contribui para o atraso da resolucdo da resposta inflamatoria
(Figura 4A). Além disso, observamos que Z-vad, um inibidor de caspases,
administrado juntamente com H,O, mantém o ndmero de células na cavidade articular
(Figura 4B) e inibe seu efeito apoptético (Figura 4C). Esse dado, juntamente com
outros anteriormente descritos, nos mostram que a apoptose induzida por H,O, é

dependente da ativacdo de caspase.

A administracdo de H,O, também inibiu as vias de transducdo de sinal que foram
identificadas por nosso grupo como importantes para a sobrevida de leucécitos em
sitios inflamatérios, e que mostraram cinética que corrobora com a resolucao natural na
Figura 1. As MAP quinases P38 e ERK1/2 e a via da PI3 quinase (Figura 4D). Além de
inibir vias de sobrevida e induzir apoptose de neutréfilos na AlA, a administracdo de
H,0O, diminuiu a producao das quimiocinas CXCL1, CCL2 e CCL5 (Figura 4E), o que
pode estar evitando que novas células migrem para o sitio, um dos pontos

fundamentais para a resolucéo da resposta inflamatoria.

Em uma das publicacdes apresentadas acima mostramos que a partir da primeira hora
apos o desafio com mBSA em animais imunizados ja é possivel observar o aumento da
hipernocicepcdo através de teste de pressdo crescente na pata dos animais. Este
aumento na hipernocicep¢do apresentou um pico apdés sete dias e se manteve
presente ainda apos 20 dias. A administracdo de H,O,, além de diminuir o nimero de

células na cavidade por induzir a apoptose, além de diminuir 0 nimero de novas
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células que migrariam para a cavidade por reduzir a producdo de quimiocinas, também

reduziu a hipernocicepcao dois dias apos o desafio (Figura 4F).
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Figura 4: Espécies reativas de oxigénio influenciam na resolugéo da resposta inflamatéria por aumentar
a apoptose e inibir vias de tranducdo de sinal, levando a diminuicdo de quimiocinas e inibindo a
hipernocicepcdo. O nimero de neutréfilo na cavidade articular foi avaliado 24 e 48 horas apés o desafio,
sendo que 12 apos o desafio foi administrado apocinina (A). O numero de neutréfilos na cavidade
articular (B) bem como o nimero de neutréfilos apoptéticos (C) foram avaliadas 24 horas apés o desafio
com mBSA, sendo que os animais foram pds tratados com H,O» ou H,O2+Z-vad ou veiculo, 12 horas
apos o desafio. 12 horas apés o desafio os animais foram tratados com H>O» ou veiculo e 3 horas apés
o tratamento foi recolhido células da cavidade articular para avaliagcdo por western blot das vias de
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transdugdo de sinal celular descritas (D). 12 horas apds o desafio os animais foram tratados com H>O> e
o tecido periarticular recolhido 12 horas ap6s o tratamento para analise, por ELISA, das quimiocinas
descritas (E). H2O5 inibe a hipernocicepgédo na AlA. Os animais foram tratados com H2>O» ou veiculo 12
horas ap6és o desafio com mBSA. A hipernocicepcao foi avaliada dois dias depois. Valores expressos em
média +/- desvio padréo (n = 5 camundongos por grupo). * P<0,05 em relacdo ao controle negativo e #
P<0,05 em relagdo ao controle positivo.

Inibicao farmacoldgica e sequéncia de ativacao das vias de transducdo de sinal
importantes para a sobrevida de neutrofilos

Como o objetivo de verificamos se as vias de transducdo de sinal sdo realmente
importantes na resolucdo da resposta inflamatoria observada pela administracdo de
H,O, tratamos animais previamente imunizados, 12 horas apds o desafio com mBSA,
com os inibidores LY2940002 (inibidor de PI3 quinase), UO126 (inibidor de ERK1/2), e
SB203580 (inibidor de P38). O tratamento com esses inibidores diminuiu o nimero de
neutréfilos e aumentou 0 nidmero de eventos apoptoéticos observados no lavado da
cavidade articular. Isso mostrou a importancia da ativacdo dessas vias para a
sobrevida de neutréfilos na AIA. A inibicdo leva a apoptose e resolucdo. Entretanto, tal
inibicdo acontece de forma sequenciada. Podemos observar tal afirmacao por analisar
a ativacao das vias ap0s o uso de inibidores especificos O tratamento com LY294002
inibiu a fosforilacdo de PI3K e ERK1/2, mas nao inibiu a fosforilacdo de P38. O
tratamento com UO126 inibiu a fosforilacdo de ERK1/2 e PI3K, mas também néo inibiu
a fosforilacdo de P38. Ja o tratamento com SB203580, que nao inibe a fosforilacao de
P38, mas sim a ativacao subsequente da via, também inibiu a fosforilacdo de ERK1/2 e
PI3K. Esses resultados mostram que a fosforilacdo de P38 antecede a fosforilacdo de
ERK1/2 e PI3K, assim como foi observado na cinética da resolucédo natural mostrada

na Figura 2.
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Figura 5. Inibicdo farmacoldgica e sequéncia de ativacdo das vias de transducdo de sinal importantes
para a sobrevida de neutréfilos. Os animais foram desafiados e tratados com os inibidores citados 12
horas depois. Apés 3 horas as células foram recolhidas para avaliagdo do nimero de neutrofilo (A),
avaliacdo do numero de neutréfilos apoptéticos (B) e ativacdo das vias de transducdo de sinal
apresentadas (C). Valores expressos em média +/- desvio padrdo (n = 5 camundongos por grupo). *
P<0,05 em relagdo ao controle negativo e # P<0,05 em relacdo ao controle positivo.

Resolucio da resposta inflamatdria da AIA nao dependente de lipoxinas
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Buscamos também saber se a resolucao seria dependente da producéo de lipoxinas.
Para isso, inicialmente, usamos os animais deficientes em SOCS-2. Essa proteina,
além de outras func¢des, participa da transducéo de sinal ligado a lipoxinas (McBERRY
e col., 2012). Os animais deficientes em SOCS-2 quando imunizados e desafiados com
MBSA apresentaram resolucdo da resposta inflamatéria no mesmo tempo que 0s
animais selvagens, ou seja, 48 horas apos a inducéo da AIA o namero de neutrofilos na
cavidade articular (Figura 6A), bem como no tecido periarticular (Figura 6B), ja havia
retornado a valores basais. Assim pudemos perceber que a resolucdo natural ndo é
dependente de SOCS-2. Vale ressaltar que a resposta inflamatéria nestes animais &
menor que em animais selvagens. Ainda ndo sabemos se a imunizacdo é menos
efetiva ou se tais animais apresentam menor recrutamento celular. Isso sera

investigado futuramente.

Administramos, também, em animais selvagens submetidos a AlA tratados com SOD
um antagonista de receptores ALX, que tém acdo tanto na lipoxina A4 e anexinal
(BOC-1) (SOUZA e col., 2007). Os animais que receberam SOD e também BOC-1
tiveram resolucéo igual aos animais que somente receberam SOD, ou seja, BOC-1 nédo
inibiu a resolucdo induzida por SOD nem no acumulo de neutréfilos na cavidade
articular (Figura 6C) quanto no tecido periarticular (Figura 6D), nos mostrando que a
resolucao induzida pelo aumento na quantidade de H,O, também nao é dependente da

producéo de lipoxinas ou anexina 1.
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Figura 6: Resolugéo da resposta inflamatoria na AIA ndo dependente de lipoxinas. NUmero de neutrofilos
na cavidade articular, analisados pela contagem diferencial de leucdcitos (A), e relativo no tecido
periarticular, analisados pela atividade de MPO (B), em camundongos selvagens e deficientes em SOC-2
imunizados e desafiados com mBSA ou solugdo salina estéril analisados nos diferentes tempos apds o
desafio.Os resultadosséo expressos em média +/- SEM com4a5 animais por grupo.*P<0,05 quando
comparadocom camundongoscontrole.# P<0,05 quando comparado com o pico de 24 horas. Niumero de
neutroéfilos na cavidade articular, analisados pela contagem diferencial de leucécitos (C), e relativo no
tecido periarticular, analisados pela atividade de MPO (D), em camundongos selvagens imunizados
tratados com SOD, SOD + catalase e SOD + BOC 12 horas apds o desafio com mBSA ou solugéo salina
estéril analisados 24 horas apés o desafio. Valores expressos em média +/- desvio padrdo (n = 5
camundongos por grupo). *P<0,05 quando comparadocom camundongoscontrole.# P<0,05 quando
comparado com veiculo.

H,O, induz apoptose e inibe vias de transduc¢ao de sinal em neutrofilos humanos

Apos observamos os efeitos do H,O, em neutréfilos na AIA buscamos saber se teria
efeito similar em neutrofilos humanos. Para isso cultivamos neutréfilos humanos por
seis horas sem e com H,O, em diferentes concentra¢cées (0,01; 0,1 e 1 mM) H,0;
induziu apoptose em neutréfilos humanos de forma concentracdo dependente (Figura

7A). Observamos que a apoptose acontece por inibicdo de vias de transducéo de sinal
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de forma tempo dependente. Uma hora apos o tratamento com H,O» na cultura inibiu a

ativacao da p38, via que se mostrou primaria no modelo murino. (Figura 7B).
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Figura 7. H2O> induz apoptose e inibi vias de transducdo de sinal em neutréfilos humanos. Neutrofilos
humanos foram cultivados sem ou com uma concentragédo crescente de H,O, e avaliado a apoptose

apos 6 horas (A). Neutrofilos foram cultivados por 20, 40 e 60 minutos, sem e com 1mM de H»O» e foi
avaliado a ativagdo de P38. Valores expressos em média +/- desvio padrdo (n = 5 camundongos por
grupo). * P<0,05 em relag&o ao controle negativo.

Com base nas publicacdes e resultados observados acima tragcamos um sequéncia de
ativacado das vias de transducédo de sinal que pode ser observada na Figura 8. Quando
h& ativacdo de p38 ocorre fosforilagdo de p44/42 que por sua vez ativa AKT. Esta

ultima ativa NF-kB levando os neutréfilos a sobrevida.
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Figura 8. Modelo da resolugdo da resposta inflamatéria induzida por SOD/H,0O, durante a AlA. O
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fosforilacdo de p44/42 que inibi a fosforilagdo de AKT. Com tais inibicbes o NF-kB néo é ativado inibindo
a sobrevida de neutréfilos. SOD/ H,O, também ativam caspase-3 e bax que também inibem a sobrevida

de neutrofilos.
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Discussao

Na presente tese caracterizamos um novo modelo comportamental que permite a
quantificacdo da hipernocicepcao articular apos a inducao de AIA em camundongos. A
AlA induziu hipernocicepcédo, que € dependente do tempo e da dose do antigeno, foi
associada a um significativo infiltrado de células inflamatorias e hiperplasia sinovial.
Usando esse modelo, mostramos um papel cooperativo entre o influxo de neutréfilos e
a producéo das citocinas pro-inflamatorias TNF-a e IL-1b em dirigir a inflamag&o do

tecido e a hipernocicepcao.

Apos o0 entendimento dos mecanismos envolvidos na resposta inflamatéria e na
hipernocicepg¢édo induzidas pela AIA, tivemos também grande interesse em uma
compreensdo dos mecanismos envolvidos na sobrevida de neutréfilos. Um dos pontos
inovadores do nosso estudo € o tratamento ter sido feito no pico de acumulo de
neutrofilo. Esta estratégia é importante uma vez que na clinica, ndo se sabe quando o
paciente ira inflamar e, quando este procura atendimento, a inflamacdo ja esta

instalada.

Dentro destes mecanismos observamos que a H,O, € um mediador importante para a
resolucdo da resposta inflamatéria neutrofilica. A inibicdo com apocinina ou com
catalase atrasou a resolucdo. Animais deficientes que ndo produzem espécies reativas
de oxigénio também apresentaram atraso na resolucdo. Estudos anteriores
demonstraram que o0s baixos niveis de producdo de ROS, devido a deficiéncia em
p47phox do complexo de NADPH-oxidase, foram associados com a gravidade da
artrite (HULTQVIST, e col.,, 2007). A resolucdo da inflamacdo por H,O, induz
moléculas pro-apoptoticos e consequente apoptose de neutrdéfilos. Mecanisticamente, a

N s eps

de moléculas pro-apoptoticas por H,O,.

SEHRAN E SAVILL no artigo intitulado “Resolution of inflammation: the beginning

programs the end” (2005) colocaram que o programa de resolugdo se inicia nas
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primeiras horas depois que comeca a inflamacdo. Mediadores inflamatérios
importantes para o inicio da resposta podem mudar seu perfil durante o processo
inflamatodrio, e ativar vias pro-resolutivas, como acontece com mediadores lipidicos
dependentes da 5-lipoxigenase. Ja € sabido que H,O, € um importante mediador pro-
inflamatérios (O’NEIL, 2011), e agora mostramos que este também pode mudar seu

perfil e desligar vias de sobrevida apos a inflamacéo estabelecer seu pico maximo.

Os resultados demonstrados aqui em camundongos deficientes em subunidades de
NADPH oxidase nos remetem a doencas humanas cronicas nas quais existem defeitos
genéticos que levam a producdo diminuida de espécies reativas de oxigénio, como
sindrome SAPHO e os neutrofilos contribuem para sua patogénese (sinovite, acne,
pustulose, hiperostose e osteite) (FERGUNSON e col., 2008) e PAPA sindrome (artrite
piogénica, pioderma gangrenoso, e ache) (MARZANO e col.,, 2012). A doenca
granulomatosa crénica é também o resultado de uma falha do sistema enzimatico na
NADPH oxidase de fagécitos fazendo com que o paciente desenvolva granulomas
inflamatérias (BADALZADEH e col., 2012). Portanto, uma incapacidade de produzir
espécies reativas de oxigénio parece explicar a prolongada inflamacao neutrofilica e

maior gravidade observadas em camundongos deficientes em gp91phox.

Os mecanismos de apoptose de neutréfilos induzida por H,O, sdo ainda pouco
compreendidos. Recentemente, Aikawa e col. (2010) demonstraram apoptose induzida
por H,O, em células Jurkat. Esse efeito foi inibido por superexpressdo de Bcl-2
humana, por silenciamento de citocromo c e por inibicdo de Bax / Bak, o que indica que
a apoptose induzida por H,O; foi mediada pela via mitocondrial. Além disso, as células
germinativas testiculares tratadas com H,O, mostraram-se apoptdéticas e mostraram um
aumento na expressao de proteinas préapoptdticas e caspase3 clivada
(MAHESHWARI e col., 2009). No presente estudo, o tratamento de camundongos com
SOD ou o proéprio H,O, promoveu a ativacdo de Bax e a expressdo de caspase 3
clivada em leucécitos recuperados da cavidade articular. Ao administrar H,O,
juntamente com o inibidor de caspase (Z-vad) a resolugcao foi adiada. Estes eventos

foram revertidos pela administragcdo concomitante de catalase, o que sugere que na
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AIA a apoptose de neutrdéfilos induzida por de H,O, também est4 associada a via

mitocondrial.

A apoptose pode ser desencadeada por inibicdo das vias de sobrevida. Em leucdcitos,
incluindo neutrdfilos, algumas vias de sobrevida sdo dependentes de PI3 quinase/Akt,
MAP quinase/ERK1/2 e MAP quinase / P38. Estas vias acabam convergindo na
ativacao do fator de transcricdo NF-kB (COPE e col., 2012). Na articulacédo do joelho de
camundongos, existe uma correlagéao entre a fosforilacdo de Akt, ERK1/2 e P38 com a
ativacao de NF-kB e a permanéncia de neutrdéfilos. Nosso grupo mostrou previamente a
correlacdo de vias na resolucédo da inflamacédo (VAGO e col., 2012). Na articulagéo do
joelho de camundongos, inibidores de PI3 quinase, ERK1/2,P38 e NF-kB adiantou a
resolucdo da inflamacdo neutrofilica. Além disso, a ativacdo dessas vias parece
acontecer de forma sequenciada, uma vez que o uso de inibidores especificos
mostraram essa sequencia. NF-kB parece ser o ponto abaixo destas vias, uma vez que
os inibidores de PI3 quinase, a ultima da sequencia tracada, também inibiu a
translocacdo de NF-kB para o ndcleo. Assim, a sobrevivéncia de neutréfilos em
camundongos com AlA depende da ativagdo de P38, ERK1/2 e PI3 quinase, levando a
ativacdo de NF-kB. Estes resultados sdo consistentes com a resultados de outros
estudos que mostram que Akt pode induzir sobrevivéncia de células por fosforilar IkB e,
consequentemente, ativar NF-kB (NAIR e col., 2006). A ativacdo de NF-kB pode, em
seguida, controlar a sobrevivéncia celular através da inducdo da expressdo de genes
antiapoptoticos (SOUSA e col., 2010). Importantemente, o aumentando de H,O, em
camundongos artriticos diminuiu a fosforilacdo das vias acima citadas e a ativacdo de
NF-kB. Portanto, a capacidade de H,O, em resolver a inflamacéo neutrofilica na AIA
depende de sua capacidade de controlar a ativacdo de vias de sobrevida e NF-kB

levando, consequentemente, a apoptose de leucqcitos in vivo.

A inibicdo das vias de transducdo de sinal e a ativacdo de caspase 3 e bax pela
administracdo de H,O, levou os neutréfilos a apoptose e desencadearam a resolucao

da resposta inflamatdria na AlA. Acreditamos que a apoptose de neutrdéfilos levou a
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uma diminuicdo de quimiocinas, levando a um fendmeno muito importante para a
concretizacdo da resolucdo, o bloqueio de migracdo de novas células. A resolucéo
inflamatéria por H,O, levou a uma preservacédo de estruturas comumente lesadas na
AlA, como a membrana sinovial, e levou a diminuicdo da hipernocicepcdo. Somado
aos resultados de que H,O,também induz apoptose em neutréfilos humanos cultivados
por inibir as vias de sobrevida, os resultados desse trabalho sdo um grande apoio para

futuras terapias em doencas inflamatdrias que tém o neutrofilo como célula chave.
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Conclusao

Concluimos com essa tese que a hipernocicepcdo gerada pela artrite induzida por
antigeno é dependente da liberagdo de citocinas e quimiocinas e pela migracao de
neutrofilos, e que a resolucdo da resposta inflamatéria durante a AlA é dependente de
H.O,, espécie reativa de oxigénio que inibe vias de sobrevida, gerando consequente

apoptose dessas células.
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