UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE CIENCIAS BASICAS DA SAUDE
PROGRAMA DE POS-GRADUAGAO EM CIENCIAS BIOLOGICAS: BIOQUIMICA

NANOCAPSULAS CONTENDO INDOMETACINA: AVALIAGAO DOS
EFEITOS ANTITUMORAL, NEUROPROTETOR E
ANTI-INFLAMATORIO

Andressa Bernardi

Orientadora: Dra. Ana Maria Oliveira Battastini

Co-Orientadora: Dra. Silvia Stanisguaski Guterres

Porto Alegre
2009



UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE CIENCIAS BASICAS DA SAUDE
PROGRAMA DE POS-GRADUAGAO EM CIENCIAS BIOLOGICAS: BIOQUIMICA

NANOCAPSULAS CONTENDO INDOMETACINA: AVALIAGAO DOS
EFEITOS ANTITUMORAL, NEUROPROTETOR E
ANTI-INFLAMATORIO

Andressa Bernardi

Orientadora: Dra. Ana Maria Oliveira Battastini

Co-Orientadora: Dra. Silvia Stanisguaski Guterres

Tese apresentada ao curso de Pds-Graduagéo
em Ciéncias Bioldgicas: Bioquimica da
Universidade Federal do Rio Grande do Sul,
como requisito parcial a obtengdo do grau de

Doutor em Bioquimica.

Porto Alegre
2009



DEDICO

Aqueles que sempre estiveram ao meu lado:
meus pais, Maria e Ademir,
meu irmao, Fabiano e

meu noivo, Rudimar.

II



“So a especulagéo ousada pode nos levar

adiante, e ndo o acumulo de fatos.”

Albert Einstein

III



AGRADECIMENTOS

A Ana, primeiramente por ter aceitado me orientar em um projeto ousado e fora de
sua habitual linha de pesquisa. Pela confianga em mim depositada e pela
oportunidade concedida de trabalhar ao seu lado por todos estes anos. Por ter
apoiado as minhas decisdes, compartilhando seus conhecimentos e experiéncias

profissionais e, acima de tudo, pela amizade.

A Profa. Silvia Guterres, pela co-orientagdo que foi fundamental para a realizacdo
deste trabalho. Pela valiosa oportunidade de colaboragado, por toda confianca e
liberdade sempre oferecidas. Por toda a atencéo e disponibilidade dispensadas ao
longo deste trabalho e pelo exemplo de dedicagdo aos alunos. Pelo apoio e

incentivo que foi fundamental principalmente nesta fase final do doutorado.

A Profa. Adriana Pohlmann, pela valiosa oportunidade de colaboracdo, por toda
confianga e liberdade sempre oferecidas. Por toda ajuda e disponibilidade. Pela

fundamental contribui¢cdo prestada durante a discussao dos resultados obtidos.

As Profas. Maria Martha Campos e Fernada Morrone, por todo o carinho e por
terem me acolhido tdo bem em seus laboratérios possibilitando que os experimentos

pudessem ser realizados. Por toda contribuicdo dada ao trabalho.

A Profa. Christianne Salbego, pela oportunidade de colaboragao, pela disposicéo e

atencao dadas sempre que necessario e por todos os momentos compartilhados.

A Profa. Maria Isabel Edelweiss, pelo auxilio fundamental nas incansaveis analises

patolégicas que tanto contribuiram para que esse trabalho pudesse se realizar.

A Neiva e ao Jorge do Laboratério de Pesquisa em Patologia do HCPA, pelo auxilio

fundamental no preparo das laminas e por estarem sempre dispostos em ajudar.

A Eliz, querida amiga e parceira de todos os momentos. Pelo espirito colaborativo e
por nunca ter medido esforcos para me ajudar nos experimentos. Por todas as
nossas conversas, troca de experiéncias e apoio durante todo esse tempo de

convivéncia. Pela grande amiga que tu és!



Aos queridos bolsistas com os quais tive a oportunidade de conviver e aprender
nesse periodo: Fabricio e Ana Carolina (Caca). Pela dedicagéo e seriedade com que

me auxiliaram nos experimentos e pela amizade.

A Carol, por ter me ensinado os primeiros passos no laboratério, por todos os
ensinamentos durante iniciagdo cientifica, que tanto contribuiram para a minha

formacgao profissional. Pela amizade que mantemos até hoje apesar da distancia.

A todos os colegas e amigos que ainda estdo ou que um dia passaram pelo
Laboratério 22 do Departamento de Bioquimica: Alessandra (Japa), Alvaro, Ana
Lucilia, Andrés, Angélica, Bernardo, Christine, Cristiane, Daiane, Elizandra, Fabricia,
Fabricio, Fernanda Morrone, Fernanda, Gabi, Isabeli, Joséli, Leandre, Leticia, Lila,

Luci, Luis Felipe, Marcia, Rafael, Patricia, Paula, Spiller, Vanessa.

A todos os colegas e amigos do Laboratério de Sistemas Nanoestruturados para a
Administracédo de Farmacos (Lab 405) da Faculdade de Farmacia e do Laboratoério
K204 do Instituto de Quimica. Em especial, ao Eliézer pela atencao dispensada ao

longo deste trabalho no preparo das formulagdes e pela parceria nos experimentos.

Ao pessoal do Laboratério 37 (atual Laboratério 23) do Departamento de Bioquimica,

por toda ajuda, pela amizade e por todos os momentos compartilhados.

A todos os amigos com os quais eu convivi durante esses dez anos no Departamento
de Bioquimica e que estdo distribuidos pelos diversos laboratérios. Agradego pelo

espirito de colaboracao e pela amizade.

Ao Departamento de Bioquimica, aos professores e funcionarios que, de alguma

forma, contribuiram para a realizacao deste trabalho.

A UFRGS pela oportunidade de realizar meus estudos desde a graduacdo até o

Doutorado.

A Capes, pela bolsa nos trés primeiros anos de Doutorado e ao CNPq, pela bolsa

neste ultimo ano de Doutorado.



A IBRO (International Brain Research Organization) pelo “Travel Grant” concedido, o
qual me possibilitou participar do “Third Joint Italian-German Purine Club Meeting -

Purinergic Receptors: New Frontiers for Novel Therapies” na Italia.

Aos meus pais, que souberam compreender todos 0os meus momentos de auséncia.
Por nao terem medido esforgos para que eu e meu irmao pudéssemos estudar. Pelo

constante incentivo e por terem me apoiado em todas as decisdes.

Ao meu irmao, por todos os momentos compartilhados desde a nossa graduagao,

mestrados, até os nossos doutorados, pela amizade e apoio.

Ao meu noivo Rudi, por ter participado comigo de todas as etapas desse doutorado,
incluindo experimentos e discussdes cientificas. Pelo companheirismo e apoio,
permanecendo sempre ao meu lado, mesmo nos momentos mais dificeis. Pela
dedicacgdo, ajuda, compreensdo e paciéncia em todos os momentos. Por todo amor

e por me fazer cada dia mais feliz!

A Deus, por ter me iluminado em todas as decisdes e ter me dado forca e coragem

nos momentos mais dificeis.

VI



SUMARIO

PARTE I
RESUMO ...t e e e e e e e e e e e e e e e e e e e aeaaaaas 01
AB ST RA CT ..o e e e e e e e e e e e e e e e e e e e e e ——————arraaaaaaaaan 02
F Y o =] = N 7Y 07X @ ST 03
LISTA DE ABREVIATURAS ... ..ttt 04
INTRODUGAO ...ttt eee e 08
1T 4 F= TSSO 08
1.1, ASPECIOS GEIAIS ... .ttt 08
1.2. Glioblastoma MUItifOrme ............coeiiiiiiie e 09
1.3. Progndstico € TeraputiCa...........cooouveiiiiiiiiiiiiiiiiieeee e 11
1.4. Alterag0es MOIECUIAreS ...........uuuieiiiiiiei e 13
2. Isquemia Cerebral...........oooo i 16
2.1, ASPECLOS GEIAIS ....eveieieieiieie et 16
2.2, FiSiopatolOgia ... ..ueeveieiieiiiiie e 18
3. INFlAMAGA0O ... o 20
4. Anti-inflamatérios N&o-esterGides ........coovvie i 23
v 3 I 1 To (o] 4= = o7 | o F- I UUSURRPPURRRR 25
5. NaNOPArtiICUIAS ......oveiiiiieie e e e e e e e e ee e 28
5.1. Aspectos gerais da Nanobiotecnologia .............ccccuvviiiiiiiiiiiiiinninnnnnn. 28
5.2. Sistemas de nanoencapsulamento de farmacos............ccccceeeeeeeannen. 29
5.2.1.Nanoparticulas polimEricas .........cccccceeeeeiiiiiieiiiieceee e 31
5.3. Vetorizacao de farmacos antitumorais ..............ccccoeeieiiiiiiieeeneeee. 34
5.4. Vetorizacao de farmacos ao Sistema Nervoso Central ..................... 35
OBUETIVOS ...ttt ettt e e e eaaaaeaaaeaaeeeaaanaaanns 38

vil



PARTE Il

CAPITULO 1: Selective cytotoxicity of indomethacin and indomethacin ethyl

ester-loaded nanocapsules against glioma cell lines: an in vitro study............. 39

CAPITULO 2: Indomethacin-loaded nanocapsules treatment reduces in vivo
glioblastoma growth in rat glioma model ... 51

CAPITULO 3: Protective effects of indomethacin-loaded nanocapsules against

oxygen-glucose deprivation in organotypic hippocampal slice cultures ........... 63

CAPITULO 4: Effects of indomethacin-loaded nanocapsules in experimental

models of inflammation in rats............cccuei 105
PARTE Il

DISCUSSAQD ...ttt ae e aeeaeeneaeenn 114
CONCLUSOES ...t 134
PERSPECTIVAS ...ttt a e ea e e 136
REFERENCIAS BIBLIOGRAFICAS ........cooooeeeeeeeeeeeeeeeeee e 137
ANEXO ..ottt e et e e e e s e aeaaaaan 166

VIII



LISTA DE FIGURAS

INTRODUGAO

Figura 1. Relagao entre a idade de ocorréncia dos gliomas, o grau histologico e a

sobrevida dos pacientes...........coooiiiiiii i, 11

Figura 2. Principais vias de sinalizagdo envolvidas na patogénese dos

glioblastomas mMURIfOrme.............cooo e 14

Figura 3. Principais alteragdes genéticas nos gliomas de diferentes graus............. 15

Figura 4. Representacao esquematica das regides e dos tipos de morte celular

durante um inNSUltO ISQUEMICO..........ceiiiiiiiiii e 19

Figura 5. Estrutura quimica da indometacing ............cccccccooiiiiiiiiiiiiiie e 26

Figura 6. Sistemas nanométricos que podem ser utilizados para a vetorizagado de

FAITNACOS ..o 31

Figura 7. Acumulo de nanoparticulas pelo efeito de aumento de retencédo e

permeabilidade no instersticio tumoral...............ccccceiiiiiiiiiiiiiin 35

Figura 8. Anatomia da barreira hematoencefalica.................ccoooo i 36



LISTA DE TABELAS

Tabela 1. Sistemas nanoparticulados para vetorizacao de farmacos que foram

aprovados pelo FDA para Trials ou uso cliNiCO............cceeeeiiiiiiceeeeiennee. 29



RESUMO

Nanoparticulas de polimeros biodegradaveis tém atraido um intenso interesse nos
ultimos anos, pois esses sistemas podem prover vetorizacdo de forma sustentada,
controlada e atuar como carreadores de farmacos aumentando a eficacia terapéutica
e diminuindo os efeitos adversos. Doengas degenerativas do sistema nervoso
central tém sido vistas como um problema pela complexa patogénese e pela
dificuldade na vetorizagédo de farmacos. Dentre essas, estdo os gliomas e os insultos
isquémicos, 0s quais sao pobremente responsivos as intervencdes terapéuticas.
Atualmente, o tratamento com indometacina em doencas inflamatérias tem sido
relacionado com diversos efeitos adversos gastrointestinais. Neste contexto, o
presente estudo avaliou os efeitos do tratamento com indometacina em
nanocapsulas em modelos experimentais de gliomas, isquemia cerebral,
inflamagbées aguda e crénica em ratos. O tratamento com indometacina em
nanocapsulas foi mais potente do que indometacina em solucdo em diminuir a
viabilidade e a proliferagao celular de linhagens de gliomas. Esse efeito citotoxico foi
seletivo para as células tumorais. Adicionalmente, nés observamos em um modelo in
vivo de gliomas que nanocapsulas poliméricas foram capazes de vetorizar a
indometacina ao cérebro. Essa vetorizagdo reduziu o crescimento de glioblastoma e
aumentou a sobrevida dos animais. Estes efeitos foram mediados, pelo menos em
parte, por mecanismos antiproliferativos e anti-angiogéncos. Além disso, o
tratamento com indometacina em nanocapsulas apresentou efeitos neuroprotetores
em culturas organotipicas de hipocampo expostas a privagao de oxigénio e glicose.
Esses efeitos foram mediados pela reducéo dos niveis de fosforilagcdo de ERK1/2 e
JNK, reducdo na iNOS e na ativagao glial. Adicionalmente, a indometacina em
nanocapsulas reduziu os niveis de citocinas pré-inflamatorias, sugerindo que o
bloqueio da neuroinflamagao esta envolvido no efeito neuroprotetor observado. Em
modelos de inflamagao crénica em ratos (modelo de artrite), o tratamento sistémico
com indometacina em nanocapsulas produziu simultaneamente uma redugao nos
niveis de citocinas proé-inflamatérias e um aumento da citocina anti-inflamatéria IL-
10. A maior eficacia anti-inflamatéria foi associada a uma redugcédo da toxicidade
gastrointestinal. Juntos, nossos resultados sugerem que a indometacina em
nanocapsulas pode ser considerada uma alternativa terapéutica promissora para o

tratamento de gliomas, de isquemia cerebral e de inflamagé&o cronica.



ABSTRACT

Nanoparticles of biodegradable polymers have attracted intensive interest in recent
years because these systems can provide a sustained, controlled, and targeted
delivery acting as drug carriers thus leading to high therapeutic efficiency and low
side effects. Degenerative diseases of the central nervous system have long been
viewed as a problem due to the complex pathogenesis of these disorders and the
difficulty in drug delivery. Among these diseases, are the gliomas and the ischemic
insults, which are poorly responsive to therapeutic interventions. Actually,
indomethacin treatments for inflammatory diseases are related with several
gastrointestinal side effects. Within this context, the present study was designed to
evaluate the effects of indomethacin-loaded nanocapsules treatment in experimental
models of gliomas, cerebral ischemia, acute and chronic inflammation in rats.
Indomethacin-loaded nanocapsules treatment was more potent that indomethacin in
solution in decreasing the viability and the cell proliferation of glioma lines. This
cytotoxic effect was selective for tumoral cells. In addition, we have observed in an in
vivo model of gliomas that polymeric nanocapsules are able to successfully carry
indomethacin into the brain tumor. Local delivery of indomethacin reduced
glioblastoma growth and improved the animals’ survival. These effects were
mediated, at least in part, by antiproliferative and antiangiogenic mechanisms of
indomethacin-loaded nanocapsules. Also, indomethacin-loaded nanocapsules
treatment presented neuroprotective effects in organotypic hippocampal cultures
exposed to oxygen-glucose deprivation. These effects were mediated by the
reduction in the levels of ERK1/2 and JNK phosphorylation, reduction in iNOS and
glial activation. Additionally, indomethacin-loaded nanocapsules decreased the levels
of the pro-inflammatory cytokines, suggesting that the blockage of neuroinflammation
is involved in the neuroprotective effect observed. In models of chronic inflammatory
in rats (arthritis model), the systemic treatment with indomethacin loaded
nanocapsules produced simultaneity a reduction of the levels of pro-inflammatory
cytokines and an increased in the levels of anti-inflammatory cytokine IL-10. The anti-
inflammatory efficacy increase was allied to an improved gastrointestinal safety.
Taken together, our results imply that nanocapsule formulations containing
indomethacin might be considered as promising alternative therapeutic for gliomas,

cerebral ischemia and chronic inflammation treatment.



APRESENTAGAO

Esta tese estd organizada em secgbes dispostas da seguite maneira:
Introdugéo, Objetivos, Artigos Cientificos publicados e/ou submetidos, Discusséo,
Conclusbes, Perspectivas, Referéncias Bibliograficas e Anexos.

A Introdugdo apresenta o embasamento tedrico que nos levou a formular a
proposta do trabalho. Os Materiais, Métodos e Resultados, assim como as
Referéncias Bibliograficas especificas encontram-se no corpo de cada trabalho,
0s quais estdo apresentados na forma de Artigos Cientificos, denominados
Capitulos 1, 2, 3 e 4.

A secgao Discussao contém uma interpretagdo geral dos resultados obtidos
nos diferentes trabalhos.

A secao Conclusdées aborda as conclusdes gerais obtidas na tese.

A secao Perspectivas aborda as possibilidades de desenvolvimento de
projetos a partir dos resultados obtidos, dando continuidade a essa linha de
pesquisa.

A secdo Referéncias Bibliograficas lista as referéncias utilizadas na
Introducédo e Discussao da tese.

A secao Anexo contém uma lista de outros trabalhos realizados em co-

autoria durante todo o periodo de desenvolvimento do doutorado.
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INTRODUCAO

1. Gliomas

1.1. Aspectos Gerais

Dentre os varios tipos de tumores do SNC, os mais freqlentes e
devastadores sdo os gliomas, contabilizando cerca de 78% de todos os tumores
primarios do SNC (Sathornsumetee et al., 2007). Os gliomas s&do atualmente um
dos grandes desafios da oncologia (Rich & Bigner, 2004). Existem
aproximadamente 25.000 novos casos diagnosticados a cada ano no continente
Americano (He & Sun, 2007). De acordo com a Organizagdo Mundial da Saude
(OMS), nos Estados Unidos sao estimados 18.500 novos casos de tumores
cerebrais primarios por ano com aproximadamente 13.000 mortes. Os fatores de
risco mais relacionados a estes tumores sao radiagéo ionizante, mutagdes génicas
e historico familiar. Os indices de incidéncia tém aumentado 0,9% ao ano,
provavelmente devido a crescente melhoria da qualidade do diagndstico por
imagem (Schwartzbaum et al., 2006).

Uma das caracteristicas mais marcantes dos gliomas € o seu elevado grau
de proliferacdo e invasividade. Como consequéncia, pacientes com esse tipo de
tumor apresentam um grande comprometimento do tecido nervoso periférico ao
tumor com o desenvolvimento de sintomas que incluem cefaléia, mudancas
cognitivas, papiloedema, disfasia e hemiparesia progressiva (Girolami, 2000).

O termo glioma refere-se a todas as neoplasias originadas de células gliais
ou precursores gliais (Holland et al., 2001), incluindo tumores constituidos de
células com caracteristicas de astrécitos (astrocitomas), oligodendrécitos

(oligodendrogliomas), células ependimais (ependimomas) e mistura de varios tipos



de céluals gliais (oligoastrocitomas). Embora a transformagao neoplasica de células
gliais diferenciadas seja tradicionalmente assumida como um mecanismo da
gliomagénese, recentemente foi demostrado que células-tronco podem estar
envolvidas neste processo (Kondo et al.,, 2006). As células-tronco neurais sao
reguladas pelas mesmas vias de sinalizagdo celular que sdo ativas em muitos
tumores cerebrais. Consequentemente elas sdo capazes de exibir comportamentos
caracteristicos de gliomas, incluindo elevada habilidade proliferativa, elevada
motilidade, associacdo com vasos sanguineos, desenvolvimento de fendtipos
antigénicos imaturos como a expresséo de nestina e do marcador de células-tronco
neurais CD133, além da ativacdo de vias sinalizadoras de crescimento e
proliferagdo celular (Sanai et al., 2005). Dessa forma, os gliomas sao constituidos
por populagdes de células heterogéneas contendo uma maior populagao de células
diferenciadas e uma minoria de células tumorigénicas indiferenciadas multipotentes.
Embora ambas contenham mutagdes oncogénicas que poderao resultar na
tumorigénese, somente as células-tronco neurais tém capacidade de se

autorenovar gerando assim a propagagéao tumoral (Fomchenko & Holland, 2006).

1.2. Glioblastoma Multiforme

O sistema de classificagdo de tumores cerebrais da OMS utiliza quatro graus
(I a IV) para descrever os gliomas, baseados nas caracteristicas histopatoldgicas
(Kleihues et al., 1993; Chintala et al., 1999). Dentre os gliomas, o glioblastoma
multiforme (GBM) é o tumor cerebral primario mais comum e letal (grau 1IV) (Laws &
Shaffrey et al.,, 1999). Os GBMs se dividem em dois subtipos, primarios e
secundarios. Os GBMs primarios, tipicamente surgem em pacientes idosos, como

um tumor agressivo e altamente invasivo, usualmente sem qualquer evidéncia



clinica prévia da doenca. Ja os GBMs secundarios sao observados em pacientes
mais jovens, que inicialmente apresentaram astrocitomas de baixo grau (Maher et
al., 2001). Uma vez estabelecidos, glioblastomas primarios e secundarios s&o
indistinguiveis clinicamente (Maher et al., 2001; Ohgaki & Kleihues, 2007).

Os GBMs sdo formados por uma massa intraparenquimal heterogénea
apresentando é&reas de necrose e hemorragia (Holland et al.,, 2000).
Microscopicamente a massa tumoral consiste em diferentes tipos celulares: células
préprias do glioma, células endoteliais hiperproliferativas, macréfagos e células
normais de areas do cérebro que estdao sendo invadidas pelo glioma. Dentre as
caracteristicas histolégicas mais comuns, incluem-se regides de necrose, células
dispostas em pseudopalicada, vasos sanguineos hipertrofiados no interior e em
areas adjacentes ao tumor, proliferagcdo microvascular, pleomorfismo celular e
nuclear, além da intensa capacidade proliferativa (Dai & Holland et al., 2001).

Os GBMs sao caracterizados por uma grande infiltragdo no tecido cerebral
normal circundante (Rao et al., 2001). Devido ao rapido crescimento, provocam
extensas areas de destruicdo do tecido nervoso, causando edema e necrose (Laws
et al., 1999). O crescimento dos GBMs pode matar as células neuronais do tecido
circundante através da liberagao de glutamato (Takano et al., 2001). Essa liberagao
de glutamato pelas células tumorais em concentragdes neurotdxicas pode ser
responsavel, pelo menos em parte, pelas convulsdes apresentadas pelos pacientes
com este tipo de tumor (Ye & Sontheimer, 1999). Além disso, dados do nosso grupo
de pesquisa, tém demonstrado o envolvimento do ATP e de seus produtos de
degradacado no meio extracelular no crescimento dos GBMs, sendo a sinalizagéo

purinérgica um potencial alvo terapéutico no tratamento destes tumores (Morrone

et al., 2006; Braganhol et al., 2007., Bernardi et al., 2007.; Braganhol et al., 2009).
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Estas caracteristicas patoldgicas heterogéneas sdao um dos maiores

obstaculos para o manejo efetivo dos GBMs (Holland, 2001).

1.2.1. Prognéstico e Terapéutica

O prognostico para pacientes com GBM é ruim, apesar de intensos esforgos
em desenvolver novas terapias agentes efetivos ainda ndo estdo disponiveis
(Konopka & Bonni, 2003). O tempo médio de sobrevida é relacionado com a idade
do paciente no momento do diagndstico bem como com o grau histolégico do tumor
(Schwartzbaum et al., 2006). Na Figura 1 estdo descritos os tipos histolégicos dos
tumores cerebrais e a percentagem relativa de sobrevida dos pacientes. Apesar dos
grande avangos em neuroradiologia, neurocirurgia, radioterapia e quimioterapia, a
sobrevida média dos pacientes com GBM pouco se alterou nos ultimos 30 anos. A
sobrevida média é de 9 a 12 meses, sendo que a maioria vai ao 6bito no periodo de

2 anos e menos de 5% sobrevive 5 anos (Bondy et al., 2008).

100+
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o
1
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Age at diagnosis Glioblastoma Anaplastic Astrocytoma, Anaplastic Oligodendroglioma Malignant glioma,

astrocytoma NOS oligodendroglioma NOS
[ <20 years 27.9% 59% 81.8% 88.8% 53.1%
[120-44 years 29.8% 71.4% 76% 76.5% 92.3% 68.6%
[0 45-54 years 11.6% 44% 41.3% 62.8% 83.7% 38.6%
[055-64 years 6% 19.4% 20% 51.2% 67.1% 26%
[165-74 years 2.7% 64% 9.1% 20.5% 50.9% 12.7%
[ 75+ years 1.4% 41% 5.8% 4.9% 33.3% 6.9%

Histologic type

Figura 1. Relagdo entre a idade de ocorréncia dos gliomas, o grau histolégico e a
sobrevida dos pacientes. Adaptado de Schwartzbaum et al., 2006.
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A cirurgia representa o tratamento de primeira escolha para os pacientes com
gliomas, entretanto a ressecgdo completa do tumor é limitada pela alta invasividade
das células tumorais nos tecidos normais circundantes (Behin et al., 2003). Dessa
forma, a recorréncia do tumor é quase inevitavel, uma vez que a remogao cirurgica
do tumor invariavelmente deixa no tecido normal uma populacao de células tumorais
(Rooprai et al., 1999). Portanto, a maioria dos pacientes é tratada com radioterapia
e/ou quimioterapia pds-operatoria (Mazeron & Kantor, 1998). Contudo, estes
agentes demonstram eficacia limitada, principalmente pela auséncia de
especificidade terapéutica das drogas citotoxicas contra tais neoplasias, além da
quimiorresisténcia intrinseca destes tumores e da baixa tolerancia do tecido normal
aos efeitos toxicos decorrentes a terapia. Além disso, a BHE limita a entrada dos
quimioterapicos no SNC, de modo que apenas farmacos altamente lipofilicos, como
temozolomida e nitrosuréias, podem ser utilizados (Mousseau et al, 1993). No
tratamento quimioterapico, a temozolomida é atualmente o farmaco de escolha para
o tratamento de GBM, embora apresente algumas limitagdes como mielosupressao,
leucopenia e trombocitopenia nos pacientes (Friedman et al., 2000; Villano et al.,
2009). Esse farmaco é um antineoplasico da classe dos agentes alquilantes, sendo
que na circulagao sistémica em pH fisiolégico forma o composto ativo MTIC (metil-
triaceno-imidazol-carboxamida). O principal objetivo do tratamento com
temozolomida é o aumento da sobrevida dos pacientes (Yun et al., 2000; Bondy et
al., 2008).

Dessa forma, a pobre responsividade dos tumores primarios do SNC a
quimoterapia, bem como o sucesso limitado da cirurgia e radioterapia pés-operatoria
justificam os esforgos dedicados no desenvolvimento e aprimoramento de novas

modalidades terapéuticas.
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1.2.2. Alteragdes Moleculares

A tumorigénese envolve, em esséncia, o descontrole das fungdes de proto-
oncogenes e genes supressores tumorais. Tais genes codificam proteinas
reguladoras de complexas rotas de transducdo de sinais para fungdes celulares
essenciais, tais como: proliferacéo, diferenciagéo, apoptose, adesédo, migragcéo e
angiogénese (Weinberg, 1995; Collins et al., 2002). Dessa forma, a maioria das
alteracdes genéticas identificadas nos GBMs resulta em ativacdo anormal de vias
de sinalizacdo a partir de receptores tirosina-cinase e/ou a partir de perda do
controle do ciclo celular (Ohgaki & Kleihues, 2009).

Pode-se afirmar que, além da heterogeneidade patoldégica, os GBMs
apresentam uma heterogeneidade molecular. O processo de transformagao de uma
célula normal em uma célula tumoral é extenso e pode prosseguir por varios
caminhos. Acredita-se que somente alguns dos processos moleculares sao
compartilhados por um determinado tipo de neoplasia, de modo que cada tumor
possui uma caracteristica genética e epigenética unica.

Os GBMs desenvolveram a capacidade de expressar seus proprios fatores
de crescimento junto aos seus respectivos receptores, resultando na possibilidade
de estimulagao autécrina (Feldkamp et al., 1997; Tang et al., 1997). Nesse contexto,
o fator de crescimento vascular endotelial (VEGF) é considerado o mais
proeminente fator de crescimento angiogénico, sendo superexpresso em 40-60% de
todos os GBMs diagnosticados (Wong et al., 2009). Além disso, os receptores para
VEGF sao altamente expressos em células endoteliais vasculares e
predominantemene em vasos nas proximidades do tumor (Libermann et al., 1984;
Ekstrand et al., 1991) de modo que, as células tumorais podem migrar e alcangar a

circulacao através desses novos vasos permeaveis. Apesar da intensa
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neovascularizagdo capilar, a circulagdo sanguinea muito frequentemente néo é
suficiente para areas tumorais com grande proliferagédo celular, sendo esse um fator
limitante para o crescimento tumoral o que leva ao desenvolvimento de necrose
intratumoral (Schaper & Buschmann, 1999). Como consequéncia dessa
superexpressao de receptores e ligantes, ha um aumento na sinalizagao, que leva a
ativacao descontrolada de varias vias de proliferacao celular, como por exemplo, a
via das MAPKs (Mitogen-Activated Protein Kinase) (Ras—> Raf-> MEK-> ERK) e a
via da PI3K/AKT, dentre outras. A Figura 2 apresenta, de forma simplificada e

esquematica, algumas das principais vias relacionadas a proliferagdo dos gliomas.
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Figura 2. Principais vias de sinalizagdo envolvidas na patogénese dos glioblastomas
multiforme. Adaptado de Ohgaki & Kleihues, 2009.

Outra caracteristica importante que os GBMs apresentam, é a perda da
regiao 10922-25, porgdo cromossomal que carrega importantes genes supressores

tumorais, entre os quais a PTEN (Phosphatase and tensin homologue deleted from
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chromossome 10). A perda da expressdo da PTEN resulta em ativagdo da AKT,
uma das vias centrais de sobrevivéncia celular, que dessa forma torna-se
constitutivamente ativa, impedindo que as células sejam sinalizadas a morte celular
apoptotica. O nivel de expressdo da PTEN esta inversamente relacionado com a
malignidade dos gliomas: quanto maior a expressao desta proteina, menos maligno
€ o tumor, sendo que GBMs apresentam PTEN mutada ou deletada, o que sugere
que PTEN ocupa um papel decisivo na gliomagénese (Koul et al., 2008). O outro

grande grupo de alteragbes resulta da interrupgdo nas vias de parada do ciclo

INK4A ARF
6 4

celular, como a delegdo de INK4-ARF que codifica proteinas p1 e p1
(Nakamura et al., 2001), perdas das fungbes de p53 (Watanabe et a., 2001),
amplificacdo de CDK4, CDKG6 e ciclina D1 (Giani & Finocchiaro, 1994; Sherr et al.,
1999). A soma de todas essas alteragbes contribui para a principal caracteristica

dos GBMs, a proliferacdo descontrolada. A Figura 3 apresenta as principais

alteragdes genéticas dos gliomas de diferentes graus.
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Figura 3. Principais alteragoes genéticas nos gliomas de diferentes graus. Adaptado
de Ohgaki, 2005.
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Além disso, dados do nosso grupo de pesquisa demonstraram que o
metabolismo extracelular das purinas encontra-se alterado em células de GBM,
sugerindo que alteragdes no sistema purinérgico podem ser uma caracteristica dos
gliomas que podem contribuir para o seu fenétipo de malignidade (Wink et al., 2003;

Bavaresco et al., 2008; Braganhol et al., 2009).

2. Isquemia Cerebral

2.1. Aspectos gerais

A isquemia constitui uma importante condicdo fisiopatoldgica de leséo
cerebral e tem sido alvo de intensa investigagdo. A isquemia cerebral pode ser
definida como uma redugéo severa ou um completo bloqueio do fluxo sanguineo,
que resulta em varias alteragcbes celulares que clinicamente causam disturbios
comportamentais e patoldégicos (Taylor et al., 1996; Mehta et al., 2007). A isquemia
cerebral esta intimamente ligada a uma variedade de fatores de risco como
hipertensdo, hipercolesterolemia e diabetes (Price, 1999). E uma das principais
causas de morbidade e mortalidade entre adultos e idosos. Apresenta elevada
frequéncia e enorme repercussao econbémica, pois na maioria das vezes, leva a
incapacidade fisica e/ou mental (Price, 1999; Wang et al.,, 2007). Dados do
Ministério da Saude mostram que em 2005 as doengas cerebrovasculares foram as
maiores causas de morte no Brasil, com um numero de o6bitos ultrapassando os
90.000, correspondendo a 10% da mortalidade do pais. Outro dado importante é
que doengas circulatdrias (aqui incluidas a isquemia cerebral e a isquemia cardiaca)
sdo a principal causa de morte em todas as regides brasileiras, tanto para homens

quanto para mulheres acima dos 40 anos (Ministério da Saude, 2009).
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O metabolismo energético normal do cérebro apresenta algumas
caracteristicas especiais que incluem uma taxa metabdlica elevada, estoques de
energia limitados e uma alta dependéncia do metabolismo aerdbico de glicose. Por
esses motivos, o cérebro é mais vulneravel a um insulto isquémico do que outros
tecidos. O tipo mais frequente de isquemia cerebral em humanos é a isquemia
focal, que é definida como a interrupgao do fluxo sanguineo para uma determinada
regiao do cérebro, afetando apenas as regides circundantes a area nao irrigada.
Outro tipo € a isquemia global, que resulta da interrupgédo transitéria do fluxo
sanguineo para todo o cérebro, o que ocorre durante uma parada cardiaca, por
exemplo (Lipton, 1999). Além dos danos causados pela falta de oxigénio e
metabdlitos durante a isquemia, culminando em morte celular, a volta da circulagao
sanguinea, chamada de reperfusdo, pode aumentar ainda mais a morte neuronal,
especificamente nas areas mais vulneraveis do cérebro, como a regiao CA1 do
hipocampo (Schmidt-Kastner & Freund, 1991).

A terapéutica indicada para a isquemia cerebral é a terapia trombolitica,
entretanto os critérios de exclusdo dos pacientes sdo tantos que poucos podem
receber esse tratamento (Chopp & Li, 2002; Gilman, 2006). Estratégias de protegao
das areas afetadas ou de resgate das populagdes de células que estdo morrendo
tornam-se necessarias na tentativa de diminuir a morbidade e as sequelas dos
pacientes vitimas de isquemia cerebral. At¢ o momento n&o existe um protocolo
efetivo que melhore as condi¢cdes de vida desses pacientes. Muitas substancias
neuroprotetoras ja foram caracterizadas e mostraram-se eficazes em pesquisas preé-
clinicas, mas infelizmente ndo apresentaram o mesmo efeito quando utilizadas em

pacientes (De Keyser et al., 1999; Ginsberg, 2008).
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2.2. Fisiopatologia

A isquemia cerebral resulta em varias alteragbes hemodinamicas,
bioquimicas e neurofisiolégicas que levam a morte celular. A morte de neurénios
apos a isquemia pode ser imediata ou tardia (Graham & Chen, 2001; Mehta et al.,
2007). A morte imediata € causada pelo mecanismo necrotico e acontece na regiao
central do insulto isquémico, enquanto que a morte por apoptose ocorre na regiao
de penumbra ou pré-infarto podendo acontecer até 3 ou 4 dias apds a isquemia
(Kirino, 2000; Mehta et al., 2007). Assim, o periodo imediatamente apds a isquemia
€ crucial para possiveis intervengdes terapéuticas, objetivando a prevencédo da
morte neuronal tardia. E importante ressaltar que a intensidade e duragéo do evento
isquémico sao fundamentais para determinar o tipo de morte celular. O fluxo
sanguineo cerebral durante uma isquemia focal decresce gradualmente de uma
pequena redugédo na periferia (zona de penumbra) até uma perda total na zona
central (nucleo) da isquemia (Mergenthaler et al., 2004). A Figura 4 apresenta de
forma esquematica as regides de um insulto isquémico, bem como os tipos de
morte predominates em cada regido.

Estudos experimentais identificaram quatro processos dominantes que,
sozinhos ou combinados, levam ao dano neuronal pds-isquémico: aumento de
calcio intracelular, neurotoxicidade mediada por receptores glutamatérgicos,
formagao de espécies reativas de oxigénio e inflamacgao (White et al., 2000; Endres

et al., 2002).
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Figura 4. Representagdo esquematica das regides afetadas e dos tipos de morte
celular durante um insulto isquémico. A regido central do insulto isquémico é circundada
pela area de penumbra, na qual ocore a morte celular por apoptose dependendo da
disponibilidade de ATP no local. Adaptado de Mehta et al., 2007.

Com a deplecdo dos estoques energéticos, o potencial de membrana é
perdido e os neurdnios despolarizam-se. Consequentemente, os canais de Ca*
dependentes de voltagem sao ativados e aminoacidos excitatorios, particularmente
o0 glutamato, sdo liberados no espago extracelular (De Keyser et al, 1999). Ao
mesmo tempo, os processos dependentes de energia, como a captagcdo de
glutamato, sédo bloqueados, levando ao acumulo deste no espago extracelular. A
ativacdo de receptores glutamatérgicos ocasiona o aumento do Ca?" intracelular
pela abertura direta de canais de Ca?* (receptores ionotrépicos) e pela ligagdo aos
receptores ligados a proteinas G (receptores metabotrépicos). Como resultado da
ativagdo glutamatérgica, ha um aumento do influxo de Na* e CI" nos neurénios,
juntamente com agua, ocasionando o edema celular, que leva a necrose (Dirnagl et
al., 1999). O aumento no Ca?* intracelular pode também desencadear uma série de
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eventos citoplasmaticos e nucleares, causando danos no tecido através da ativacao
de enzimas proteoliticas, endonucleases e lipases, contribuindo para a morte celular
(Mitani et al., 1993). A ativagao da fosfolipase A, e da COX-2 gera espécies reativas
de oxigénio acima da capacidade dos mecanismos antioxidantes endogenos,
produzindo peroxidacéo lipidica e dano a membrana citoplasmatica (Mergenthaler
et al., 2004). A membrana mitocondrial interna também é afetada pelo disturbio
mediado pelas espécies reativas de oxigénio, formando poros que pode culminar
em apoptose (Fujimura et al., 1998).

Embora todos esses mecanismos estejam envolvidos na patogénese da
isquemia cerebral e contribuam para a excitotoxicidade, crescentes evidéncias
mostram que a inflamagdo possui papel fundamental (Hallenbeck et al., 2002;
Emsley et al., 2008). Apds o insulto isquémico, quando o fluxo sanguineo é
restaurado (reperfusdo), a disponibilidade de oxigénio aumenta, bem como as
reacdes bioquimicas que levam ao aumento da formacao de espécies reativas de
oxigénio (Aschener, 1998). Dessa forma, ocorre a ativacdo de cascatas
inflamatérias nas células endoteliais, astrocitos e microglia que secretam citocinas,
moléculas de adesao, dentre outras substancias, as quais contribuem para o dano
irreversivel (Mehta et al., 2007). Essas substancias podem alterar a permeabilidade
da BHE, de modo que essa alteracido contribui para o dano que é secundario a
isquemia. Esse dano secundario € decorrente principalmente de uma robusta
reacdo inflamatéria caracterizada pelo influxo de leucdcitos periféricos no

parénquima cerebral e a ativagao da microglia (Zheng & Yenari, 2004).

3. Inflamagao
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O processo inflamatério esta presente na maioria das patologias. Apresenta-
se como um mecanismo de defesa do organismo, cujo objetivo é a eliminagéo da
causa inicial da lesao celular, provocada por patégenos ou por acdo de agentes
fisicos. Dessa forma, o processo inflamatério pode ser definido como uma
sequéncia de eventos que ocorrem em resposta a estimulo nocivo, trauma ou
infeccdo. Essa resposta envolve uma acao coordenada entre os mediadores da
inflamacéo e as células inflamatérias (Sacca et al., 1997).

O processo inflamatério é desencadeado pela liberacdo de mediadores
quimicos originados nos tecidos lesionados e pelas células migratorias. Dentre os
principais mediadores figuram a histamina, as proteases plasmaticas, os metabdlitos
do acido araquidbénico (prostaglandinas, tromboxanos e leucotrienos), o fator
ativador de plaquetas, as interleucinas, o 6xido nitrico, os constituintes lisossémicos
dos leucdcitos e as espécies reativas de oxigénio (Calixto et al., 2000). As citocinas
representam um grupo de substancias multifuncionais que estdo envolvidas nos
principais pontos da resposta inflamatéria. Até o momento, mais de 100 membros
das familias das citocinas e seus respectivos receptores foram identificados (Barnes,
2001; Haddad, 2002). De uma forma geral, citocinas podem ser classificadas como
pré- ou anti-inflamatérias, dependendo do momento da inflamagéo que irdo interferir
(Hopkins, 2003). Numa visédo simplificada, citocinas pré-inflamatérias, como IL-1p,
TNF-a, 1-6 e IL-18, estdo envolvidas na iniciagdo e amplificagdo do processo
inflamatério, enquanto citocinas anti-inflamatérias, como IL-10 e TGF-B, modulam
negativamente esses eventos (Dinarello, 2000; Opal et al., 2000).

Na literatura s&o relatados diversos modelos experimentais amplamente
utilizados para avaliagdo da atividade anti-inflamatéria, como o edema de pata de

rato induzido por carragenina, CFA (Complete Freund’s Adjuvant), bradicinina ou
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histamina, a pleurisia induzida por carragenina, dentre outros (Stein et al., 1988;
Tratsk et al., 1997; Rocha et al., 2006; Quintao et al., 2008).

Dentre esses métodos citados, o edema de pata de rato induzido por
carragenina € um dos modelos mais comumente empregados (Tratsk et al., 1997,
Quintao et al., 2008). A carragenina causa edema com consequente aumento do
volume da pata e uma exacerbada sensibilidade a estimulos mecanicos e térmicos,
conhecida como hiperalgesia (Nantel et al., 1999). Essa técnica baseia-se na medida
da capacidade de uma substancia em inibir o edema produzido na pata do animal
por um agente flogistico, neste caso, a carragenina. Esse modelo é amplamente
utilizado com o objetivo de investigar a eficacia anti-inflamatoria de substancias, bem
como 0s mecanismos de acao de anti-inflamatérios esterdides e nao-esterdides
(Valo et al., 1973; Kawamura et al., 2000).

O modelo de artrite induzido por CFA em ratos € um modelo amplamente
utilizado na investigagao de novas terapias para a artrite reumatéide (Joe & Wilder,
1999). Esse modelo permite avaliar parametros da resposta inflamatoéria, bem como
da resposta imunolégica, uma vez que o desenvolvimento dos sintomas que
caracterizam a artrite inicia-se de 4 a 7 dias apds a injegao do CFA (Yue et al., 2004,
Granado et al., 2005; Caparroz-Assef et al., 2007). O CFA, reagente que contém
antigenos do Mycobacterium tuberculosis, atua como um estimulo de respostas
imunoldgicas, incluindo a imunidade celular e o aumento da producdo de certas
imunoglobulinas, levando ao desenvolvimento de uma reagédo articular inflamatoria
intensa dependente de células T. Ocorre o aumento persistente da produgéao local e
sistémica de TNF-q, IL-1B e IL-6 (Joe & Wilder, 1999). A produgéo de citocinas com
predominio de citocinas pro-inflamatérias tem papel fundamental na iniciacdo e

propagacao da inflamagédo crénica da membrana sinovial (Klimiuk et al., 1999;

22



Mclnnes et al., 2007). Por apresentar caracteristicas inflamatérias, incluindo
alteragdes nos niveis de citocinas e resposta variavel a diferentes drogas
imunossupressoras, o modelo de artrite induzido por CFA tem se apresentado util
nos estudos de mecanismos imunopatogénicos da artrite reumatdide e no estudo

pré-clinico de novas terapias (Inglis et al., 2005).

4. Anti-inflamatérios nao-esterdides

Os anti-inflamatérios nao-esteréides (AINEs) sdo farmacos amplamente
prescritos, existindo atualmente mais de 50 compostos deste grupo disponiveis no
mercado. Os AINEs sdo farmacos com propriedades analgésicas, antipiréticas e
anti-inflamatdrias, sendo que sua principal vantagem € a auséncia de dependéncia
fisica ou psiquica com o uso prolongado, quando comparados aos opidides
(Alsalameh et al., 2003). A ac&o anti-inflamatéria dos AINEs decorre principalmente
da inibicdo da inibicdo da enzima ciclooxigenase (COX) impedindo, dessa forma, a
formagdo de prostaglandinas e de tromboxanos, mediadores do processo
inflamatério (Burian & Geisslinger, 2005).

Os principais usos clinicos dos AINEs sdo para tratamento de doengas
articulares como artrite reumatéide, artrite gotosa, osteoartrite, tendinite, além de
outros processos inflamatérios em geral como les6es musculo-esqueléticas e
inflamagdes oftalmicas (Vane & Botting, 1996). O uso de AINEs costuma ser
indicado nos casos em que a morbidade da reagao inflamatéria supera os
beneficios de regeneragao tecidual causados pela inflamagédo. Quando utilizados
por periodos prolongados, como em doengas inflamatérias crbnicas, os AINEs
geralmente causam efeitos adversos como toxicidade gastrica, disfungéo hepato-

real e reagdes cutaneas (Guterres et al., 2000; Guterres et al., 2001; Tomisato et al.,
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2004). Os AINEs sao classificados de acordo com suas fungdes quimicas. A maioria
s&o acidos organicos e atuam como inibidores competitivos reversiveis da atividade
da COX, enquanto que o acido acetilsalicilico (AAS) é o unico AINE que atua de
forma a modificar covalentemente a COX, resultando na inibicdo irreversivel da
atividade da enzima (Botting et al., 2006).

Atualmente sao conhecidas trés isoformas da enzima ciclooxigenase: COX-1,
COX-2 e COX-3. A isoforma COX-1 é expressa constitutivamente na maioria dos
tecidos, incluindo plaquetas e estdmago e esta envolvida na sinalizagdo entre
células e na homeostasia tecidual. A isoforma COX-2 é induzida principalmente nas
células inflamatdrias, quando estas sao ativadas durante a inflamacdo a COX-2
tende a facilitar a resposta inflamatéria. Entretanto, no cérebro, rins e alguns outros
tecidos, a COX-2 é expressa constitutivamente (Deninger & Schluesener, 1999). Por
sua vez, a isoforma COX-3 é uma variante do gene da COX-1, através da
ocorréncia de um splicing alternativo. Sabe-se que esta isoforma é mais abundante
no coragao e no cortex cerebral, porém esforcos vém sendo realizados a fim de se
obter maiores informagdes a respeito de sua fungdo e modulagéo (Cui et al., 2004;
Botting et al., 2006).

Embora todos os AINEs sejam antipiréticos, analgésicos e anti-inflamatérios,
existem diferengas em suas atividades individuais. Os motivos para estas diferengas
entre os AINEs ndo estdao totalmente esclarecidos, mas provavelmente estao
relacionados as suas diferengas de especificidade sobre as isoformas de COX, bem
como pelos mecanismos de acado secundarios ainda desconhecidos. Além disso,
recentes estudos com linhagens de células tumorais, estudos clinicos e
epidemiolégicos tém demonstrado a potencial utilizagcdo dos AINEs como agentes

farmacoldgicos no tratamento e prevengéo de varios tipos de cancer (Toomey et al.,

24



2009; Harris, 2009; Hyde & Missailidis, 2009). Sugere-se que a expressao de COX-2
possa ser constitutiva em varios tipos de tumores, sendo que a superexpressao
dessa enzima esta associada com gliomas clinicamente mais agressivos e de pior
prognodstico para o paciente (Shono et al., 2001). Apesar de os mecanismos
moleculares envolvidos ndo estarem ainda bem definidos, acredita-se que a COX
contribua para produgao de fatores pré-angiogénicos e que o aumento de sua
expressao durante a tumorigénese seja provavelmente consequéncia de multiplos

efeitos (Howe et al., 2001).

4.1. Indometacina

A indometacina é um farmaco derivado do acido indolacético, de nome
quimico [1-(4-clorobenzoil)-5-metdxi-2-metilindol-3-ilJacético (Figura 5). Apresenta-
se como po cristalino, inodoro, de coloragéo branco-amarelada (Reynolds, 1993).

A indometacina pertence a classe dos AINEs, apresentando potente acao
anti-inflamatéria além de agdo analgésica e antipirética. Foi introduzida na
terapéutica para o tratamento de doencas inflamatérias reumaticas, principalmente
artrite reumatdide, osteoartrite e espondilite anquilosante. A dose comumente
empregada por via oral situa-se entre 25 a 50 mg (o que corresponde a faixa de 5 -
10 mg/Kg em animais), com intervalos de 8 horas, sendo a dose maxima diaria de
200 mg. A indometacina também tem sido usada em recém nascidos por via
intravenosa nas doses de 0,1 a 0,2 mg/Kg a cada 12 horas com a finalidade de

fechamento do ducto arterioso persistente (Wannamacher e Ferreira, 2004).
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Figura 5. Estrutura quimica da indometacina

A absorcao da indometacina apds administragao oral é rapida, sendo o pico
de concentracdo plasmatica alcancado apds aproximadamente 2 horas. A
biodisponibilidade cerebral da indometacina é baixa, pois aproximadamente 90% da
indometacina administrada liga-se a proteinas plasmaticas, o que reduz a fragédo
livre do farmaco na circulagédo e dificulta a passagem pela BHE (Parepally et al.,
2006).

A atividade anti-inflamatéria da indometacina é mediada tanto pela inibicao
de COX-1 e COX-2, quanto pela inibicdo da migragao dos neutréfilos (Jacobs &
Bijlsma, 1997; Peskar, 2001). Em funcdo de seu efeito inibitério sobre a COX-1, a
indometacina apresenta importantes efeitos adversos, que sdo dose-dependente e,
portanto, restringem sua utilizacdo apenas a doengas inflamatérias graves, onde
outras alternativas terapéuticas ndo sédo efetivas. Sua toxicidade esta relacionada
principalmente ao trato gastrointestinal, onde pode provocar ulceragdes e até
mesmo perfuragées e hemorragias. Tem sido descrito que ndo apenas esse efeito
sistémico de inibicdo das COXs, mas também um efeito citotdxico pelo contato

direto do farmaco a mucosa gastrica seria 0 reponsavel pelas lesbes
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gastrointestinais. A irritagao local causada pelo contato direto dos AINEs a mucosa
gastrica esta relacionada com a inonizag&o do farmaco. A indometacina é um acido
organico fraco e em pH baixo esta na forma nao ionizada, o que possibilita uma alta
solubilidade em lipideos, comprometendo a integridade da mucosa pela redugéo da
hidrofobicidade da superficie. Ao penetrar na membrana celular e acumular-se no
epitélio da mucosa gastrica, onde o pH local é 7,4, o farmaco apresenta-se na forma
ionizada sendo absorvido (Reynolds, 1993; Fiorucci & Antonelli, 2001). Além disso,
a inibicao de prostaglandinas renais protetoras dos efeitos vasoconstritores de
angiotensina e catecolaminas pode agravar disfungdes renais pré-existentes e
causar insuficiéncia renal, tornando necessaria a interrupcao do tratamento para a
reversao do quadro clinico (Tomisato et al., 2004). Dessa forma, a principal
limitagdo do emprego terapéutico da indometacina sao os efeitos adversos que ela
causa.

Com a finalidade de reduzir os efeitos toxicos da indometacina, tem sido
proposta a esterificagdo ou amidagéo de seu grupamento acido com o objetivo de
reduzir a irritagcdo da mucosa gastrica por agao local do farmaco (Bonina et al.,
1997; Kalgutkar et al., 2000; Cruz et al. 2006). Outro artefato é a introducdo do
farmaco em sistemas carreadores, como lipossomas (Srinath et al., 2000),
microesferas lipidicas (Srinath e Diwan, 1998) ou nanoparticulas (Ammoury et al.,
1991; Calvo et al., 1996; Kim et al., 2001; Pohimann et al., 2002). Esses sistemas
possibilitam a reducdo dos efeitos adversos, tanto por minimizar o contato do
farmaco com a mucosa gastrica, como por proporcionar uma vetorizagdo do
farmaco para o local de agéo, além de promover, em certos casos, 0 aumento da

absorgao no trato gastrointestinal (Fawaz et al., 1996; Srinath & Diwan, 1998).
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Recentemente, estudos experimentais tém sugerido novas aplicagdes
terapéuticas para a indometacina. Demonstrou-se que, em células de glioma, a
indometacina modula a expressao de proteinas da matriz extracelular (Ishibashi, et
al., 2005) e diminui a capacidade de invasao das células (Wang et al., 2005). Além
disso, resultados do nosso grupo de pesquisa demostraram que a indometacina
exerce efeito antiproliferativo em linhagens celulares de gliomas por induzir uma
parada na progressao do ciclo celular (Bernardi et al., 2006) e por modular a

atividade e expressao de enzimas do sistema purinérgico (Bernardi et al., 2007).

5. Nanoparticulas

5.1. Aspectos gerais da Nanobiotecnologia

A nanobiotecnologia refere-se a fusdo de duas abordagens tecnoldgicas
recentes, a biotecnologia e a nanotecnologia, apresentando enormes inovagdes e
potencialidades. A nanobiotecnologia pode ser, portanto, definida como o estudo,
processamento, fabricacdo e desenho de dispositivos organicos, nanomateriais para
atuacdo bioldgica ou biomateriais, nos quais pelo menos um componente funcional
possui tamanho nanométrico. Areas importantes da nanobiotecnologia incluem a
nanomedicina (biologia molecular e genética), a fisica-médica (diagnéstico), o
desenvolvimento de nanofarmacos (farmacos encapsulados), além da
nanocosmecéutica (cosméticos com efeitos farmacologicos consideraveis). Estima-
se que a nanobiotecnologia possibilitara meios para o aprimoramento do diagndstico
prematuro de diversas doengas, levando a abertura de novas estratégias
terapéuticas. De forma bastante relevante, a nanobiotecnologia se mostra

promissora em aumentar a eficiéncia do processo de desenvolvimento de farmacos.
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5.2. Sistemas de nanoencapsulamento de farmacos

A nanotecnologia farmacéutica teve inicio em meados da década de 1970

com os lipossomas. Historicamente, as primeiras nanoparticulas propostas para uma

aplicagao terapéutica eram compostas de gelatina ligada a albumina (Scheffel et al.,

1972; Marty et al., 1978).

Na sequéncia, foram desenvolvidas as nanoparticulas

poliméricas empregando principalmente polimeros biodegradaveis sintéticos e as

nanoparticulas lipidicas sélidas (Couvreur et al., 1979). A partir de 1986, houve uma

aceleragao no desenvolvimento de novas metodologias para a preparagao de varios

tipos de nanoparticulas (Fattal & Vauthier, 2002). A tabela 1 apresenta os sistemas

nanoparticulados para vetorizacao de farmacos que até o presente momento foram

aprovados pelo FDA (Food and Drug Administration) para Trials ou uso clinico.

Tabela 1. Sistemas nanoparticulados para vetorizagdao de farmacos que foram
aprovados pelo FDA para uso clinico ou Trials. Adaptado de Faraji et al., 2009.

Agente Terapéutico
Anfotericina B em lipossomas
Adenosina deaminase - PEG
Doxorrubicina em lipossomas
Citosina Arabinosina em lipossomas
Interferon a-2b - PEG
Interleucina 2 com toxina diftérica
Verteporfina em lipossomas
Fator estimulador de granulécitos - PEG
L-asparaginase - PEG
Paclitaxel ligado a albumina
Aptanibe - PEG

Pemetrexed

Indicagao
Infeccdes fungicas, Leishmaniose
Desordens de imunodeficiéncia
Sarcoma de Kaposi, cancer de ovario
Meningite linfomatosa ou neoplasica
Hepatite C
Linfoma cuténeo de células T
Degeneragéo macular
Quimioterapia associada a neutropenia
Leucemia linfocitica aguda
Cancer de mama metastatico
Degeneracéo macular

Mesotelioma maligno pleural

Referéncia
Alder-Moore, 1994
Bory et al., 1991
Northfelt et al., 1996
Glantz et al.,1999a, 1999b
Glue et al., 2000
Olsen et al., 2001
Bressler et al., 2001
Siena et al., 2003
Rosen et al., 2003
Nyman et al., 2005
Lee et al., 2005a, 2005b
Ceresoli et al., 2006

Carreadores coloidais de farmacos, incluindo nanoemulsées, nanoesferas,

nanocapsulas, lipossomas e complexos lipidicos, apresentam-se como veiculos
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promissores para administracao intravenosa de farmacos lipofilicos, bem como para
administragdo nas vias oral, ocular, cutdnea e endovenosa possibilitando a
otimizagdo da velocidade de cedéncia e do regime de dosagem das substancias
(Alvarez-Roman et al., 2001; Fattal & Vauthier, 2002; Couvreur et al., 2002). Cada
um dos diferentes sistemas nanoparticulados apresentam peculiaridades que devem
ser consideradas de acordo com sua finalidade. De uma forma geral, estes sistemas
nanométricos apresentam elevada area superficial, sendo considerados vetores para
a administracdo de substancias lipofilicas, possibilitando uma liberagdo homogénea
e, muitas vezes, controlada de farmacos, aumentando assim a resposta terapéutica
no sitio de agao por tempo prolongado. A vetorizagdo em érgaos, tecidos ou células
especificas também apresenta como vantagem a diminuigdo de efeitos adversos
apresentados sistemicamente pelo farmaco nao vetorizado (Guterres et al., 2001).
Outro aspecto importante € a possibilidade de diminuicao das doses e do numero de
aplicacbes, de modo que os pacientes apresentam maior adesao ao tratamento.
Além disso, em alguns casos, 0 nanoencapsulamento pode ter como objetivo a
melhora da biodisponibilidade de um farmaco através do aumento da estabilidade
desse farmaco nos fluidos biolégicos ou ainda o aumento de estabilidade da propria
formulagao farmacéutica (Couvreur et al.,, 2002; Couvreur & Vauthier, 2006).
Sistemas de nanoencapsulamento de farmacos tém sido propostos principalmente
para compostos antitumorais, peptideos, proteinas, vacinas, oligonucleotideos e
agentes anti-infecciosos (Couvreur & Vauthier, 2006). A Figura 6 apresenta alguns

sistemas que podem ser utilizados como carreadores de farmacos.
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Nanocapsulas

. 3 Nanoesferas

Nanoparticulas Poliméricas

Lipid

(solid)

Nanoparticulas
Lipidicas Solidas

Nanoparticulas
Metalicas

Fulerenos Nanotubo de Carbono

Figura 6. Sistemas nanométricos que podem ser utilizados para a vetorizagdo de
farmacos. Adaptado de Suh et al., 2009 e de Faraji et al., 2009.

5.2.1. Nanoparticulas poliméricas

As nanoparticulas poliméricas sado sistemas carreadores de farmacos que
apresentam didmetros inferiores a 1um. Dependendo do processo de preparacao
das nanoparticulas podem-se obter nanocapsulas ou nanoesferas que diferem entre
si segundo sua composi¢cado e organizagao estrutural (Soppimath et al., 2001). As
nanoesferas ndao apresentam 6leo em sua composicdo e sao formadas por um
nucleo solido e por uma rede polimérica possuindo uma estrutura matricial onde o
farmaco pode ficar retido ou adsorvido (Schaffazick et al., 2003). As nanocapsulas
sao formadas por um invélucro polimérico disposto ao redor de um nucleo oleoso,

podendo o farmaco estar dissolvido neste nucleo efou adsorvido a parede
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polimérica, dependendo das propriedades fisico-quimicas e da composicdo das
nanocapsulas. Dessa forma, nanocapsulas podem ser consideradas um sistema
“reservatorio” (Couvreur et al., 2002).

A utilizacdo de materiais poliméricos para a encapsulacao de farmacos ou
ativos cosméticos é uma alternativa para mascarar as propriedades fisico-quimicas
intrinsecas da substancia, melhorar sua interacdo com membranas, bem como o
transporte através delas e facilitar sua absorgao ou penetragao cutaneas (Couvreur
& Vauthier, 2006). Além disso, as nanoparticulas poliméricas permitem
modificagdes quimicas na sua superficie, possibilitando um controle farmacocinético
na vetorizagdo de agentes terapéuticos (Faraji et al., 2009). Comparado com outros
carreadores coloidais, as nanoparticulas poliméricas apresentam maior estabilidade
quando estdo em contato com fluidos biolégicos (Roney et al., 2005). Além disso,
elas podem ser administradas por via endovenosa sem causar embolia (Couvreur et
al., 2002). Inicialmente nanoparticulas convencionais apresentaram limitagdes para
vetorizacdo de farmacos quando administradas intravenosamente, pois foram
fagocitadas pelo sistema fagocitdrio mononuclear. Mais recentemente,
desenvolveram-se nanoparticulas chamadas de “invisiveis”, pois sao caracterizadas
por permanecerem longo tempo na circulagdo sem serem fagocitadas (Brigger et
al., 2002).

Dentre os polimeros utilizados a poli(s-caprolactona) se destaca devido sua
biocompatibilidade, biodegradabilidade e propriedades mecanicas, pois € um
polimero semi-cristalino que apresenta degradagao mais lenta quando comparado
aos polimeros amorfos (Guterres et al., 2007). A poli(e-caprolactona) é um dos mais
importantes polimeros biodegradaveis na medicina, sendo amplamente empregado

em suturas (Lu & Chen, 2004). Além disso, poliésteres como a poli(s-caprolactona)
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apresentam propriedades bioadesivas, caracteristica bastante relevante pois a
bioadesividade confere um acréscimo na deposigao das particulas em regides do
trato gastrointestinal, aumentando assim a absor¢cdo sistémica de farmacos
(Lamprecht et al., 2000a). Vérios trabalhos tém demonstrado a importéncia do
emprego deste material polimérico no desenvolvimento de sistemas carreadores de
farmacos nanoparticulados (Lamprecht et al., 2000a; 2000b; Sinha et al., 2004; Lu &
Chen, 2004; Fattal et al., 2007), sendo empregados inclusive para uso intravenoso
(Ravi Kumar, 2000).

Existem varios métodos descritos na literatura para preparacdo de
nanoparticulas poliméricas, dentre os quais se destaca o método de deposicao
interfacial de polimeros pré-formados proposto por Fessi e colaboradores (1989), no
qual o polimero biodegradavel & dissolvido em um solvente orgénico juntamente
com o componente oleoso, o tensoativo lipofilico e o farmaco ou ativo a ser
encapsulado. Esta fase oleosa é vertida, sob agitagdo moderada, sobre a fase
aquosa, a qual € composta de agua e tensoativo hidrofilico. Esta mistura origina, de
forma esponténea, as nanocapsulas, com didmetros médios situados entre 200 e
500 nm. A vantagem de utilizagao deste método é a obtengdo espontanea, simples,
eficiente e reprodutivel de pequenas particulas em escala nanométrica com elevada
capacidade de encapsulacao de farmacos (Fessi et al., 1989; Schaffazick et al.,
2003; Guterres et al., 2007). A obtengao de particulas com diferentes didametros é
dependente de varios fatores, tais como: concentracdo do polimero e farmaco,
quantidade de tensoativo, concentracdo de 6leo na fase orgénica e velocidade de
difusdo da fase organica aquosa (Couvreur et al., 2002). Todos esses parametros

sao fundamentais na caracterizagédo de uma formulagado nanoencapsulada.
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5.3. Vetorizagao de farmacos antitumorais

Considerando todas as vantagens que as nanoparticulas apresentam, a
vetorizacdo de farmacos antitumorais € uma das mais promissoras aplicacdes
biolégicas dessas formulagcdes. Dentre todas as formas de malignidade, os tumores
sélidos apresentam um maior desafio para a quimioterapia convencional (Wong et
al.,, 2007). Esses tumores apresentam varias particularidades que se tornam
obstaculos para uma terapia efetiva. Pode-se citar mecanismos chamados de
“celulares” que incluem alteragdes bioquimicas, alteragdes nas vias de sinalizacao
para apoptose e proliferagdo celular e o sistema de efluxo da glicoproteina P (Pgp)
que é responsavel por resisténcia multipla a drogas (MDR - mullti-drug resistance)
(Krishna & Mayer, 2000). Em adigdo a esses mecanismos “celulares”, os tumores
solidos sdo mais resistentes a quimioterapia devido a mecanismos “nao celulares”
que sao responsaveis pela dificuldade do farmaco em atingir concentragbes
farmacologicamente ativas na massa intratumoral. Tumores soélidos apresentam
uma vascularizagao irregular e tortuosa em algumas regides, além da aumentada
pressao intersticial e baixa pressdo microvascular que impede ou retarda o
extravasamento de moléculas (Krishna & Mayer, 2000; Brigger et al., 2002). Dessa
forma, o sistema linfatico é ineficaz nos tumores solidos (Wong et al., 2007). Assim,
o racional de se utilizar nanoparticulas poliméricas para vetorizagado de farmacos
em tumores sdlidos se deve principalmente a duas propriedades desses sistemas:
1) devido ao tamanho reduzido, nanoparticulas s&o capazes de penetrar em
pequenos capilares, aumentando eficientemente o acumulo de farmaco na massa
tumoral, apresentando o denominado “efeito de aumento de retengdo e
permeabilidade” (EPR); 2) o uso de polimeros biodegradéveis no preparo de

nanoparticulas, permite uma liberacao sustentada do farmaco no sitio de acao por
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um periodo de dias ou semanas ap6s a administragao (Vinogradov et al., 2002).
Além disso, é importante considerar que o processo inflamatdrio presente nos
tecidos adjacentes ao tumor também contribui para alteragées de permeabilidade
microvascular, facilitando dessa forma o direcionamento das nanoparticulas para o
tecido tumoral. A Figura 7 representa de forma esquematica o acumulo de

nanoparticulas no compartimento intersticial do tumor.

Healthy
endothelium

Tumaor endothelinm

Figura 7. Acumulo de nanoparticulas pelo efeito de aumento de retencdo e
permeabilidade no intersticio tumoral. Adaptado de Brigger et al., 2002.

5.4. Vetorizacao de farmacos ao Sistema Nervoso Central

O tratamento de doengas neurodegenerativas e de tumores cerebrais é
desafiador devido as limitagdes impostas pela barreira hematoencefalica (BHE). A
BHE é uma monocamada de células endoteliais associadas a pericitos e astrécitos,
que separam o parénquima cerebral do sistema circulatério, prevenindo assim a
penetracao de toxinas, patdgenos e também de potenciais agentes terapéuticos
(Béduneau et al., 2007). Apenas moléculas pequenas com tamanho menor de 5.000

Daltons, lipofilicas e eletricamente neutras conseguem difundir passivamente

35



através da BHE (Abraham et al., 1994). As células endoteliais da BHE apresentam
tight junctions entre as células, auséncia de fenestragdes e atividade pinocitica 100x
reduzida quando comparada ao endotélio periférico, o que contribui para restringir a
passagem de compostos para o sistema nervoso central (SNC) (Garcia-Garcia et

al., 2005). A Figura 8 apresenta de forma esquematica a anatomia da BHE.
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Figure 8. Anatomia da barreira hematoencefalica. Adaptado de Faraji et al., 2009.

Extensivas pesquisas tém sido direcionadas para explorar a aplicabilidade de
sistemas nanoparticulados para a vetorizagdo de farmacos ao SNC (Juillerat-
Jeanneret, 2008). Os principais nanocarreadores descritos pela literatura para a
vetorizacao cerebral sdo lipossomas, micelas poliméricas e nanoparticulas lipidicas
ou poliméricas (Béduneau et al., 2007). Esses sistemas apresentam vantagens
quando comparados as terapias convencionais, pois além de serem mais eficazes,
podem ser administrados de forma nao-invasiva melhorando a qualidade de vida dos

pacientes (Garcia-Garcia et al, 2005). Os mecanismos pelos quais as
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nanoparticulas sdo capazes de atravessar a BHE ainda n&do sdo completamente
compreendidos. Tem sido proposto que o tamanho da particula, o tipo de polimero,
bem como as caracteristicas fisico-quimicas da superficie sdao fundamentais para
induzir uma estabilizacao estérica, aumentando assim o tempo de circulagio, o que
favorece a interagdo e penetracdo nas células endoteliais da BHE (Garcia-Garcia et
al.,, 2005). Recentes estudos mostram que alteragdes na superficie das
nanoparticulas podem aumentar o transporte de farmacos através da BHE.
Nanoparticulas de doxorrubicina revestidas com polietilenoglicol (PEG) foram mais
eficazes em reduzir o tamanho tumoral em modelo de tumor cerebral quando
comparado a doxorrubicina na forma convencinal (solugdo) ou em nanoparticulas
nao-revestidas (Petri et al., 2007). Além disso, o revestimento das nanoparticulas
poliméricas com polisorbato 80 (Tween 80%) foi relatado pela literatura como
fundamental para a vetorizagéo cerebral (Koziara et al., 2003; Ambruosi et al., 2006;
Zhang et al., 2006). Isso poderia ser explicado pelo fato do polisorbato 80
seletivamente promover a adsorcdo de certas proteinas plasmaticas, como a
apolipoproteina E, na superficie da nanoparticulas. Assim, as nanoparticulas com
apolipoproteina E adsorvida seriam reconhecidas como lipoproteinas de baixa-
densidade (LDL), sendo transportadas pelas células endoteliais da BHE através de
endocitose receptor-mediada (Calvo et al., 2001, Kreuter et al., 2002). As células
endoteliais da BHE teriam um papel fundamental na vetorizacao cerebral através da
adesao das nanoparticulas com posterior endocitose, transcitose, modulacido das
tight junction e inibigao da glicoproteina P (Kreuter et al., 1995; Kreuter et al., 2003;

Vauthier et al., 2003).
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OBJETIVOS

Objetivo geral:

Investigar os efeitos antitumoral, neuroprotetor e anti-inflamatério da

indometacina em nanocapsulas.

Objetivos especificos:

v' Avaliar o efeito citotoxico da indometacina em nanocapsulas em linhagens

celulares de gliomas e em tecido neural ndo-tumoral (Capitulo 1).

v Investigar o efeito do tratamento sistémico com indometacina em
nanocapsulas sobre o crescimento de gliomas implantados em cérebro de

ratos (Capitulo 2).

v Investigar o potencial efeito neuroprotetor da indometacina em nanocapsulas
em culturas organotipicas de hipocampo de ratos submetidas a privagéo de

oxigénio e glicose (Capitulo 3).

v' Verificar a eficacia anti-inflamatéria do tratamento sistémico com
indometacina em nanocapsulas em modelos de inflamagao aguda e crénica

em ratos (Capitulo 4).
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CAPITULO 1

SELECTIVE CYTOTOXICITY OF INDOMETHACIN AND
INDOMETHACIN ETHYL ESTER-LOADED NANOCAPSULES
AGAINST GLIOMA CELL LINES: AN IN VITRO STUDY

Andressa Bernardi, Rudimar L. Frozza, Eliézer Jager, Fabricio Figueird, Luci
Bavaresco, Christianne Salbego, Adriana R. Pohimann, Sivia S. Guterres and
Ana M.O. Battastini
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Abstract

Gliomas are the most common and devastating tumors of the central nervous system. Several studies have suggested that nonsteroidal anti-
inflammatory drugs (NSAIDs) are promising anticancer agents. Biodegradable nanoparticulate systems have received considerable attention as
potential drug delivery vehicles. The aim of this study was to evaluate the effects of indomethacin-loaded nanocapsules and indomethacin ethyl
ester-loaded nanocapsules on glioma cell lines. In addition, the effect of these formulations on normal neural tissue was also evaluated. In order to
investigate this, glioma cell lines (U138-MG and C6) and hippocampal organotypic cultures were used. The main finding of the present study is
that indomethacin-loaded nanocapsules formulation was more potent than a solution of indomethacin in decreasing the viability and cell
proliferation of glioma lines. Indomethacin and indomethacin ethyl ester associated together in the same nanocapsule formulation caused a
synergic effect decreasing glioma cell proliferation. In addition, when the glioma cells were exposed to 25 uM of indomethacin-loaded
nanocapsules or indomethacin ethyl ester-loaded nanocapsules, a necrotic cell death was observed. Interestingly, 5 uM of indomethacin-loaded
nanocapsules was able to cause an antiproliferative effect without promoting necrosis in glioma cells. Another important finding was that the
cytotoxic effect induced by 25 uM or 50 uM of indomethacin-loaded nanocapsules or indomethacin ethyl ester-loaded nanocapsules, in glioma
cells was not observed in the organotypic cultures, indicating selective cytotoxicity of those formulations for tumoral cells. Further investigations
using in vivo glioma model should be helpful to confirm the distinct effects of indomethacin-loaded nanocapsules and indomethacin ethyl ester-
loaded nanocapsules, in normal versus tumoral cells.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction et al., 1988; Holland, 2001). Glioblastomas, malignant glioma
of grade 1V, are poorly responsive to multimodaly therapeutic

Malignant gliomas are the most common primary brain interventions, including surgery, radiotherapy, and chemother-
tumors, representing 50—60% of this type of tumor (Bigner apy (Deen et al., 1993). Despite treatment, malignant gliomas
recur early, leading to a mean survival of less than 12 months

(Holland, 2001). The highly lethal nature of this tumor results

from the acquisition of an invasive phenotype that allows the
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Besides, the presence of the blood-brain barrier limits the
penetration of antineoplasic drugs into brain tumors (Gelper-
ina et al., 2002). An alternative approach for the treatment of
gliomas is the employment of a drug delivery system, as
nanocarriers, which are able to improve or even target deliv-
ery of the anti-tumoral agents to the brain (Gelperina et al.,
2002).

Nanoparticles are submicronic (<1 pm) systems generally,
but not necessarily, made of polymers, which have been widely
studied as drug delivery systems (Soppimath et al., 2001;
Brigger et al., 2002a, Schaffazick et al., 2003; Garcia-Garcia
et al., 2005; Wong et al., 2007). Generally, nanoparticles have a
size around 200 nm and the drugs or other molecules may be
dissolved, entrapped, encapsulated, adsorbed and/or attached to
the nanoparticles (Brigger et al., 2002a). Applying the
nanoprecipitation and the interfacial deposition techniques
(Fessi et al., 1989), nanostructured systems such as nanospheres
or nanocapsules can be obtained, according to the formulation
composition. Nanocapsules are vesicular systems in which the
drug can be confined to an aqueous or oily cavity surrounded by
a single polymeric wall (Jager et al., 2007). Nanocapsules may,
thus, be considered as a ‘reservoir’ system (Brigger et al.,
2002a). The most promising application of polymeric nanopar-
ticles is their use as carriers for anticancer drugs (Kim and Lee ,
2001). It has been recently reported that novel nanoparticles
could be used as potential drug carriers across the blood-brain
barrier (Lockman et al., 2003; Koziara et al., 2003). Addition-
ally, it has been found that the polymer-anticancer drug
conjugates in comparison with low-molecular-weight anticancer
drugs were accumulated more in the tumor tissues than in the
normal tissues due to the enhanced permeability and retention
effect (Kim and Lee , 2001). The literature also reported that
polymer-anticancer drug conjugates could prolong the anti-
tumoral activity by releasing the drug at a controlled rate
(Alonso, 1996; Seijo et al., 1990; Vinograudov et al., 2002). The
approach of treating glioma cells by liposomal carriers in order
to obtain an increased efficiency or reduced side effects has been
reported (Hu et al., 1995; Koukourakis et al., 2000). Moreover,
nanoparticles of biodegradable polymers coated with polysor-
bate 80 (Tween 80") were reported in the literature for cerebral
delivery of several substances (McCarthy et al., 2005; Zhang and
Feng , 2006; Brioschi et al., 2007).

Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most
widely used drugs for the treatment of autoimmune and chronic
inflammatory diseases (Baek et al., 2002). Numerous experi-
mental, epidemiological, and clinical studies suggest that
NSAIDs are promising anticancer agents (Thun et al., 2002).
Recent studies have provided evidence of an additional role for
NSAIDs in preventing growth of cancer cells by inhibiting
cyclooxygenase (COX) enzymes (Grubbs et al., 2000; Williams
et al., 2000). Other studies revealed that the antiproliferative
effect of NSAIDs may be, in part, independent of cycloox-
ygenase inhibition (Baek et al., 2002). The exact mechanisms by
which NSAIDs contribute to the antitumor activity remain
controversial and it is peculiar for each tumor (Thun et al., 2002).
The data from the literature suggest the involvement of these
drugs on the induction of apoptosis, on the control of cell

proliferation and invasion and/or on the inhibition of angiogen-
esis (Tegeder et al., 2001).

We have recently shown that indomethacin, a powerful
NSAID derived from indolacetic acid, causes antiproliferative
effects in glioma cell lines due to an arrest of cell cycle
progression (Bernardi et al., 2006). In addition, we demon-
strated that these antiproliferative effects of indomethacin on
glioma cells are mediated, at least in part, by increasing the
catabolism of extracellular purines (Bernardi et al., 2007).
Considering these effects recently demonstrated by our group
(Bernardi et al., 2006; Bernardi et al., 2007), the aim of the
present study was to investigate the effect of indomethacin-
loaded nanocapsules on the glioma cell lines. Additionally, the
effects of nanoencapsulated indomethacin ethyl ester, a
selective inhibitor of cyclooxygenase-2 (COX-2) (Kalgutkar
et al., 2000), were also evaluated.

2. Materials and methods
2.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), minimum
essential medium (MEM), HBSS, horse serum, Fungizone®,
penicillin/streptomycin, 0.25% trypsin/EDTA solution were
obtained from Gibco (Gibco BRL, Carlsbad, CA, USA). Fetal
bovine serum was obtained from Cultilab (Cultilab, Campinas,
SP, Brazil). Gentamicin was obtained from Schering do Brazil
(Rio de Janeiro, RJ, Brazil). Indomethacin, dimethylsulphoxide,
propidium iodide (PI) and MTT ([3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide]) were obtained from Sigma
(St. Louis, USA). Poly(e-caprolactone) (PCL) (M,,=65,000)
was supplied by Aldrich (Strasbourg, France). Caprilic/capric
triglyceride mixture was delivered from Brasquim (Porto
Alegre, Brazil). Span 60® (sorbitan monostearate) and Tween
80® (polysorbate 80) were obtained from Delaware (Porto
Alegre, Brazil). Indomethacin ethyl ester was synthesized by
our group (Cruz et al., 2006) after adapting the methodology
described by Kalgutkar et al. (2000). All other chemicals and
solvents used were of analytical or pharmaceutical grade.

2.2. Preparation of nanocapsules

Nanocapsule suspensions were prepared by interfacial
deposition (Fessi et al., 1989). At 40 °C, indomethacin or
indomethacin ethyl ester (0.010 g), poly(e-caprolactone)
(0.100 g), capric/caprylic triglyceride (0.33 ml) and sorbitan
monostearate (0.077 g) were dissolved in acetone (27 ml). In a
separate flask, polysorbate 80 (0.077 g) was added into 53 ml of
water. The organic solution was poured into the aqueous phase
under magnetic stirring at room temperature. After 10 min, the
acetone was eliminated and the suspensions concentrated under
reduced pressure. The final volume was adjusted to 10 ml.
Control formulations (drug-unloaded nanocapsules) were pre-
pared omitting the drug (indomethacin or indomethacin ethyl
ester). Additionally, a suspension containing both indomethacin
(0.0054 g) and indomethacin ethyl ester (0.0046 g) was also
prepared.
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2.3. Characterization of nanocapsules

After preparation, the pH values of nanocapsule suspensions
were determined using a potentiometer (Micronal B-474). The
particle size, polydispersity and zeta potential of the systems
were determined using a Zetasizer®nano-ZS ZEN 3600 model
(Malvern, UK). The samples were diluted with water (MilliQ®)
(particle size) or in 10 mM NaCl aqueous solution (zeta
potential). The measurements were made in triplicate. The total
concentrations of indomethacin or indomethacin ethyl ester in
the formulations were measured by HPLC (Perkin-Elmer S-200,
with injector S-200, detector UV—vis, a guard-column and a
column Lichrospher 100 RP-18, 250 mm, 4 mm, 5 um, Merck).
The mobile phase (1.2 ml/min) consisted of acetonitrile/water
(70:30, v/v) adjusted to apparent pH 5.0£0.5 with 10% (v/v)
acetic acid. Each suspension (100 pl) was treated with
acetonitrile (10 ml), the solution was filtered (Millipore
0.45 pm) and injected (20 pl). The HPLC method was validated
following the ICH (1996). Linear calibration curves for
indomethacin ester and for indomethacin were obtained in the
range of 1.00—25.00 pg/ml presenting correlation coefficients
higher than 0.9994 (indomethacin ethyl ester) and 0.9992
(indomethacin).

2.4. Maintenance of cell lines

The human glioblastoma cell line U138-MG (derived from
spontaneously occurring human malignant gliomas) and the rat
glioma cell line C6 (derived from N-nitrosomethylurea-induced
glioma in rat) were obtained from American Type Culture
Collection (ATCC) (Rockville, Maryland, USA). The cells were
grown and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing antibiotics penicillin/streptomycin 0.5 U/ml,
and supplemented with 5% (C6) or 15% (U138-MG) (v/v) fetal
bovine serum (FBS). Cells were kept at a temperature of 37 °C, a
minimum relative humidity of 95%, and an atmosphere of 5%
CO, in air. All the experiments throughout this study were
conducted in serum supplemented DMEM.

2.5. Drug exposure

Indomethacin or indomethacin ethyl ester in solution was
dissolved in cell culture-grade dimethylsulphoxide (DMSO;
Sigma). The indomethacin-loaded nanocapsules, the indo-
methacin ethyl ester-loaded nanocapsules and drug-unloaded
nanocapsules were prepared as described above. The glioma
cells were seeded according each experiment and after reaching
subconfluence the cultures were exposed for 1, 3, 24 or 48 h to
formulations: indomethacin, indomethacin ethyl ester, indo-
methacin-loaded nanocapsules or indomethacin ethyl ester-
loaded nanocapsules (5, 10, 25, 50 or 100 pM). Control cells
were treated with vehicle, i.e., 1.0% of DMSO or with drug-
unloaded nanocapsules. In experiments made in hippocampal
organotypic cultures, the cultures received 25 or 50 uM of
indomethacin-loaded nanocapsules, indomethacin ethyl ester-
loaded nanocapsules or drug-unloaded nanocapsules for 24 h.
Control cultures were performed without nanocapsules.

2.6. Assessment of glioma cell viability

The method MTT provides a quantitative measure of the
number cells with metabolically active mitochondria and it is
based on the mitochondrial reduction of a tetrazolium bromide salt,
MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide]), to a chromophore, formazan product, whose absorbance
can be determined by spectrophotometric measurement. Glioma
cells were plated in a 96-well plate at 10° per well and, after
reaching semi-confluence, the cultures were treated with 5, 10, 25,
50 or 100 pM of indomethacin, indomethacin-loaded nanocap-
sules, indomethacin ethyl ester or indomethacin ethyl ester-loaded
nanocapsules for 48 h. Control cultures were also treated with
DMSO or drug-unloaded nanocapsules. After 48 h of treatment,
each culture medium containing the drug was removed and the
cells were washed twice with 100 ul of PBS. After removing the
PBS, 90 pl of culture medium and 10 pl of MTT were added to
each of the wells. The cells were incubated for 3 h and the solution
was then removed from the precipitate. A total of 100 ul of DMSO
were added to the wells and the level of absorbance was read by an
ELISA plate reader at 490 nm. This absorbance was linearly
proportional to the number of live cells with active mitochondria.
The cell viability was calculated using Eq. (1):

Cell viability (%) = (Abs/Absconro1) 100 (1)

where Abs, is the absorbance of cells treated with different
formulations and Abs.nwo 18 the absorbance of control cells
(incubated with cell culture medium only).

2.7. Cell counting

The human glioma cells (U138-MG) were seeded at 1 x 10*
cells per well in DMEM/15% FBS in 24-well plates, and
allowed to grown for 24 h. After reaching semi-confluence,
glioma cells were treated with 5, 10, 25, 50 or 100 pM of
indomethacin, indomethacin-loaded nanocapsules, indometha-
cin ethyl ester or indomethacin ethyl ester-loaded nanocapsules
for 1, 3, 24 or 48 h. Control cultures were treated with DMSO or
drug-unloaded nanocapsules. At the end of the treatment, the
medium was removed. Cells were washed with phosphate
buffered saline (PBS) and 200 ul of 0.25% trypsin/EDTA
solution was added to detach the cells, which were counted
immediately in a hemocytometer. The procedure was the same
for the rat glioma cells (C6) except that they were seeded at
5% 10° cells per well in DMEM/5% FBS.

2.8. Propidium iodide assay

Glioma cell lines were treated with 5, 10, 25, 50 or 100 uM of
indomethacin, indomethacin-loaded nanocapsules, indometha-
cin ethyl ester or indomethacin ethyl ester-loaded nanocapsules
for 24 h. Control cultures were also treated with DMSO or drug-
unloaded nanocapsules. After the end of treatment, glioma cells
were incubated with 5 uM of propidium iodide (PI) (Sigma
Chemical) for 1 h. PI is excluded from healthy cells, but
following loss of membrane integrity this molecule enters cells,
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binds to DNA and becomes highly fluorescent (Macklis and
Madison, 1990). PI fluorescence was excited at 515-560 nm
using an inverted microscope (Nikon Eclipse TE300) fitted with
a standard rhodamine filter. Images were captured using a digital
camera connected to the microscope.

2.9. Organotypic hippocampal slice cultures

Organotypic hippocampal slice cultures were prepared
according to the method of Stoppini et al. (1991). Briefly, 400-
um-thick hippocampal slices were prepared from 6- to 8-day-old
male Wistar rats using a Mcllwain tissue chopper (all animal use
procedures were approved by local Animal Care Committee and
were in accordance with the NIH Guide for the Care and Use of
Laboratory Animals) and separated in ice-cold Hank’s balanced
salt solution (HBSS) composed of (mM): glucose 36, CaCl,
1.26, KCI 5.36, NaCl 136.89, KH,PO, 0.44, Na,HPO, 0.34,
MgCl, 0.49, MgS0O, 0.44, HEPES 25; Fungizone® 1% (Gibco,
Grand Island, NY,USA) and gentamicine 36 nl/100 ml (Schering
do Brasil, Rio de Janeiro, RJ, Brazil); pH 7.2. The slices were
placed on Millicell culture insert (Millicell”-CM, 0.4 pm,
Millipore”, Bedford, MA, USA) and the inserts were transferred
to a 6-well culture plate (Cell Culture Cluster, Costar”,
New York, NY, USA). Each well contained 1 ml of tissue
culture medium consisting of 50% minimum essential medium
(MEM) (Gibco), 25% HBSS (Gibco), 25% heat inactivated
horse serum (Gibco) supplemented with (mM, final concentra-
tion): glucose 36, HEPES 25 and NaHCOs 4; Fungizone” 1%
and gentamicine 36 ul/100 ml; pH 7.3. Organotypic cultures
were maintained in a humidified incubator gasified with 5% CO,
atmosphere at 37°C. The medium was changed every 3 days and
experiments were carried out after 14 days in vitro when the
cells received 25 or 50 pM of indomethacin-loaded nanocap-
sules, indomethacin ethyl ester-loaded nanocapsules or drug-
unloaded nanocapsules for 24 h. Control cultures were
performed without nanocapsule formulations.

2.10. Quantification of cellular death in organotypic hippocampal
cultures

Cell death was assessed by fluorescent image analysis of
propidium iodide (IP) uptake (Noraberg et al., 1999). After a
period of 22 h in the presence of the different formulations,
5 uM PI was added to the cultures and incubated for 2 h.
Cultures were observed with an inverted microscope (Nikon
Eclipse TE300) using a standard rhodamine filter set. Images
were captured and then analyzed using Scion Image software
(http://www.scioncorp.com). The area where PI fluorescence
was determined using the “density slice” option of Scion Image
software and compared to the total hippocampus area to obtain
the percentage of damage (Valentin et al., 2003).

2.11. Statistical analysis
Data are expressed as mean+S.E.M. and analyzed for

statistical significance by one-way analysis of variance
(ANOVA) followed by post-hoc for multiple comparisons

(Tukey test) using an Instat software package (GraphPad
Software, San Diego, CA, USA). Differences between mean
values were considered significant when P<0.05.

ICsq values were calculated by linear regression analysis of
log cell viability versus log;o concentration. The values were
compared using one-way analysis and Tukey test for simulta-
neous comparisons between groups.

3. Results

3.1. Physico-chemical characterization of nanocapsule
formulations

All nanocapsule formulations were prepared by interfacial
deposition of polymer without the need of any subsequent step
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Fig. 1. Effect of indomethacin and indomethacin ethyl ester in solution or in
nanocapsule formulations on cell viability of glioma cell lines. U138-MG and
C6 glioma cell lines were grown on a 96-well plate and, after reaching approx.
80% confluence, the cultures were treated with 5, 10, 25, 50 or 100 pM of
(A) indomethacin (IndOH) or indomethacin-loaded nanocapsules (IndOH-NC)
and (B) indomethacin ethyl ester (IndOEt) or indomethacin ethyl ester-loaded
nanocapsules (IndOEt-NC) for 48 h. Cultures were also treated with drug-
unloaded nanocapsules (NC). After 48 h of treatment, the cell viability was
evaluated by MTT assay, as described in Materials and methods. The cell
viability was represented in relation of control cells (100% of cell viability). The
values are represented as means+S.E.M. of six independent experiments made
in quadruplicate. Data were analyzed by ANOVA followed by post-hoc
comparisons (Tukey test). **Significantly different from the control group
(P<0.01); ***Significantly different from the control group (P<0.001);
“Significantly different from the respective group treated with drug in solution
(P<0.001); *Significantly different from the respective group treated with drug
in solution (P<0.01).
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of purification. Indomethacin-loaded nanocapsules, indometha-
cin ethyl ester-loaded nanocapsules and drug-unloaded nano-
capsules presented macroscopic homogeneous aspect like milky
white bluish opalescent liquids. After preparation, the particle
sizes were 240 nm (Indomethacin-loaded nanocapsules),
234 nm (indomethacin ethyl ester-loaded nanocapsules) and
226 nm (drug-unloaded nanocapsules). The suspensions
showed monomodal size distributions and polydispersity
indexes lower than 0.19, indicating narrow distributions. The
pH values were 5.95 (Indomethacin-loaded nanocapsules), 6.14
(indomethacin ethyl ester-loaded nanocapsules) and 6.05 (drug-
unloaded nanocapsules). The zeta potential values were —6.9,
—7.4 and —7.3 mV, respectively. The drug contents were 0.991 +
0.012 mg/ml (Indomethacin-loaded nanocapsules) and 1.003+
0.017 (indomethacin ethyl ester-loaded nanocapsules) and
the encapsulation efficiencies were close to 100% for both
formulations.

3.2. Indomethacin-loaded nanocapsules and indomethacin ethyl
ester-loaded nanocapsules decrease cell viability in human and
rat glioma cells

To investigate whether indomethacin-loaded nanocapsules
and indomethacin ethyl ester-loaded nanocapsules affect the
cell viability, we used an MTT assay that measures the
mitochondrial activity and, indirectly, the cell viability of cells
treated with these formulations. Cultured cells were treated with
several concentrations (5, 10, 25, 50 or 100 uM) of
indomethacin or indomethacin ethyl ester in solution or in
nanocapsule formulations for 48 h. Analysis of MTT assay
showed that, in solution, the effect of indomethacin ethyl ester
was more pronounced than that of indomethacin. All the
concentrations of indomethacin-loaded nanocapsules caused a
significant reduction in cell viability compared to the control
culture cells (Fig. 1A). An important finding of the present
study is that the effect of indomethacin-loaded nanocapsules
was more pronounced than indomethacin in solution at the same
tested concentrations (Fig. 1A). The ICs, values showed that
indomethacin-loaded nanocapsules increases 2.5 fold the
cytotoxicity for C6 and 2.0 fold for U138-MG, when compared

Table 1
ICso values of indomethacin and indomethacin ethyl ester in solution or in
nanocapsules formulations in glioma cell lines

C6 U138-MG
IndOH 97.08+2.379 92.154+2.269
IndOH-NC 38.44+4.723% 45944376
IndOEt 22.60+5.346 20.884+5.642
IndOEt-NC 89.99+2.125% 84.43+1.975%

Mean (S.E.M.) ICsq values (uM) for 48 h of treatment with Indomethacin
(IndOH), indomethacin-loaded nanocapsules (IndOH-NC), indomethacin ethyl
ester (IndOEt) or indomethacin ethyl ester-loaded nanocapsules (IndOEt) by
MTT assay, as described in Materials and methods. Data were analyzed by
ANOVA followed by post-hoc comparisons (Tukey test).

* Significantly different from the group treated with respective drug in
solution for same cell line (P<0.001).
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Fig. 2. Effect of indomethacin and indomethacin ethyl ester in drug solution or
nanocapsule formulations on glioma cell proliferation. Semi-confluent cultures of
glioma cells were treated with 5, 10, 25, 50 or 100 pM of (A) indomethacin
(IndOH) or indomethacin-loaded nanocapsules (IndOH-NC) and (B) indomethacin
ethyl ester (IndOEt) or indomethacin ethyl ester-loaded nanocapsules (IndOEt-NC)
for 48 h. Cultures were also treated with drug-unloaded nanocapsules (NC). After
48 h of treatment, the cells were detached with 0.25% trypsin-EDTA and counted in
hemocytometer. The values are represented as means+S.E.M. of four independent
experiments made in triplicate. The average number of cells in untreated controls
(100%) was 110,000+ 5600 for U138-MG and 232,000+9800 for C6 glioma cells.
Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey test).
*Significantly different from the control group (P<0.05); ***Significantly
different from the control group (P<0.001); *Significantly different from the
respective group treated with drug in solution (P<0.001).

to indomethacin in solution for same cell lines (Table 1). A
significant reduction on cell viability was also observed after the
treatment with indomethacin ethyl ester-loaded nanocapsules at
the concentrations of 25, 50 or 100 uM (Fig. 1B). However, on
the contrary to indomethacin, the indomethacin ethyl ester in
solution was more efficient than its nanocapsule formulations,
in all tested concentrations (Fig. 1B). These effects were similar
in human and rat glioma cell lines and the treatment of drug-
unloaded nanocapsules did not show significant alterations in
cell viability (Fig. 1).

3.3. Indomethacin-loaded nanocapsules and indomethacin
ethyl ester-loaded nanocapsules inhibit growth of the glioma
cell lines

In order to investigate the effect of indomethacin-loaded
nanocapsules and indomethacin ethyl ester-loaded nanocapsules
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on cell growth, we studied the effect of these formulations in the
proliferation of glioma cell lines. Treatment of glioma cells with
indomethacin-loaded nanocapsules (5, 10, 25, 50 or 100 pM) for
48 h resulted in significant decrease in cell number when
compared to the control cultures (Fig. 2A). Again, indometha-
cin-loaded nanocapsules were more potent to reduce the cell
proliferation in comparison with indomethacin in solution
(Fig. 2A). It is important to note that the concentration of
5 uM indomethacin-loaded nanocapsules is already sufficient to
cause a significative antiproliferative effect in glioma cells
(Fig. 2A). On the order hand, indomethacin ethyl ester in
nanocapsule formulations was able to significantly decrease the
cell proliferation only in the concentrations of 25, 50 or 100 pM,
being more efficient in solution (Fig. 2B). The treatment of drug-
unloaded nanocapsules did not show significant alterations in
cell proliferation (Fig. 2). These effects were observed in human
and rat glioma cell lines and are in agreement with the results
observed in MTT assay (Fig. 1).

To address the effect of short exposure to nanocapsule
formulations, we treated U138-MG glioma cells with 25 pM of
indomethacin-loaded nanocapsules or indomethacin ethyl ester-
loaded nanocapsules for 1 or 3 h. After 1 or 3 h of exposure with
these formulations, the medium (DMEM) was changed to
DMEM formulations-free. After 48 h in culture, the assay of
cell proliferation was performed. Our results showed that the
short exposure of indomethacin-loaded nanocapsules or
indomethacin ethyl ester-loaded nanocapsules is enough to
cause a significant decrease in cell proliferation of U138-MG
glioma cells (Fig. 3). In 3 h and 48 h of exposure, the effects
were significantly similar (Fig. 3). Similar effects were observed
in C6 glioma cell line (data not shown).
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Fig. 3. Effect of short exposure to indomethacin and indomethacin ethyl ester in
nanocapsule formulations on glioma cell proliferation. U138-MG glioma cells
were exposed to 25 uM of indomethacin-loaded nanocapsules (IndOH-NC) or
25 uM of indomethacin ethyl ester-loaded nanocapsules (IndOEt-NC) for 1, 3 or
48 h. Cultures also were treated with drug-unloaded nanocapsules (NC). After 1
or 3 h of exposure with formulations, the medium (DMEM) was changed to
DMEM formulations-free. After 48 h in culture, the cells were detached with
0.25% trypsin-EDTA and counted in hemocytometer. The values are represented
as means+S.E.M. of four independent experiments made in triplicate. The
average number of cells in untreated controls (100%) was 116,000+4200. Data
were analyzed by ANOVA followed by post-hoc comparisons (Tukey test).
*Significantly different from the respective control group (P<0.05); ***Sig-
nificantly different from the respective control group (P<0.001).

1104

ace

100 - *k

0 U138-MG
— 901
g
£ 804
o
,; 704 Jedek
2 601
8 501
E 404
2 #
= 301
Q
O 54

104

0 T T :

Control NC IndOH-NC INdOEt-NC  (IndOH +
IndOEt)-NC
Treatment

Fig. 4. Synergic effect of indomethacin and indomethacin ethyl ester in nano-
capsule formulations on glioma cell proliferation. Semi-confluent cultures
of glioma cells were treated for 48 h with 25 pM of nanocapsule formula-
tions containing simultaneously indomethacin and indomethacin ethyl ester
[(IndOH+IndOEt) —NC]. Cultures also were treated with drug-unloaded
nanocapsules (NC). After 48 h of treatment, the cells were detached with 0.25%
trypsin-EDTA and counted in hemocytometer. The values were represented as
means+S.E.M. of four independent experiments made in triplicate. The average
number of cells in untreated controls (100%) is 108,000-=3800 for U138-MG and
225,000+7200 for C6 glioma cells. Data were analyzed by ANOVA followed by
post-hoc comparisons (Tukey test). ***Significantly different from the control
group (P<0.001); **Significantly different from the control group (P<0.01);
“Significantly different from the control, indomethacin-loaded nanocapsules
(IndOH-NC) and indomethacin ethyl ester-loaded nanocapsules (IndOEt-NC)
groups (P<0.001).

3.4. Indomethacin and indomethacin ethyl ester in the same
nanocapsule formulation cause synergic effect in decreasing
cell growth of glioma cells

Considering the antiproliferative effect observed when the
glioma cell line was exposed to indomethacin-loaded nanocap-
sules or indomethacin ethyl ester-loaded nanocapsules, we
studied the effect on cell proliferation after the treatment with
nanocapsule formulation containing simultaneously 25 pM of
both indomethacin-loaded nanocapsules and indomethacin
ethyl ester-loaded nanocapsules. Treatment for 48 h of culture
cells with indomethacin-loaded nanocapsules and indomethacin
ethyl ester-loaded nanocapsules caused a significant inhibition
on cell proliferation when compared to the control cultures
(Fig. 4). Interestingly, the antiproliferative effects of indo-
methacin-loaded nanocapsules and indomethacin ethyl ester-
loaded nanocapsules treatment (76% for C6 and 82% for U138-
MG) were higher than the effects observed for each nanocapsule
formulation containing indomethacin (44% for C6 and 47% for
U138-MGQG) or indomethacin ethyl ester (15% for C6 and 17%
for U138-MGQG) (Fig. 4). These results suggest a synergic effect
between indomethacin and indomethacin ethyl ester in
decreasing cell growth of C6 and U138-MG glioma cell lines.

3.5. Cell death induced by Indomethacin-loaded nanocapsules and
indomethacin ethyl ester-loaded nanocapsules in glioma cell lines

To verify whether indomethacin-loaded nanocapsules or
indomethacin ethyl ester-loaded nanocapsules could induce



30 A. Bernardi et al. / European Journal of Pharmacology 586 (2008) 24-34

necrosis cell death, glioma cells were treated with several
concentrations (5, 10, 25, 50 or 100 pM) of indomethacin-
loaded nanocapsules or indomethacin ethyl ester-loaded
nanocapsules for 24 h and then analyzed for cell death. Fig. 5
shows representative pictures of U138-MG glioma cells treated
with 5 or 25 uM of indomethacin-loaded nanocapsules or
indomethacin ethyl ester-loaded nanocapsules. As observed, the
glioma cells treated with 5 uM of indomethacin-loaded
nanocapsules presented a reduction in the cell number with no
significant PI incorporation (Fig. 5D). Similar results were
obtained with 10 pM (data not shown). When the cells were
treated with 25 pM of indomethacin-loaded nanocapsules or
indomethacin ethyl ester-loaded nanocapsules it was observed a
significant PI incorporation, indicating an intense cell necrosis
(Fig. SE and F). Similar results were obtained with 50 and
100 pM (data not shown). The treatment of drug-unloaded
nanocapsules did not show significant alterations in PI
incorporation (Fig. 5B).

3.6. Indomethacin-loaded nanocapsules and indomethacin
ethyl ester-loaded nanocapsules did not cause cytotoxic effect
on organotypic hippocampal slice cultures

To evaluate the effect of indomethacin-loaded nanocap-
sules or indomethacin ethyl ester-loaded nanocapsules on
normal neural cells, organotypic hippocampal slice cultures
were used as model. These cultures provide an excellent in
vitro model system to study physiological factors, cellular and
molecular mechanisms of neural death, and pharmacological
compounds to neural survival (Holopainen, 2005). After
14 days in culture, the organotypic cultures were treated with
25 or 50 puM of indomethacin-loaded nanocapsules or
indomethacin ethyl ester-loaded nanocapsules for 24 h and
the cell death was analyzed by PI uptake (Fig. 6). As a
positive control of cell damage we used organotypic
hippocampal slice cultures exposed to oxygen and glucose
deprivation (OGD), which showed significant cell damage
(approximately 50%) (Fig. 6). It is important to note that
either indomethacin-loaded nanocapsules or indomethacin
ethyl ester-loaded nanocapsules did not promote organotypic
hippocampal culture damage (25 pM: 1.9% for indomethacin
ethyl ester-loaded nanocapsules and 3.1% for indomethacin-
loaded nanocapsules with 4.8% of PI incorporation in control
cultures; 50 pM: 2.7% for indomethacin ethyl ester-loaded
nanocapsules and 2.9% for indomethacin-loaded nanocap-
sules with 3.3% of PI incorporation in control cultures)

Fig. 5. Effect of indomethacin and indomethacin ethyl ester in nanocapsule
formulations on cell death in U138-MG glioma cells by propidium iodide
incorporation. Representative pictures of: control cultures (A); cells treated with
drug-unloaded nanocapsules (NC) (B); cells treated with 5 uM (C) or 25 pM
(E) of indomethacin ethyl ester-loaded nanocapsules (IndOEt-NC), 5 uM (D) or
25 uM (F) of indomethacin-loaded nanocapsules (IndOH-NC). After 24 h of
treatment, glioma cells were incubated with 5 pM of propidium iodide (PI).
Cellular death was analyzed by PI incorporation that was visualized using a
Nikon inverted microscope. Panels below A, B, C and D are correspondent
contrast phase photomicrographs. The data are representative of three different
experiments.

(Fig. 6). Taken together, these results showed that the cell
death induced by 25 pM indomethacin-loaded nanocapsules
or indomethacin ethyl ester-loaded nanocapsules in glioma
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Fig. 6. Effect of indomethacin-loaded nanocapsules and indomethacin ethyl
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ester-loaded nanocapsules on organotypic hippocampal slice cultures. (A) and

(C) Representative pictures of organotypic hippocampal cultures. (B) and (D) Quantitative analysis of hippocampus damage after treatment of formulations.
Organotypic hippocampal slices at 14 days were treated with drug-unloaded nanocapsules (NC), 25 or 50 uM of indomethacin-loaded nanocapsules (IndOH-NC), 25

or 50 uM of indomethacin ethyl ester-loaded nanocapsules (IndOEt-NC) for 24

h. (A) and (B): treatment with 25 pM of formulations, (C) and (D): treatment with

50 uM of formulations; Control: organotypic cultures not exposed to formulations; OGD: neural cultures had been exposed to oxygen glucose deprivation and then
used as a positive control of cell damage. Cellular death was analyzed by propidium iodide (PI) incorporation, which was visualized using a Nikon inverted microscope
(at 40x magnification). Data represent the means=+S.E.M. of nine independent experiments made in duplicate. Data were analyzed by ANOVA followed by post-hoc
comparisons (Tukey test). ***Significantly different from the control group (P<0.001).

cultures was not observed in the organotypic cultures treated
with 25 or even 50 pM.

4. Discussion

Gliomas present a particular therapeutic challenge because of
their poor response to chemotherapy. Standard chemotherapy
for brain tumors includes highly lipophilic drugs (nitrosurea,
temozolomide) able to cross the blood-brain barrier (Brigger
et al., 2004). The blood-brain barrier represents an insurmoun-
table obstacle for a large number of drugs, including antibiotics,

antineoplasic agents and a variety of central nervous system
(CNS)-active drugs (Aktas et al., 2005). One of the possibilities
to overcome this barrier is the use of nanoparticles in order to
target the drug to the brain (Calvo et al., 2001; Brigger et al.,
2002b). Several authors showed very encouraging results
obtained at the cellular level with nanoparticles: efficient drug
protection (Chavany et al., 1994; Raffin et al., 20006), cell
internalization (Couvreur et al., 1977), drug release and drug
transport (Beck et al., 2007), controlled release or reversion of
the multidrug resistance (MDR) (Bennis et al., 1994; Colin de
Verdiere et al., 1997; Koziara et al., 2004).
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The mechanisms of encapsulation and release for several
drugs in nanoparticulated systems have been extensively
studied by our group (Guterres et al., 2000; Schaffazick et al.,
2003; Pohlmann et al., 2004; Beck et al., 2007; Schaffazick
et al., 2007; Poletto et al., 2007). In the present study, we
investigated the cytotoxic effects of indomethacin-loaded
nanocapsules and indomethacin ethyl ester-loaded nanocap-
sules in U138-MG and C6 glioma cell lines. Previously we have
showed that indomethacin caused antiproliferative effects in
glioma cell lines due to an inhibition of cell cycle progression
and by increasing the catabolism of extracellular purines
(Bernardi et al., 2006; Bernardi et al., 2007). Within this
context, we hypothesize that NSAIDs in nanocapsule formula-
tions could be more cytotoxic for glioma cells than the
respective drugs in solution. Our results show that indometha-
cin-loaded nanocapsules were at least 2 folds more cytotoxic
than indomethacin in solution for both glioma cell lines
(Table 1). On the order hand, indomethacin ethyl ester-loaded
nanocapsules formulation was less efficient in reducing the cell
viability in comparison with indomethacin ethyl ester in
solution (Fig. 1, Table 1; Fig. 2). One plausible explanation
for these effects is related to the mechanism of encapsulation of
each drug in the nanocapsules. Indomethacin is adsorbed at the
particle/water interface, while its ethyl ester is predominantly
entrapped within the nanocapsules (Pohlmann et al., 2004; Cruz
et al., 2006). Thus, different magnitudes of time are required for
the total release of indomethacin or its ester from the
nanocapsules (Cruz et al., 2006). Furthermore, these differences
in the mechanism of drug encapsulation could explain, at least
in part, the synergic effect observed in cell proliferation when
the glioma cells were treated with nanocapsule formulations
containing simultaneously indomethacin-loaded nanocapsules
and indomethacin ethyl ester-loaded nanocapsules (Fig. 4).
Probably the indomethacin causes an initial antiproliferative
effect, which is maintained and sustained for indomethacin
ethyl ester released from nanocapsules.

Another interesting finding of the present study was that the
short exposures (1 and 3 h) of indomethacin-loaded nanocap-
sules or indomethacin ethyl ester-loaded nanocapsules were
enough to cause significant decreases in cell proliferation after
48 h of culture (Fig. 3). We suggest that the antiproliferative
effect of indomethacin-loaded nanocapsules and indomethacin
ethyl ester-loaded nanocapsules is not a temporal response.
According to literature, the higher cytotoxic effect of nano-
capsules in glioma cells may be triggered by a higher potential
cell division activity or an increased endocytotic activity
resulting in enhanced nanocarrier uptake (Lamprecht and
Benoit, 2006). Thus, in our experiment the cell uptake of
drug-loaded nanocapsules was probably sufficient to achieve a
high intracellular concentration of indomethacin-loaded nano-
capsules and indomethacin ethyl ester-loaded nanocapsules,
and the subsequent intracellular release of drug led to the glioma
cell death. Further studies, however, are necessary to give
support to this hypothesis.

Necrosis is the pathological process, which occurs when
cells are exposed to a serious physical or chemical insult. The
literature reports that compounds that can induce antiprolifera-

tive effects in tumor cells without promoting a necrotic cell
death are considered as being good candidate as antitumor
drugs. In the present study, we observed that even though 5 uM
of indomethacin-loaded nanocapsules is sufficient to cause
antiproliferative effects in glioma cell lines, this drug concen-
tration in nanocapsules did not cause necrotic cell death, which
was observed with concentrations above 25 pM (Fig. 5).
Considering that 400 pM of indomethacin in solution is
necessary to cause a necrotic death in glioma cell lines
(Bernardi et al., 2006), the results presented here, confirm that
nanocapsule formulations are more efficient for glioma cell
lines compared to the respective drugs in solution despite a
cytotoxic effect was observed.

A major problem of drugs used in cancer chemotherapy is
nonspecific toxicity against normal cells and tumoral cells. Such
toxic action to normal cells limits the dose of the anticancer
drugs to be administered to patients (Kim and Lee, 2001). Thus,
to evaluate the selective cytotoxic effect of indomethacin-
loaded nanocapsules and indomethacin ethyl ester-loaded
nanocapsules on glioma cell cultures, hippocampal organotypic
cultures were used as model of normal neural cells. Thus, an
important outcome of the present study is that, even though
5 uM of indomethacin-loaded nanocapsules is sufficient to
cause cell viability and cell proliferation inhibition (Figs. 1A
and 2A) without necrosis in glioma cell lines (Fig. 6), over 10-
fold concentration of this formulation (50 uM) did not cause
cell death in the organotypic cultures. These results indicate a
selective cytotoxicity of these formulations for the tumor cells,
which could be explained, at least in part, by the high
metabolism of glioma cells that have a potential higher cell
division activity and an increased endocytotic activity, enhan-
cing the uptake of nanocapsules.

Although indomethacin is not an agent used in the treatment
of brain tumors, our results imply that indomethacin in
nanocapsule formulations may be considered a potential
candidate for glioma treatment, being more potent than this
drug in solution, without the undesirable side effects of
conventional chemotherapy. Moreover, it is important to note
that in vitro studies are limited and that further investigations
using in vivo glioma model could be helpful to confirm the
distinct effects of indomethacin-loaded nanocapsules in normal
versus tumoral cells, as well as to determine the appropriate
doses for therapy of gliomas.
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Multimodal combinations of target agents with radiation and chemotherapy may enhance
cancer treatment efficacy; however, despite these treatments, gliomas recur early due to
their highly proliferative, infiltrative and invasive behaviors. Nanoparticles of biodegrad-
able polymers for anticancer drug delivery have attracted intensive interest in recent years
since they may provide a sustained, controlled and targeted delivery. In the present study,
we investigated the effect of indomethacin-loaded nanocapsules in an experimental glioma
model. The rats treated with indomethacin-loaded nanocapsules demonstrated a signifi-
cant reduction in tumor size and half of these animals presented just cells with character-
istics of a residual tumor, as shown by immunostaining for nestin. Pathological analyses
showed that the treated gliomas presented a significant reduction in the mitotic index
and other histological characteristics that indicate a less invasive/proliferative tumor. An
important finding of the present study is that indomethacin carried by polymeric nanocap-
sules achieved higher intracerebral drug concentrations than those of indomethacin in
solution. Furthermore, indomethacin achieved a greater concentration in the hemisphere
where the glioma was implanted, compared with the contralateral healthy hemisphere.
Indomethacin-loaded nanocapsule treatment did not cause characteristics of toxicity and
increased the survival of animals. Thus, our results show that polymeric nanocapsules
are able to increase the intratumoral bioavailability of indomethacin and reduce the
growth of implanted gliomas. Data suggest that indomethacin-loaded nanocapsules could
offer new and potentially highly effective strategies for the treatment of malignant
gliomas.
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1. Introduction provided minimal benefits to GBM patients and its utility

has been questioned [3-5]. The amount of drug that can

Glioblastoma multiform (GBM) is the most common
malignant tumor of the central nervous system (CNS) in
adults. These tumors show a high proliferation rate, vari-
ability in tumor histopathology [1] and diffusely infiltrate
adjacent brain tissue [2]. Systemically, chemotherapy has
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be administered to patients is limited by its high systemic
toxicity and numerous side effects [6]. In addition, an
endothelial cell monolayer, associated with pericytes and
astrocytes, known as the blood-brain barrier, separates
the blood from the cerebral parenchyma and limits the
penetration of drugs into the CNS [7]. An alternative ap-
proach for the treatment of gliomas is the employment of
a drug delivery system, such as nanocarriers, which are
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able either to improve or target the delivery of anti-tumor-
al agents to the brain [8].

Nanoparticle, a generic term that refers to a colloidal
structure of less than 1 pm, has received considerable
attention as potential drug delivery vehicles [8,9]. Among
the different nanocarrier systems, the biodegradable poly-
meric nanoparticles have been designed to encapsulate
lipophilic drugs [10-12]. The mechanisms of encapsulation
and release of several drugs from nanoparticuled systems
have been extensively studied by our group [13-16]. The
most promising application of polymeric nanoparticles is
their use as carriers for anticancer drugs [17], particularly
in solid tumors [18]. Several authors have shown very
encouraging results, obtained at the cellular level, with
nanoparticles; these include, efficient drug protection
[19], cell internalization [20], drug release and drug trans-
port [15], controlled release or reversion of multidrug
resistance (MDR) [21,22]. Moreover, the literature suggests
that novel nanoparticles could be used as potential drug
carriers across the blood-brain barrier (BBB) [12,23,24],
an important requirement for the development of novel
drugs against gliomas.

Recent studies have reported that gastric, colon and
other carcinogenic processes could be blocked by nonste-
roidal anti-inflammatory drugs (NSAIDs) [25,26]. The exact
mechanisms by which NSAIDs contribute to anti-tumoral
activity remain controversial and are peculiar for each tu-
mor [27]. The data from the literature suggest the involve-
ment of these drugs in the induction of apoptosis, in the
control of cell proliferation and invasion and/or in the inhi-
bition of angiogenesis [25]. In a previous study, we re-
ported that indomethacin, a powerful NSAID derived
from indolacetic acid, caused antiproliferative effects on
glioma cell lines due to an arrest of cell cycle progression
[28,29].

Considering the advantages of nanoparticulated sys-
tems, we recently investigated the effect of indometha-
cin-loaded nanocapsules on glioma cell lines (in vitro
model) [30]. Our results showed that indomethacin-loaded
nanocapsules were more potent than a solution of indo-
methacin in decreasing the cell proliferation of glioma
lines. Furthermore, we observed a selective cytotoxicity
of this formulation for tumoral cells [30]. Taking the lim-
ited success in glioma therapy and these promising data
into account, the aim of the present study was to investi-
gate the effect of the indomethacin-loaded nanocapsule
treatment on a rat glioma experimental model that has
been extensively used to test antitumoral interventions.

2. Materials and methods
2.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), Fungi-
zone®, penicillin/streptomycin, 0.25% trypsin/ EDTA solu-
tion were obtained from Gibco (Gibco BRL, Carlsbad, CA,
USA). Fetal bovine serum was obtained from Cultilab (Cul-
tilab, Campinas, SP, Brazil). Indomethacin was obtained
from Sigma (St. Louis, USA). Temodal® (temozolomide)
was obtained from Schering-Plough Corporation (USA).

Poly(e-caprolactone) (PCL) (M,, = 65,000) was supplied by
Aldrich (Strasbourg, France). Caprilic/capric triglyceride
mixture was acquired from Brasquim (Porto Alegre, Brazil).
Span 60® (sorbitan monostearate) and Tween 80® (poly-
sorbate 80) were obtained from Delaware (Porto Alegre,
Brazil). The antibodies anti-Ki67, anti-VEGF and Streptavi-
din-Avidin-Biotin kit were obtained from Dako (USA) and
the anti-nestin was obtained from Chemicon International
Inc. (USA & Canada). Acetonitrile was of chromatographic
grade. All other chemicals and solvents used were of ana-
lytical or pharmaceutical grade.

2.2. Preparation of nanocapsules

Nanocapsule suspensions were prepared by interfacial
deposition [31]. At 40 °C, indomethacin (0.010 g), poly(&-cap-
rolactone) (0.100 g), capric/caprylic triglyceride (0.33 ml)and
sorbitan monostearate (0.077 g) were dissolved in acetone
(27 ml). In a separate flask, polysorbate 80 (0.077 g) was
added to 53 ml of water. The organic solution was injected
into the aqueous phase under magnetic stirring at room tem-
perature. After 10 min, the acetone was eliminated and the
suspensions concentrated under reduced pressure. The final
volume was adjusted to 10 ml. Control formulation (drug-un-
loaded nanocapsules) was prepared omitting the drug
(indomethacin).

2.3. Characterization of nanocapsules

After preparation, the pH values of nanocapsule suspen-
sions were determined using a potentiometer (Micronal B-
474). The particle size, polydispersity and zeta potential of
the suspensions were determined using a Zetasizer®nano-
ZS ZEN 3600 model (Malvern, UK). The samples were di-
luted with water (MilliQ®) (particle size) or in 10 mM NacCl
aqueous solution (zeta potential). The measurements were
made in triplicate. The total concentrations of indometha-
cin in the formulations were measured by reverse phase
high-performance liquid chromatography (HPLC) (Perkin-
Elmer S-200, with injector S-200, detector UV-vis, a
guard-column and a Lichrospher 100 RP-18 column of
250 mm, 4 mm and 5 pm; Merck). The mobile phase con-
sisted of acetonitrile/water (70:30, v/v) adjusted to appar-
ent pH 5.0 + 0.5 with 10% (v/v) acetic acid. Each suspension
(100 pl) was treated with acetonitrile (10 ml), the solution
was filtered (Millipore 0.45 pm) and injected (20 pl). The
HPLC method was previously validated [14]. Linear calibra-
tion curves for indomethacin were obtained in the range of
1.00-25.00 pg/ml, presenting correlation coefficients of
higher than 0.9992.

2.4. Cell culture

The C6 rat glioma cell line was obtained from the Amer-
ican Type Culture Collection (Rockville, Maryland, USA).
Cells at 5-15 passages were grown in culture flasks and
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (pH 7.4) containing 1% DMEM (Gibco BRL),
8.4 mM HEPES, 23.8 mM NaHCOs, 0.1% fungizone, penicil-
lin/streptomycin 0.5 U/ml and supplemented with 5% (v/
v) fetal bovine serum (FBS). Cells were kept at a tempera-
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ture of 37 °C, a minimum relative humidity of 95%, and an
atmosphere of 5% CO, in air.

2.5. Glioma implantation

Rat C6 glioma cells at around 80% confluence were tryp-
sinized (0.25% trypsin/EDTA solution), washed once in
DMEM/5% FBS, spun down and ressuspended in the same
medium. A total of one million cells in a volume of 3 ul
were injected using a 5 pl Hamilton microsyringe coupled
in the infusion pump (1 pl/min) at a depth of 6.0 mm into
the right striatum (coordinates with regard to bregma:
0.5 mm posterior and 3.0 mm lateral) of adult Wistar male
rats (8 weeks old, 220-260 g) anesthetized by intraperito-
neal (i.p.) administration of ketamine/xylazine [32]. The
negative control group (Sham) was underwent the same
procedure and received an injection of 3 pl of DMEM in
the right striatum. All procedures used in the present study
followed the “Principles of Laboratory Animal Care” of the
National Institutes of Health (NIH) and were approved by
the Ethical Committee of the Hospital de Clinicas de Porto
Alegre.

2.6. Treatment of animals

Ten days after glioma implantation, the animals were
randomly divided into four groups as follows: (1) un-
treated (control group); (2) treated with drug-unloaded
nanocapsules (NC group); (3) treated with 1 mg/Kg/day
of indomethacin in solution (solubilized in 10% DMSO
and sonicated with ultra-sound for 20 min) (IndOH group)
and (4) treated with 1 mg/Kg/day of indomethacin-loaded
nanocapsules (IndOH-NC group). A positive control group
was also maintained, these animals were treated with
5 mg/Kg/day of Temozolomide (solubilized in 10% DMSO
and sonicated with ultra-sound for 20 min). The formula-
tions were administered intraperitonealy (i.p.) to the ani-
mals for 10 consecutive days. After 20 days (10 days for
glioma implantation + 10 days for treatment), the rats
were decapitated and the entire brain was removed, sec-
tioned and fixed with 10% paraformaldehyde. Blood sam-
ples were collected from all animals for posterior
enzymatic assays (alkaline phosphatase, y-glutamyl tran-
spherase, alanine aminitranspherase, aspartate aminotran-
spherase). Other structures (liver, stomach, kidney, heart
and lung) were also removed, sectioned and fixed with
10% paraformaldehyde for posterior pathological analysis.

For body weight analysis, the experimental groups were
compared to the control group. For survival experiments,
the animals were treated as described above and observed
for 60 days after glioma implantation. After 60 days, the
rats were decapited and the entire brain was removed
and processed as described above.

2.7. Pathological analysis and tumor volume quantification

At least five Hematoxylin and Eosin (H&E) sections (2-
3 um thick, paraffin embedded) from each animal were
analyzed by a pathologist, blinded for the experimental
data. For tumor size quantification, images were captured
using a digital camera connected to a microscope (Nikon

Eclipse TE300) and the tumor area (mm?) was determined
using Image Tool Software™. The total volume (mm?) of
the tumor was computed by the multiplication of the slice
sections and by summing the segmented areas [33].

2.8. Immunohistochemical staining

Paraffin embedded, 5 pm formalin fixed tissue sections
were mounted on microscope slides. Tissue sections were
then dried overnight at 60 °C, dived in xylene and rehy-
drated with distilled water. Endogenous peroxidase was
inhibited by 5% H,0, in methanol for 15 min. Incubation
with the following antibodies was performed overnight
at 4°C temperature: anti-nestin (1:200), anti-Ki67
(1:200) and anti-VEGF (1:30), followed by incubation with
secondary antibody and Streptavidin-Avidin-Biotin. The
peroxidase reaction was performed using 3,3’-diam-
inobenzidina tetrahydrochloride (DAB), according to the
manufacturer’s specifications. Finally, sections were coun-
terstained with Harris hematoxylin. For each animal, gli-
oma cell proliferation was assessed by counting the
percentage of Ki67 positive glioma cell nuclei in 10 inde-
pendent high-magnification (x200) fields per microscope
slide. Sections of rat spleen were used as positive controls.

2.9. Quantification of indomethacin in cerebral tissues

A reverse phase high-performance liquid chromatogra-
phy (HPLC) protocol was adapted and validated to quantify
indomethacin in cerebral tissue of animals. After 20 days
(10 days for glioma implantation + 10 days for treatment),
after 1 h of the last treatment, the rats were decapited
and the entire brain was removed, the hemispheres were
separated and homogenized with 5 ml of acetonitrile in or-
der to dissolve all components. The suspensions were cen-
trifuged at 3000 rpm for 10 min and the supernatant was
filtered (0.45 uM, Millipore) and injected (20 pl) in HPLC.
The total concentrations of indomethacin in cerebral tissue
(contralateral and ipsilateral to the tumor) were measured
by HPLC (Perkin-Elmer S-200, with injector S-200, detector
UV-vis, a guard-column and a Lichrospher 100 RP-18 col-
umn of 250 mm, 4 mm and 5 pm; Merck). The mobile
phase consisted of acetonitrile/water (70:30, v/v) adjusted
to apparent pH 5.0 + 0.5 with 10% (v/v) acetic acid. Indo-
methacin was detected at 267 nm with a retention time
of 3.45 min. The HPLC method was validated considering
the linearity, inter- and intra-day variability, selectivity,
accuracy, limit of quantification and recovery [14]. Linear
calibration curves for the indomethacin dissolved in aceto-
nitrile were obtained in the range of 1.00-25.00 pg/ml,
presenting correlation coefficients of higher than 0.9992.
The limit of quantification was 1.00 pg/ml. The area under
the peak was calculated using numerical integration.

2.10. Statistical analysis

Data are expressed as mean * S.D. and analyzed for sta-
tistical significance by one-way analysis of variance (ANO-
VA) followed by post-hoc for multiple comparisons
(Tukey’s test) using an Instat software package (GraphPad
Software, San Diego, CA, USA). Differences between mean
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Table 1
Proportion of intracerebral C6 glioma development.

Animal groups

Control (10/11) 90

Drug-unloaded nanocapsules (NC) (10/10) 100

Indomethacin in solution (IndOH) (10/10) 100

Indomethacin-loaded nanocapsules (5/10) 50
(IndOH-NC)

Animals bearing tumor (%)

The proportion of animals that developed a defined tumor mass detect-
able by the hematoxylin and eosin (H&E) analysis after 20 days of
intracerebral C6 implantation. Intracerebral C6 implantation and animal
treatments were performed as described in Section 2.

values were considered significant when p < 0.05. For the
survival experiment, the Chi-Square test was used.

3. Results

3.1. Physico-chemical characterization of nanocapsule formulations

All nanocapsule formulations were prepared by interfacial deposition
of polymer without the need of any subsequent step of purification. Indo-
methacin-loaded nanocapsules and drug-unloaded nanocapsules pre-
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sented macroscopic homogeneous aspect like milky white bluish
opalescent liquids. After preparation, the particle sizes were 240 nm
(Indomethacin-loaded nanocapsules) and 226 nm (drug-unloaded nano-
capsules). The suspensions showed monomodal size distributions and
polydispersity indexes lower than 0.19, indicating narrow distributions.
The pH values were 5.95 (Indomethacin-loaded nanocapsules) and 6.05
(drug-unloaded nanocapsules). The zeta potential values were —6.9 and
—-7.3mV, respectively. The indomethacin  contents  were
0.991 £0.012 mg/ml and the encapsulation efficiencies were close to
100% for the formulation.

3.2. Indomethacin-loaded nanocapsules treatment reduced tumor size in the
rat glioma model

Implanted gliomas were obtained by the injection of C6 glioma cells
in the striatum of adult Wistar rats, as described in Section 2. The rat gli-
oma experimental model has been extensively used for a variety of stud-
ies, especially for investigations of glial tumor biology, as well as for
experimental chemotherapy of brain malignancies [34]. After 10 days of
glioma implantation, the animals were treated with indomethacin (In-
dOH group), indomethacin-loaded nanocapsules (IndOH-NC group) or
drug-unloaded nanocapsules (NC group) for 10 days, as described in Sec-
tion 2. After the different treatments (10 days for glioma implanta-
tion + 10 days for treatment), the hematoxylin and eosin (H&E) analysis
showed that only 50% of animals treated with indomethacin-loaded
nanocapsules presented a defined tumor mass (Table 1). The other 50%
of the animals treated with indomethacin-loaded nanocapsules showed

Control NC

IndOH IndOH-NC

Fig. 1. Tumor size of implanted gliomas. Animals were treated, as described in Section 2. Tumor size was measured 20 days after implantation of C6 cells by
three hematoxylin and eosin (H&E) sections of each tumor. For tumor size quantification, images were captured using a digital camera connected to a
microscope and total volume (mm?®) was determined using Image Tool Software™. (A) Representative tumor images of the control group (a) and the
indomethacin-loaded nanocapsules group (b) - Bar: 1 mm; (B) Tumor size quantification of implanted gliomas. The values were represented as
means + S.D. of ten animals per group. Data were analyzed by ANOVA followed by post-hoc comparisons (Tukey’s test). ~ Significantly different from the
control, drug-unloaded nanocapsules (NC) and indomethacin (IndOH) groups (p < 0.001).
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only cells with characteristics of a residual tumor in the site of glioma
implantation. Therefore, the analysis of the tumor volume was carried
out exclusively in animals presenting a tumoral mass that could be quan-
tified. The results showed that the animals treated with indomethacin-
loaded nanocapsules displayed a significant reduction in tumor size
(48.32+16.23 mm>) compared to untreated (152.72 +39.26 mm?>),
drug-unloaded nanocapsules (148.73 +22.38 mm>) and indomethacin
(105.99 +51.90 mm?) groups (Fig. 1). As a positive control group, rats
with implanted gliomas were treated with Temozolomide (5 mg/Kg/
day) to analyze whether the tumor implanted into host brain was respon-
sive to drugs that are clinically used to treat gliomas. According to previ-
ous results published by our group [33], the tumor size of rats treated
with Temozolomide was significantly reduced to 52.21 + 19.18 mm?>.
The indomethacin-loaded nanocapsules treatment either reduced the
size of the implanted glioma or hindered tumor implantation. As such, we
investigated the presence of gliomas at 10 days after implantation of C6
cells (when the treatment of the animals begun). For this purpose, a group
of animals was implanted with C6 glioma cells and after 10 days they
were killed and the presence of tumor was evaluated. Hematoxylin and
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eosin examination showed the presence of implanted gliomas in this
group of rats with a tumor size of 84.31 mm? + 10.27. These data indicate
that the effect shown in the Fig. 1 is due to the indomethacin-loaded
nanocapsules treatment, since gliomas were already implanted on the
10th day, and that indomethacin-loaded nanocapsules treatment is prob-
ably responsible for an in vivo reduction in glioma growth.

3.3. Histopathological analysis

Implanted tumors have characteristics that are closer to those of hu-
man glioblastomas, with C6 cells demonstrated to grow in the intracere-
bral, intraventricular and intraparenchymal spaces (data not shown). A
representative figure of H&E analysis showed that the control group pre-
sented a high mitotic index, nuclear pleomorphism, foci of tumor necrosis
and vascular proliferation (Fig. 2). Moreover, pathological analysis identi-
fied pallisading cells delineating the foci of necrosis and lymphocytic
infiltration, with formation of edema fluid and neovascularization, which
are characteristics of glioblastoma multiforme in humans (Fig. 2, Table 2).
It is important to note that, in addition to the observed reduction in the

Fig. 2. Histological analysis of implanted gliomas. The sections of implanted rat glioma were stained with hematoxylin and eosin (H&E), as described in
Section 2. Representative pictures of histological characteristics that define glioblastoma multiform, as seen in rats implanted with gliomas (control group)
(a, ¢) and in rats implanted with gliomas and treated with indomethacin-loaded nanocapsules (IndOH-NC group) (b, d). Necrosis (N), microvascular
proliferation (V) and mitosis (arrows) were observed. Scale bars = 100 uM (a, b); 10 uM (c, d).

Table 2
Histological characteristics of implanted gliomas.

Control (n=10) NC (n=10) IndOH (n=10) IndOH-NC (n=5)

Coagulative necrosis 7/10 (70%) 8/10 (80%) 6/10 (60%) 0/5 (0%)
Intratumoral hemorrhage 5/10 (50%) 5/10 (50%) 7/10 (70%) 1/5 (20%)
Lymphocytic infiltration 10/10 (100%) 8/10 (80%) 9/10 (90%) 5/5 (100%)
Peritumoral edema 6/10 (60%) 6/10 (60%) 3/10 (30%) 1/5 (20%)
Peripheric pseudopalisading 9/10 (90%) 9/10 (90%) 5/10 (50%) 0/5 (0%)

Vascular proliferation 10/10 (100%) 10/10 (100%) 9/10 (90%) 3/5 (60%)

Mitotic index: mitosis/HPF 15.5+2.03 15.01 £1.81 12.14 +3.64 56+1.722

The histological variables (coagulative necrosis, intratumoral hemorrhage, lymphocytic infiltration, peritumoral edema, peripheric pseudopalisading and
vascular proliferation) were regarded as present or absent. Mitosis was counted in ten high power fields (HPF) of the periphery of the tumor, and the

average of this counting was used as mitotic index (means * S.D).

2 Significantly different from the control, NC and IndOH groups (p < 0.001).
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Fig. 3. Immunohistochemical staining of nestin in implanted gliomas. The sections of implanted rat glioma were stained with nestin, as described in Section 2.
Intense staining of nestin is seen in the cytoplasm of tumor cells. Representative pictures of immunohistochemical analysis in rats implanted with gliomas
(control group) (a, ¢) and in rats implanted with gliomas and treated with indomethacin-loaded nanocapsules (IndOH-NC group) (b, d). Scale bars = 100 M

(a, b); 20 uM (c, d).

tumor volume, the indomethacin-loaded nanocapsules treatment pro-
duced gliomas with a significant reduction in mitotic index, as well as less
tumor coagulative necrosis, intratumoral hemorrhage, peritumoral ede-
ma, peripheric pseudopallisading and vascular proliferation, indicating a
less invasive/proliferative tumor (Fig. 2, Table 2). In addition, we observed
a significant reduction in the mitotic index in the indomethacin-loaded
nanocapsules treated group (Table 2), indicating a reduction in the prolif-
eration of tumoral cells.

3.4. Immunohistochemical analysis

The H&E examination showed that 50% of animals treated with indo-
methacin-loaded nanocapsules presented cells with characteristics of a
residual tumor, without presenting a considerable tumoral mass. To
investigate the presence of tumoral cells in the brain area of implanted
glioma in these animals, we performed an immunohistochemical analysis
for nestin, an intermediate filament protein involved in the organization
of the cytoskeleton and expressed in almost all glioblastoma multiforme
[35,36]. The implanted tumors of untreated rats (control group) pre-
sented an intense staining with nestin antibody (Fig. 3A and C). The cyto-

Table 3

Immunohistochemical analysis of Ki67 and VEGF in rats implanted gliomas.
Control NC IndOH IndOH-NC

Ki 67 (n=10) 59.5+7.7 58.5+5.8 53.0+7.0 16.5 +3.8°

VEGF (n=10) 33.0+4.6 31.5+4.1 30.55 £5.18 19.5£4.7°

For Ki67 the results are expressing by percentage of positive cells.
For VEGF the results are expressing by the number of vessels.
Data are the means +S.D. ANOVA followed by post-hoc comparisons
(Tukey’s test).

@ Significantly different from the control, NC and IndOH groups
(p <0.001).

b Significantly different from the control, NC and IndOH groups
(p<0.01).

plasm of the residual cells was also stained with nestin antibody in the
indomethacin-loaded nanocapsules treated group, although this staining
was less intense (Fig. 3B and D), indicating the presence of a residual tu-
mor in these animals. The reduction in the mitotic index observed by H&E
examination was confirmed by counting the percentage of Ki67 positive
glioma cell nuclei, indicating that tumors of rats treated with indometh-
acin-loaded nanocapsules are less proliferative and, consequently, less
invasive (Table 3, Fig. 4A and B).

Since tumor growth depends on the ability to induce angiogenesis, we
also performed immunohistochemical experiments to determine vascular
endothelial growth factor (VEGF) expression. In addition to the other
alterations in histopathological characteristics, our results showed that
the tumors of animals treated with indomethacin-loaded nanocapsules
presented less VEGF staining, in comparison to the control group (Table
3, Fig. 4C and D).

3.5. Quantification of indomethacin in cerebral tissue

Quantitative analyses were performed to determine the intracerebral
bioavailability of indomethacin carried by polymeric nanocapsules, com-
pared to indomethacin in solution, after treatment using an equivalent
dosage (1 mg/kg/day). Results showed that, in rats with implanted glio-
mas, the indomethacin carried by polymeric nanocapsules achieved in-
creased concentrations, compared to indomethacin in solution, which
was not found at detectable levels by HPLC analysis (Fig. 5). Additionally,
the amount of indomethacin in the brain of rats treated with IndOH-NC
was also higher in comparison with healthy or sham-operated rats
(Fig. 5). Furthermore, the concentration of indomethacin was significantly
higher in the cerebral hemisphere where the tumor was implanted (right
hemisphere), compared to the contralateral healthy hemisphere (Fig. 5).

3.6. Investigation of toxicity of indomethacin-loaded nanocapsules treatment
in rats with implanted gliomas

The treatment with indomethacin-loaded nanocapsules at a dose of
1 mg/Kg/day for 10 days did not cause mortality and improved the body
weight in comparison with the control group, within a 20-day observa-
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Fig. 4. Immunohistochemical staining of Ki67 and VEGF in implanted gliomas. The sections of implanted rat glioma were stained with ki67 or VEGF, as
described in Section 2. Glioma cell proliferation was assessed by immunostaining for Ki67 positive glioma cell nuclei (arrows) (a, b) and angiogenesis was
assessed by VEGF staining (c, d). Representative pictures of immunohistochemical analysis in rats implanted with gliomas (control group) (a, ¢) and in rats
implanted with gliomas and treated with indomethacin-loaded nanocapsules (IndOH-NC group) (b, d). Scale bars =20 uM.
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Fig. 5. Quantification of indomethacin in cerebral tissue. After 20 days (10 days for glioma implantation + 10 days for treatment), the rats were decapitated
and the entire brain was removed, the hemispheres were separated and homogenized with 5 ml of acetonitrile and the total concentrations of
indomethacin were measured by HPLC, as described in Section 2. As an esteriotaxic surgical control, a control group underwent the same procedure,
although 3 pl of DMEM was injected in the right striatum (Sham operated group). The values are depicted as means + S.D. of five animals per group. Data
were analyzed by ANOVA followed by post-hoc comparisons (Tukey’s test). *Significantly different from all groups (p < 0.01), ‘Significantly different from all
groups (p <0.05).
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Fig. 6. Body weight of animals with implanted gliomas. Animals were treated, as described in Section 2. Weights were observed daily. The values are
represented as means = S.D. of all animals used in this study (n =25 animals per group). Data were analyzed by Repeated Measures Analysis of Variance.

“Significantly different from the control group (p < 0.01).

tion period (Fig. 6). Necropsy of the animals at the end of the treatments
did not show any macroscopic changes in the observed organs (liver,
stomach, kidney, heart and lung) and the weights of these organs did
not differ from those of the control group (data not shown). Microscopic
investigation of these organs by H&E analysis demonstrated absence of
toxicity and possible metastasis (data not shown). Moreover, to evaluate
the possible liver damage in the rats treated with IndOH-NC, we mea-
sured the levels of hepatic enzymes, y-glutamyl transpherase, alanine
aminotransaminase, aspartate aminotransaminase and alkaline phospha-
tase, in the rat blood serum. None of the treated animals presented signif-
icant alterations in the investigated enzymes, discarding hepatic
alterations in the animals (data not shown).

3.7. Indomethacin-loaded nanocapsules treatment improved the survival
rate of animals with implanted gliomas

To verify whether indomethacin-loaded nanocapsules treatment was
able to increase the survival rate of animals with implanted gliomas, the
animals were observed for 60 days after glioma implantation and subse-
quent treatments. Thus, our results showed a consistent improvement in
the survival of the animals treated with indomethacin carried by poly-
meric nanocapsules (Fig. 7).

4. Discussion

The treatment of brain cancer is one of the most diffi-
cult challenges in oncology [7]. Drug-loaded nanocarriers
capable of crossing brain capillary endothelial cells and
recognize cerebral tumoral cells have shown promising po-
tential in oncology [7,37].

Here, we show that the treatment with sub-therapeutic
concentrations of indomethacin carried by polymeric
nanocapsules reduced the growth of implanted gliomas
(Fig. 1). Moreover, pathological analysis demonstrated
the lack of some important malignant characteristics typi-
cal of glioblastomas in the tumors of rats treated with this
formulation (Fig. 2, Table 2). Among these, of note is the
reduction in the mitotic index, confirming the potential
role of indomethacin as an antiproliferative drug (Table

2, Fig. 4A and B). This result is in accordance with a previ-
ous in vitro study, where we showed that indomethacin
caused antiproliferative effects on glioma cell lines by the
inhibition of cell cycle progression [28].

An important finding of the present study was that half
of the animals treated with indomethacin-loaded nanocap-
sules presented cells with characteristics of a residual tu-
mor in the site of glioma implantation, which was
confirmed by immunostaining for nestin (Fig. 3, Table 1).
Nestin is one marker that has been used to identify neural
stem cells, being expressed in almost all glioblastoma
multiformes [34,38,39]. This protein is down-regulated in
mature cells, being expressed in astrocytes of the adult
CNS in response to cellular stress, such as neoplasic trans-
formation [40]. Thus, whilst less intense, staining for nestin
in cerebral tissue of treated rats indicates the presence of
glioma cells, probably as a result of a tumor involution
(Fig. 3). Recently, Stronjinik and collaborators (2007) [41]
reported that high levels of nestin expression indicates sig-
nificantly shorter survival of glioma patients. Moreover,
nestin may therefore correlate with invasiveness, being ex-
pressed mainly in the tumor periphery in the human brain
[41]. It is important to note that we also observed that nes-
tin-positive cells are more abundant at the transition zone
of the tumor control (data not shown).

The vascular endothelial growth factor (VEGF) signaling
pathway is a critical regulatory mechanism of tumor angi-
ogenesis [42,43]. The majority of glioblastomas exhibit
aberrant endothelial growth factor receptor (EGFR) activ-
ity. Expression of EGFR increases tumor cell malignancy
and decreases patient survival [42,43]. Therefore, antian-
giogenic therapies are considered promising. Our results
demonstrated a greater VEGF staining in the tumors of
the control group in relation to animals that were treated
with indomethacin-loaded nanocapsules (Table 3, Fig. 4C
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Fig. 7. Survival rate of animals with implanted gliomas. For survival experiments, the animals were treated as described in Section 2. The animals were
observed for 60 days after glioma implantation (n = 10 animals per group). Histopathological examination of tumors was performed in all animals. Data
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and D). This result together with the reduction in the mito-
tic index indicates that microvascular proliferation is de-
creased in the implanted gliomas of rats treated with
indomethacin-loaded nanocapsules, with a consequent de-
crease in the blood flow in tumor areas with high cell
proliferation.

The pharmacological response to a drug is directly re-
lated to its concentration at the required site of action.
However, the distribution of a substance in the body is
essentially determined by its physicochemical properties.
An unspecific distribution causes great drug concentration
in healthy organs, tissues and cells, leading to drug toxicity
[9,11]. Considering the important effects observed in pres-
ent study, where indomethacin-loaded nanocapsules re-
duced in vivo glioblastoma growth, we performed
experiments to evaluate the intracerebral bioavailability
of indomethacin carried by the polymeric nanocapsules.
Our results showed that indomethacin carried by poly-
meric nanocapsules achieved higher intracerebral concen-
trations compared to indomethacin in solution, which did
not reach detected levels by HPLC (Fig. 5). Furthermore,
in rats with implanted glioma, indomethacin achieved a
minor concentration in the contralateral healthy hemi-
sphere compared to the hemisphere where the glioma
was implanted (Fig. 5). One plausible explanation for these
effects is that the proliferation and invasion of glioma cells
generally causes a local disruption of the BBB [44]. Cancer
cells produce various mediators and proangiogenic factors,
including VEGF, that increase the permeability of the cap-
illary endothelium [45]. These capillaries, characterized by

frequent fenestrations, also improve the permeability of
the blood-tumor interface and, consequently, the penetra-
tion of molecules. The mechanisms by which polymeric
nanoparticles pass through the BBB are not completely
understood. Recent studies attribute a central role to endo-
thelial cells in the process of nanoparticle adhesion (e.g. by
recognition of a specific blood protein adsorbed on the par-
ticle surface) and subsequent endocytosis, transcytosis,
tight junction modulation and P-glycoprotein inhibition
[46-48]. It has also been reported that the size of the car-
riers, polymer type, as well as their surface characteristics
could induce steric stabilization of nanoparticles, thus
increasing blood circulation time and accumulation in the
solid tumor [6,36]. Moreover, nanoparticles of biodegrad-
able polymers coated with polysorbate 80 (Tween 80%)
were reported in the literature for cerebral delivery of sev-
eral substances [49,50]. All these factors probably contrib-
ute to the drug delivery observed here.

In chemotherapy, pharmacologically-active concentra-
tions of an anticancer drug in the tumor tissue are often
reached at the expense of massive toxicity to the rest of
the body [51]. This poor specificity creates a toxicological
problem that represents a serious obstacle to effective
antitumoral therapy. Thus, an important outcome of the
present study is that the treatment with indomethacin-
loaded nanocapsules caused neither mortality nor pro-
duced characteristics of toxicity, beyond improving the
body weight of treated animals, compared to the control
group (Fig. 6). It is important to notice that the concentra-
tion used in the present study is sub-therapeutic (1 mg/kg/
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day) and further studies are necessary to establish a ther-
apeutic dose range, as well as toxicity for this formulation
in rats with implanted C6 glioma. Another important find-
ing of the present study was that the rats treated with
indomethacin-loaded nanocapsules survive significantly
longer than their respective controls (Fig. 7), demonstrat-
ing a relative benefit of treatment in increasing the survival
of animals with implanted glioma.

In summary, the data reported here clearly demon-
strated that polymeric nanocapsules are able to success-
fully carry indomethacin into the brain tumor. Local
delivery of indomethacin reduced in vivo glioblastoma
growth and improved the survival of animals in a rat gli-
oma model. Although indomethacin is not an agent used
in the treatment of brain tumors, our results imply that
this drug, in nanocapsule formulation, may be considered
a potential candidate for glioma treatment, without the
undesirable side effects of conventional chemotherapy.
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Abstract

Here, we investigated the neuroprotective effects of indomethacin-loaded
nanocapsules (IndOH-NC) using organotypic hippocampal cultures exposed to
oxygen-glucose deprivation (OGD). When the cultures were exposed to 60 min of
OGD, about 50% of the hippocampal slices was labeled with propidium iodide. On
the other hand, when the cultures were treated with 50 or 100 uM of IndOH-NC the
cell death was significantly reduced to 31% and 15%, respectively. Immunoblotting
revealed that treatment with 100 uM of IndOH-NC was able to significantly reduce
the levels of ERK1/2 and JNK phosphorylation, as well as iNOS activation.
Additionally, IndOH-NC prevented glial activation induced by OGD. The treatment
with IndOH-NC markedly inhibited the levels of the pro-inflammatory cytokines
secreted, while the levels of the anti-inflammatory cytokine IL-10 were significantly
increased. Our results clearly demonstrate that IndOH-NC might represent a
promising pharmaceutical neuroprotective formulation for cerebral ischemia, most

probably by inhibiting the inflammatory cascades.

Keywords: neuroprotection; indomethacin-loaded nanocapsules; organotypic

hippocampal culture; oxygen-glucose deprivation; neuroinflammation.
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Abbreviations: ERK1/2 - Extracellular signal-regulated kinase 1/2; GFAP - Glial
Fibrillary Acid Protein; HBSS - Hank’s Balanced Salt Solution; IB4 - Isolectin By; IL-6
— Interleukin-6 ; IL-10 - Interleukin-10; IL-1B - Interleukin-1f3; iINOS - Inducible nitric
oxide synthase; JNK - c-Jun N-terminal kinase; MAPK - Mitogen-activated protein
kinase; MEM - Minimal Essential Medium; NO — nitric oxide; OGD - Oxygen-glucose;

deprivation; PI - Propidium iodide; TNF-a - Tumor Necrosis Factor a.
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Introduction

Cerebral ischemia (stroke) is one of the most frequent causes of death and
disability worldwide, and has significant clinical and socio-economic impact (Wang et
al., 2007). Although different mechanisms are involved in the pathogenesis of stroke,
there is increasing evidence showing that inflammation accounts for its progression,
at least acutely (Samson et al., 2005). Stroke-induced activation of inflammatory
cascades leads to further cerebral damage. Therefore, injury to any part of the
neurovascular unit could permit the extravasation of vascular inflammatory cells and
proteins that are injurious to neurons (Huang et al., 2006). The major players in the
inflammatory injury are cytokines, adhesion molecules, eicosanoids and nitric oxide,
which are produced immediately after the onset of ischemia and contribute to
irreversible damage (Mehta et al., 2007). Thus, neuroprotective therapy is essential
for the survival and functional recovery of neurons after cerebral ischemia.

Blockade of inflammation has been proven to attenuate cerebral ischemic
damage (Nogawa et al., 1997; Phillis et al., 2006). Non-steroidal anti-inflammatory
drugs (NSAIDs) are among the most prescribed drugs in the world for the treatment
of inflammation, fever, and pain. Among those, indomethacin exerts its
pharmacological actions by inhibiting the enzymatic activity of both cyclooxygenase-1
(COX-1) and cyclooxygenase-2 (COX-2) (Burian and Geisslinger, 2005). Numerous
studies have documented the neuroprotective ability of COX inhibitors in different
models of experimental brain ischemia (Hurley et al. 2002; Ahmad et al., 2009). For
instance, indomethacin was able to enhance poststroke neurogenesis in an in vivo
model of focal cerebral ischemia (Hoehn et al., 2005).

Another signaling system, which has a crucial role in mediating the cell

survival, is the mitogen-activated protein kinase (MAPK) pathway, which plays an
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important function in transducing stress-related signals by a cascade of intracellular
kinase phosphorylations and transcription factor activation that regulate inflammatory
gene production, among other functions (Irving and Bamford, 2002). During cerebral
ischemia, the stress-activated protein kinases or c-Jun N-terminal kinases
(SAPK/JNK) and extracellular signal-regulated kinase-1 and 2 (ERK1/2) pathways
are activated playing a role in cell death and/or repair (Runden et al., 1998; Irving
and Bamford, 2002).

The blood-brain barrier (BBB) represents a homeostatic defense mechanism
of the brain against pathogens and toxins, although it prevents the penetration of a
large variety of central nervous system (CNS)-active agents (Carvey et al., 2009;
Palmer, 2009). Consequently, the BBB is a limiting factor for developing new drugs
and dosage forms for the brain. Nanoparticles are large and complex constructs,
which can be made from a variety of chemical constituents and may range up to 1
Mm in diameter. Most polymeric nanoparticles are biodegradable, biocompatible and
have been adopted as potential carriers for drug delivery to the CNS (Faraji et al.,
2009; Gabathuler, 2009). Moreover, nanoparticles can be used to alter the kinetic
profiles of drugs, leading to more sustained release, with a reduced requirement for
frequent dosing, as well to reduce drug adverse effects (Faraji et al., 2009). In this
regard, it was been suggested that NSAIDs-loaded nanocapsules display an
increased efficacy in experimental models of peripheral inflammation (Guterres et al.,
2001, Bernardi et al., 2009a).

Considering that acute treatments for cerebrovascular disease are very
limited, that recent studies clearly indicate an important role for neuroinflammatory
events in the evolution of ischemic events, and the advantages of nanoparticulate

systems to deliver drugs at the required sites of action, the present study was
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designed to investigate the potential neuroprotective effects of indomethacin-loaded

nanocapsules in an in vitro model of ischemia.

Materials and methods

Preparation of nanocapsules

Nanocapsule suspensions were prepared by interfacial deposition of polymer
(Fessi et al., 1989). At 40 °C, indomethacin (0.010 g), poly(e-caprolactone) (0.100 g),
capric/caprylic triglycerides (0.33 ml) and sorbitan monostearate (0.077 g) were
dissolved in acetone (27 ml). In a separate flask, polysorbate 80 (0.077 g) was
added to 53 ml of water. The organic solution was injected into the aqueous phase
under magnetic stirring at room temperature. After 10 min, the acetone was
eliminated and the suspensions concentrated under reduced pressure. The final
volume was adjusted to 10 ml. Control formulation (drug-unloaded nanocapsules)

was prepared, as described above without adding indomethacin.

Characterization of nanocapsules

After preparation, the pH values of nanocapsule suspensions were
determined using a potentiometer (Micronal B-474). The particle size, polydispersity
index and zeta potential of the suspensions were determined using a
Zetasizer®nano-ZS ZEN 3600 model (Malvern, UK). The samples were diluted with
water (MilliQ®) (particle size and polydispersity index) or 10 mM NaCl aqueous
solution (zeta potential). The measurements were made in ftriplicate. The total
concentrations of indomethacin in the formulations were measured by reverse phase

high-performance liquid chromatography (HPLC) (Perkin-Elmer S-200, with injector
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S-200, detector UV-vis, a guard-column and a Lichrospher 100 RP-18 column of 250
mm, 4 mm and 5 um; Merck). The mobile phase consisted of acetonitrile/water
(70:30, v/v) adjusted to apparent pH 5.0 £ 0.5 with 10% (v/v) acetic acid. Each
suspension (100 ul) was treated with acetonitrile (10 ml), the solution was filtered
(Millipore 0.45 um) and injected (20 ul). The HPLC method was validated (Pohimann
et al., 2004). Linear calibration curves for indomethacin were obtained in the range

of 1.00-25.00 ug/ml, presenting correlation coefficients of higher than 0.9992.

Organotypic hippocampal slice cultures

Organotypic hippocampal slice cultures were prepared according to the
method of Stoppini et al. (1991), with some modifications (Horn et al., 2005; Zamin et
al., 2006). Briefly, 400 um thick hippocampal slices were prepared from 6 to 8-days-
old male Wistar rats using a Mcllwain tissue chopper, and separated in ice-cold
Hank’s balanced salt solution (HBSS) composed of (mM): glucose 36, CaCl, 1.26,
KCI 5.36, NaCl 136.89, KH,HPO, 0.44, Na,HPO, 0.34, MgCl, 0.49, MgSO, 0.44,
HEPES 25; fungizone 1% and gentamicin 0.100 mg/ml, pH 7.2. The slices were
placed on Millicell culture membranes and the inserts were transferred to a 6-well
culture plate. Each well contained 1 ml of culture medium consisting of 50% MEM
(minimum essential medium), 25% HBSS, 25% heat inactivated horse serum
supplemented with (mM, final concentration): glucose 36, HEPES 25 and NaHCO3 4;
fungizone 1% and gentamicin 0.100 mg/ml, pH 7.3. The organotypic cultures were
maintained in a humidified incubator gasified with a 5%C02/95%0, atmosphere at 37
°C for 14 days. Culture medium was changed twice a week. All animal procedures
were approved by the local Animal Care Committee and were in accordance with the

NIH Guide for the Care and Use of Laboratory Animals.
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Drug exposure

After 14 days in vitro, the organotypic hippocampal slice cultures received 50
or 100 uM of indomethacin-loaded nanocapsules (IndOH-NC) or drug-unloaded
nanocapsules (NC) for 27 h. These formulations were added to the culture medium
2 h before oxygen-glucose deprivation (OGD), maintained during the 60 min of OGD
and during the recovery period of 24 h. Control cultures were not exposed to

nanocapsules. This protocol represents an acute treatment.

Oxygen-glucose deprivation (OGD)

The induction of OGD was based on the method described by Strasser and
Fischer (1995), with some modifications (Valentim et al., 2003). After 14 days in vitro,
the inserts were transferred to a sterilized 6-well plate and incubated with 1 ml of
OGD medium for 15 min to deplete glucose from intracellular stores and extracellular
space. The OGD medium is composed of: CaCl, 1.26 mM, KCI 5.36 mM, NaCl 136.9
mM, H,PO4 0.34 mM, MgCl, 0.49 mM, MgSO,4 0.44 mM, HEPES 25 mM, pH 7.2.
After that, the medium was exchanged for one with the same composition, but
previously bubbled with N, for 30 min, and the plate transferred to an anaerobic
chamber at 37 °C with Nz-enriched atmosphere for 60 min. During this process,
control slices were maintained in an incubator with 5% CO2 atmosphere at 37 °C.
After the OGD period, the slice cultures were carefully washed twice with HBSS, and
then incubated in culture medium at 37 °C and 5%C02/95%0, atmosphere for 24 h,

corresponding to the recovery period.

Quantification of cellular death
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Cell damage was assessed by fluorescent image analysis of propidium iodide
(PI) uptake (Noraberg et al., 1999). Pl is a polar compound that is impermeable to the
intact cell membrane, but it is able to penetrate damaged cell membranes of dying
cells, binding nuclear DNA to generate a bright red fluorescence. Pl (5 uM) was
added to the culture medium 2 h before the end of the recovery period. Pl uptake is
indicative of significant membrane injury (Macklis and Madison, 1990). Cultures were
observed with an inverted microscope (Nikon Eclipse TE 300) using a standard
rhodamine filter set. Images were captured and then analyzed using Scion Image

software (http://www.scioncorp.com). The area where Pl fluorescence was detectable

above background levels was determined using the “density slice” option of Scion
Image software and compared to the total slice area to obtain the percentage of

damage.

Western blotting analysis

After obtaining fluorescent images, cells were homogenized in lysis buffer (4%
sodium dodecylsulfate, 2.1 mM EDTA and 50 mM Tris); aliquots were taken for
protein determination and B-mercaptoethanol (Sigma Chemical) was added to a final
concentration of 5%. Proteins were resolved (50 ug per lane) on 8% or 12% SDS-
PAGE. After electrophoresis, proteins were electro-transferred to nitrocellulose
membranes using a semi-dry transfer apparatus (Bio-Rad Trans-Blot SD, Hercules,
CA, USA). Membranes were incubated for 2 h at 4 °C in blocking solution (Tris-
buffered saline containing 5% powdered milk and 0.1% Tween-20, pH 7.4) and
further incubated with the appropriate primary antibody dissolved in the blocking
solution overnight at 4 °C. Primary antibodies against pERK1/2 (1:1000; Cell

Signaling Technology), ERK1/2 (1:1000; Cell Signaling Technology), JNK (1:1000;
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Cell Signaling Technology), pJNK (1:1000; Cell Signaling Technology), GFAP
(1:2000; Chemicon International Inc.) and iINOS (1:1000; Abcam) were used. The
membranes were then incubated with horseradish peroxidase-conjugated anti-rabbit
or anti-mouse antibodies (1:1000; Cell Signaling Technology) for 2 h. The
chemioluminescence (ECL, Amersham Pharmacia Biotech) was detected using X-ray
films that were scanned and analyzed using the Optiquant software (Packard
Instruments). For each experiment, the group referred as control cultures (not
exposed to OGD) was considered 100% and data are expressed as percentage of

control cultures.

Isolectin By reactivity in microglial cells

As described above, the proteins were resolved (50 ug per lane) on 8% SDS-
PAGE and, after electrophoresis, they were electro-transferred to nitrocellulose
membranes using a semi-dry transfer apparatus (Bio-Rad Trans-Blot SD, Hercules,
CA, USA). Membranes were incubated overnight at 4 °C in albumin solution (5%
albumin and 2% Tween 80 in PBS, pH 7.4). Isolectin B4 peroxidase conjugated
(Sigma) was incubated in PBS containing 0.05% Tween overnight in a final
concentration of 0.125 pg/mL. The chemioluminescence (ECL, Amersham
Pharmacia Biotech) was detected using X-ray films that were scanned and analyzed
using the Optiquant software (Packard Instruments). For each experiment, the group
referred as control cultures (not exposed to OGD) was considered 100% and data

are expressed as percentage of control cultures.

Determination of cytokine levels in the culture medium of organotypic cultures
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At the end of the recovery period of OGD and treatment with indomethacin-
loaded nanocapsules in organotypic hippocampal slice cultures, the culture media
was collected, rapidly frozen and stored at -20 °C for later measurement of TNF-q,
IL-6, IL-1p and IL-10 levels using specific enzyme-linked immunosorbent assay

(ELISA) kits, according to the recommendations of the supplier (R&D Systems).

Statistical analysis

Data are expressed as mean £ S.D. and analyzed for statistical significance by
one-way analysis of variance (ANOVA) followed by post-hoc for multiple comparisons
(Tukey test) using a GraphPad Prism Software. Differences between mean values

were considered significant when p<0.05.

Results

Physico-chemical characterization of nanocapsule formulations

The nanocapsule formulations were prepared by interfacial deposition of
poly(e-caprolactone) without the need of any subsequent step of purification.
Indomethacin-loaded nanocapsules and drug-unloaded nanocapsules showed a
macroscopic homogeneous aspect, such as white bluish opalescent liquids. After
preparation, the particle sizes (z-average) were 240 nm (indomethacin-loaded
nanocapsules) and 226 nm (drug-unloaded nanocapsules). The suspensions showed
monomodal size distributions and polydispersity indexes lower than 0.19, indicating
narrow size distributions. The pH values were 5.95 (indomethacin-loaded

nanocapsules) and 6.05 (drug-unloaded nanocapsules). The zeta potential values
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were -6.9 and -7.3 mV, respectively. The indomethacin content was 0.994 £+ 0.010

mg-mL™" and the encapsulation efficiency were close to 100% for all batches.

Indomethacin-loaded nanocapsules treatment protects from cell damage induced by
OGD

These series of experiments were designed to evaluate whether
indomethacin-loaded nanocapsules are able to exert neuroprotective effects against
the cell damage induced by OGD. The exposure of cultures to 60 min of OGD,
followed by 24 h of recovery, caused a marked fluorescence in the hippocampus,
indicating a high incorporation of PI, as presented in the photomicrographs (Fig. 1A
and 1C). Quantification of Pl fluorescence showed that OGD caused about 50%
damage in hippocampus, a significant increase when compared to control cultures
(about 2-4% of cellular damage) (Fig. 1B and 1D). It is important to note that no
difference was detected among control slices after the treatment, indicating that
neither drug-unloaded nanocapsules nor indomethacin-loaded nanocapsules had
toxic effects in basal conditions (Fig. 1). The treatment with 50 or 100 uM of
indomethacin in solution did not protect from OGD damage (data not shown);
however, when the cultures were treated with 50 or 100 uM of indomethacin-loaded
nanocapsules, the cell death was significantly decreased to 31% and 15%,
respectively (Fig. 1). These results indicate that indomethacin-loaded nanocapsules
were able to achieve the organotypic hippocampal slice cultures and protect them
against ischemia. To investigate the probable mechanisms by which indomethacin-
loaded nanocapsules exert its neuroprotective effect, the therapeutic concentration of

100 uM was chosen.

76



Indomethacin-loaded nanocapsules treatment prevents OGD-induced ERK1/2 and
JNK activation

Since cell survival and differentiation in several cell types are mediated by
ERK1/2 and JNK activation, we examined whether the neuroprotection mediated by
indomethacin-loaded nanocapsules could involve those pathways. We measured the
levels of the immunocontent of ERK1/2 and JNK, as well as its phosphorylation
status 24 h after OGD. As observed in Fig. 2 and 3, the exposure of the culture to 60
min of OGD and 24 h of recovery caused a significant increase in ERK1/2 and JNK
phosphorylation levels when compared to control cultures not exposed to OGD. The
treatment with indomethacin-loaded nanocapsules (100 uM) was able to significantly
reduce the levels of ERK1/2 phosphorylation, without modifying the levels of total
ERK1/2 in OGD cultures (Fig. 2). Similarly, the treatment with indomethacin-loaded
nanocapsules reduced JNK phosphorylation to the levels of control cultures (Fig. 3).

Furthermore, no alterations in the total amount of JNK were observed (Fig. 3).

Indomethacin-loaded nanocapsules treatment suppress glial activation induced by
OGD

To investigate a possible role of inflammation in the hippocampal slices in
response to OGD, we investigated the reactivity of INOS, GFAP and Isolectin Bs. The
exposure of the culture to 60 min of OGD caused an inflammatory reaction, as
evidenced by an increase in INOS (Fig. 4) and GFAP immunocontent (Fig. 5), as well
as in the reactivity of Isolectin B4, a hallmark of microglial activation (Fig. 6). A
significant reduction in INOS and GFAP immunocontent was observed in the cultures
treated with 100 pM of indomethacin-loaded nanocapsules (Fig. 4 and 5). As

observed for INOS and GFAP immunodetection, the treatment of cultures with 100
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MM of indomethacin-loaded nanocapsules was able to prevent the Isolectin By

reactivity induced by 60 min of OGD (Fig. 6).

Indomethacin-loaded nanocapsules treatment prevents the increase in pro-
inflammatory cytokine levels induced by OGD

We also investigated some pro-inflammatory cytokines, such as IL-13, IL-6
and TNF-a, thought to play a central role in self-propagation of neuroinflammation.
As observed in Fig. 7, IL-1B3, IL-6 and TNF-a levels were highly increased in the
culture medium 24 h after exposure of hippocampal culture to 60 min of OGD. The
results demonstrated that treatment with 100 pM of indomethacin-loaded
nanocapsules induced a significant reduction in the secretion of the pro-inflammatory
cytokines in the culture medium (Fig. 7A-C). An important outcome of the present
study is that, the same treatment with indomethacin-loaded nanocapsules was able
to induce a marked increase of the anti-inflammatory cytokine IL-10 levels (Fig. 7D).
Furthermore, control cultures did not show any increase in IL-1B, IL-6 and TNF-a
levels after the treatment with drug-unloaded nanocapsules, indicating that the

nanostructure carrier itself does not cause inflammatory alterations.

Discussion

In the present study, we tested whether indomethacin, carried by lipid-core
polymeric nanocapsules, has a neuroprotective effect in oxygen-glucose deprivation
(OGD) injury. We have also proposed an underlying mechanism by which this
neuroprotection occurs. For this purpose, we used organotypic hippocampal cultures,
which provide a good experimental access to mimic pathophysiological pathways in

living tissues and to facilitate design of therapeutic agents (Stoppini et al., 1991;
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Holopainen, 2005). Those cultures maintain their cell architecture and interneuron
connections, and neurons survive during the long-term culture and physiologically
mature over this period, allowing an extended survival study (Muller et al., 1993;
Xiang et al., 2000; Frozza et al., 2009).

Ischemic stroke leads to a complex cascade of cell events resulting in
extensive cell death. The energy failure or drastic decrease in cellular ATP and
glucose levels is responsible for the underlying mechanisms of necrosis in the core of
the ischemic region. Moreover, reperfusion also plays a prominent role in damage
distribution, as well success of appropriate therapeutic approach to provide
neuroprotection lies on the brain tissue, which remains functionally impaired but
viable and potentially salvageable (Mehta et al., 2007). Therefore, there is growing
evidence that the initial few hours of reversible neuronal injury offers an opportunity
for therapeutic intervention. Here, we showed that, on the contrary to indomethacin in
solution, the treatment with indomethacin-loaded nanocapsules during the lesion and
the recovery period of 24 h is neuroprotective against the cell damage induced by
OGD. This result is encouraging considering that in ischemic cerebral injury, the
period between the insult and the occurrence of cell death may be clinically
observable. It is important to hallmark that we have previously demonstrated that
polymeric nanocapsules are able to successfully carry indomethacin into the healthful
brain (Bernardi et al., 2009). In addition, considering that brain distribution of
indomethacin in vivo is limited by plasma protein binding, which reduces the plasma
free fraction in the blood circulation by >90% (Parepally et al., 2006), the
nanoparticulated systems represent a promising alternative. Furthermore, one

plausible explanation for indomethacin-loaded nanocapsules to have been more
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potent that indomethacin in solution is that nanoparticles can accumulate in the
inflamed tissues, promoting a sustained drug release.

Taking into account that cerebral ischemia activates MAPK pathway signaling
and that pharmacological intervention of those pathways may result in
neuroprotection, we also investigated the effect of indomethacin-loaded
nanocapsules in this cascade. In this context, our results show that indomethacin-
loaded nanocapsules treatment was able to significantly reduce the levels of ERK1/2
and JNK phosphorylation. These data are in agreement with other works, which
reported that activation of ERK and JNK pathways are involved in neuronal death in
neurodegenerative diseases and cerebral ischemia (Park et al., 2004; Borsello et al.,
2007). Ferrer and colleagues (2003) have reported the expression of ERK, JNK and
their downstream phosphorylated specific substrates in the infarct core and
penumbra area in focal cerebral ischemia. Thus, we propose that indomethacin-
loaded nanocapsules could, at least in part, mediate its neuroprotective effect by
modulating these important signaling pathways implicated in supporting neural
survival.

In the attempt to better understand the neuroprotective effects of
indomethacin-loaded nanocapsules in our model of ischemia, we also investigated
what effect this formulation would have on OGD-mediated inflammation. The
extensive cell death observed in cultures submitted to OGD was accompanied by a
strong inflammatory reaction that is believed to contribute to brain injury.
Inflammatory responses in the brain are associated mainly with microglial and
astrocytic activation that accelerates neurodegeneration (Park et al., 2007). Following
ischemia, astrocytes are activated resulting in increased glial fibrillary acidic protein

(GFAP) expression and so-called “reactive gliosis”, characterized by specific
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structural and functional changes (Pekny and Nilsson, 2005). Astrocytes are also
capable of secreting inflammatory factors such as cytokines and chemokines, as well
to increase the inducible nitric oxide synthase (iNOS) enzyme expression. iINOS is
expressed by activated microglia, astrocytes and leukocytes after ischemia,
contributing to the inflammatory response of the brain tissue (Jander et al., 2000). In
addition, iINOS contributes to nitric oxide (NO) synthesis, stimulating oxygen reactive
species formation and promoting neuronal damage after stroke (Dalkara et al., 1998).
The high sensitivity of neurons to NO is partly due to NO causing inhibition of
respiration, rapid glutamate release from both astrocytes and neurons, and
subsequent excitotoxic cell death of the neurons via the NMDA receptor (Brown,
2007). Our results show that indomethacin-loaded nanocapsules enhanced
neuroprotection against OGD by reducing glial activation, as observed by a marked
decrease in INOS and GFAP immunocontents. These results corroborate literature
data suggesting that INOS and COX seems to offer important targets, as their
blockade even at 6 — 24 h after ischemia appears to be neuroprotective (Zhang et al.,
1996; Sugimoto and Ladecola et al., 2003). Additionally, microglial activation, as
demonstrated by the increase of Isolectin B4 reactivity, was prevented by the
treatment with indomethacin-loaded nanocapsules. Thus, we hypothesized that
prevention of microgilal and glial activation caused by indomethacin-loaded
nanocapsules should be due to the inhibition of cytokine production and secretion,
culminating in the neuroprotection observed in hippocampal cultures. Next, we
sought to determine whether the neuroprotective effects of indomethacin-loaded
nanocapsules were associated with changes in cytokine generation by the cultures.
An important finding of the present study was that treatment with

indomethacin-loaded nanocapsules produced a significant decrease in the secretion
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of the cytokines IL-1j3, IL-6 and TNF-a, the most relevant pro-inflammatory cytokines
related to inflammation in stroke (Han & Yenari et al., 2003). It was demonstrated that
IL-6 mRNA expression is upregulated as early as 3 h after occlusion of the middle
cerebral artery, which maximal levels at 12 h, and persisted for at least 24 h (Wang et
al., 1995). Clinical studies showed that increased IL-6 plasma concentrations were
associated with early neurological worsening (Vila et al., 2001), and high IL-6 levels
predicted early neurological deterioration and a poor functional outcome in lacunar
infarction (Castellanos et al., 2002). Both IL-13 and TNF-a are increased not only
during early reperfusion (1 — 3 h), but also at later times (24 — 36 h), indicating a
biphasic expression (Wang et al., 2007). Expression of IL-1B is increased after
transient or permanent stroke in microglia by astrocytes and neurons (Buttini et al.,
1994). The possible IL-18 mechanisms of action include the release of arachidonic
acid, the enhancement of NMDA excitotoxicity and the stimulation of INOS (Huang et
al., 2006). TNF-a expression was initially observed in neurons (Liu et al., 1994), then
later in microglia and astrocytes (Uno et al., 1997). Additionally, TNF-a appears to
have pleiotropic functions in the ischemic brain (Hallenbeck et al., 2002). In an in vivo
model, the inhibition of TNF-o was able to reduce the ischemic brain injury (Yang et
al., 1998), while the administration of a recombinant TNF-a protein after stroke onset
worsens ischemic brain damage (Barone et al., 1997). In organotypical cultures
exposed to ischemic conditions, the pre-treatment with TNF-a was protective against
neuronal death, while treatment after ischemia was detrimental and increased
oxidative stress (Wilde et al., 2000). The accumulation of cytokines in stroke does not
appear to be a mere consequence of the degenerative processes, but it appears to
play a role in the cascade of events inducing neuronal death by stress-activated

signal transduction pathways, as the MAPK cascade (Xie et al., 2004). Therefore, the
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role of individual cytokines is more complex than previously anticipated; their
concentration and time of activation, and the cross-talk between different signals are
essential for the cellular and pathological outcome (Planas et al., 2006).

More relevantly, we demonstrated for the first time, that treatment with
indomethacin-loaded nanocapsules was capable of inducing a marked increase in
the levels of the anti-inflammatory cytokine IL-10 in cerebral tissues, which is likely
associated with beneficial effects in the injuried brain (Planas et al., 2006). IL-10 acts
by inhibiting IL-18 and TNF-a actions, and also by suppressing cytokine receptor
expression and/or activation. Both exogenous administration and gene transfer of IL-
10 in cerebral ischemia models appear to have beneficial effects (Wang et al., 2007).
In clinical studies conducted with stroke patients, poor outcome and neurological
worsening were predicted by low IL-10 plasma levels (Vila et al., 2003).

In summary, the data reported herein clearly demonstrate that blockage of
neuroinflammation is involved in the neuroprotective effect of indomethacin-loaded
nanocapsules. Although indomethacin is not an agent currently used in the treatment
of cerebral ischemia, our results imply that nanocapsule formulations containing
infomethacin might be considered as potential candidates for stroke treatment.
Further investigations using in vivo models of focal and global ischemia could be

helpful to determine the appropriate doses for therapy of stroke.
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Legends to the Figures

Figure 1. Effects of indomethacin-loaded nanocapsules (IndOH-NC) treatment
on cell damage induced by oxygen-glucose deprivation (OGD) for 60 min in
organotypic hippocampal cultures. (A and C) Representative photomicrographs of
hippocampal slices stained with Pl 24 h after exposure to OGD. (B and D)
Quantitative analysis of hippocampal damage 24 h after exposure to OGD.
Indomethacin-loaded nanocapsules (IndOH-NC) 50 uM (A and B) or 100 uM (C and
D) were added 2 h before of the lesion and maintained during the recovery period for
24 h. Bars represent the mean + SD, n=9 animals. # Significantly different from the
respective control culture; ~ Significantly different from the OGD and OGD NC

groups (One-way ANOVA followed by Tukey’s test, p<0.001).

Figure 2. Effects of indomethacin-loaded nanocapsules (IndOH-NC) treatment
on the percentage of phosphorylated ERK1/2 in organotypic hippocampal
cultures. (A) Representative Western Blotting of phosphorylated ERK1/2 (pERK1/2),
ERK1/2 and B-actin immunocontent 24 h after oxygen-glucose deprivation (OGD)
and treatment with indomethacin-loaded nanocapsules (IndOH-NC). (B) Histogram
representing the quantitative Western Blotting analysis of ERK1/2 phosphorylation
state. The densitometric values obtained to phospho- and total-ERK1/2 from
treatments were normalized to their respective controls non-exposed to OGD
condition (control bar) (100%). IndOH-NC 100 uM were added 2 h before of the
lesion and maintained during the recovery period for 24 h. Data are expressed as a
ratio of the normalized percentages of pERK1/2 and ERK1/2. Bars represent the

mean * SD, n=6 animals. *Significantly different from the respective control culture;
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Significantly different from the OGD and OGD NC groups (One-way ANOVA followed

by Tukey’s test, p<0.001).

Figure 3. Effects of indomethacin-loaded nanocapsules (IndOH-NC) treatment
on the percentage of phosphorylated JNK in organotypic hippocampal
cultures. (A) Representative Western Blotting of phosphorylated JNK (pJNK), JNK
and B-actin immunocontent 24 h after oxygen-glucose deprivation (OGD) and
treatment with indomethacin-loaded nanocapsules (IndOH-NC). (B) Histogram
representing the quantitative Western Blotting analysis of JNK phosphorylation state.
The densitometric values obtained to phospho- and total-JNK from treatments were
normalized to their respective controls non-exposed to OGD condition (control bar)
(100%). IndOH-NC 100 uM were added 2 h before of the lesion and maintained
during the recovery period for 24 h. Data are expressed as a ratio of the normalized
percentages of pJNK and JNK. Bars represent the mean + SD, n=6 animals.
*Significantly different from the respective control culture; = Significantly different
from the OGD and OGD NC groups (One-way ANOVA followed by Tukey’s test,

p<0.001).

Figure 4. Effects of indomethacin-loaded nanocapsules (IndOH-NC) treatment
on the percentage of iNOS in organotypic hippocampal cultures. (A)
Representative Western Blotting of INOS and f-actin immunocontent 24 h after
oxygen-glucose deprivation (OGD) and treatment with indomethacin-loaded
nanocapsules (IndOH-NC). (B) Histogram representing the quantitative Western

Blotting analysis of INOS. The densitometric values obtained to iINOS immunocontent
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from treatments were normalized to their respective controls non-exposed to OGD
condition (control bar) (100%). IndOH-NC 100 uM were added 2 h before of the
lesion and maintained during the recovery period for 24 h. Data are expressed as a
ratio of the normalized percentages of iINOS. Bars represent the mean + SD, n=6
animals. #Significantly different from the respective control culture; Significantly
different from the OGD and OGD NC groups (One-way ANOVA followed by Tukey’s

test, p<0.05).

Figure 5. Effects of indomethacin-loaded nanocapsules (IndOH-NC) treatment
on the percentage of GFAP in organotypic hippocampal cultures. (A)
Representative Western Blotting of GFAP and B-actin immunocontent 24 h after
oxygen-glucose deprivation (OGD) and treatment with indomethacin-loaded
nanocapsules (IndOH-NC). (B) Histogram representing the quantitative Western
Blotting analysis of GFAP. The densitometric values obtained to GFAP
immunocontent from treatments were normalized to their respective controls non-
exposed to OGD condition (control bar) (100%). IndOH-NC 100 uM were added 2 h
before of the lesion and maintained during the recovery period for 24 h. Data are
expressed as a ratio of the normalized percentages of GFAP. Bars represent the
mean * SD, n=6 animals. * Significantly different from the respective control culture;
“Significantly different from the OGD and OGD NC groups (One-way ANOVA

followed by Tukey’s test, p<0.01).

Figure 6. Effects of indomethacin-loaded nanocapsules (IndOH-NC) treatment

on Isolectin B4 reactivity in organotypic hippocampal cultures. Representative
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Western blotting of Isolectin B4 reactivity 24 h after oxygen-glucose deprivation
(OGD) and treatment with indomethacin-loaded nanocapsules (INndOH-NC). IndOH-
NC 100 uM were added 2 h before of the lesion and maintained during the recovery

period for 24 h. Data are representative of n=6 animals.

Figure 7. Effects of indomethacin-loaded nanocapsules (IndOH-NC) treatment
on the levels of cytokines in organotypic hippocampal cultures. IL-1p (A), IL-6
(B), TNF-a. (C) and IL-10 (D) levels were measured 24 h after exposure of
organotypic hippocampal cultures to OGD and treatment with indomethacin-loaded
nanocapsules (IndOH-NC). IndOH-NC 100 yM were added 2 h before of the lesion
and maintained during the recovery period for 24 h. Bars represent the mean = SD,
n=6 animals. *Significantly different from the respective control culture; ~ Significantly
different from the OGD and OGD NC groups (p<0.05); ~ Significantly different from
the OGD and OGD NC groups (p<0.001) (One-way ANOVA followed by Tukey’s

test).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Background and purpose: The effects of systemic treatment with indomethacin-loaded nanocapsules (INndOH-NC) were
compared with those of free indomethacin (IndOH) in rat models of acute and chronic oedema.

Experimental approach: The following models of inflammation were employed: carrageenan-induced acute oedema (mea-
sured between 30 min and 4 h), sub-chronic oedema induced by complete Freund’s adjuvant (CFA) (determined between 2 h
and 72 h), and CFA-induced arthritis (oedema measured between 14 and 21 days).

Key results: IndOH or IndOH-NC produced equal inhibition of carrageenan-elicited oedema. However, INndOH-NC was more
effective in both the sub-chronic (33 = 4% inhibition) and the arthritis (35 = 2% inhibition) model of oedema evoked by CFA,
when compared with INndOH (21 = 2% and 14 = 3% inhibition respectively) (P < 0.01). In the CFA arthritis model, treatment
with IndOH-NC markedly inhibited the serum levels of the pro-inflammatory cytokines tumour necrosis factor o. and IL-6 (by
83 = 8% and 84 = 11% respectively), while the levels of the anti-inflammatory cytokine IL-10 were significantly increased (196
+ 55%). The indices of gastrointestinal damage in INndOH-NC-treated animals were significantly less that those after IndOH
treatment (58 £ 16%, 72 * 6% and 69 * 2%, for duodenum, jejunum and ileum respectively).

Conclusions and implications: IndOH-NC produced an increased anti-inflammatory efficacy in long-term models of inflam-
mation, allied to an improved gastrointestinal safety. This formulation might represent a promising alternative for treating
chronic inflammatory diseases, with reduced undesirable effects.

British Journal of Pharmacology (2009) 158, 1104-1111; doi:10.1111/j.1476-5381.2009.00244.x; published online 7
May 2009
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effects are mainly mediated by the inhibition of cyclooxyge-
nases 1 and 2 (COX-1 and COX-2), with a consequent
decrease in the formation of central and peripheral pros-
tanoids (Burian and Geisslinger, 2005). Furthermore, most
NSAIDs share a number of adverse effects, especially those
related to gastrointestinal complications (Kean and Bucha-
nan, 2005). Patients taking systemic NSAIDs for the treatment
of chronic inflammatory diseases (such as rheumatoid arthri-
tis and osteoarthritis) show variable relief of painful symp-
toms and they have increased risk of developing gastric or
duodenal ulcers and bleeding, which might preclude their
long-term use (Langford et al., 2006; Fiorucci et al., 2007).

The development of new drugs and/or new formulations
for treating chronic inflammatory and painful diseases con-
tinues to be an issue of high interest. The pharmacological
response to a drug is directly related to its concentration at
the required site of action. A non-specific distribution leads to
high drug concentration in healthy organs, tissues and cells,
leading to toxicity (Soppimath et al., 2001; Couvreur et al.,
2002). One method of restricting the drug to the required site
is to associate it with a carrier system (Couvreur et al., 2002;
Vauthier and Couvreur, 2007). Among the different nanocar-
rier systems, biodegradable nanoparticles have received con-
siderable attention as potential drug delivery vehicles over the
last few years. Polymeric nanoparticles are colloidal structures
below 1 um, which have been designed to encapsulate lipo-
philic drugs in order to target organs or tissues, to avoid drug
degradation, to improve its efficacy or to circumvent the
toxicity (Allémann et al., 1998; Pinto-Alphandary et al., 2000;
Guterres, 2001; Couvreur et al., 2002; Vila et al., 2002). In this
regard, it has been suggested that NSAIDs-loaded nanocap-
sules might display an increased efficacy, associated with a
marked reduction of adverse effects (Guterres et al., 2001;
Bansal JoshiBansal et al., 2007). A recent publication from our
group reinforced this idea, by showing that indomethacin-
loaded nanocapsules (IndOH-NC) were more potent than free
indomethacin in decreasing the viability and proliferation of
glioma cell lines, without exerting significant cytotoxic effects
on normal cells (Bernardi et al., 2008).

In order to provide additional evidence on the effects of
alternative delivery systems for NSAIDs, the present study was
designed to characterize the effects of systemic treatment with
IndOH-NC in rat models of acute or chronic inflammation.
Attempts have also been made to determine the gastrointes-
tinal effects of IndOH-NC. Additionally, we have aimed to
compare both the anti-inflammatory and the adverse effects
of IndOH-NC, with those displayed by free indomethacin in
solution.

Methods

Preparation of nanocapsules

Nanocapsules were prepared by interfacial deposition
of polymer as previously described (Fessi etal., 1989). At
40°C, indomethacin (0.010 g), poly(e-caprolactone) (0.100 g),
capric/caprylic triglyceride (0.33 mL) and sorbitan mono-
stearate (0.077 g) were dissolved in acetone (27 mL). In a
separate flask, polysorbate 80 (0.077 g) was added to 53 mL of
water. The organic solution was injected into the aqueous
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phase under magnetic stirring at room temperature. After
10 min, the acetone was evaporated and the suspensions con-
centrated under reduced pressure. The final volume was
adjusted to 10 mL. Control formulation (unloaded nanocap-
sules) was prepared by omitting the drug (indomethacin).

Characterization of nanocapsules

After preparation, the pH of the suspensions was determined
using a potentiometer (Micronal B-474). Particle size, polydis-
persity and zeta potential of the suspensions were determined
using a Zetasizer®nano-ZS ZEN 3600 model (Malvern, UK).
The samples were diluted in water (MilliQ®) (particle size) or
in 10 mmol-L! NaCl aqueous solution (zeta potential). The
measurements were made in triplicate. The total concentra-
tions of indomethacin in the formulations were measured by
reverse phase high-performance liquid chromatography
(HPLC) (Perkin-Elmer S-200, with injector S-200, detector
UV-Vis, a guard-column and a Lichrospher 100 RP-18 column
of 250 mm, 4 mm and 5 um; Merck). The mobile phase con-
sisted of acetonitrile/water (70:30, v/v) adjusted to apparent
pH 5.0 = 0.5 with 10% (v/v) acetic acid. Each suspension
(100 uL) was treated with acetonitrile (10 mL); the solution
was filtered (Millipore 0.45 pm) and injected (20 uL). The
HPLC method was previously validated (Pohlmann et al.,
2004). Linear calibration curves for indomethacin were
obtained in the range of 1-25 ug-mL™ presenting correlation
coefficients higher than 0.9992.

Animals

All animal care and experimental procedures used in the
present study followed the ‘Principles of Laboratory Animal
Care’ from NIH publication No. 85-23 and were approved by
the Ethics Committee of Pontificia Universidade Catdlica do
Rio Grande do Sul. The number of animals and intensity of
noxious stimuli used were the minimum necessary to dem-
onstrate consistent effects of the drug treatment. Male Wistar
rats (180-200 g) were obtained from the Central Biotery of the
Federal University of Pelotas (Brazil). Animals were housed
under conditions of optimum light (12:12 h light-dark cycle),
temperature (22 = 1°C) and humidity (50 to 60%), with food
and water provided ad libitum. For the experiments, the
animals were acclimatized to the laboratory for at least 1 h,
and they were used only once in each test.

Carrageenan-induced rat paw oedema-acute protocol
The experiments were conducted according to the method
described by Tratsk et al. (1997). Under light anaesthesia with
oxygen (3%) and isoflurane (2%), the animals received an
intradermal (i.d.) injection in the right hindpaw of saline
(0.9%) containing carrageenan (300 ug per paw; 100 pL). As a
control, the contralateral paw (left paw) received 100 uL of
saline. Oedema was measured by means of a plethysmometer
(Ugo Basile) at several time points after carrageenan injection
(30, 60, 120 and 240 min). Oedema is expressed in mL as the
difference between the right and left paws.

In this model, two distinct schedules of treatment have
been adopted. In the prophylactic scheme, the animals were
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pretreated with IndOH-NC group or indomethacin in solu-
tion (solubilized in calcium carbonate 3%) (IndOH group)
(both at 1 mg-kg™, i.p.), 30 min before carrageenan injection.
In the therapeutic scheme, the animals received IndOH or
IndOH-NC (1 mg-kg™, i.p.), 60 min after the injection of car-
rageenan. The control groups received the vehicle solutions:
calcium carbonate 3% (control group) or unloaded nanocap-
sules (NC group) (1 mL-kg™’, i.p.), at the same schedules of
administration.

Complete Freund'’s adjuvant (CFA)-induced rat paw oedema —
sub-chronic protocol

The protocol used was similar to that described by Stein
et al. (1988), with minor modifications. Briefly, isoflurane-
anaesthetized animals received an i.d. injection in one
hindpaw (right paw) of CFA (1 mg-mL™; 100 puL; heat-killed
and dried Mycobacterium tuberculosis, each millilitre of vehicle
containing 0.85 mL paraffin oil plus 0.15 mL mannide
monooleate), which was suspended in a 1:1 oil/saline emul-
sion (in a total volume of 200 uL per paw). As a control, the
contralateral paw (left paw) received 200 pL of saline. In this
model, the animals were treated with IndOH or IndOH-NC
(1 mg-kg™, i.p.), 2 h post-CFA injection, and once a day for 3
days. The control groups received the corresponding vehicle
solutions at the same intervals of time. The oedema was
measured by using a plethysmometer (Ugo Basile) at several
time points following CFA injection (2, 4, 6, 8, 24, 48 and
72 h), and it is expressed in mL as the difference between the
right and left paws.

CFA-elicited oedema — arthritis model

The adjuvant-induced arthritis model employed in the
present study was similar to that described by Lorton et al.
(2000), with some modifications. For this purpose, the
oedema was induced by CFA injection, as indicated above,
and it was assessed daily in a plethysmometer, between days
14 and 21 post-CFA administration. Animals were treated
with IndOH or IndOH-NC (1 mg-kg™, i.p.), twice a day, for 8
days, starting at the 14th day of CFA injection, until the 21st
day. Control groups received the respective vehicle solutions.

Determination of cytokine levels in serum

In the arthritis group, the animals were killed on the 21st day
by isoflurane inhalation, and blood samples were collected by
cardiac puncture. The blood samples were centrifuged at 1300
g at 4°C for 10 min. The supernatant was rapidly frozen and
stored at —70°C for later measurement of tumour necrosis
factor o (TNF-ar), interleukin (IL)-6 and IL-10 levels using
specific enzyme-linked immunosorbent assay (ELISA) Kits,
according to the recommendations of the supplier (R&D
Systems).

Evaluation of gastrointestinal damage

The occurrence of gastrointestinal lesions was evaluated in
the arthritis group, at the end of experiments (21 days after
arthritis induction by CFA). For this purpose, rats were killed,
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and the intestine (duodenum, jejunum and ileum) was slit
open opposite the attached mesenteric tissue. The organs
were washed with saline and the mucosal surfaces were
macroscopically examined according to an arbitrary scale
previously reported (Guterres et al., 2001). Accordingly, the
number and the gravity of erosions were scored on a scale of
five grades: grade O, no lesion; grade 0.5, hemorrhagic point;
grade 1, ulcer length <2 mm; grade 2, ulcer length >2 mm;
grade 3, lesion with perforation and haemorrhage. Experi-
mental data were obtained by multiplying the score by the
number of lesions. The mean scores for each group were
calculated and expressed as lesion indexes.

Statistical analysis

The results are presented as the mean = SEM of 5-8 animals.
The statistical significance between groups was assessed by
means of one-way analysis of variance (ANOVA) followed by
Tukey’s test. P-values less than 0.05 (P < 0.05) were considered
significant. The percentages of inhibition between groups
IndOH and IndOH-NC were determined in percentage, on the
basis of the area under the curve. The statistical significance
between groups was assessed by means of unpaired Student’s
t-test. P-values less than 0.05 were considered significant.

Results

Physico-chemical characterization of nanocapsule formulations
The nanocapsule formulations were prepared by interfacial
deposition of polymer without the need of any subsequent
step of purification. IndOH-NC and unloaded nanocapsules
presented a macroscopic homogeneous aspect, such as white
bluish opalescent liquids. After preparation, the average par-
ticle sizes were 240 nm (IndOH-NC) and 226 nm (unloaded
nanocapsules). The suspensions showed monomodal size
distributions and polydispersity indexes lower than 0.19,
indicating narrow size distributions. The pH values were
5.95 (IndOH-NC) and 6.05 (unloaded nanocapsules). The zeta
potential values were —6.9 and -7.3 mV respectively. The
indomethacin content was 0.991 = 0.012 mg-mL™" and the
encapsulation efficiency was close to 100%.

Carrageenan-induced paw oedema — acute protocol

We firstly examined the effects of IndOH or IndOH-NC treat-
ment, on the oedema induced by carrageenan. The results
demonstrated that prophylactic administration of IndOH or
IndOH-NC (1 mg-kg™, i.p., 30 min before carrageenan) mark-
edly inhibited the oedema induced by carrageenan, when
compared with the respective control groups, with inhibition
of 61 = 4% and 63 * 3% respectively (Figure 1). In addition,
the oedema elicited by i.d. injection of carrageenan into the
rat paw was significantly reduced by the therapeutic admin-
istration of IndOH or IndOH-NC (1 mg-kg™, i.p.) adminis-
tered 60 min after carrageenan, with inhibition of 31 * 11%
and 44 = 7% respectively (Figure 2). Comparison of the inhi-
bition observed for IndOH and IndOH-NC did not reveal any
significant difference in the effect of the tested formulations
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Figure 1

Effect of indomethacin-loaded nanocapsules (INdOH-NC, 1 mg-kg™, i.p., 30 min before), on rat paw oedema induced by carrag-

eenan (300 pg-paw', acute model — prophylactic treatment). (A) Indomethacin in solution (IndOH) and calcium carbonate 3% (Control); (B)
Indomethacin-loaded nanocapsules (INdOH-NC) and unloaded nanocapsules (NC). Each point represents the mean of 6-8 animals and vertical
lines show the SEM. Asterisks denote the significance levels in comparison to respective control values: **P < 0.01.

A
—a— Control
—&— [ndOH (1 mg-kg™':i.p.)

= |
1

o

Increase in paw volume {mlL})

L]
120

60

30

1
240

B
0.7 ——NC

0.6~ INGOH-NC (1 mg kg ':i.p)

0.5 {
0.4+

0.3 ”

0.0

1 T L] 1
30 60 120 240

Time after injection (min)

Figure 2 Effect of indomethacin-loaded nanocapsules (IndOH-NC, 1 mg-kg™, i.p., after 60 min), on rat paw oedema induced by carrageenan
(300 mg paw™!, acute model - therapeutic treatment). (A) Indomethacin in solution (IndOH) and calcium carbonate 3% (Control); (B)
Indomethacin-loaded nanocapsules (INdOH-NC) and unloaded nanocapsules (NC). Each point represents the mean of 6-8 animals and vertical
lines show the SEM. Asterisks denote the significance levels in comparison to respective control values: *P < 0.05, **P < 0.01.

of indomethacin, in either the prophylactic or therapeutic
schedules of treatment (P > 0.05) (Figures 1 and 2).

CFA-induced rat paw oedema — sub-chronic protocol

In this experimental set, we compared the effects of IndOH
and IndOH-NC in a short period of evaluation following CFA
application (until 3 days). The results depicted in Figure 3
show that administration of IndOH or IndOH-NC (1 mg-kg™!,
i.p., 2 h after induction of paw oedema, and once a day, for 3
days) significantly reduced the oedema induced by CFA injec-
tion, according to assessment in the sub-chronic protocol.
The calculated inhibition was 21 * 2% (IndOH) and 33 = 4%
(IndOH-NC) and these values were significantly different
(P < 0.05; Figure 3).

CFA-elicited oedema — arthritis model
It is well known that CFA injection into the rat paw evokes a
marked and time-related local oedema, which is observed as

early as 2 h after and persists for up to 28 days, and presenting
signs of systemic alterations. Hence, assessment of CFA-
induced oedema in the later phases (after 14 days) is widely
adopted as an arthritis model (Lorton etal.,, 2000). In
this study, animals received either IndOH or IndOH-NC
(1 mg-kg™, i.p., twice a day, for 8 days), between the 14th and
the 21st day after CFA injection. Both indomethacin formu-
lations were able to significantly reduce the long-term
oedema caused by CFA. In these experiments, IndOH-NC
exhibited a greater inhibition (35 = 2%), than IndOH (14 =
2%) (P < 0.01) (Figure 4).

Determination of cytokine levels in serum

The serum of animals in the arthritis group was collected at 21
days after CFA injection, and it was used for determining
effects of the different indomethacin formulations on the
systemic alterations of cytokine levels. The results demon-
strate that the treatment with IndOH-NC (1 mg-kg™, i.p.,
twice a day, for 8 days), between the 14th and the 21st day
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Figure 4 Effect of indomethacin-loaded nanocapsules (IndOH-NC, 1 mg-kg™'

, i.p., 14 days after induction of paw oedema, twice a day, for

8 days), on rat paw oedema induced by CFA (arthritis model). (A) Indomethacin in solution (IndOH) and calcium carbonate 3% (control); (B)
Indomethacin-loaded nanocapsules (INdOH-NC) and unloaded nanocapsules (NC). Each point represents the mean of 6-8 animals and vertical
lines show the SEM. Asterisks denote the significance levels in comparison to respective control values. *P < 0.05, **P < 0.01.

after CFA injection, produced a striking inhibition in the
production of the pro-inflammatory cytokines TNF-o and IL-6
in serum of CFA-injected rats, by 83 * 8% and 84 = 11%
respectively (Figure SA and B). Furthermore, the same treat-
ment with IndOH-NC induced a marked increase of the anti-
inflammatory cytokine IL-10 by 196 = 55% (Figure 5C).
Conversely, the administration of IndOH (at the same sched-
ule of administration) failed to significantly alter the systemic
production of all analysed cytokines (Figure 5).

Evaluation of gastrointestinal damage

This series of experiments was designed to evaluate the gas-
trointestinal toxicity of IndOH-NC in relation to IndOH, after
the long-term administration of both formulations. For the
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first time, the efficacy and the toxicity were determined using
the same groups treated with nanoencapsulated NSAIDs. For
this purpose, the intestines in the arthritis group of rats (killed
at 21 days) were analysed and the indices of damage were
determined separately for duodenum, jejunum and ileum. As
shown in the Figure 6, the lesion indices in the animals
treated with IndOH-NC were significantly reduced when
compared with the IndOH group, by 58 + 16%, 72 * 6% and
69 = 2%, for duodenum, jejunum and ileum respectively.
When the total lesion index was calculated (i.e. the total score
for the three intestinal regions) the reduction was 68 + 5% in
the IndOH-NC group, compared with the IndOH-treated rats
(Figure 6). The animals treated with NC presented a low but
significant increase (10 = 2%) in the total lesion indexes
when compared with the control group (Figure 6).
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Discussion

The present study was conducted to investigate the potential
actions of IndOH-NC in experimental models of inflamma-
tion in rats. To this end, three classical models of infmallation
in vivo were employed to evaluate the short and long-
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Figure 6 Effect of indomethacin-loaded nanocapsules (IndOH-NC)
(1 mg-kg™" IndOH-NC i.p. every 12 h, 14 days after induction of paw
oedema, for 8 days) on intestine lesional index (LI) of animals in the
arthritis group. Each point represents the mean of 6-8 animals and
vertical lines show the SEM. *Significantly different from the control
group (P < 0.05). **Significantly different from the control group
(P < 0.01). ***Significantly different from the control and unloaded
nanocapsules (NC) groups (P < 0.001). *Significantly different from
the indomethacin in solution group (IndOH) (P < 0.001).

term effects of IndOH-NC, in comparison with IndOH:
carrageenan-induced acute oedema, CFA-induced sub-chronic
inflammation and CFA-induced arthritis. We have also
attempted to compare the gastrointestinal toxicity found in
rats chronically treated with either IndOH-NC or IndOH.

The injection of carrageenan into the rat hindpaw repre-
sents a model commonly employed to study acute inflamma-
tion and pain. The application of carrageenan causes a rapid
formation of oedema, allied to an exacerbated sensitivity to
thermal and mechanical stimuli (Rocha et al., 2006). In this
regard, carrageenan-induced rat paw oedema is widely used
to characterize the mechanisms of action of new anti-
inflammatory drugs or formulations, including NSAIDs (Velo
et al., 1973; Kawamura et al., 2000; Quintao et al., 2005). We
assessed the effects of IndOH-NC in comparison to IndOH,
when both formulations were dosed by two distinct schedules
of administration, before (prophylactic) or after (therapeutic),
the i.d. injection of carrageenan. Our results indicate that
IndOH-NC displays an anti-inflammatory efficacy, which is
similar to that observed for IndOH, according to assessment
in both regimens of treatment. However, no significant dif-
ference was observed between the anti-inflammatory efficacy
for IndOH-NC and IndOH in the carrageenan acute model of
inflammation.

Considering the kinetic properties of polymeric nanocap-
sules, we decided to investigate whether IndOH-NC might
exhibit increased efficacy in long-term models of inflamma-
tion. First, we have assessed its effects in the sub-chronic
model of inflammation induced by CFA, in which the oedema
was measured until 3 days after the application of the inflam-
matory agent. This experimental set revealed that IndOH-NC
presented a significantly higher efficacy in comparison to
IndOH. This encouraging result prompted us to test the anti-
inflammatory efficacy of IndOH-NC in an experimental
model of clinical relevance: CFA-induced arthritis. Repeated
treatment with IndOH-NC produced a marked inhibition of

British Journal of Pharmacology (2009) 158 1104-1111



Indomethacin-loaded nanocapsules in inflammation

1110 A Bernardi et al

CFA-induced long-term oedema formation (between 14 and
21 days), which was significantly greater than that obtained
with IndOH. One plausible explanation for these effects is
that, the nanoencapsulation improves drug efficacy and drug
bioavailability (Couvreur et al., 2002; Schaffazick et al., 2003)
by providing a more sustained drug release to the inflamed
site, according to evaluation in the CFA-arthritis model. It is
important to note that the dose of indomethacin used in the
present study (1 mg-kg') is sub-therapeutic, showing that
anti-inflammatory actions of IndOH-NC were noticeably
enhanced when compared with the same dose of indometha-
cin in solution.

It is well known that lowered pH is one of the hallmarks of
rheumatoid arthritis (Andersson et al., 1999; Levick, 1990).
This pH decline may lead a delay in the indomethacin release
from the nanocapsules, enhancing its anti-inflammatory
effect. Furthermore, plasma protein binding is known to limit
indomethacin cellular uptake, by reducing the free fraction of
the drug in the circulation (Parepally et al., 2006). In this
regard, some characteristics of nanoparticulated systems such
as the carrier size, the polymer type, as well as their surface
features, might induce steric stabilization of nanoparticles,
thus inhibiting protein binding and increasing blood circula-
tion time (Brigger et al., 2002; Brioschi et al., 2007). In this
context, a recent publication (Zhang et al., 2007) revealed that
indomethacin concentrations in plasma were prolonged in
the group treated subcutaneously with indomethacin-loaded
micelles, compared with indomethacin in aqueous solution.
Furthermore, the nanoparticles can accumulate in inflamed
tissues due to the greater microvascular permeability in those
sites. Additionally in our study, the polymeric nanocapsules
were prepared with polysorbate 80, a hydrophilic coating able
to delay the protein plasma binding, increasing the particle
blood circulation time. Accordingly, all of these factors might
well have contributed to the increased efficacy of IndOH-NC
observed in the present study.

As reported in the literature, CFA injection can elicit the
release of a series of inflammatory mediators, including cytok-
ines. Cytokine production is an important event related to the
onset and/or maintenance of inflammatory diseases, such as
asthma, arthritis, sepsis and inflammatory bowel disease,
among others (Laufer, 2003; Meyer, 2003; Stokkers and
Hommes, 2004; Ulloa and Tracey et al., 2005; Woodfolk,
2006). Herein, we sought to determine whether the anti-
inflammatory effects of IndOH-NC in the CFA-arthritis
model, were associated with changes in cytokine generation.
Interestingly, our data demonstrate that treatment with
IndOH-NC was able to produce a significant decrease of the
pro-inflammatory cytokines TNF-o. and IL-6, in the serum
of arthritic rats. More relevantly, the administration of
IndOH-NC also induced a marked increase in the serum levels
of the anti-inflammatory cytokine IL-10. Conversely, no sig-
nificant effect on cytokine production was observed when rats
were treated with indomethacin in solution. Thus, on the
basis of this series of results, it is possible to infer that
increased efficacy of IndOH-NC in comparison to free IndOH,
is likely to be related to its ability to alter cytokine production
in the inflammatory scenario.

Treatment with NSAIDs has been associated with develop-
ment of adverse and severe gastrointestinal effects (Asako
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et al., 1992; Tries et al., 2002). Accordingly, another important
aspect assessed in our study was the gastrointestinal toxicity
of IndOH-NC, when dosed in a chronic schedule of adminis-
tration. Present data clearly demonstrated that animals
treated with IndOH-NC showed a significant reduction of
intestinal lesion indices, when compared with the animals
that received indomethacin in solution. This allows us to
suggest that IndOH-NC formulation displayed a lower level of
adverse effects than that after IndOH, presenting a desirable,
increased gastrointestinal tolerance. Surprisingly, the animals
treated with NC also exhibited a significant increase in the
intestinal lesion indices when compared with the control
group. As previously reported by our group, acute treatment
with the NC formulation did not present a significant gas-
trointestinal toxicity (Guterres et al., 2001; Schaffazick et al.,
2003). It is important to note that in the present study the
animals were treated chronically (1 mg-kg™ i.p. every 12 h for
8 days). Therefore, the low gastrointestinal toxicity caused by
NC formulations was probably due to this prolonged period
of treatment. A relevant point to be discussed is that cytokines
might exhibit an important role in mucosal defence (Robin-
son et al., 2008). Therefore, the reduction of TNFa and IL-6
production, associated with the elevation of IL-10 levels
might well contribute to the reduced gastrointestinal toxicity
observed in the IndOH-NC-treated group.

In summary, the data reported herein clearly demonstrate
that polymeric nanocapsules are able to successfully carry
indomethacin into the inflammatory sites. Of note, in long-
term models of inflammation following CFA injection,
IndOH-NC presented an increased anti-inflammatory efficacy,
allied to an improved gastrointestinal safety. Thus, the
present findings allow us to suggest that IndOH-NC might
constitute a relevant and apparently gastrointestinal safe
therapeutic alternative for the treatment of chronic inflam-
matory diseases, such as rheumatoid arthritis with NSAIDs.
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DISCUSSAO

Nos ultimos anos, materiais biodegradaveis nanoestruturados para
aplicagdes nas diversas areas biomédicas, principalmente como carreadores de
farmacos, biossensores e biomarcadores tem sido foco de intenso estudo (Emerich
et al., 2006; Emerich et al., 2007). Na area farmacéutica os principais objetivos com
carreadores de farmacos concentram-se em aumentar o controle da liberacao, a
especificidade e a seletividade ao local de agdo do farmaco, bem como a
diminuigdo da dose e de seus efeitos colaterais (Couvreur & Vauthier, 2006). O uso
de carreadores de farmacos estd direcionado principalmente para o
desenvolvimento de novas terapias contra o cancer, principalmente naqueles onde
o tratamento ainda é muito limitado, como é o caso dos tumores do SNC.

Os gliomas destacam-se entre os tumores como sendo os mais refratarios
frente aos tratamentos, mesmo com o continuo avangco da radioterapia,
quimioterapia e técnicas cirurgicas (Ohgaki & Kleihues, 2009). Dessa forma, novas
estratégias terapéuticas se fazem necessarias.

Estudos recentes realizados pelo nosso grupo de pesquisa demostraram que
a indometacina exerce um efeito antiproliferativo em linhagens celulares de gliomas
através de uma parada na progressao do ciclo celular (Bernardi et al., 2006). Além
disso, demostrou-se que este efeito antiproliferativo da indometacina é mediado,
pelo menos em parte, pelo aumento no catabolismo de purinas extracelulares
(Bernardi et al., 2007). Considerando a possibilidade de um potencial uso clinico da
indometacina na terapia dos gliomas, o principal aspecto limitante dessa terapia
seria a dificuldade para atingir as células tumorais devido as limitagbes impostas

pela BHE, uma vez que, apdés administrado, mais de 90% deste farmaco liga-se a
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proteinas plasmaticas reduzindo a fragao livre do farmaco na circulagao (Parepally
et al., 2006).

Nesse contexto, aliado as inumeras vantagens que a nanobiotecnologia pode
oferecer, a nossa hipotese € que nanocapsulas poliméricas seriam capazes de
vetorizar a indometacina as células tumorais, sendo, portanto essa formulagdo mais
eficaz em reduzir o crescimento de gliomas quando comparado com o farmaco nao
vetorizado.

Para validar nossa hipétese, primeiramente comparamos o efeito citotdxico
da indometacina em nanocapsulas com o efeito da indometacina em solugdo em
linhagens celulares de gliomas. As linhagens de gliomas, apesar de apresentarem
algumas limitagdes, tém sido extensivamente utilizadas como modelos para estudos
de gliomas in vitro com as mais diversas abordagens. Essas células sé&o
consideradas modelos adequados de estudo uma vez que apresentam diversas
caracteristicas biolégicas dos tumores in vivo, como alto poder proliferativo, invasivo
e expressao de proteinas especificas, sendo representativas de GBM (Grobben et
al., 2002).

Nossos resultados mostram que a indometacina, quando nanoencapsulada,
foi pelo menos 2 vezes mais citotdxica, sendo mais eficaz em diminuir a proliferagao
e viabilidade celular de linhagens de gliomas quando comparada com 0 mesmo
farmaco em solugdo (Capitulo 1, Figuras 1A e 2A, Tabela 1). Para melhor
compreender esse efeito do tratamento com indometacina em nanocapsulas,
utilizamos, nas mesmas condigdes experimentais, nanocapsulas contendo éster
etilico de indometacina. O éster etilico de indometacina tem sido muito utilizado na
literatura como uma ferramenta para elucidar o mecanismo de liberacédo de

farmacos das nanocapsulas (Jager et al., 2007; Cruz et al., 2006; Pohlmann et al.,
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2004). Isso se deve principalmente as diferengas na sua cinética de liberagao (Cruz
et al., 2006). Enquanto a indometacina encontra-se majoritariamente adsorvida na
matriz polimérica, sendo liberada em poucos minutos, o éster etilico encontra-se
predominantemente no nucleo da nanocapsula, precisando de 24h para ser
totalmente liberado para o meio externo. Essas diferencas na cinética de liberagao
explicam os resultados obtidos com as linhagens de gliomas, de modo que o
tratamento com o éster etilico de indometacina em nanocapsulas foi menos eficaz
do que o tratamento com éster etilico em solugdo (Capitulo 1, Figuras 1B e 2B,
Tabela 1). Um curto periodo de exposi¢cdo das células (1 e 3h) as formulagbes
confirmam esses resultados, sugerindo que as formulagbes n&o exercem uma
resposta temporal, sendo necessario apenas o periodo de 1h para as nanocapsulas
serem internalizadas pelas células e assim desencadear os efeitos observados
apos 48 h (Capitulo 1, Figura 3). Ainda considerando as diferengas na cinética de
liberagdo, nos decidimos investigar se a indometacina e o éster etilico de
indometacina poderiam exercer um efeito sinérgico nas células de gliomas. Para
tanto, utilizamos nanocapsulas que possuiam simultaneamente indometacina e
éster etilico de indometacina. Quando as células foram tratadas com esta
formulagao, a redugdo do numero de células foi sinergisticamente maior quando
comparado com as formulagdes que continham apenas indometacina ou éster
etilico de indometacina na mesma concentragao (Capitulo 1, Figura 4). O efeito
sinérgico observado poderia ser explicado pelo fato da indometacina ser liberada
inicialmente causando um efeito antiproliferativo e, a liberagdo prolongada e
sustentada do éster etilico de indometacina, que ¢€ hidrolisado formando

indometacina, ser capaz de sustentar esse efeito antiproliferativo.
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Considerando a inespecificidade da maioria dos agentes antitumorais e
consequentemente os efeitos adversos que sao decorrentes da quimioterapia, nés
avaliamos se o efeito citotdxico das formulagdes aqui estudadas seria seletivo para
as células tumorais. Para tanto, utilizou-se culturas organotipicas de hipocampo de
ratos como modelo de tecido ndo-tumoral. O modelo de cultura organotipica foi
desenvolvido em 1981 por Gahwiler e modificado por Stoppini e colaboradores em
1991. Esse modelo é uma ferramenta adequada para o estudo de novos compostos
farmacolégicos uma vez que se aproxima das condigbes observadas in vivo,
mantendo as caracteristicas fisiolégicas, a arquitetura celular e as conexdes
intercelulares (Stoppini et al., 1991; Xiang et al., 2000; Holopainen, 2005). Nossos
resultados mostraram que a exposigao das culturas organotipicas as formulagdes
de nanocapsulas contendo indometacina ou éster etilico de indometacina nao
provocou dano celular ao tecido nao-tumoral, enquanto que nas mesmas condi¢des
experimentais essas formulagdes causaram significativa morte celular das células
de glioma em cultura (Capitulo 1, Figuras 5 e 6). E importante ressaltar que a
concentracédo em que a cultura organotipica foi exposta (50 uM) é 10 vezes maior
que a concentracdo que foi citotoxica (5 pM) para as linhagens de gliomas,
sugerindo uma citotoxicidade seletiva dessa formulagéo para as células tumorais
(Capitulo 1, Figuras 5 e 6).

Realizados esses experimentos iniciais com modelos in vitro, seguimos o
nosso estudo avaliando o efeito do tratamento sistémico com indometacina em
nanocapsulas em modelo in vivo de gliomas implantados em cérebro de ratos. O
modelo de implante de células C6 de glioma em cérebro de ratos foi primeiramente
proposto por Takano e colaboradores (2001) e é adequado para estudos que

investigam a biologia desses tumores, bem como o estudo de novas abordagens
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terapéuticas no tratamento dos gliomas. A literatura relata que as células C6 de
glioma implantadas em cérebro de ratos Wistar e Sprague-Dawley expressam
varios fatores de crescimento como FGF, EGF, PDGF e VEGF e seus receptores,
apresentando significativamente a capacidade proliferativa e o poder de invasao
(Chicoine & Silbergeld, 1995; Takano et al., 2001; Auguste et al., 2001). Em estudo
prévio realizado em nosso laboratério, validou-se esse modelo para o estudo de
drogas com potencial agdo quimioterapica, uma vez que ratos tratados com
temozolomida, farmaco de escolha para o tratamento de gliomas, apresentaram um
aumento significativo da sobrevida (Morrone et al., 2006).

No presente estudo, utilizando modelo in vivo de gliomas, as células foram
implantadas no striatum dos animais e apds 10 dias do implante do tumor, a
indometacina em nanocapsulas foi administrada intraperitonealmente durante 10
dias consecutivos. Através da analise histopatolégica das laminas de H&E foi
possivel observar que os animais tratados com concentragdes sub-terapéuticas de
indometacina em nanocapsulas apresentaram uma significativa redugéo no volume
do tumor (Capitulo 2, Figura 1). Outro aspecto importante € que os tumores
apresentaram caracteristicas histopatolégicas que sao semelhantes aquelas
encontradas nos GBMs de pacientes, como crescimento nos espagos
intraventricular e intraparenquimal, além do elevado indice proliferativo,
caracteristicas de pseudopaligada periférica, proliferacéo vascular, edema, necrose
coagulativa, dentre outros (Capitulo 2, Tabela 2 e Figura 2). E importante ressaltar
que o tratamento com indometacina em nanocapsulas, além de reduzir o tamanho
do tumor, foi capaz de reduzir as caracteristicas histopatolégicas de malignidade
dos tumores como as caracteristicas de pseudopaligada periférica, indice mitético,

necrose, hemorragia intratumoral e proliferagao vascular (Capitulo 2, Tabela 2 e
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Figura 2). Esses resultados foram observados apenas quando os animais foram
tratados com indometacina em nanocapsulas, sendo que o tratamento com
indometacina em solugdo ndao causou alteragdes significativas em relagdo aos
animais controles (Capitulo 2, Figura 2, Tabela 2). Além disso, um dado importante
foi que apenas 50% dos animais tratados com indometacina em nanocapsulas
apresentaram no tecido cerebral uma massa tumoral possivel de ser analisada e
quantificada pela coloragdo de H&E (Capitulo 2, Tabela 2). Os outros 50% dos
animais apresentaram um tecido cerebral que continha células tumorais isoladas
com caracteristicas semelhantes a tumores residuais. Para confirmar a hipétese de
que os tumores teriam involuido com o tratamento de indometacina em
nanocapsulas e que estas células seriam células tumorais, realizou-se uma analise
de imunohistoquimica com a nestina, uma proteina de citoesqueleto, caracteristica
de células tronco-neurais e GBMs (Dahlstrand et al., 1992; Wiese et al., 2004,
Schiffer et al., 2006). Embora seja expressa apenas em uma subpopulagéo de
células de GBM, a nestina é considerada um marcador especifico para este tipo de
tumor, estando relacionada com o potencial tumorigénico (Singh et al., 2004; Mao et
al., 2007; Ma et al., 2008). Além disso, Stronjinik e colaboradores relatam que a
expressdo de nestina esta diretamente relacionada com o aumento do grau de
malignidade dos gliomas, podendo ser relacionada com a sobrevida dos pacientes
(Stronjinik et al., 2001). Além disso, as células nestina positivas estariam localizadas
principalmente na periferia da massa tumoral, estando relacionada com a
capacidade de invadir o tecido normal adjacente (Stronjinik et al., 2007; Maderna et
al.,, 2007). Nossos resultados mostraram que as células que apresentaram
caracteristicas de tumor residual apresentaram imunodetecc¢éo positiva para nestina

que, embora menos intensa que nos tumores dos animais controles, confirmaram a
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nossa hipotese de que seriam células de GBM que involuiram com o tratamento
com indometacina em nanocapsulas (Capitulo 2, Figura 3).

Como ja citado na introdugéo desta tese, dentre as varias caracteristicas
envolvidas na agressividade dos gliomas, pode-se destacar a proliferagéo
descontrolada e a angiogénese que esses tumores apresentam (Konopka & Boni,
2003). Muitas estratégias terapéuticas tém sido desenvolvidas na tentativa de inibir a
angiogénese em gliomas como o bloqueio na produgao de fatores de crescimento, a
neutralizacdo de fatores de crescimentos circulantes, a inibicido da ativacdo de
receptores tirosina-cinases e consequente inibicido das vias de sinalizacdo que
levam a proliferagdo celular (Lakka et al., 2008; Wong et al., 2009). Através da
técnica de imunohistoquimica para Ki67 e VEGF, marcadores de proliferagao e
angiogénese, respectivamente, nossos resultados demonstraram que a
indometacina em nanocapsulas exerce efeito antiproliferativo e anti-angiogénico nos
gliomas enquanto a indometacina em solugdo nao apresentou efeitos significativos
(Capitulo 2, Figura 4, Tabela 3). A redugédo na marcagao com Ki67 nos tumores dos
animais tratados com indometacina em nanocapsulas confirmam os resultados
apresentados no presente trabalho onde se observou uma redugéo significativa no
indice mitdtico através da quantificagdo por H&E (Capitulo 2, Tabela 1). Os efeitos
farmacoldgicos antiproliferativo e anti-angiogénico sdo fundamentais na terapia anti-
glioma, uma vez que as propriedades invasivas desses tumores sdo dependentes da
presenca de novos vasos e da capacidade proliferativa das células (Kim & Lee,
2009). A diminuicdo na neovascularizagdo poderia representar um suprimento
vascular insuficiente que, dessa forma, poderia ser um fator limitante para o
crescimento tumoral. De acordo com dados da literatura, a angiogénese é

determinada pelo balango entre fatores pré- e anti-angiogénicos que sédo secretados
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principalmente pelas préprias células tumorais e células endoteliais, dentre outras
(Fukumura et al., 1998 ; Tandle et al., 2004 ; Kim & Lee, 2009). Em tumores solidos
incluindo os gliomas, a expressdo de VEGF tem sido predominantemente maior em
regides adjacentes as regides de necrose (Shweiki et al., 1992; Ferrara, 2004).
Esses dados juntamente com outros trabalhos da literatura indicam que em regides
da massa tumoral onde ha concentragbes reduzidas de oxigénio, ha a indugédo do
fator-1 induzivel por hipéxia que ativa a transcricdo de genes que elevam a
expressdo de VEGF (Sheweiki et al., 1992; Maxwell et al., 1997, Vredenburgh et al.,
2007). Assim, pode-se dizer que a angiogénese e a proliferagdo celular estédo
intimamente relacionadas, uma vez que VEGF é capaz de suprimir a expressao de
proteinas pro-apoptoticas como Bax e, ao mesmo tempo, ativar a sinalizagao de vias
de proliferagao e sobrevivéncia celular como MAPK e PI3K/AKT (Wheeler-Jones et
al., 1997 ; Gerber et al., 1998a; Gerber at al., 1998b). Dessa forma, a redugédo do
volume do tumor e das caracteristicas de malignidade observadas no presente
estudo pode ser explicada pelos efeitos antiproliferativo e anti-angiogénico
desencadeados pela indometacina em nanocapsulas. Além disso, € importante
ressaltar que COX-2 e citocinas tém sido descritas como fatores que podem regular
a expressao de VEGF em diferentes tumores (Williams et al., 1999; Kang et al.,
2007). Considerando que os gliomas superexpressam COX-2 (Joki et al., 2000;
Matsuo et al., 2001; Prayson et al., 2002) e que a indometacina € um potente inibidor
dessa enzima, essa inibicado poderia explicar, pelo menos em parte, o efeito anti-
angiogénico aqui observado.

Considerando os importantes resultados observados até o momento com o
tratamento dos animais com indometacina em nanocapsulas, nds investigamos a

biodisponibilidade da indometacina no tecido cerebral. Através da analise por HPLC,
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a indometacina foi quantificada no hemisfério ipsilateral e também no hemisfério
contralateral ao implante do tumor. Nossos resultados mostraram que as
nanocapsulas utilizadas foram capazes de vetorizar a indometacina para o tecido
cerebral e que concentragdes maiores do farmaco foram detectadas no hemisfério
cerebral onde o tumor foi implantado (Capitulo 2, Figura 5). Além disso, € importante
ressaltar que os animais tratados com indometacina em solugao nao apresentaram
concentragdes detectaveis do farmaco em ambos os hemisférios cerebrais (Capitulo
2, Figura 5). Com base nesses resultados, sugerimos que a indometacina em
solugdo nao foi eficaz em reduzir o tamanho do tumor por n&o ter conseguido atingir
o tecido cerebral e consequentemente o tecido tumoral, provavelmente pelo fato de
nao ter sido capaz de atravesar a BHE. Os mecanismos pelos quais nanoparticulas
poliméricas atravessam a BHE ainda n&o sdo completamente elucidados.
Entretanto, considerando as hipéteses sugeridas pela literatura e os resultados aqui
obtidos, podemos sugerir alguns mecanismos. Considerando que o polisorbato 80
esta presente na composicao das nanocapsulas utilizadas no presente estudo, e que
este é capaz de promover a adsorgdao de proteinas plasmaticas como a
apolipoproteina E as nanocapsulas, nés sugerimos que as nanoparticulas com
apolipoproteina E adsorvida poderiam ser transportadas pelas células endoteliais da
BHE através de endocitose receptor-mediada. Entretanto, ndo pode ser descartada
a possibilidade de adesdo das nanocapsulas nas células endoteliais da BHE e
subsequente trancitose, a modulagdo das tight junction ou a inibicdo da
glicoproteina-P (Calvo et al., 2001; Kreuter et al., 2003; Vauthier et al., 2003). O fato
de a indometacina estar presente em maior concentragdo no hemisfério cerebral
onde o tumor foi implantado pode ser explicado por varios motivos. Primeiramente,

deve-se ressaltar que os fatores pré-angiogénicos secretados pelas células do
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glioma, bem como o processo inflamatério que acompanha o crescimento tumoral,
contribuem para alteracbes de permeabilidade microvascular, alterado a
permeabilidade da BHE e facilitando dessa forma o direcionamento das
nanoparticulas para o tecido tumoral. Além disso, as diferengas na vasculatura e
permeabilidade microvascular do tumor e do tecido saudavel adjacente poderiam
explicar o acumulo das nanocapsulas no tecido tumoral, uma vez que devido ao
tamanho reduzido, nanoparticulas sdo capazes de penetrar em pequenos capilares.
E importante ressaltar que o compartimento intersticial dos tumores soélidos é
predominantemente constituido de colageno, hialuronato e proteoglicanos, que
formam um gel hidrofilico (Jain, 1987). Essas caracteristicas poderiam explicar o
acumulo das nanocdapsulas no tecido tumoral resultando no denominado “efeito de
aumento de retencdo e permeabilidade”. Além disso, considerando que as
nanocapsulas utilizadas no presente estudo sao constituidas de polimeros
biodegradaveis, uma liberagcéo sustentada do farmaco no sitio de agéo poderia ter
contribuido para os efeitos observados. A soma de todos esses fatores
provavelmente contribuiu para a vetorizacdo cerebral e consequentemente efeito
antitumoral observado.

Uma vez que os agentes quimioterapicos utilizados na clinica séo, na maioria
das vezes, inespecificos causando, portanto efeitos adversos aos tecidos normais,
nds investigamos os potenciais efeitos adversos do tratamento com indometacina
em nanocapsulas. Nossos resultados mostraram que o tratamento com
indometacina em nanocapsulas ndo causou mortalidade nos animais e ainda
impediu a perda de peso em decorréncia do tumor, observada nos animais controles
(Capitulo 2, Figura 6). A necropsia dos animais ao término dos tratamentos néo

demonstrou alteragdes macroscopicas nos érgaos examinados (figado, estdémago,
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rim, coragdo e pulmao). Além disso, a analise microscopica desses 6rgaos através
da coloragdo de H&E indicou auséncia de toxicidade. A auséncia de toxicidade
hepatica foi confirmada pela dosagem das enzimas alanina aminotrasferase,
aspartato aminotransferase, fosfatase alcalina e gama-glutamil transferase. Assim,
pode-se afirmar que os efeitos da indometacina em nanocapsulas, pelo menos na
concentracdo utilizada no presente estudo e nestas condicbes experimentais,
exerceram citotoxicidade seletiva para as células tumorais.

Um resultado bastante promissor do presente trabalho foi que o tratamento
com indometacina em nanocapsulas foi capaz de aumentar a sobrevida dos animais
(Capitulo 2, Figura 7). O aumento da sobrevida € um objetivo bastante almejado no
tratamento de pacientes com gliomas, uma vez que ainda nao existe cura para essa
doencga. Apesar dos grande avangos em neuroradiologia, neurocirurgia, radioterapia
e quimioterapia, a sobrevida média dos pacientes com gliomas pouco se alterou nos
ultimos 30 anos (Bondy et al.,, 2008). Dessa forma, este resultado pode ser
considerado bastante promissor.

Assim, o conjunto de resultados obtidos nestes dois primeiros capitulos desta
tese nos mostram que a indometacina foi vetorizada ao tecido cerebral pelas
nanocapsulas, sendo detectada majoritariamente no tecido tumoral, exercendo
portanto um efeito citotoxico seletivo. Os resultados observados sédo bastante
promissores, considerando as limitagbes das atuais terapias farmacoldgicas para
gliomas. Além disso, estamos aliando as inUmeras vantagens que as nanoparticulas
oferecem quando se busca uma vetorizagao de farmacos a minimizagao dos efeitos
adversos de um farmaco que ja possui dados farmacocinéticos bastante conhecidos

por ser amplamente utilizado na terapéutica com outras finalidades.
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Como ja mencionado na Introdugdo desta tese, o tratamento de doencgas
neurodegenerativas € outro grande desafio devido principalmente as limitagcoes
impostas BHE. Considerando os resultados obtidos no Capitulo 2, onde as
nanocapsulas poliméricas foram eficazes em vetorizar a indometacina ao tecido
cerebral e que AINEs tém sido descritos pela literatura como promissores no
tratamento de varias desordens neurodegenerativas (Mingheti et al., 2007 ;
Canlelario-Jalil & Fiebich, 2008; Ahmad et al., 2009), nés investigamos o potencial
efeito neuroprotetor da indometacina em nanocapsulas em culturas organotipicas de
hipocampo de ratos submetidas a privagdo de oxigénio e glicose. Como descrito
anteriormente, Capitulo 1, a cultura organotipica € um modelo adequado para o
estudo de novos compostos farmacolégicos devido a manutengao da citoarquitetura
do tecido e pela possibilidade de ser mantida em cultivo por longos periodos
preservando as caracteristicas de maturagdo observadas in vivo (Stoppini et al.,
1991; Xiang et al., 2000; Tavares et al., 2001; Holopainen, 2005). Além disso,
estudos de morte celular (Horn et al., 2005; Cavaliere et al., 2006; Frozza et al.,
2008) e inflamagéao (Skibo et al., 2000; Hailer et al., 2005; Strassburger et al., 2008)
sdo extensamente realizados neste modelo, o que justifica a sua utilizagdo no
presente trabalho.

No Capitulo 3, inicialmente avaliamos se o tratamento com indometacina em
nanocapsulas durante um periodo de 60 min de privagdo de oxigénio e glicose
(POG), o qual mimetiza um insulto isquémico, bem como durante as 24h
subsequentes (periodo de re-oxigenagao), seria capaz de prevenir o dano celular
induzido. Nossos resultados mostraram que o tratamento com indometacina em
nanocapsulas exerceu um significativo efeito neuroprotetor frente a injuria

desencadeada pela POG (Capitulo 3, Figura 1). Por outro lado, quando as culturas
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foram tratadas nas mesmas condicdes experimentais com a indometacina em
solucéo, este efeito neuroprotetor nao foi observado. Uma plausivel explicacao para
estes resultados é que as nanocapsulas estariam proporcionando um aumento na
distribuicdo da indometacina pelo tecido, sendo que esta liberacdo pelas
nanocapsulas proporcionaria maiores concentracdes intracelulares do farmaco. Além
disso, considerando que o processo inflamatdério esta presente no insulto isquémico,
este poderia estar contribuindo para a distribuicdo da indometacina através das
alteracdes de permeabilidade entre as células.

Na sequéncia, investigamos os mecanismos moleculares pelos quais a
indometacina em nanocapsulas poderia estar exercendo esse efeito neuroprotetor.
Inicialmente analisamos vias de sinalizagcdo celular que tém sido descritas como
fundamentais para a sobrevivéncia celular. As vias da ERK1/2 e JNK sao ativadas
de forma sustentada apdés um insulto isquémico exercendo assim um papel
fundamental no dano neuronal tardio (Sugino et al., 2000; Nozaki et al., 2001; Ferrer
et al., 2003). A ativagdo dessas enzimas leva a transcricdo de fatores e citocinas
pré-inflamatérias envolvidas na morte celular (Xia et al., 1995). Dessa forma,
manipulag¢des farmacoldgicas que consigam reduzir essa ativagao sao consideradas
promissoras para o tratamento da isquemia cerebral (Mehta et al., 2007). Nossos
resultados mostraram que o tratamento com indometacina em nanocapsulas foi
capaz de prevenir significativamente a fosforilacdo e consequente ativagcdo de
ERK1/2 e JNK, levando os niveis de fosforilagdo dessas enzimas a niveis
comparaveis com os controles (Capitulo 3, Figuras 2 e 3).

A morte celular observada nas culturas submetidas a POG é acompanhada
pelo processo inflamatério que contribui para o dano celular observado. Apdés um

insulto isquémico, os astrocitos sédo ativados induzindo a um aumento na expresséo
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da proteina GFAP, o que caracteriza o processo denominado astrogliose reativa
(Pekny & Nilsson, 2005). Além disso, juntamente com a microglia ativada, os
astrdcitos secretam moléculas que sao capazes de induzir excitotoxicidade, estresse
oxidativo e inflamagédo. Dentre estas moléculas pode-se citar o glutamato, citocinas
como TNF-a, IL-18 e IL-6, prostaglandinas e o radical superéxido (Block et al.,
2007). Contribuindo para a resposta inflamatéria no tecido isquémico, a proteina
iINOS é superexpressa por astrdcitos e microglia em situagdes de estresse celular
possuindo papel fundamental na neurotoxicidade. A superexpressdao na iNOS
contribui para a sintese de NO, que conjugado ao anion superéxido forma
peroxinitrito, composto altamente reativo também envolvido com a neurotoxicidade
(Xie et al., 2002). Além disso, o NO por si s6 é capaz de induzir a morte celular de
neurdnios, principalmente por sua capacidade de inibicao da cadeia respiratéria e
pelo aumento da liberagdo de glutamato e consequente excitotoxicidade por ele
desencadeada (Bal-Price & Brown, 2001). Ja foi demonstrado também que a iINOS
pode ter a sua expressao aumentada em resposta a secrecdo de citocinas como
TNF-a, IL-1B e IL-6 (Minghetti & Levi, 1998; Combs et al., 2001). Além disso, sabe-
se que o NO é capaz de aumentar a expressao de COX-2, propagando assim a
reagao inflamatoria (Paoletti et al., 1998). Os resultados do presente trabalho
mostraram que o tratamento com indometacina em nanocapsulas foi capaz de
reduzir a ativagdo glial como observado pelo significativo decréscimo no
imunoconteudo das proteinas INOS e GFAP (Capitulo 3, Figuras 4 e 5). Além disso,
o tratamento com indometacina em nanocapsulas reduziu a ativagdo microglial,
como pode ser observado pela diminuigdo da reatividade da Isolectina B4 (Capitulo
3, Figura 6). Assim, nés propomos que o efeito neuroprotetor da indometacina em

nanocapsulas poderia ser consequéncia da prevengao da ativagéo glial e microglial.
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Considerando esses resultados observados sobre parametros inflamatérios,
nds seguimos nossa investigagdo avaliando o envolvimento das citocinas no efeito
neuroprotetor desencadeado pela indometacina em nanocapsulas. Como
observado, os resultados do tratamento com essa formulacdo causou um
significativo decréscimo nos niveis secretados das citocinas IL-6, IL-18 e TNF-a
(Capitulo 3, Figuras 7A, 7B e 7C). Essa redugao poderia contribuir, pelo menos em
parte, com o efeito neuroprotetor aqui observado. Citocinas pro-inflamatérias sao
descritas por desempenhar um papel importante na isquemia cerebral (Han and
Yenari et al., 2003). Estudos clinicos demonstram que o aumento de IL-6 no soro de
pacientes que sofreram isquemia cerebral tem sido relacionado com o agravamento
neurolégico destes pacientes (Vila et al., 2001). Em modelos experimentais de
isquemia, a expressdao aumentada de IL-1B por neurbnios e astrocitos, esta
relacionada com a inducdo da liberacdo de acido araquiddnico e estimulacao de
iINOS (Huang et al., 2006). O TNF-a. € uma das principais citocinas liberadas pela
microglia ativada, pelos astrocitos reativos e pelos neurénios, sendo considerado o
principal mediador da neuroinflamagédo (Sriram & O’Callaghan, 2007). Em
concentracbes aumentadas, € um importante estimulador de neurotoxicidade
principalmente por alterar a permeabilidade da BHE, facilitando assim a infiltrac&do de
células do sistema imunolégico (Sriram & O’Callaghan, 2007). Além disso, o TNF-a
€ capaz de inibir a recaptagao de glutamato pela glia, potencializando assim o efeito
citotoxico do glutamato (Zou & Crews, 2005). Ja foi demonstrado também que niveis
aumentados de TNF-a sdo capazes de aumentar os niveis da COX-2, responsavel
pela formagao de prostandides e propagacao da resposta inflamatdria, culminando
também com a neurotoxicidade e morte neuronal (Eligini et al., 2005). Assim,

considerando que a indometacina € um potente inibidor de COX-2, essa inibigdo
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poderia explicar, pelo menos em parte, o efeito neuroprotetor aqui observado. E
importante ressaltar, que as citocinas secretadas pelas células que sofreram um
insulto isquémico talvez ndo sejam diretamente responsaveis pela neurotoxicidade
observada, entretanto sdo capazes de induzir direta ou indiretamente a ativagéo glial
e microglial, de modo que se torna um ciclo de retroalimentagéo positiva culminando
em excitotoxicidade. Considerando que citocinas pré-inflamatoérias, proteinas como
ERK1/2 e JNK, além da COX-2 podem ser superexpressas no periodo de
reoxigenagao (Wang et al., 2007), este momento € descrito como crucial para uma
intervencdo farmacolégica com o intuito de prevenir a morte neuronal tardia, uma
caracteristica da lesdo isquémica (Mehta et al., 2007).

Outro resultado relevante, é que o tratamento com indometacina em
nanocapsulas foi capaz de aumentar os niveis da proteina anti-inflamatéria IL-10
(Capitulo 3, Figura 7D). O aumento desta citocina esta relacionado com efeitos
neuroldgicos benéficos em pacientes que sofreram um insulto isquémico (Vila et al.,
2003; Wang et al., 2007). Além disso, a IL-10 pode atuar inibindo as agdes de IL-13
e TNF-a, suprimindo a ativagdo e/ou expressao de seus receptores especificos
(Wang et al., 2007).

Com base nos resultados apresentados neste terceiro Capitulo, podemos
afirmar que indometacina em nanocapsulas foi eficaz em reduzir o dano celular
ocasionado pela POG devido a agdo simultdnea de varios mecanismos: 1)
prevencao da ativagao das vias ERK1/2 e JNK; 2) prevengdo da ativagéo glial e
microglial; 3) redugédo nos niveis de citocinas pro-inflamatérias como TNF-a, IL-1B e
IL-6; 4) aumento nos niveis da citocina anti-inflamatéria IL-10.

Embora mais estudos utilizando modelo in vivo de isquemia cerebral sejam

necessarios para confirmar a nossa hipodtese, a indometacina em nanocapsulas
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pode ser considerada um bom candidato para a intervengdo famacolégica em
insultos isquémicos, uma vez que ela pode ser vetorizada ao tecido cerebral, como
mostrado no Capitulo 2, além de atuar bloqueando a neuroinflamacao envolvida na
excitotoxicidade desencadeada por um evento isquémico.

Considerando os efeitos anti-inflamatérios da indometacina em nanocapsulas
observados no SNC (Capitulo 3), o Capitulo 4 teve por objetivo comparar a eficacia
anti-inflamatéria de concentragcdes sub-terapéuticas da indometacina em
nanocapsulas e da indometacina em solugcao administradas intraperitonealmente em
modelos de inflamagéo periférica. Para tanto, utilizou-se os seguintes modelos de
edema de pata em ratos: modelo de inflamagao aguda induzido por carragenina,
modelo de inflamacao subcrbénica induzida por CFA e modelo de inflamacao crénica
induzido por CFA (modelo de artrite). A artrite € uma doencga inflamatéria crénica que
compromete a qualidade de vida dos pacientes por ela acometidos devido as suas
severas manifestagdes clinicas. Além disso, considerando que o uso crbnico da
indometacina, em doengas como a artrite, esta frequentemente associado a
disturbios gastrointestinais, investigamos se esses efeitos colaterias poderiam ser
minimizados quando a indometacina fosse administrada na formulagdo de
nanocapsulas poliméricas.

Como mencionado na Introdugdo, a injecdo intraplantar de carragenina ou
CFA sao considerados modelos adequados para o estudo de inflamagao e dor,
sendo amplamente utilizados para a caracterizagcdo de novos farmacos ou de
compostos com potencial atividade anti-inflamatéria (Valo et al., 1973; Kawamura et
al., 2001; Quintdo et al., 2008). Assim, inicialmente nés comparamos o efeito da
indometacina em nanocapsulas com o efeito da indometacina em solugdo em

modelo agudo de inflamagéao utilizando dois protocolos de tratamento, um profilatico

130



e outro terapéutico. No protocolo profilatico as formulagcdes foram administradas
intraperitonealmente uma Unica vez antes da inducao do edema, enquanto que no
protocolo terapéutico as formulacbes foram administradas da mesma maneira,
porém apds a inducdo do edema. Em ambos os protocolos, o tratamento com
indometacina em nanocapsulas reduziu o edema induzido pela carragenina, de
maneira similar aquele desencadeado pela indometacina em solugédo (Capitulo 4,
Figuras 1 e 2). O fato do tratamento com indometacina em nanocapsulas nao ter
sido mais eficaz em reduzir o edema poderia ser explicado pelo fato de que estes
protocolos de tratamento nao foram suficientes para as nanocapsulas
proporcionarem uma maior biodisponibilidade da indometacina no tecido inflamado.
Quando utilizamos o modelo subcrbénico de inflamacao, onde o edema foi avaliado 3
dias apos a aplicagéo do CFA e as formulagdes foram administradas durante 3 dias
consecutivos, a indometacina em nanocapsulas mostrou-se mais eficaz em reduzir o
edema quando comparada ao efeito da indometacina em solugao (Capitulo 4, Figura
3). Da mesma forma, quando utilizamos o modelo de artrite, modelo crénico de
inflamagao onde as formulagbdes foram administradas durante 8 dias consecutivos, a
eficacia anti-inflamatéria da indometacina em nanocapsulas foi ainda mais
significativa (Capitulo 4, Figura 4). Os resultados observados poderiam ser
explicados pelo fato da administracéo repetida de indometacina em nanocapsulas
ser capaz de propiciar uma eficiente vetorizacdo do farmaco para o local de agéo
aumentando assim a sua biodisponibilidade. De acordo com o que é descrito pela
literatura, as alteragbes de permeabilidade microvascular do processo inflamatério
poderiam facilitar dessa forma o direcionamento das nanocapsulas para o tecido
inflamado propiciando assim o seu acumulo (Couvreur e Vauthier, 2006). Além

disso, considerando que no processo inflamatério da artrite reumatéide existe uma
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diminuigao do pH (Andersson et al., 1999; Levick et al., 1990) associado a alteragbes
na drenagem linfatica, essas alteragbes poderiam explicar a maior eficacia
observada pelo tratamento com indometacina em nanocapsulas, uma vez que nesta
condicdo de pH diminuido a indometacina é liberada mais lentamente das
nanocapsulas, havendo assim a possibilidade de um efeito sustentado.
Considerando que as citocinas possuem papel fundamental na resposta
inflamatéria presente nos modelos de artrite (Laufer, 2003; Meyer, 2003), néds
avaliamos se a eficacia anti-inflamatéria da indometacina em nanocapsulas
observada no modelo de artrite utilizado no presente estudo poderia ser mediada por
alteragdes na produgao das citocinas IL-6, TNF-a e IL-10. As dosagens no soro dos
animais tratados com indometacina em nanocapulas demonstraram uma significativa
reducao nos niveis das citocinas pro-inflamatérias TNF-a e IL-6 (Capitulo 4, Figuras
5A e 5B). Outro resultado importante observado neste estudo foi o significativo
aumento nos niveis da citocina anti-inflamatéria IL-10 apés o tratamento com
indometacina em nanocapsulas (Capitulo 4, Figura 5C). No grupo de animais
tratados com indometacina em solugéo, nenhuma alteracao significativa nos niveis
de citocinas foi observada quando comparada ao grupo controle (Capitulo 4, Figura
5). Assim, a maior eficacia anti-inflamatéria observada pelo tratamento com
indometacina em nanocapsulas pode ser explicado, pelo menos em parte, pela sua
maior biodisponibilidade e consequente habilidade em alterar a produgdo de
citocinas no cenario inflamatério, especialmente o TNF-a. Esta capacidade do
tratamento com indometacina em nanocapsulas alterar os niveis séricos de TNF-a é
extremamente relevante uma vez que os pacientes acometidos pela artrite, além de
utilizarem AINEs, frequentemente fazem uso de terapia anti-TNF-a para minimizar a

sintomatologia da doenga.
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A tentativa de minimizar os efeitos gastrointestinais adversos causados pela
indometacina tem sido um objetivo constante de estudos utilizando carreadores de
farmacos (Ammoury et al., 1991; Fawaz et al., 1993). Dessa forma, considerando as
limitagbes do emprego terapéutico da indometacina na clinica, um resultado
bastante relevante deste Capitulo 4 é que o tratamento crénico com indometacina
em nanocapsulas foi capaz de diminuir de forma significativa a toxicidade
gastrointestinal quando comparado com o tratamento de indometacina em solugao
(Capitulo 4, Figura 6). A vetorizagdo da indometacina pelas nanocapsulas foi capaz
de prevenir a toxicidade gastrointestinal causada pela indometacina, provavelmente
pelo fato das nanocapsulas impedirem o contato direto do farmaco com a mucosa
intestinal. Este resultado estd de acordo com estudos prévios de nosso grupo de
pesquisa que demonstram que nanoparticulas sdo capazes de prevenir os efeitos
ulcerativos de AINEs como o diclofenaco (Guterres et al., 1995; Guterres et al.,
2000; Guterres et al., 2001). E importante considerar que a produgéo de citocinas
pode exibir um importante papel protetor da mucosa gastrointestinal (Robinson et
al., 2008). Dessa forma, a redugédo nos niveis de TNF-a e IL-6, associado com o
aumento dos niveis de IL-10 poderia contribuir para a reducdo da toxicidade
gastrointestinal observada nos animais tratados com indometacina em
nanocapsulas. Com base nos resultados apresentados neste Capitulo 4, podemos
concluir que as nanocapsulas foram eficazes em vetorizar a indometacina aos sitios
de inflamacgéo, apresentando uma eficacia terapéutica de modo que esta formulagao
poderia ser considerada um candidato promissor para o tratamento de doencgas

inflamatdrias crénicas como a artrite reumatodide.
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CONCLUSOES

Gerais:
Os resultados do presente estudo apresentam novas possibilidades de
aplicagado terapéutica para a indometacina, farmaco que possui dados
farmacocinéticos ja bem estabelecidos pelo fato de ser amplamente utilizado

na terapéutica com finalidade anti-inflamatéria.

Especificas:

v" A indometacina em nanocapsulas foi mais eficaz em reduzir a viabilidade e a
proliferagdo celular em linhagens de gliomas e esse efeito citotoxico foi
seletivo para as células tumorais como evidenciado pela auséncia de

toxicidade sobre culturas organotipicas de hipocampo de ratos. (Capitulo 1).

v' As nanocapsulas foram capazes de vetorizar a indometacina ao tecido
cerebral, sendo que o tratamento sistémico com essa formulacao foi eficaz
em reduzir o volume do tumor e suas caracteristicas histopatolégicas de
malignidade, devido aos efeitos antiproliferativo e anti-angiogénico

observados. (Capitulo 2).

v' O tratamento com indometacina em nanocapsulas exerceu efeito
neuroprotetor em culturas organotipicas de hipocampo de ratos submetidas a

privacdo de oxigénio e glicose. Esse efeito foi mediado pelo diminuicdo da
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neuroinflamagado envolvida na excitotoxicidade do insulto isquémico.

(Capitulo 3).

O tratamento com indometacina em nanocapsulas apresentou maior eficacia
anti-inflamatéria quando comparada ao tratamento com indometacina em
solugdo nos modelos de inflamagao subcrénica e crénica (modelo de artrite).
A vetorizagao da indometacina pelas nanocapsulas foi capaz de prevenir a
toxicidade gastrointestinal observada pelo tratamento com indometacina em

solugao (Capitulo 4).
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PERSPECTIVAS

Como continuagdo desse trabalho, pretende-se trabalhar com os seguintes

objetivos:

v

Utilizando nanoparticulas fluorescentes, determinar através de microscopia
confocal, se estas sdo internalizadas pelas células de glioma e em quais
compartimentos celulares encontram-se localizadas;

Determinar, através da imunodeteccao para CD133, se o tratamento com
indometacina em nanocapsulas é capaz de atuar sobre a subpopulacao de
células-tronco neurais presentes no gliomas;

Investigar os possiveis mecanismos de transducdo de sinal envolvidos no
efeito antiproliferativo e anti-angiogénico da indometacina em nanocapsulas
nos gliomas;

Estudar o efeito do tratamento de outros AINEs em nanocéapsulas sobre o
crescimento de gliomas implantados em cérebro de ratos;

Estudar o efeito neuroprotetor da indometacina em nanocapsulas em um
modelo in vivo de isquemia cerebral e investigar os possiveis mecanismos de
acao através da andlise dos mesmos parametros de neuroinflamacao que
foram estudados nas culturas organotipicas;

Estudar a eficacia anti-inflamatéria do tratamento com outros AINEs em
nanocapsulas em modelos de inflamagéo aguda e crénica em ratos.

Avangar investigando o potencial uso clinico da indometacina em

nanocapsulas no tratamento de gliomas e de artrite.

136



REFERENCIAS

Abraham MH, Chadha HS, Mitchell RC (1994). Hydrogen bonding 33. Factors that
influence the distribution of solutes between blood and brain. J. Pharm. Sci.
83:1257-1268.

Ahmad M, Zhang Y, Liu H, Rose ME, Graham SH (2009). Prolonged opportunity for
neuroprotection in experimental stroke with selective blockade of
cyclooxygenase-2 activity. Brain Res. 279:168-173.

Alder-Moore J (1994). AmBisome targeting to fungal infections. Bone Marrow
Transplant 5:S3-S7.

Alsalameh S, Burian M, Mahr G, Woodcock BG, Geisslinger G (2003). Review
article: the pharmacological properties and clinical use of valdecixib, a new
cyclo-oxygenase-2-selective inhibitor. Aliment. Pharmacol. Ther. 17:489-501.

Alvarez-Romam R, Barré G, Guy RH, Fessi H (2001). Biodegradable polymer
nanocapsules containing a sunscreen agent: preparation and photoprotection.

Eur. J. Pharm Biopharm. 2:191-195.

Ambruosi A, Khalansky AS, Yamamoto H, Gelperina SE, Begley DJ, Kreuter J
(2006). Biodistribution of polysorbate 80-coated doxorubicin-loaded [14C]-
poly(butyl cyanoacrylate) nanoparticles after intravenous administration to

glioblastoma-bearing rats. J. Drug Target 14:97-105.

Ammoury N, Fessi H, Devissaguet JP, Dubrasquet M, Benita S (1991). Jejunal
absorption, pharmacological activity, and pharmacokinetic evaluation of
indomethacin-loaded poly(d,llactide) and poly(isobutyl-cyanoacrylate)

nanocapsules in rats. Pharm. Res. 8:101-105.

137



Andersson SE, Lexmuller K, Johansson A, Ekstrom GM (1999). Tissue and
intracellular pH in normal periarticular soft tissue and during different phases of
antigen induced arthritis in the rat. J. Rheumatol. 26:2018-2024.

Aschner M (1998). Immune and inflammatory responses in the CNS: modulation by
astrocytes. Toxicol. Lett. 102:283-287.

Auguste P, Gursel DB, Lemiére S, Reimers D, Cuevas P, Carceller F, Di Santo JP,
Bikfalvi A (2001). Inhibition of fibroblast growth factor/fibroblast growth factor
receptor activity in glioma cells impedes tumor growth by both angiogenesis-
dependent and -independent mechanisms. Cancer Res. 4:1717-1726.

Bal-Price A, Brown GC (2001). Inflammatory neurodegeneration mediated by nitric
oxide from activated glia-inhibiting neuronal respiration, causing glutamate
release and excitotoxicity. J Neurosci. 17:6480-6491.

Barnes PJ (2001). Cytokine modulators as novel therapies for airway disease. Eur.

Respir. J. Suppl. 34:67s-77s.

Bavaresco L, Bernardi A, Braganhol E, Cappellari AR, Rockenbach L, Farias PF,
Wink MR, Delgado-Cafiedo A, Battastini AM (2008). The role of ecto-5'-
nucleotidase/CD73 in glioma cell line proliferation. Mol. Cell. Biochem. 319:61-
68.

Bazan NG, Flower RJ (2002). Medicine: lipid signals in pain control. Nature 420:135
138.

Béduneau A, Saulnier P, Benoit JP (2007). Active targeting of brain tumors using
nanocarriers. Biomaterials 28:4947-4967.

Behin A, Hoang-Xuan K, Carpentier AF, Delattre JY (2003). Primary brain tumours in

adults. Lancet. 361:323-331.

138


http://www.ncbi.nlm.nih.gov/pubmed/18636315?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/18636315?ordinalpos=7&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum

Bernardi A, Jacques-Silva MC, Delgado-Cafedo A, Lenz G, Battastini AMO (2006).
Nonsteroidal anti-inflammatory drugs inhibit the growth of C6 and U138-MG

glioma cell line. Eur. J. Pharm. 532: 214-222.

Bernardi A, Bavaresco L, Wink MR, Jacques-Silva MC, Delgado-Canedo A, Lenz G,
Battastini AMO (2007). Indomethacin stimulates activity and expression of ecto-

5’-nucleotidase/CD73 in glioma cell lines. Eur. J. Pharm. 569:8-15.

Block ML, Zecca L, Hong JS (2007). Microglia-mediated neurotoxicity: uncovering the

molecular mechanisms. Nat. Rev. Neurosci. 1:57-69.

Bondy ML, Scheurer ME, Malmer B, Barnholtz-Sloan JS, Davis FG, I'yasova D,
Kruchko C, McCarthy BJ, Rajaraman P, Schwartzbaum JA, Sadetzki S,
Schlehofer B, Tihan T, Wiemels JL, Wrensch M, Buffler PA (2008). Brain
tumor epidemiology: consensus from the Brain Tumor Epidemiology

Consortium. Cancer 113:1953-1968.

Bonina F, Trombeta D, Borzi A, De Pasquale A, Saija A (1997). 1-
ethylazacycloalkan-2-one indomethacin esters as new oral pro-drugs: chemical
stability, enzymatic hydrolisis, anti-inflammatory activity and gastrointestinal

toxicity. Int. J. Pharm. 156:245-250.

Bory C, Boulieu R, Souillet G, Chantin C, Guibaud P, Hershfield MS (1991). Effect of
polyethylene glycol-modified adenosine deaminase (PEG-ADA) therapy in two
ADA-deficient  children:  measurement of erythrocytedeoxyadenosine

triphosphate as a useful tool. Adv. Exp. Med. Biol. 309A, 173-176.

Botting RM (2006). Inhibitors of cyclooxygenases: mechanisns, selectivity and uses.

J. Physiol. Pharm. 5:113-124.

139



Braganhol E, Tamajusuku AS, Bernardi A, Wink MR, Battastini AM. Ecto-5'-
nucleotidase/CD73 inhibition by quercetin in the human U138MG glioma cell line

(2007). Biochim. Biophys. Acta. 1770:1352 -1359.

Braganhol E, Morrone FB, Bernardi A, Huppes D, Meurer L, Edelweiss MI, Lenz G,
Wink MR, Robson SC, Battastini AM (2009). Selective NTPDase2 expression

modulates in vivo rat glioma growth. Cancer Sci.100:1434 -1342.

Bressler SB, Bressler NM. Randomized clinical trials in ophthalmology in 2001:
twenty-fifth anniversary of the first publication from the Diabetic Retinopathy

Study.Am J Ophthalmol. 2001 131:503-504.

Brigger |, Dubernet C, Couvreur P (2002). Nanoparticles in cancer therapy and

diagnosis. Adv. Drug Del. Rev. 54: 631-651.

Burian M, Geisslinger G (2005). COX-dependent mechanisms involved in the
antinociceptive action of NSAIDs at central and peripheral sites. Pharmacol.
Ther. 107:139-154.

Calixto JB, Cabrini DA, Ferreira J, Campos MM (2000). Kinins in pain and
inflammation. Pain 87:1-5.

Calvo P, Vila-dato, Alonso MJ (1996). Comparative in vitro evaluation of several
colloidal systems, nanoparticles and nanoemulsions as ocular drug carriers. J.
Pharm. Sci. 85:530-536.

Calvo P, Gouritin B, Chacun H, Desmaéle D, D'Angelo J, Noel JP, Georgin D, Fattal
E, Andreux JP, Couvreur P (2001). Long-circulating PEGylated
polycyanoacrylate nanoparticles as new drug carrier for brain delivery. Pharm.

Res. 18:1157-1166.

140


http://www.ncbi.nlm.nih.gov/pubmed/17643826?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17643826?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17643826?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/19558578?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/19558578?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11292415?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11292415?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/11292415?ordinalpos=9&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum

Candelario-Jalil E, Fiebich BL (2008). Cyclooxygenase inhibition in ischemic brain
injury. Curr. Pharm. Des. 14:1401-1418.

Caparroz-Assef SM, Bersani-Amado CA, Kelmer-Bracht AM, Bracht A, Ishii-lwamoto
EL (2007). The metabolic changes caused by dexamethasone in the adjuvant-
induced arthritic rat. Mol. Cell. Biochem. 302: 87-98.

Cavaliere F, Dinkel K, Reymann K (2006). The subventricular zone releases factors
wich can be protective in oxygen/glucose deprivation-induced cortical damage:
an organotypic study. Exp. Neurol. 1:66-74.

Ceresoli GL, Zucali PA, Favaretto AG, Grossi F, Bidoli P, el Conte G, Ceribelli A,
Bearz A, Morenghi E, Cavina R, Marangolo M, Parra HJ, Santoro AJ (2006).
Phase Il study of pemetrexed plus carboplatin in malignant pleural
mesothelioma. Clin. Oncol. 24:1443-1448.

Chicoine MR, Silbergeld DI (1995). Invading C6 glioma cells maintaining
tumorogenicity. J. Neurosurg. 4:665-671.

Chintala SK, Tonn JC, Rao JS (1999). Matrix metalloproteinases and their biological
function in human gliomas. Int. J. Dev. Neurosci. 17:495-502.

Chopp M, Li Y (2002). Treatment of neural injury with marrow stromal cells. Lancet
Neurol. 1:92-100.

Collins VP (2002). Cellular mechanisms targeted during astrocytoma progression.
Cancer Lett. 188:1-7.

Combs CK, Karlo JC, Kao SC, Landreth GE (2001). Beta-Amyloid stimulation of
microglia and monocytes results in TNFalpha-dependent expression of
inducible nitric oxide synthase and neuronal apoptosis. J. Neurosci. 21:1179-

1188.

141


http://www.ncbi.nlm.nih.gov/pubmed/17347874?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=4
http://www.ncbi.nlm.nih.gov/pubmed/17347874?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=4

Couvreur P, Kante B, Roland M, Guiot P, Baudhuin P, Speiser P (1979).
Poly(cyanoacrylate) nanoparticles as potential lysosomotropic carriers:
preparation, morphological and sorptive properties. J. Pharm. Pharmacol.
31:331-332.

Couvreur P, Barratt G, Fattal E, Legrand P, Vauthier C (2002). Nanocapsule
technology: a review. Critical Rev.™ in Ther. Drug Carrier Systems 19:99-134.

Couvreur P, Vauthier C (2006). Nanotechnology; intelligent design to treat complex
disease. Pharm. Res. 23:1417-1450.

Cruz L, Soares LU, Dalla Costa T, Mezzalira G, Silveira NP, Guterres SS, Pohlmann
AR (2006). Diffusion and mathematical modeling of release profiles from

nanocarriers. Int. J. Pharm. 313:198-205.

Cui JG, Kuroda H, Chandrasekharan NV, Pelaez RP, Simmons DL, Bazan NG,
Lukiw WJ (2004). Cyclooxygenas-3 gene expression in Alzheimer hippocampus
and in stressed human neural cells. Neurochem. Res. 29:1731-1737.

Dahlstrand J, Collins VP, Lendahl U (1992). Expression of the class VI intermediate
filament nestin in human central nervous system tumors. Cancer Res. 19:5334-
5341.

Dai C, Holland EC (2001). Glioma models. Biochim. Biophys. Acta 1551:M19-M27.

De Keyser J, Sulter G, Luiten PG (1999). Clinical trials with neuroprotective drugs in
acute ischemic stroke: are we doing the right thing? Trends Neurosci. 22:535-
540.

Deininger MH, Schluesener HJ (1999). Cyclooxygenase-1 and -2 are differentially

localizated to microglia and endothelium in rat EAE and gliomas. J.

Neuroimmunol. 95:202-208.
Dinarello CA (2000). Proinflammatory cytokines. Chest 118:503-508.

142



Dirnagl U, ladecola C, Moskowitz MA (1999). Pathobiology of ischemia stroke: an
integrated view. Trends Neurosci. 22:391-397.

Ekstrand AJ, James CD, Cavenee WK, Seliger B, Pettersson RF, Collins VP (1991).
Genes for epidermal growth factor receptor, transforming growth factor alpha,
and epidermal growth factor and their expression in human gliomas in vivo.
Cancer Res. 51:2164-2172.

Eligini S, Barbieri SS, Cavalca V, Camera M, Brambilla M, De Franceschi M, Tremoli
E, Colli S (2005). Diversity and similarity in signaling events leading to rapid
Cox-2 induction by tumor necrosis factor-alpha and phorbol ester in human
endothelial cells. Cardiovasc. Res. 65:683-693.

Emerich DF, Thanos CG (2006). The pinpoint promise of nanoparticle-based drug
delivery and molecular diagnosis. Biomol. Eng. 23:171-184.

Emerich DF, Thanos CG (2007). Target nanoparticle-based drug delivery and
diagnosis. J. Drug. Target 15:163-183.

Emsley HC, Smith CJ, Tyrrell PJ, Hopkins SJ (2008). Inflammation in acute ischemic
stroke and its relevance to stroke critical care. Neurocrit. Care 9:125-38.

Endres M, Dirnagl U (2002). Ischemia and stroke. Adv. Exp. Med. Biol. 513:455-473.

Faraji AH, Wipf P (2009). Nanoparticles in cellular drug delivery. Bioorganic & Med.
Chemistry 17:2950-2962.

Fattal E, Vauthier C (2002). Nanoparticles as drug delivery systems. Encyclopedia of
Pharmaceutical Technology 1864-1882.

Fattal E, Andrieux A, Barratt G, Couvreur P, Labarre D, Ponchel G, Vauthier C
(2007). Recent advances in polyalkylcyanoacrylate nanoparticles for drug
delivery. Nanoparticles for Pharmaceutical Applications Edited by Domb J,

Tabata Y, Ravi Kumar MNV and Farber S. 213-232.

143



Fawaz F, Bonini F, Guyot M, Lagueny AM, Fessi H, Devissaguet JP (1993). Influence
of poly(DL-lactide) nanocapsules on the biliary clearance and enterohepatic
circulation of indomethacin in the rabbit. Pharm. Res. 10:750-756.

Fawaz F, Bonini F, Guyot M, Lagueny AM, Fessi H, Devissaguet JP (1996).
Disposition and protective effect against irritation after intravenous and rectal
administration of indomethacin-loaded nanocapsules to rabbits. Int. J. Pharm.
133:107-115.

Feldkamp MM, Lau N, Guha A (1997). Signal transduction pathways and their
relevance in human astrocytomas. J. Neurooncol. 35:223-248.

Ferrara N (2004). Vascular endothelial growth factor: basic science and clinical
progress. Endocr. Rev. 25:581-611.

Ferrer |, Friguls B, Dalfo E, Planas AM (2003). Early modifications in the expression
of mitogen-activated protein kinase (MAPK/ERK), stress-activated kinases
SAPK/UNK and p38, and their phosphorylated substrates following focal
cerebral ischemia. Acta Neuropathol. 105 :425 -437.

Fessi H, Puisieux F, Devissaguet JP, Amoury N, Benita S (1989). Nanocapsules
formation by interfacial polymer deposition following solvent displacement. Int.

J. Pharm. 113:r1-r4.

Fiorucci S, Antonelli E (2001). Cyclooxygenase isoenzymes: structural basis for
selective inhibition of cyclooxygenase by anti-inflammatory agents. Digest. Liver
Dis. 33:52-S7.

Fomchenko El, Holland EC (2006). Origins of brain tumors — a disease of stem cells?
Nat. Clin. Pract. Neurol. 6:288-189.

Friedman HS, Kerby T and Calvert H (2000). Temozolomide and treatment of

malignant glioma. Clin. Cancer Res. 6:2585-2597.

144



Frozza RL, Horn AP, Hoppe JB, Simao F, Gerhardt D, Comiran R, Salbego C (2008).
A comparative study of beta-amyloid peptides AB1-42 and ABR25-35 toxicity in
organotypic hippocampal slice cultures. Neurochem. Res. 34:295-303.

Fujimura M, Morita-Fujimura Y, Murakami K, Kawase M, Chan PH (1998). Cytosolic
redistribution of cytochrome c after transient focal ischemia in rats. J. Cereb.
Blood Flow Metab. 18:1239-1247.

Fukumura D, Xavier R, Sugiura T, Chen Y, Park EC, Lu N, Selig M, Nielsen G, Taksir
T, Jain RK, Seed B (1998). Tumor induction of VEGF promoter activity in
stromal cells. Cell 94:715-725.

Gahwiler BH (1981). Organotypic monolayer cultures of nervous tissue. J. Neurosci.
Methods 4:329-342.

Garcia-Garcia E, Andrieux K, Gil S, Couvreur P (2005). Colloidal carriers and blood-
brain (BBB) translocation: A way to deliver drugs to the brain? Int. J. Pharm.
298:274-292.

Gerber HP, Dixit V, Ferrara N (1998a). Vascular endothelial growth factor induces
expression of the antiapoptotic proteins Bcl-2 and A1 in vascular endothelial
cells. J. Biol. Chem. 273:13313-13316.

Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V, Ferrara N (1998b).
Vascular endothelial growth factor regulates endothelial cell survival through the
phosphatidylinositol 3-kinase/Akt signal transduction pathway. Requirement for
FIk-1/KDR activation. J. Biol. Chem. 273:30336-30043.

Giani C, Finocchiaro G (1994). Mutation rate of the CDKN2 gene in malignant glioma.
Cancer Res. 54:6338-6339.

Gilman S (2006). Pharmacological management on ischemic stroke: relevance to

stem cell therapy. Exp. Neurol. 199:28-36.

145



Ginsberg MD (2008). Neuroprotection for ischemic stroke; past, present and future.
Neuropharm. 55:363-389.

Girolami V. O Sistema Nervoso Central. In: Contran RS, Kumar V, Collins. Robins
Patologia estrutural e functional. Ed. Rio de Janeiro: Guanabara Koogan, 2000.

Glantz MJ, Jaeckle KA, Chamberlain MC, Phuphanich S, Recht L, Swinnen LJ, Maria
BL, LaFollette S, Schumann GB, Cole B F, Howell SB (1999a). A randomized
controlled trial comparing intrathecal sustained-release cytarabine (DepoCyt) to
intrathecal methotrexate in patients with neoplastic meningitis from solid tumors.
Clin. Cancer Res. 5:3394-3402.

Glantz MJ, LaFollette S, Jaeckle KA, Shapiro W, Swinnen L, Rozental JR,
Phuphanich S, Rogers LR, Gutheil JC, Batchelor T, Lyter D, Chamberlain M,
Maria BL, Schiffer C, Bashir R, Thomas D, Cowens W, Howell SB (1999b).
Randomized trial of a slow-release versus a standard formulation of cytarabine
for the intrathecal treatment of lymphomatous meningitis. J. Clin. Oncol.
17:3110-3116.

Glue P, Pouzier-Panis R, Raffenel C, Sabo R, Gupta SK, Salfi M, Jacobs S, Clement
RP (2000). A dose ranging study ofpegylated interferon alpha-2b and ribavirin in
chronic hepatitis C. The HepatitisC Interventiom Therapy Group. Hepatology
32:647-653.

Graham SH, Chen J (2001). Programed cell death in cerebral ischemia. J. Cereb.
Blood Flow Metab. 21:99-1009.

Granado M, Priego T, Martin Al, Villanua MA, Lopez-Calderon A (2005). Anti-
inflammatory effect of the ghrelin agonist growth hormone-releasing peptide-2

(GHRP-2) in arthritic rats. Am. J. Physiol. Endocrinol. Metab. 288:E486-E492.

146



Guterres SS, Fessi H, Barratt G, Puisieux F, Devissaguet JP (1995). Poly(D,L-
lactide) nanocapsules containing non-steroidal anti-inflammatory drugs :
gastointestinal tolerance following intravenous and oral administration. Pharm.
Res. 10 :1545-1547.

Guterres SS, Fessi H, Barratt G, Puisieux F, Devissaguet JP (2000). Poly(rac-lactide)
nanocapsules containing diclofenac: protection against muscular damage in
rats. J. Biomater. Sci. Polym. Ed. 11:1347-1355.

Guterres SS, Muller CB, Michalowski CB, Pohlmann AR, Dalla Costa T (2001).
Gastro-intestinal tolerance after oral administration of spray-dried diclofenac-
loaded nanocapsules and nanospheres. STP Pharm. Sci. 11: 229-233.

Guterres SS, Alves MP, Polhmann AR (2007). Polymeric nanoparticles, nanospheres
and nanocapsules for cutaneous applications. Drugs Target Insights 2:147-157.

Grobben B, DE Dey PP, Slegers H (2002). Rat C6 clioma as experimental model
system for the study of glioblastoma growth and invasion. Cell Tissue Res.
310:257-270.

Haddad JJ (2002). Cytokines and related receptor-mediated signaling pathways.
Biochem. Biophys. Res. Commun. 297:700-713.

Hailer NP, Vogt C, Korf HW, Dehghani F (2005). Interleukin-1 beta exacerbates and
interleukin-1 receptor antagonist attenuates neuronal injury and microglial
activation after excitotoxic damage in organotypic hippocampal slice cultures.
Eur. J. Neurosci. 9:2347-2360.

Hallenbeck JM (2002). The many faces of tumor necrosis factor in stroke. Nat. Med.
8:1363-1368.

Han HS, Yenari MA (2003). Cellular targets of brain inflammation in stroke. Curr.

Opin. Investig. Drugs 4:522-529.

147



Harris RE (2009). Cyclooxygenase-2 (COX-2) blockade in the chemoprevention of
cancers of the colon, breast, prostate, and lung. Inflammopharmacol. 17:55 —

67.

He F, Sun YE (2007). Glial cells more then support cells? Int. J. Biochem. Cell Biol.
39:661-665.

Holland EC, Celestino J, Dai C, Schaefer L, Sawaya RE, Fuller GN (2000).
Combined activation of Ras and Akt in neural progenitors induces glioblastoma
formation in mice. Nature Genet. 25:55-57.

Holland EC (2001). Gliomagenesis: genetic alterations and mouse models. Nat. Rev.
Gen. 2:120-129.

Holopainen IE (2005). Organotypic hippocampal slice cultures: a model system to
study basic cellular and molecular mechanisms of neuronal cell death,
neuroprotection, and synaptic plasticity. Neurochem. Res. 30:1521-1528.

Hopkins SJ (2003). The pathophysiological role of cytokines. Leg. Med. (Tokyo)
1:545-S57.

Horn AP, Gerhardt D, Geyer AB, Valentim L, Cimarosti H, Tavares A, Horn F, Lenz
G, Salbego C (2005). Cellular death in hippocampus in response to PI3K
pathway inhibition and oxygen and glucose deprivation. Neurochem. Res.
3:355-361.

Howe LR, Subbaramaiah K, Brown AMC, Dannenberg AJ (2001). Cyclooxigenase-2:
a targed for the prevention and treatment of breast cancer. Endocrine-related
Cancer 8:97 — 114.

Huang J, Hupadhyay UM, Tamargo RJ (2006). Inflammation in stroke and focal

cerebral ischemia. Surg. Neurol. 66:232-245.

148


http://www.ncbi.nlm.nih.gov/pubmed/19340409?ordinalpos=41&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/19340409?ordinalpos=41&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum

Hyde CAA, Missailidis S (2009). Inhibition of arachidonic acid metabolism and its
implication on cell proliferation and  tumour-angiogenesis. Int.
Immunopharmacol. 9: 701-715.

Ishibashia M, Bottone FG, Taniurab S, Kamitanib H, Watanabeb T, Eling TE (2005).
The cyclooxygenase inhibitor indomethacin modulates gene expression and
represses the extracellular matrix protein laminin g1 in human glioblastoma
cells. Exp. Cell Res. 302: 244 — 252.

Jacobs JWG, Bijlsma JWJ (1997). NSAIDs: a critical appraisal. Netherlands J. Med.
51:198-204.

Jager A, Stefani V, Guterres SS, Pohlmann AR (2007). Physico-chemical
characterization of nanocapsule polymeric wall using fluorescent benzazole
probes. Int. J. Pharm. 338:297-305.

Jain RK (1997). Transport of molecules in the tumor interstitium: a review. Cancer
Res. 47:3039-3051.

Joe B, Wilder RL (1999). Animal models of rheumatoid arthritis. Mol. Med. Today
5:367-369.

Joki T, Heese O, Nikas DC (2000). Expression of cyclooxygenase-2 (COX-2) in
human gliomas and in vitro inhibition by a specific COX-2 inhibitor, NS-398.
Cancer Res. 60: 4926-4931.

Juillerat-Jeanneret L (2008). The targeted delivery of cancer drugs across the blood—
brain barrier: chemical modifications of drugs or drug-nanoparticles? Drug
Discov. Today 13:1099-1106.

Kalgutkar AS, Marnett AB, Crews BC, Remmel RP, Marnett LJ (2000). Ester and
amide derivatives of the nosteroidal anti-inflammatory drug, indomethacin, as

selective cyclooxygenase-2 inhibitors. J. Med. Chem. 43:2860-2870.

149



Kang KB, Wang TT, Woon CT, Cheah ES, Moore XL, Zhu C, Wong MC (2007).
Enhancement of glioblastoma radioresponse by a selective COX-2 inhibitor
celecoxib: inhibition of tumor angiogenesis with extensive tumor necrosis. Int. J.
Radiat. Oncol. Biol. Phys. 3:888-896.

Kawamura M, Hatanaka K, Saito M, Ogino M, Ono T, Ogino K, Matsuo S, Harada Y
(2000). Are the anti-inflammatory effects of dexamethasone responsible for
inhibition of the induction of enzymes involved in prostanoid formation in rat
carrageenan-induced pleurisy? Eur. J. Pharm. 400: 127-135.

Kim SY, Lee YM, Shin HJ, Kang JS (2001). Indomethacin-loaded methoxy
poly(ethylene glycol)/poly(e-caprolactone) diblock copolymeric nanosphere:
pharmacokinetic characteristics of indomethacin in the normal Sprague-Dawley
rats. Biomaterials 22:2049-2056.

Kim WY, Lee HY (2009). Brain angiogenesis in developmental and pathological
processes: mechanism and therapeutic intervention in brain tumors. FEBS J.
276:4653-4664.

Kirino T (2000). Delayed neuronal death. Neurophatology 20:S95-S97.

Kleihues P, Burger PC, Scheithauer BW (1993). The new WHO classification of brain
tumours. Brain Pathol. 3:255-268.

Klimiuk PA, Yang H, Goronzy JJ, Weyand CM (1999). Production of cytokines and
metalloproteinases in rheumatoid synovitis is T cell dependent. Clin. Immunol.
90:65-78.

Kondo T (2006). Brain cancer stem-like cells. Eur. J. Cancer 42:1237-1242.

Konopka G, Bonni A (2003). Signaling pathways regulating gliomagenesis. Curr. Mol.

Med. 3:73-84.

150


http://www.ncbi.nlm.nih.gov/pubmed/9884354?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=18
http://www.ncbi.nlm.nih.gov/pubmed/9884354?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=18

Koul D (2008). PTEN signaling pathways in glioblastoma. Cancer Biol. & Therapy
7:1321-1325.

Koziara JM, Lockman PR, Allen DD, Mumper RJ (2003). In situ blood-brain barrier
transport of nanoparticles. Pharm. Res. 20:1772-1778.

Kreuter J, Alyautdin RN, Kharkevich DA, Ivanov AA (1995). Passage of peptides
through the blood-brain barrier with colloidal polymer particles (nanoparticles).
Brain Res. 674:171-174.

Kreuter J, Shamenkov D, Petrov V, Ramge P, Cychutek K, Koch-Brandt C, Alyautdin
R (2002). Apolipoprotein-mediated transport of nanoparticle bound drugs across
the blood-brain barrier. J. Drug Target 10:317-325.

Kreuter J, Ramge P, Petrov V, Hamm S, Gelperina SE, Engelhardt B, Alyautdin R,
von Briesen H, Begley DJ (2003). Direct evidence that polysorbate-80-coated
poly(butylcyanoacrylate) nanoparticles deliver drugs to the CNS via specific
mechanisms requiring prior binding of drug to the nanoparticles. Pharm. Res.
20:409-416.

Krishna R, Mayer LD (2000). Multidrug resistance (MDR) in cancer — mechanisms,
reversal using modulators of MDR and the role of MDR in influencing the
pharmacokinetics of anticancer drugs. Eur. J. Cancer Sci. 11:265-283.

Lakka SS and Rao JS (2008). Antiangiogenic therapy in brain tumors. Expert Rev.
Neurother. 10:1457-1473.

Lamprecht A, Rodero Torres H, Schafer U, Lehr CM (2000a). Biodegradable
microparticles as a two-drug controlled release formulation: a potential
treatment of inflammatory bowel disease. J. Control Release 2000 69:445-454.

Lamprecht A, Ubrich N, Hombreiro Pérez M, Lehr C, Hoffman M, Maincent P

(2000b). Influences of process parameters on nanoparticle preparation

151



performed by a double emulsion pressure homogenization technique. Int. J.
Pharm. 196:177-182.

Laufer S (2003). Role of eicosanoids in structural degradation in osteoarthritis. Curr.
Opin. Rheumatol. 15:623-627.

Laws ER Jr, Shaffrey ME (1999). The inherent invasiveness of cerebral gliomas:
implications for clinical management. Int. J. Dev. Neurosci. 17:413-4120.

Lee CC, MacKay JA, Frechet JM, Szoka FC (2005a). Designing dendrimers for
biological applications. Nat. Biotechnol. 23:1517-1526.

Lee JH, Canny MD, Erkenez A, Krilleke D, Ng YS, Shima DT, Pardi A, Jucker F
(2005b). A therapeutic aptamer inhibits angiogenesis by specifically targeting
the heparin binding domain of VEGF165. Proc. Natl. Acad. Sci. U.S.A.
102:18902-18907.

Levick JR (2000). Hypoxia and acidosis in chronic inflammatory arthritis: relation to
vascular supply and dynamic effusion pressure. J. Rheumatol. 17: 579-582.
Libermann TA, Razon N, Bartal AD, Yarden Y, Schlessinger J, Soreq H (1984).
Expression of epidermal growth factor receptors in human brain tumors. Cancer

Res. 44:753-760.

Lipton P (1999). Ischemic cell death in brain neurons. Physiol. Rev. 79:1431-1568.

Lu Y, Chen SC (2004). Micro and nano-fabrication of biodegradable polymers for
drug delivery. Adv. Drug Deliv. Rev. 22:1621-1633.

Ma YH, Mentlein R, Knerlich F, Kruse ML, Mehdorn HM, Held-Feindt J (2008).
Expression of stem cell markers in human astrocytomas ofdifferent WHO
grades. J. Neurooncol. 1:31-45.

Maderna E, Salmaggi A, Calatozzolo C, Limido L, Pollo B (2007). Nestin,

PDGFRbeta, CXCL12 and VEGF in Glioma Patients: different profiles of (pro-

152



angiogenic) molecule expression are related with tumor grade and may provide
prognostic information. Cancer Biol. Ther. 7:1018-1024.

Maher EA, Furnari FB, Bachoo RM, Rowitch DH, Louis DN, Cavenee WK, DePinho
RA (2001). Malignant glioma: genetics and biology of a grave matter. Genes
Dev. 15:1311-1333.

Mao Y, Zhou L, Zhu W, Wang X, Yang G, Xie L, Mao X, Jin K (2007). Proliferative
status of tumor stem cells may be correlated with malignancy grade of human
astrocytomas. Front. Biosci. 12:2252-2259.

Marty JJ, Oppenheim RC, Speiser P (1978). Nanoparticles: A new colloidal drug
delivery systems. Pharm. Acta Helv. 53:17-23.

Matsuo M, Yanemitsu N, Zaitsu M (2001). Expression of prostaglandin H syntase-2 in
human brain tumors. Acta Neuropathol. 102:181-187.

Mazeron JJ, Kantor G (1998). Radiotherapy in stereotactic conditions (radiosurgery)
in maligmant brain tumors: clinical research. Cancer Radiotherapy 2:215-217.

Maxwell PH, Dachs GU, Gleadle JM, Nicholls LG, Harris AL, Stratford |J, Hankinson
O, Pugh CW, Ratcliffe PJ (1997). Hypoxia-inducible factor-1 modulates gene
expression in solid tumors and influences both angiogenesis and tumor growth.
Proc. Natl. Acad. Sci. U.S.A. 94:8104-8109.

Mclnnes 1B, Schett G (2007). Cytokines in the pathogenesis of rheumatoid arthritis.
Nat. Rev. Immunol. 7:429-442.

Metha SL, Manhas N, Raghubir R (2007). Molecular targets in cerebral ischemia for
developing novel therapeutics. Brain Res. Rev. 54:34-66.

Mergenthaler P, Dirnagl U, Meisel A (2004). Pahophysiology of stroke: lessons from

animal models. Metab. Brain Dis. 19:151-167.

153


http://www.ncbi.nlm.nih.gov/pubmed?term=%22McInnes%20IB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schett%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract

Meyer O (2003). Role of TNFa and cytokines in the physiopathology of rheumatoid
arthritis. Therapeutic perspectives. Bull. Acad. Natl. Med. 187: 935-954.

Minghetti L, Levi G (1998). Microglia as effector cells in brain damage and repair:
focus on prostanoids and nitric oxide. Prog. Neurobiol. 54:99-125.

Minghetti L (2007). Role of COX-2 in inflammatory and degenerative brain diseases.
Subcell. Biochem. 42:127-141.

Ministério da Saude Brasil (2009). Saude Brasil 2007 - Uma analise da situagao da
Saude: Perfil da mortalidade do brasileiro. Brasilia, 06 de novembro de 2008.
Disponivel em:

http://portal.saude.gov.br/portal/arquivos/pdef/coletivasaude061008.pdf. Acesso

em: 12 de outubro de 2009.

Mitani A, Yanase H, Sakai K, Wake Y, Kataoka K (1993). Origin of intracellular Ca**
elevation induced by in vitro ischemia-like condition in hippocampal slices. Brain
Res. 601:103-110.

Morrone FB, Oliveira DL, Gamermann P, Stella J, Wofchuk S, Wink MR, Meurer L,
Edelweiss MA, Lenz G, Battastini AMO (2006). In vivo glioblastoma growth is
reduced by apyrase activity in a rat glioma model. BMC Cancer 6:226.

Mousseau M, Chauvin C, Nissou MF, Chaffanet N, Plantaz D, Pasquier B, Schaerer
R, Benabid A (1993). A study of the expression of four chemoresistance-related
genes in human primary and metastatic brain tumors. Eur. J. Cancer 29A:753-
759.

Nakamura M, Watanabe T, Klangby U Asker C, Wiman K, Yonekawa Y, Kleihues P,
Ohgaki H (2001). p14ARF deletion and methylation in genetic pathways to

glioblastomas. Brain Pathol. 11:159—-168.

154


http://portal.saude.gov.br/portal/arquivos/pdef/coletivasaude061008.pdf

Nantel F, Denis D, Gordon R, Northey A, Cirino M, Metters KM, Chan CC (1999).
Distribuition and regulation of cyclookigenase-2 in carragenan-induced
inflammation. Br. J. Pharmacol. 128:853-859.

Northfelt DW, Martin FJ, Working P, Volberding PA, Russell J, Newman M, Amantea
MA, Kaplan LD (1996). Doxorubicin encapsulated in lipossomes containing
surface-bound polyethylene glycol: pharmacokinetic, tumor localization, and
safety in patients with AIDS-related Kaposi’s sarcoma. J. Clin. Pharmacol. 36,
55-63.

Nozaki K, Nishimura M, Hashimoto N (2001). Mitogen-activated protein kinases and
cerebral ischemia. Mol. Neurobiol. 23:1-19.

Nyman DW, Campbell KJ, Hersh E, Long K, Richardson K, Trieu V, Desai N,
Hawkins MJ, Von Hoff DD (2005). Phase | and pharmacokinetics trial of ABI-
007, a novel nanoparticle formulation of paclitaxel in patients with advanced
nonhematologic malignancies. J. Clin. Oncol. 23:7785-7793.

Ohgaki H (2005). Genetic pathways to glioblastomas. Neuropathol. 25:1-7.

Ohgaki H, Kleihues P (2007). Genetic pathways to primary and secondary
glioblastoma. Am. J. Pathol. 170:1445-1453.

Ohgaki H, Kleihues P (2009). Genetic alterations and signaling pathways in the
evolution of gliomas. In press.

Olsen E, Duvic M, Frankel A, Kim Y, Martin A, Vonerheid E, Jegasothy B, Wood G,
Heald P, Oseroff A, Pinter-Brown L, Bowen G, Kuzel T, Fivenson D, Foss F,
Glode M, Molina A, Knobler E, Stewart S, Cooper K, Stevens S, Craig F,
Reuben J, Bacha P, Nichols JJ (2001). Pivotal phaselll trial oftwo dose levels of
denileukin diftitox for the treatment of cutaneous T-cell lymphoma. Clin. Oncol.

19:376-388.

155



Opal SM, DePalo VA (2000). Anti-inflammatory cytokines. Chest 117:1162-1172.

Paoletti AM, Piccirilli S, Costa N, Rotiroti D, Bagetta G, Nistico G (1998). Systemic
administration of N omega-nitro-L-arginine methyl ester and indomethacin
reduces the elevation of brain PGE2 content and prevents seizures and
hippocampal damage evoked by LiCl and tacrine in rat. Exp. Neurol. 149:349-
355.

Parepally JM, Mandula H, Smith QR (2006). Brain uptake of nonsteroidal anti-
inflammatory drugs: ibuprofen, flurbiprofen, and indomethacin. Pharm. Res.
23:873-881.

Pekny M, Nilsson M (2005). Astrocyte activation and reactive gliosis. Glia 50:427-
434.

Peskar BM (2001). Role of cyclooxigenase isoforms in gastrical mucosal defence. J.
Phisiol. Paris 95:3-9.

Petri B, Bootz A, Khalansky A, Hekmatara T, Muller R, Uhl R, Kreuter J, Gelperina S
(2007). Chemotherapy of brain tumour using doxorubicin bound to surfactant-
coated poly(butyl cyanoacrylate) nanoparticles: revisiting the role of surfactants.
J. Control. Release 117:51-58.

Pohlmann AR, Weiss V, Mertins O, Silveira NP, Guterres SS (2002). Spray-dried
indomethacin-loaded polyester nanocapsules and nanospheres: development,
stability evaluation and nanostructure models. Eur. J. Pharm. Sci. 16:305-312.

Pohlmann AR, Soares LU, Cruz L, Silveira NP, Guterres SS (2004). Alkaline
hydrolysis as a tool to determine the association form of indomethacin in
nanocapsules prepared with poly(epsilon-caprolactone). Curr. Drug Delivery.

1:103-110.

156



Prayson RA, Castilha EA, Vogelbaum MA (2002). Cyclooxygenase-2 (COX-2)
expression by imunohistochemistry in glioblastoma multiforme. Ann. Diag.
Pathol. 6:148-153.

Price DL (1999). New order from neurological disorders. Nature 399:A3-A5.

Quintao NL, Ferreira J, Beirith A, Campos MM, Calixto JB (2008). Evaluation of the
effects of the herbal product Catuama in inflammatory and neuropathic models
ofnociception in rats. Phytomedicine 15:245-252.

Rao CN, Lakka SS, Kin Y, Konduri SD, Fuller GN, Mohanam S, Rao JS (2001).
Expression of tissue factor pathway inhibitor 2 inversely correlates during the
progression of human gliomas. Clin. Cancer Res. 3:570-576.

Ravi Kumar MN (2000). Nano and microparticles as controlled drug delivery devices.
J. Pharm. Sci. 3:234-258.

Reynolds JEF (Ed.). Martindale The Extra Pharmacopeia. Londres Pharmaceutical
Press, 40 ed., 1993.

Rich JN, Bigner DD (2004). Development of novel targeted therapies in the treatment
of malignant glioma. Nat. Rev. Drug Discov. 5:430-446.

Robinson K, Kenefeck R, Pidgeon EL, Shakib S, Patel S, Polson RJ, Zaitoun AM,
Atherton JC (2008). Helicobacter pylori-induced peptic ulcer disease is
associated with inadequate regulatory T cell responses. Gut 10:1375-1385.

Rocha ACC, Fernandes ES, Quintdo NLM, Campos MM, Calixto JB (2006).
Relevance of tumour necrosis factor-a for the inflammatory and nociceptive
responses evoked by carrageenan in the mouse paw. Br. J. Pharm. 148:688-
695.

Roney C, Kulkarni P, Arora V, Antich P, Bonte F, Wu A, Mallikarjuana NN, Manohar

S, Liang HF, Kulkarni AR, Sung HW, Sairam M, Aminabhavi TM (2005).

157



Targeted nanoparticles for drug delivery through the bloo-brain barrier for
Alzheimer’s disease. J. Control Release 108:193-214.

Rooprai HK, Vanmeter T, Panou C, Schnull S, Trillo-Pazos G, Davies D, Pilkington
GJ (1999). The role of integrin receptors in aspects of glioma invasion in vitro.
Int. J. Dev. Neurosci. 17:613-623.

Rosen O, Muller HJ, Gokbuget N, Langer W, Peter N, Schwartz S, Hahling D,
Hartmann F, lttel TH, Muck R, Rothmann F, Arnold R, Boos J, Hoelzer D
(2003). Pegylated asparaginase in combination with high-dose methotrexate for
consolidation in adult acute lymphoblastic leukaemia in first remission: a pilot
study. Br. J. Haematol. 123, 836-841.

Sacca R, Cuff CA, Ruddle NH (1997). Mediators of inflammation. Curr. Opin.
Immunol. 9:851-857.

Sanai N, Alvarez-Buylla A, Berger MS (2005). Neural stem cells and the origin of
gliomas. N. Engl. J. Med. 353:811-822.

Sathornsumetee S, Reardon D, Desjardins A, QuinnJ, Vredenburgh JJ, Rich JN
(2007). Moleculary targeted therapy for malignant gliomas. Cancer 110: 113-
124.

Schaffazick SR, Guterres SS, Freitas LL, Pohimann AR (2003). Caracterizagédo e
estabilidade fisico-quimica de sistemas poliméricos nanoparticulados para
administragao de farmacos. Quimica Nova 26:726-737.

Schaper W, Buschmann | (1999). VEGF and therapeutic opportunities in
cardiovascular diseases. Curr. Opin. Biotechnol. 10:541-543.

Scheffel U, Rhodes BA, Natarajan TK, Wagner HN (1972). Albumin microspheres for

the study of the reticulo-endothelial system. J. Nucl. Med. 13:498-503.

158



Schiffer D, Manazza A, Tamagno | (2006). Nestin expression in neuroepithelial
tumors. Neurosci. Lett. 400:80-85.

Schmidt-Kastner R, Freund TF (1991). Selective vulnerability of the hippocampus in
brain ischemia. Neurosci. 4:599-636.

Schwartzbaum JA, Fisher JL, Aldape KD, Wrensch M (2006). Epidemiology and
molecular pathology of glioma. Nat. Clin. Pract. Neurol. 9:494-503.

Sherr CJ, Roberts JM (1999). CDK inhibitors: positive and negative regulators of G1-
phase progression. Genes Dev. 13:1501-1512.

Shono T, Tofilon J, Bruner M, Owolabi O, Lang F (2001). Cyclooxigenase-2
expression in human gliomas: prognostic significance and molecular correlations.
Cancer Res. 61:4375 - 4381.

Shweiki D, Itin A, Soffer D, Keshet E (1992). Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359:843-
845.

Siena S, Piccart MJ, Holmes FA, Glaspy J, Hackett J, Renwick JJ (2003). A
combined analysis of two pivotal randomized trials ofa single dose of
pegfilgrastim per chemotherapy cycle and daily Filgrastim un patients with stage
[I-1V breast cancer. Oncol. Rep. 10:715-724.

Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman RM,
Cusimano MD, Dirks PB (2004). Identification of human brain tumour initiating
cells. Nature 7015:396-401.

Sinha VR, Bansal K, Kaushik R, Kumria R, Trehan A (2004). Poly-epsilon-
caprolactone microspheres and nanospheres: na overview. Int. J. Pharm.

278 :1-23.

159



Skibo GG, Nikonenko IR, Savchenko VL, McKanna JA (2000). Microglia in
organotypic hippocampal slice culture and effects of hypoxia: ultrastructure and
lipocortin-1 immunoreactivity. Neuroscience 96:427-438.

Soppimath KS, Aminabhavi TM, Kulkarni AR, Rudzinski WE (2001). Biodegradable
polymeric nanoparticles as drug delivery devices. J. Control. Release 70:1-20.

Srinath P, Diwan PV (1998). Pharmacodinamic and pharmacokinetic evaluation of
lipid microspheres of indomethacin. Pharm. Acta Helvetiae 73:199-203.

Sriram K, O'Callaghan JP (2007). Divergent roles for tumor necrosis factor-alpha in
the brain. J. Neuroimmune Pharmacol. 2:1401-53.

Stein C, Millan MJ, Herz A (1988). Unilateral inflammation of the hind paw in rats as a
model of prolonged noxious stimulation: alterations in behavior and nociceptive
thresholds. Pharmacol. Biochem. Behav. 2:455-451.

Stoppini L, Buchs PA, Muller D (1991). A simple method for organotypic cultures of
nervous tissue. J. Neurosci. Methods 37:173-182.

Strassburger M, Braun H, Reymann KG (2008). Anti-inflammatory treatment with the
p38 mitogen-activated protein kinase inhibitor SB239063 is neuroprotective,
decreases the number of activated microglia and facilitates neurogenesis in
oxygen-glucose-deprived hippocampal slice cultures. Eur. J. Pharmacol.
592:55-61.

Stronjinik T, Rosland GV, Sakariassen PO, Kavalar R, Lah T (2007). Neural stem
cells markers, nestin, and musashi proteins in the progression of human glioma:
correlation of nestin with prognosis of patient survival. Surgical. Neurol. 68:133-

143.

160



Sugino T, Nozaki K, Hashimoto N (2000). Activation of mitogen-activated protein
kinases in gerbil hippocampus with ischemic tolerance induced by 3-
nitropropionic acid. Neurosci. Lett. 278:101-104.

Suh WH, Suslick KS, Stucky GD, Suh Y-H (2009). Nanotechnology, nanotoxicology,
and neuroscience. Progress in Neurobiol. 87:133-170.

Takano T, Lin JHC, Arcuino G, Gao Q, Yang J, Nedergaard MM (2001). Glutamate
release promotes growth of malignant gliomas. Nature Med. 7:1010-1015.
Tandle A, Blazer DG Ill, Libutti SK (2004). Antiangiogenic gene therapy of cancer:

recent developments. J. Transl. Med. 2:22.

Tang P, Steck PA, Yung WK (1997). The autocrine loop of TGF-alpha/EGFR and
brain tumors. J. Neurooncol. 35:303-314.

Tavares A, Cimarosti H, Valentim L, Slabego C (2001). Profile of phosphoprotein
labelling in organotypic slice cultures of rat hippocampus. Neuroreport 12:2705-
2709.

Taylor DL, Obrenovitch TP, Symon L (1996). Changes in extracellular acid-base
homeostasis in cerebral ischemia. Neurocchem. Res. 21:1013-1021.

Tomisato W, Tsutsumi S, Hoshino T, Hwang HJ, Mio M, Tsuchiya T, Mizushima T
(2004). Role of direct cytotoxic effect of NSAIDs in the induction of gastric
lesions. Biochem. Pharm. 67:575-585.

Toomey DP, Murphy JF, Conlon KC (2009). COX-2, VEGF and tumour
angiogenesis. Surgeon. 7:174-80.

Tratsk KS, Campos MM, Vaz ZR, Filho VC, Schlemper V, Yunes RA, Calixto JB
(1997). Anti-allergic effects and oedema inhibition caused by the extract of

Drymis winteri. Inflamm. Res. 46:509-514.

161


http://www.ncbi.nlm.nih.gov/pubmed/19580182?ordinalpos=14&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/19580182?ordinalpos=14&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum

Valo GP, Dunn CJ, Giroud JP, Timsit J, Willoughby DA (1973). Distribuition of
prostaglandins in inflammatory exudates. J. Pathol. 111:149-158.

Vane JR, Botting RM (1996). Mechanism of action of anti-inflammatory drugs.
Scaand. J. Rheumatol. Suppl. 102:9-21.

Vauthier C, Dubernet C, Chauvierre C, Brigger |, Couvreur P (2003). Drug delivery to
resistant tumors: the potential of poly(alkyl-cyanoacrylate) nanoparticles. J.
Control. Release 93:151-160.

Vila N, Chamorro A, Castillo J, Davalos A (2001). Glutamate, interleukin-6, and early
clinical worsening in patients with acute stroke. Stroke 32:1234-1237.

Vila N, Castillo J, Davalos A, Esteve A, Planas AM, Chamorro A (2003). Levels of
anti-inflammatory cytokines and neurological worsening in acute ischemic
stroke. Stroke 34:671-675.

Villano JL, Seery TE, Bressler LR (2009). Temozolomide in malignant gliomas: curret
use and future targets. Cancer Chemother. Pharm. 64:647-655.

Vinogradov SV, Bronich TK, Kabanov AV (2002). Nanosized cationic hydrogels for
drug delivery: preparation, properties and interactions with cells. Adv. Drug
Deliv. Rev. 54:135-147.

Vredenburgh JJ, Desjardins A, Herndon JE II, Dowell JM, Reardon DA, Quinn JA,
Rich JN, Sathornsumetee S, Gururangan S, Wagner M, Bigner DD, Friedman
AH, Friedman HS (2007). Phase |l trial of bevacizumab and irinotecan in
recurrent malignant glioma. Clin. Cancer Res. 13:1253-12509.

Wannamacher L e Ferreira MBC. Antiinflamatérios nao-esterdides In: Fuchs FD,
Wannamacher L, Ferreira MBC. Farmacologia Clinica: fundamentos da

terapéutica nacional, 3 ed, Rio de Janeiro, Guanabara Koogan, 2004.

162



Wang M, Yoshida D, Liu S, Teramoto A (2005). Inhibition of cell invasion by
indomethacin on glioma cell lines: in vitro study. J. Neuro-Oncol. 72:1-9.

Wang Q, Tang XN, Yenari MA (2007). The inflammatory response in stroke. J.
Neuroimmunol. 184:53-68.

Watanabe K, Tachibana O, Sato K, Yonekawa Y, Kleihues P, Ohgaki H (1996).
Overexpression of the EGF receptor and p53 mutations are mutually exclusive
in the evolution of primary and secondary glioblastomas. Brain Pathol. 6:217-
224.

Weinberg RA (1995). The retinoblastoma protein and cell cycle control. Cell 81:323-
330.

Wheeler-Jones C, Abu-Ghazaleh R, Cospedal R, Houliston RA, Martin J, Zachary |
(1997). Vascular endothelial growth factor stimulates prostacyclin production
and activation of cytosolic phospholipase A2 in endothelial cells via p42/p44
mitogen-activated protein kinase. FEBS Lett. 420:28-32.

White BC, Sullivan JM, DeGracia DJ, O'Neil BJ, Neumar RW, Grossman LI, Rafols
JA, Krause GS (2000). Brain ischemiaand reperfusion: molecular mechanisms
of neuronal injury. J. Neurol. Sci. 179:1-33.

Wiese C, Rolletschek A, Kania G, Blyszczuk P, Tarasov KV, Tarasova Y, Wersto RP,
Boheler KR, Wobus AM (2004). Nestin expression — a property of multi-lineage
progenitor cells? Cell Mol. Life Sci. 61:2510-2522.

Williams CS, Mann M, DuBois RN (1999). The role of cyclooxygenases in
inflammation, cancer, and development. Oncogene 55:7908-7916.

Wink MR, Lenz G, Braganhol E, Tamajusuku AS, Schwartsmann G, Sarkis JJ,
Battastini AM (2003). Altered extracellular ATP, ADP and AMP catabolism in

glioma cell lines. Cancer Lett.. 198:211 - 218.

163


http://www.ncbi.nlm.nih.gov/pubmed/12957360?ordinalpos=15&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/12957360?ordinalpos=15&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum

Wong HL, Bendayan R, Rauth AM, Yonggiang L, Wu XY (2007). Chemoterapy with
anticancer drugs encapsulated in solid lipid nanoparticles. Adv. Drug Deliv. Rev.
59:491-504.

Wong ML, Prawira A, Kaye AH, Hovens CM (2009). Tumour angiogenesis: its
mechanism and therapeutic implications in malignant gliomas. J. Clin. Neurosci.
16:1119-1130.

Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME (1995). Opposing effects of
ERK and JNK-p38 MAP kinases on apoptosis. Science 270:1326-1331.

Xiang Z, Hrabetova S, Moskowitz Sl, Casaccia-Bonnefil P, Young SR, Nimmrich VC,
Tiedge H, Einheber S, Karnup S, Bianchi R, Bergold PJ (2000). Long-term
maintenance of mature hippocampal slices in vitro. J. Neurosci. Methods
98:145-154.

Xie Z, Wei M, Morgan TE, Fabrizio P, Han D, Finch CE, Longo VD (2002).
Peroxynitrite mediates neurotoxicity of amyloid beta-peptide 1-42 and
lipopolysaccharide-activated microglia. J. Neurosci. 22:3484-3492.

Ye ZC, Sontheimer H (1999). Glioma cells release excitotoxic concentrations of
glutamate. Cancer Res. 59:4383-4391.

Yue L, Wang H, Liu LH, Shen YX, Wei W (2004). Anti-adjuvant arthritis of
recombinant human endostatin in rats via inhibition of angiogenesis and
proinflammatory factors. Acta. Pharmacol. Sin. 25:1182-1185.

Yung WK (2000). Temozolomide in malignant gliomas. Semin. Oncol. 27:27-34.

Zhang Z, Feng S (2006). In vitro investigation on poly(lactide)-Tween 80 copolymer
nanoparticles fabricated by dialysis method for chemotherapy. Biomacrom.

7:1139-1146.

164


http://www.ncbi.nlm.nih.gov/pubmed/15339395?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=2
http://www.ncbi.nlm.nih.gov/pubmed/15339395?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=2
http://www.ncbi.nlm.nih.gov/pubmed/15339395?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=2

Zheng Z, Yenari MA (2004). Post-ischemic inflammation: molecular mechanisms and
therapeutic implications. Neurol. Res. 26:884-892.

Zou JY, Crews FT (2005). TNF alpha potentiates glutamate neurotoxicity by inhibiting
glutamate uptake in organotypic brain slice cultures: neuroprotection by NF

kappa B inhibition. Brain Res. 1034:11-24.

165



ANEXO

OUTROS ARTIGOS CIENTIFICOS REALIZADOS EM CO-AUTORIA DURANTE O

PERIODO DO DOUTORADO:

1. BRAGANHOL E, TAMAJUSUKU ASK, BERNARDI A, WINK MR, BATTASTINI A
MO. Ecto-5"-nucleotidase/CD73 inhibition by quercetin in human U128MG glioma

cell line. Biochimica et Biophysica Acta, General Subjects, 1770: 1352 — 1359, 2007.

2. WILLOT L, BERNARDI A, FROZZA RL, MARQUES AL, CIMAROSTI H,
SALBEGO C, ROCHA ER, BATTASTINI AMO. Lithium and valproate protect
hippocampal slices against ATP-induced cell death. Neurochemical Research, 32:

1539 — 1546, 2007.

3. BAVARESCO L, BERNARDI A, BRAGANHOL E, WINK MR, BATTASTINI AM O.
Dexamethasone inhibits proliferation and stimulates ecto-5'-nucleotidase/CD73

activity in C6 rat glioma cell line. Journal of Neuro-Oncology, 84: 1 — 8, 2007.

4. BAVARESCO L, BERNARDI A, BRAGANHOL E, CAPPELLARI A,
ROCKENBACH L, FARIAS P, WINK MR, CANEDO-DELGADO A, BATTASTINI A
MO. The role of ecto-5 -nucleotidase/CD73 in glioma cell line proliferation. Molecular

and Cellular Biochemistry, 319: 61 — 68, 2008.

5. POHLMANN AR, MEZZALIRA G, VENTURINI CG, CRUZ L, BERNARDI A,

JAGER E, BATTASTINI AMO, SILVEIRA NP, GUTERRES SS. Determining the

166


http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/4662273973783290

simultaneous presence of drug nanocrystals in drug-loaded polymeric nanocapsule
aqueous suspensions: A relation between light scattering and drug content.

International Journal of Pharmaceutics, 359: 288 — 283, 2008.

6. BRAGANHOL E, HUPPES D, BERNARDI A, WINK MR, LENZ G, BATTASTINI
AMO. A comparative study of ectonucleotidase and P2 receptor mRNA profiles C6
cell line cultures and C6 ex vivo glioma model. Cell and Tissue Research, 335: 331

— 340, 2009.

7. BRAGANHOL E, MORRONE FB, BERNARDI A, HUPPES D, MEURER L,
EDELWEISS MI, LENZ G, WINK MR, ROBSON SC, BATTASTINI AMO. Selective
NTPDase2 expression modulates in vivo rat glioma growth. Cancer Science, 100:

1434 — 1442, 2009.

8. JAGER E, VENTURINI CG, POLETTO FS, COLOME L M, POHLMANN JPU,
BERNARDI A, BATTASTINI AMO, GUTERRES SS, POHLMANN AR. Sustained
release from lipid-core nanocapsules by varying the core viscosity and the particle

surface area. Journal of Biomedical Nanotechnology, 5: 130 — 140, 2009

9. HORN AP, BERNARDI A, FROZZA RL, GRUDZINSKI PB, SOUZA LF,
CHAGASTELLES P, WYSE A, BERNARD H, BATTASTINI AMO, CAMPOS MM,
NARDI NB, LENZ G, SALBEGO C. Mesenchymal stem cell conditioned medium
induces neuroinflammation in organotypic cultures of rat hippocampus. Manuscrito

submetido a revista Journal of Neuroscience Research.

167


http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/7400428082614215
http://lattes.cnpq.br/4050543278806170

10. HOPPE JB, FROZZA RL, HORN AP, COMIRAN R, BERNARDI A, CAMPOS
MM, BATTASTINI AMO, SALBEGO C. B-amyloid neurotoxicity in organotypic
hippocampal slice culture is attenuated by melatonin: involvement of GSK-383, tau

and neuroinflammation. Manuscrito submetido a revista Journal of Pineal Research.

11. CANTO RFS, BERNARDI A, BATTASTINI AMO, RUSSOWSKY D, EIFLER-
LIMA VL. The use of a new and environmentally benign promoter system towards the
synthesis of 3,4-dihydropirimidin-2(1H)-ones/thiones and their in vitro citotoxic activity
against glioma cells. Manuscrito submetido a revista European Journal of Medicinal

Chemistry.

12. FROZZA RL, BERNARDI A, PAESE K, HOPPE J, SILVA T, BATTASTINI AMO,
POHLMANN AR, GUTERRES SS, SALBEGO C. Characterization of trans-
resveratrol-loaded nanocapsules and investigation of distribution in rat tissues.

Manuscrito em preparacao.

13. BRAGANHOL E, BERNARDI A, ZANIN R, BERGAMIN L, CAMPESATO LF,
MORRONE FB, CAMPOS MM, CALIXTO JB, BATTASTINI AMO. NTPDase2 over-
expression in gliomas modulates inflammation and lung metastasis. Manuscrito em

preparagao.

14. VENTURINI CG, JAGER E, BERNARDI A, BATTASTINI AMO, GUTERRES SS,
POHLMANN AR. Optimization of the nanocapsules formulation to provide a
suspension containing exclusively one type of colloid with high physical stability.

Manuscrito em preparacao.

168



15. DRESCH RR, IRAZOQUI FJ, SENDRA VG, ZLOCOWSKI N, BAVARESCO L,
BERNARDI A, ROSA RM, BATTASTINI AMO, TRINDADE VMT, HENRIQUES AT,
VOZARI-HAMPE. Staining of carcinomas with biotinylated ACL-l, a lectin isolated

from the marine sponge Axinella corrugate. Manuscrito em preparagao.

169



