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RESUMO

A identificagcdo de novos alvos terapéuticos no tratamento de glioblastomas
multiformes (GBMSs) se faz necesséria devido ao mau progndstico e ineficiéncia das
terapias associadas a esses tumores. Nesta dissertacéo, avaliamos o envolvimento
do Fator Nuclear kappaB (NFkappaB) e da via da PI3K/Akt no crescimento in vitro
de glioblastomas, e o potencial uso dos inibidores de NFkappaB e de PI3K/Akt como
possiveis agentes antitumorais. Com esta finalidade foram utilizados os inibidores
farmacologicos de NFkappaB (partenolide), e de PI3K/Akt (quercetina e Ly294002),
e o inibidor misto de NFkappaB/Akt (curcumina). Os inibidores de NFkappaB
causaram uma significativa diminuicéo na viabilidade dos GBMs quando comparado
com os inibidores de outras vias de sinalizacdo (MAPK, MEK/ERK1/2, EGFr e
JNK1/2), a qual foi tipo dose resposta. Além disso, os inibidores de NFkappaB
apresentaram extravasamento de LDH no meio de cultura e perda de integridade da
membrana plasmatica que foi vista através da técnica do lodeto de Propideo (PI). Ja
os inibidores de PI3K/Akt apresentaram um menor efeito do que o apresentado
pelos inibidores de NFkappaB, ndo demonstrando uma curva do tipo dose resposta,
ainda assim, diminuiram a viabilidade dos GBMs. Entretanto, ndo apresentaram
extravasamento de LDH no meio de cultura, e ndo houve incorporacdo de PI,
mostrando que, diferentemente do que ocorre com os inibidores de NFkappaB, a
perda de viabilidade vista nas células tratadas com os inibidores de PI3K/Akt esta
preponderavelmente relacionada com uma diminuicdo na proliferacdo, e ndo com
morte celular. Vimos também que os inibidores foram capazes de alterar o imuno-
conteudo de fatores relacionados com morte e sobrevivéncia celular, tais como
caspase 3, LC3 A/B, PARP e Hsp70, assim como o ciclo celular. Portanto, nossos

resultados demonstram que a via da PI3K/Akt parece estar preferencialmente



relacionada com a proliferagdo celular, enquanto a via do NFkappaB

preferencialmente com sobrevivéncia.



ABSTRACT

The identification of new therapeutic targets for treatment of glioblastoma multiforme
(GBMs) is necessary due to poor prognosis and ineffective therapies associated with
these tumors. In this study we have assessed the role of Nuclear Factor-kappaB
(NFkappaB) and the PI3K/Akt pathway in glioblastomas in vitro growth, and their
inhibitors as potential antitumor agents. For this we used the pharmacological
inhibitors of NFkappaB (Parthenolide), and PI3K/Akt (LY294002 and quercetin), and
mixed inhibitor of NFKB / Akt (curcumin). NFkappaB inhibitors yielded a significant
decrease in viability of GBMs compared to inhibitors of other signaling pathways
(MAPK, MEK/ERK1/2, EGFr and JNK1 / 2), which was dose-dependent.
Furthermore, inhibitors of NFkappaB showed LDH releasing in culture medium and
membrane integrity losing, evaluated through the Propidium lodide (PI)-based
method. The PI3K/Akt inhibitors showed a smaller effect than NFkappaB inhibitors,
also decreasing GBMs viability but playing no dose-dependence response. Despite
there was not LDH releasing in culture medium and PI incorporation, showing that
the loss of viability observed in cells treated with inhibitors of PI3K/Akt is associated
with a decrease in the proliferation, unlike what happens with inhibitors of NFkappaB,
no cell death was observed. We have also seen that the inhibitors were able to alter
the contents of immune-related factors death and cell survival, such as caspase-3,
LC3 A / B, PARP and Hsp70, as well as the cell cycle. Therefore, our results
demonstrate that the PI3SK/Akt pathway seems to be related to cell proliferation, while

the NFkappaB pathway to survival.



Lista de Abreviaturas:

3-MA: 3-metiladenina

Akt ou PKB: proteina cinase B

AP-1: ativador da proteina-1 (activator protein-1)

APAF1: fator apoptético 1 ativador de protease (apoptotic protease activating factor

1)

BAK: antagonista de morte Bcl-2 (Bcl-2 antagonist killer)

BAX: proteina Bcl-2 associada ao X (Bcl-2 associated X protein)

BCL2: proteina 2 de linfoma de células B (B-cell lynphoma protein 2)

Bcl-X.: proteina de isoforma longa relacionada a Bcl2 (Bcl2 related protein long

isoform)

Bid: dominio agonista de morte de interacdo com BH3 (BH3 interacting domain

death agonist)

CREB: nucleotideo ciclico de resposta ao elemento da proteina de ligacdo (cyclic

nucleotide response element binding protein)

DR: receptores de morte (death receptor)

DRAM: gene modulador de autofagia induzido por dano (damage-regulator

autophagy modulator)

EGFR: receptor do fator de crescimento endotelial (endothelial growth factor

receptor)



ERO: espécies reativas de oxigénio

FADD: dominio de morte associado a Fas (Fas-associated death domain)

Fas: &cido graxo sintetase (fatty acid synthetase)

GBM: glioblastoma multiforme

HSP: proteinas de choque térmico (heat shock protein)

IGF: fator de crescimento semelhante a insulina (insulin growth factor)

IKB: inibidor de NFkappaB (inhibitor of NFkappaB)

IKK: IKB cinase

IRNA: RNA de interferéncia (interference RNA)

JNK: cinase jun n-terminal (jun n-teminal kinase)

LC3 A/B: formas A e B da cadeia leve 3 das proteinas associadas aos microtubulos

(light chain 3 of microtubule-associated A and B)

MDM2: minuto duplo murino 2 (murine doble minute 2)

MDRZ1.: proteina de resisténcia a multiplas drogas (multidrug resistance protein)

MEK: proteina cinase ativada por mitbgeno (mitogen-activated protein kinase)

MMP: matrix metaloproteinases

MOMP: permeabilizacdo da membrana mitocondrial externa (mitochondrial outer-

membrane permeabilization)

MTOR: proteina alvo da rapamicina de mamiferos (mammalian target of rapamycin)
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NFkappaB: Fator Nuclear kappa B (Nuclear Factor Kappa B)

PARP: poli ADP-ribose polimerase (poly ADP ribose polymerase)

PDGEF: fator de crescimento derivado de plaguetas (plateled-derived growth factor)

PDK1: proteina cinase 1 dependente de fosfoinositol (phosphoinositide-dependent

kinase 1)

PI3K: fosfatidil-inositol 3 cinase

PKA: proteina cinase A

PKC: proteina cinase C

PPI: fosfatidilinositol 3-fosfato (phosphatidylinositol 3-phosphate)

PPI2: fosfatidilinositol 3,4-bifosfato (phosphatidylinositol 3,4-biphosphate)

PPI3: fosfatidilinositol 3,4,5-trifosfato (phosphatidylinosito 3,4,5-triphosphate)

Pten: proteina homologa fostatase/tensina (phosphatase and tensin homolog)

RPI: serina-treonina cinase (receptor-interacting protein)

siRNA: RNA de interferéncia (small interference RNA)

SMAC/DIABLO: segundo ativador mitocondrial de caspase

TMZ: temozolamida

TNF: fator de necrose tumoral (tumor necrosis factor)

TRAIL: ligante indutor de apoptose relacionado a TNF (TNF-related apoptosis

inducing ligand)
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1. INTRODUCAO

1.1. Glioblastomas

A busca por novos alvos terapéuticos para o tratamento de neoplasias solidas
e hematopoiéticas tem sido objeto de esforcos na comunidade cientifica. Os
glioblastomas sdo tumores soélidos originarios de transformacfes neoplasicas em
células da linhagem astrocitica, é classificado como astrocitoma de grau IV pela
Organizacdo Mundial de Saude (OMS), sendo o mais comum entre os tumores
cerebrais malignos (Friedman et al., 2000; Louis et al., 2007; Mercer et al., 2009). O
GBM é considerado um cancer bastante agressivo, invasivo, € sem muitas
alternativas terapéuticas, o que culmina em uma sobrevida média de 1 ano (Stewart
et al., 2002; Koukourakis et al., 2009; Sathornsumetee e Reardon, 2009). O
tratamento padrédo para glioblastomas inclui a remocéao cirargica do tumor, seguida
de radioterapia craniana total, com administracdo concomitante e adjuvante de
guimioterapia alquilante (Stewart et al., 2002; Mercer et al., 2009). A adicdo da
guimioterapia alquilante melhora a sobrevida desses pacientes entre 2 e 5 anos,
guando comparada com a radioterapia isolada, em pacientes com diagndstico
precoce. No entanto, pacientes com diagnostico tardio apresentam uma sobrevida
de apenas 14,6 meses (Krakstad et al., 2010). A severidade desse prognostico
provém de diversos fatores que tornam os GBMs um tipo de tumor complexo e de
dificil tratamento. Enquanto outros tecidos tumorais podem ter partes removidas sem
a perda funcional ou com pequena perda funcional do 6rgdo, 0 mesmo nem sempre
pode ser aplicado aos tumores do sistema nervoso central. Portanto, a necessidade

da caracterizacdo de novas vias de sinalizacdo importantes no crescimento de
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gliomas pode possibilitar o desenvolvimento de novos agentes farmacoldgicos,
proporcionando, além disso, novas alternativas terapéuticas aos pacientes que nao
respondem a terapia com os antitumorais classicos. Recentemente, estudos vém
caracterizando a inibicdo da proteina cinase B (PKB/Akt) e do fator de transcricao
NFkappaB como alvos potenciais para inducdo de morte celular e sensibilizacédo a
guimioterapicos em diversos tipos de células tumorais como, por exemplo, cancer de
pulméo, ovario e glioblastomas (Xu et al., 2010; Wu et al., 2008; Koul et al., 2010;
Barkett et al., 1999; Rayet et al., 1999; Aggarwal et al., 2004; Kapoor et al., 2004;

Sethi et al., 2007; Zanotto-Filho et al., 2010).

1.2. Proteina Cinase B (PKB/Akt)

A proteina cinase B ou Akt (PKB/Akt) € uma proteina cinase de residuos
serina/treonina. Em mamiferos foram encontradas trés isoformas de PKB, a PKB a
(Akt 1), PKB B (Akt 2) (Jones et al., 1991; Cheng et al., 1992) e PKB y (Akt 3)
(Brodbeck et al., 1999). A ativacdo da PKB/Akt se da através de varios estimulos tais
como horménios, fatores de crescimento e componentes da matriz extracelular
(Nicholson et al., 2002). A cascata de sinalizacdo inicia com a ativacdo da PKB / Akt
pelas classes 1A e 1B da PI-3K, as quais séo ativadas pela tirosina-cinase e pelos
receptores acoplados a proteina-G, respectivamente. Seguindo o seu recrutamento
para esses receptores na membrana plasmatica, PI-3K é ativado e fosforila a
fosfatidilinositol-4,5-bifosfato (PP12) no grupo 3-OH, gerando o segundo mensageiro
fosfatidilinositol-3,4,5-trifosfato (PPI3). Os niveis de PPI3 sao rigidamente regulados
pela acao de fosfatases como a Pten, que remove fosfato a partir da posi¢do 3-OH,

e a SHPI, que defosforila na posi¢do 5-OH, inibindo a PPI3, e consequentemente a
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via. A PPI3 ndo ativa PKB/Akt diretamente, mas em vez disso parece recrutar
PKB/Akt para a membrana plasmatica e alterar a sua conformacéo para permitir uma
subsequente fosforilacdo pela fosfatidilinositol cinase dependente-1 (PDK-1). Apos
ser ativada, a PI3K pode promover a ativacao de varias proteinas celulares e fatores
de transcricéo, incluindo BAD, CREB, IKB-cinase (NFkappaB), GSK3 a e 3, mTOR,
gue estdo envolvidos em diversos processos, tais como metabolismo, proliferacéo,
diferenciacdo e estimulos anti-apoptéticos (Nicholson et al., 2002). Particularmente
em gliomas, a superativacao de via PI3K/Akt tem sido demonstrada em mais de 60%
dos tumores, em consequéncia de mutacdes que levam a auséncia da atividade da
proteina Pten, um modulador negativo da PI3K. Devido a esse espectro de
modulacdo anti-apoptética e proliferativa, a PKB/Akt tem sido considerado um
importante fator no desenvolvimento de gliomas (Hill et al., 2002). Portanto, a
inibicho de PKB/Akt poderia ser um mecanismo de sensibilizacdo de células
tumorais por facilitar a ativacdo da maquinaria apoptotica, sendo um possivel alvo na

terapia contra o cancer (Hill et al., 2002).

1.3. Fator Nuclear Kappa B (NFkappaB)

Junto com a via de PI3K/Akt, recentemente os estudos apontam o fator de
transcricdo NFkappaB (Nuclear Factor kappa-B) como um componente importante
no processo de crescimento e resisténcia anti-apoptética de gliomas, embora os
mecanismos envolvidos na ativacdo deste fator permanecam por ser elucidados
(Barkett et al., 1999; Rayet et al., 1999; Aggarwal et al., 2004; Kapoor et al., 2004,
Sethi et al., 2007; Zanotto-Filho et al., 2010). O NFkappaB é um fator de transcri¢cao

formado por uma familia de proteinas combinadas em homo e heterodimeros
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(principalmente heterodimeros entre as proteinas p65 e p50). O complexo p65/p50 é
recrutado no citosol sob a forma de um complexo ternario ligado a subunidades
inibitérias denominadas IkB. Sob acdo de estimulos como, por exemplo, citocinas
inflamatorias e espécies reativas de oxigénio, IkB é fosforilada por IKK (IkB cinase) e
desliga-se de NFkappaB sendo, entdo, levada a degradacdo no proteassoma. Uma
vez desligado da subunidade inibitéria (IkB), a forma ativa de NFkappaB (p65/p50)
migrara para o nucleo, e participara da regulacao de diversos genes. Entre os genes
modulados por NFkappaB encontram-se principalmente os relacionados as vias de
inibicdo de morte celular como os anti-apoptoticos Bcl-xL, c-FLPI e clAP1/2 (inibidor
de apoptose 1 e 2), e os antioxidantes SOD2 (Superéxido dismutase mitocondrial),
invasdo (ICAM-1, VCAM-1, MMP2, MMP9), angiogénese (VEGF), proliferacao
(ciclina D1, MYC) e metastase (CXCR4 e TWIST), os quais sdo, conjuntamente,
relacionados com a inibicAo da maquinaria apoptoética. Além dos processos ja
citados o NFkappaB também ativa genes que contribuem para a imunidade
adaptativa e a secrecdo de citocinas pro-inflamatorias. Devido a esse espectro de
modulacdo anti-apoptoética/antioxidante, o NFkappaB tem sido considerado um fator
de transcricdo diretamente ligado aos eventos de proliferacdo, metastase e
resisténcia tumoral aos quimioterapicos e ao sistema imune (Barkett et al., 1999; Xie
et al., 2010; Zanotto-Filho et al., 2010). Um ponto importante a ser considerado no
potencial apoptético da inibicdo de NFkappaB é a aumentada expressao e ativacao
de NFkappaB em células tumorais comparado a células normais, 0 que,
teoricamente, proporcionaria uma seletividade dos inibidores de NFkappaB para as
células neoplasicas comparado aos tecidos normais (Pickering et al., 2007; Gill et
al., 2002). A seletividade é um fator importante quando consideramos 0S compostos

antitumorais, uma vez que isso preveniria 0s possiveis efeitos adversos aos tecidos
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sadios. Por exemplo, em um painel de linhagens de gliomas foi observada uma
aberrante ativacdo e expressdo de NFkappaB, enquanto células ndo-tumorais ndo
apresentaram aumento deste fator de transcricdo. Neste estudo, o tratamento com
oligonucleotideos de interferéncia (decoy) para NFkappaB induziu morte celular em
linhagens de glioma, sem efeitos significantes nas células ndo-tumorais (astrocitos)
(Gill et al., 2002). A ativacao exacerbada da via de NFkappaB contribui, também,
para a proliferacdo descontrolada e para a resisténcia aos agentes antitumorais em
pacientes refratarios aos protocolos de quimioterapia (Piva et al., 2005; Philipp e
Ruland 2007; Furman et al., 2000). Tal hiper-ativacdo de NFkappaB em resposta a
guimioterapia tem sido correlacionada com a falha terapéutica associada tanto a
drogas classicas como o taxol, etoposideo (Morotti et al., 2006), vincristina,
vinblastina (Garcia et al.,, 2005) quanto a farmacos de nova geracdo como O
imatinibe (Cilloni et al., 2006). Neste contexto, os estudos vém sugerindo que 0 uso
combinado de inibidores de NFkappaB associado a antitumorais classicos pode
potencializar a morte celular ou, até mesmo, quebrar a resisténcia celular a esses

compostos.

1.4. Inibidores de NFkappaB e PI3K/Akt

Existem, atualmente, diversas moléculas inibidoras da via de NFkappaB e de

PI3K/Akt, as quais atuam em diferentes pontos da via:

a) Partenolide: lactona sesquiterpénica; inibe IKK-B na Cys179. Além disso,
inibe p65 por ligagdo em residuos de cisteina no loop de ativacdo (Hehner

et al., 1999; Kwok et al., 2001).
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b) Curcumina: pigmento extraido da Curcuma longa; inibidor de IKKs

(Dhandapani et al., 2007).

c) Quercetina: 3,3',4',5,7-pentahidroxiflavonoide — é um flavondide de baixo
peso molecular encontrado nos mais variados tipos de frutas e vegetais;

inibidor de PI3K (Braganhol et al., 2006).

d) Ly294002: Cloridrato de 2-(4-Morfolinil)-8-Fenil-1(4H)-Benzopiran-4-ona —
€ um composto quimico que foi derivado da quercetina; inibidor de PI3K

(Imai et al., 2012).

Curcumina o 0O

O

Partenolide

O  1y294002
Quercetina OH

Figura 1. Estruturas moleculares dos inibidores de NFkappaB e de PI3K/Akt.
Figuras desenhadas com o software BKChem®.
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1.5. Morte Celular

A morte celular pode ser classificada de acordo com o0 seu aspecto
morfolégico (que pode ser apoptotica, necrotica, autofagica ou associado com a
mitose), critérios enzimaticos (com e sem o envolvimento de nucleases ou de
classes diferentes de proteases, tais como as caspases, calpainas, catepsinas e
transglutaminases), aspectos funcionais (programada ou acidental, caracteristicas
fisioldgicas ou patolégicas) ou imunolégica (imunogénicos ou nao imunogénica)

(Kroemer et al., 2009).

a) Apoptose

A morte celular por apoptose € de grande importancia durante o
desenvolvimento do organismo, bem como na regulacdo do sistema imunoldgico e

na defesa contra doencas.

Morfologicamente, a apoptose se caracteriza por alteracdes nucleares como a
condensacao e fragmentacdo da cromatina, assim como a formacao de bolhas de
membrana, modificacdes nas organelas e encolhimento de toda a célula. Ocorre a
exposicao ao lado de fora da célula do fosfolipideo de membrana, a fosfatidilserina,
indicando aos macréfagos que aquela célula dever ser fagocitada (Elmore et al.,
2007; Ghavami et al., 2009). E importante salientar que esse processo ocorre sem a
perda da integridade da membrana plasmatica, ndo havendo a producdo de
citocinas, e consequentemente impedindo que ocorra um processo inflamatério

(Elmore et al., 2007).

19



Atualmente estdo descritos dois mecanismos gerais de indugédo de apoptose,
uma via extrinseca e uma via intrinseca, que divergem na forma de ativacdo, mas

gue estao parcialmente interligados, apresentando a mesma finalidade.

A via extrinseca é ativada por sinais externos a célula, através de receptores
trasmembrana que irdo propagar o sinal para o citoplasma. Estes receptores de
morte sdo chamados DR (death receptors) que sdo membros da superfamilia TNFR
(Tumor Necrosis Factors Receptors). Os membros da superfamilia TNFR possuem
subdominios extracelulares ricos em cisteinas, e um dominio citoplasmatico de cerca
de 80 aminoacidos denominado “dominio de morte” (Ashkenazi e Dixit, 1998;
Mahmood, 2010). Este dominio de morte desempenha um papel fundamental na
transmissao do sinal de morte a superficie da célula para as vias de sinalizacéo
intracelular. Até a data, os principais e melhor caracterizados ligantes e receptores
correspondentes de morte incluem FasL/FasR, TNF-o/TNFR1, Apo3L/DR3,
Apo2L/DR4 e Apo2L/DR5 (Chicheportiche et al., 1997;. Ashkenazi et al., 1998;
Suliman et al., 2001;. Rubio-Moscardo et al., 2005). Apos a ativacdo do receptor, a
cascata de caspases € ativada através da dimerizacdo de caspase 8, que cliva e

ativa as caspases 3 e 7 para efetivacdo da apoptose (Mahmood, 2010; Tait, 2010).

A via intrinseca de sinalizacdo ndo é mediada por receptores, mas sim
através da alteracdo da permeabilidade da mitocéndria. Os estimulos que iniciam a
via intrinseca produzem sinais intracelulares que podem atuar tanto de maneira
positiva quanto negativa. Sinais negativos envolvem a auséncia de determinados
fatores de crescimento, horménios e citocinas, que suprimiriam a morte,
desencadeando uma falha na supressédo do sinal e consequentemente levando a
apoptose. Ja os sinais positivos podem ser a radiacdo, toxinas, hipoxia, hipertermia,

infeccdes virais, e os radicais livres (EImore, 2007).
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Figura 2: Via intrinseca e extrinseca da apoptose. (a) estimulo apoptético intrinseco,
como o dano ao DNA ou estresse de reticulo endoplasmatico (RE), ativam BAX e
BAK, promovendo a permeabilizacdo da membrana mitocondrial externa (MOMP —
mitochondrial outer membrane permeabilization). A liberagdo de proteinas
mitocondriais promove a ativacdo de caspases e resultam em apoptose. (b) a via
extrinseca € iniciada pela ativagdo dos receptores de morte, que levam ao
recrutamento de moléculas adaptadoras como FADD e caspase 8, que cliva as
caspases efetoras 3 e 7, levando a apoptose. Os fatores que fazem a ligagao das
duas vias, intrinseca e extrinseca, ocorre através da clivagem da caspase 8 e
ativacao de BID. Alterado de Tait et al (2010).
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Todos estes estimulos provocam alteragdes na membrana mitocondrial
interna, que resulta em uma abertura do poro de permeabilidade transitoria (MPT),
perda do potencial de membrana mitocondrial e libertacdo para o citosol do
citocromo ¢, Smac / DIABLO, e da serina protease HtrA2/Omi (Du et al., 2000;
Garrido et al., 2005). No citosol o citocromo c se liga e ativa a Apaf-1 (apoptotic
protease activating factor 1), que ir4 ativar a caspase-9, formando um apoptossomo,
o qual irA promover uma cascata de sinalizacdo, posteriormente ativando as
caspases 3 e 7 (Hill et al., 2004; Tait et al., 2010; Galluzzi et al., 2011). O controle e
a regulacao destes eventos apoptoticos mitocondriais ocorre através de membros da
familia de proteinas Bcl-2 (Cory e Adams, 2002). A proteina p53 supressora de
tumor tem um papel critico na regulacéo da Bcl-2, no entanto os mecanismos exatos
ainda nao foram completamente elucidados (Schuler e Green, 2001). A familia de
proteinas Bcl-2 regula a permeabilidade da membrana mitocondrial e pode ser tanto
pré-apoptoética quanto anti-apoptoética. Até agora, foram identificados um total de 25
genes na familia Bcl-2. Algumas das proteinas anti-apoptéticas incluem Bcl-2, Bcl-x,
a Bcl-XL, Bcl-XS, Bcl-w, BAG, e pro-apoptoticas Bcl-10, Bax, Bak, Bid, Bad, Bim,
Bik, e Blk. Estas proteinas tém um significado especial, ja que sdo elas que
determinam se uma célula se compromete a apoptose ou aborta o0 processo.
Acredita-se gque o principal mecanismo de acdo da Bcl-2, é a regulacéo da liberacéo
do citocromo ¢ a partir da mitocondria através da alteracdo da permeabilidade da
membrana mitocondrial. As células tumorais pode adquirir resisténcia a apoptose
através da expressdo de proteinas anti-apoptéticas tais como Bcl-2 ou pela sub-
regulacdo, delecdo ou mutacdo de proteinas pro-apoptoéticas, tais como Bax. A
expressdo de ambos Bcl-2 e Bax é regulada pelo gene supressor de tumor p53

(Desbaillets et al., 1999; Demuth e Berens, 2004; de | et al., 2008). Uma das
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estratégias terapéuticas em desenvolvimento para os glioblastomas buscam a
reestruturacdo das vias de morte a fim de reduzir ou quebrar a resisténcia aos

quimioterapicos.

b) Necrose

A necrose ocorre quando uma célula perde a capacidade de morrer por
apoptose (ex. baixo nivel de ATP). As células podem sofrer necrose devido a um
estresse extremo com intensidade variavel de acordo com o tipo celular. Estresse
oxidativo, altas temperaturas, contato com toxinas e choques mecéanicos (Syntichaki,
2003). A necrose pode ser melhor definida pela sua morfologia, sendo caracterizada
por um inchaco celular, disfuncdo mitocondrial, ruptura da membrana celular e
extravasamento do conteddo citoplasmatico para o espaco extracelular. O
extravasamento do citoplasma faz com que a célula libere fatores que podem ativar
a resposta do sistema imune inato e adaptativo, levando a um processo inflamatério
(Festjens, 2006). Ao contrario da apoptose, a necrose nao apresenta condensacao,
fragmentacao e clivagem do DNA, assim como a ativacao de caspases (Leist, 2001).
A necrose foi, por muito tempo, considerada um processo de morte celular
descontrolado, ndo programado, resultando em alteracdes draméaticas irreversiveis
em parametros celulares essenciais para o metabolismo e estrutura celular
(Skulachev, 2006). Nos ultimos anos, muitos trabalhos vém demonstrando que a
morte celular por necrose pode ser controlada, e jA foram descobertos alguns
marcadores desse processo. O termo “necrose programada” ou “necroptosis” foi
atribuido a um tipo de morte n&o acidental em que hé inibicdo de caspase e indugéo

de morte ndo-apoptética com caracteristicas necroéticas, enfatizando um grau de
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regulacdo e um mecanismo molecular desse processo de morte. A necroptose é
especialmente dependente da atividade cinase serina/treonina de RPIK1 (receptor-
interacting protein kinase), RPIK3, inibidores de caspases, ubiquitinas E3 ligase,
enzimas desubiquitinizadoras, PARP-1 [poli(ADP-ribose)polimerase-1], espécies
reativas de oxigénio (ERO), reacdes bioenergéticas, envolvimento de membros da
familia Bcl-2, hidrolases citosélicas, além da permeabilizacdo da membrana
plasmatica e lisossomal (Holler et al., 2000; Denecker et al., 2001; Galluzzi et al.,
2008; Vandenabeele et al., 2010). O TNF é um importante ativador da necrose, pois
induz a formacdo de ERO mitocondrial e a ativagdo da PARP-1, levando a uma
deplecéo de ATP (Skulachev, 2006). A formacao de ERO induz a danos no DNA e a
subsequente ativacdo da PARP-1, a qual é uma enzima nuclear envolvida na
reparacao e estabilidade do DNA, assim como na regulacédo da transcricdo (Leist et
al., 2001; Los et al., 2002). A ativacdo da PARP-1 consome grande quantidade de
NAD" e induz a um consumo macico de ATP (Jain et al., 2013). O resultado da
deplecéo acelerada de ATP é o favorecimento da necrose, e a consequente inibicao

da morte celular por apoptose, a qual € dependente de energia (Los et al., 2002).

c) Autofagia

A autofagia é uma via de degradacdo altamente conservada, o que inclui
macroautofagia, microautofagia, e autofagia mediada por chaperonas (Mizushima e
Komatsu, 2011). A microautofagia implica no engolfamento do citoplasma por
invaginacdo da membrana lisossomal (Rodriguez-Rocha et al., 2011). Ja a autofagia
mediada por chaperonas (CMA) envolve o fornecimento seletivo de proteinas

citoplasmaticas sollveis pela chaperona hsc70 e co-chaperonas para o lisossomo
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para serem degradadas (Majeski et al., 2004). E a macroautofagia (aqui chamada
apenas de autofagia, e que sera abordada nesse trabalho) que medeia a
degradacdo de componentes intracelulares, incluindo organelas e proteinas de longa
duracao (Levine et al., 2004). A autofagia esta relacionada com diversos processos
fisiolégicos e patoldgicos, incluindo a sobrevivéncia celular, a morte, metabolismo, o
desenvolvimento, a infec¢do, imunidade e envelhecimento (Mehrpour et al., 2010).
Esse tipo de morte programada esté intimamente envolvida na etiologia de muitas
doencas humanas importantes, incluindo cancer, doencas neurodegenerativas e
disturbios metabdlicos (Meijer e Codogno, 2009). Ela se caracteriza pela formacao
de autofagossomos de membrana dupla, que se fusionam com lisossomos para
gerar a estrutura funcional, a qual recicla e degrada componentes celulares em um

ambiente acido contendo hidrolases lisossomais (Kroemer, 2005).

A autofagia serve predominantemente como um mecanismo de sobrevivéncia
celular, através de seu papel supressor da morte celular por necrose, tais como

necroptose e morte celular mediada por poli (ADP-ribose) polimerase-1 (PARP).

A autofagia é regulada geneticamente por uma familia de proteinas chamada
Atg (Autophagy genes), que séo distinguidas através da sigla e de um namero. As
Atg5, Atg7, Atg8, Atgl0 e a Atgl2, sdo as primeiras a serem recrutadas durante o

processo autofagico e sdo as responsaveis pela formacéo do autofagossomo.

A Atg8, mais conhecida como LC3 (Light Chain 3), existe em duas formas, a
LC3-I (localizada no citosol) e a sua forma proteolitica LC3-1l (localizada na
membrana do autofagossomo) (Kogel et al., 2010). A LC3 é uma proteina do tipo
ubiquitina-ligase, que pode ser conjugada com a fosfatidiletanolamina (PE).

Inicialmente a LC3 é sintetizada em uma forma ndo processada, a proLC3, que é
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clivada no carbono C-terminal, resultando em LC3-l, para posteriormente ser
conjugada a PE, formando a LC3-1l. A LC3-Il é a Unica proteina marcadora fielmente

associada ao estagio completo do autofagossomo (Klionsky et al., 2008).

Além dessas, temos a Atg6, ou beclina-1, que é um regulador essencial do
processo autofagico e um componente de classe Ill do complexo da PI3K,
necessario tanto na formacgéo quanto no transporte dos autofagossomos. A beclina-1
€ um gene supressor tumoral, que esta deletado em varios tipos de tumores, como
os de mama, ovario e de prostata. Em gliomas, constatou-se que 0s niveis de
expressdo de beclina-1 sdo inversamente proporcionais ao grau do tumor. Portanto,
pacientes com baixos niveis de beclina-1 apresentam um pior progndstico,
sugerindo que o processo autofagico pode amplificar a resposta a terapia,

melhorando o desfecho clinico (Pirtoli et al., 2009).

Normalmente, o receptor de insulina ativa PI3K, e esse estimula a via de Akt.
A autofagia pode ser reprimida pela via de PI3K, que pode ser influenciado pela
inibicdo de PTEN na interacdo de PI3K e Akt. Quando Akt esta ativada pode inibir a
apoptose e a autofagia através da proteina mTOR. Esta € determinante para iniciar
a formacdo dos autofagossomos pela interacdo de membros da familia Atg

(Baehrecke et al., 2005).
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Figura 3: Vias de sinalizacdo autofagica. Visdo esquematica das proteinas
envolvidas na modulacdo e execucdo do processo autofagico, assim como as

estruturas formadas. Obtido de: http://www.cellsignal.com/pathways/autophaqgy-

signaling.jsp (acessado em 15/04/2013).
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1.6. Justificativa

Uma vez que PI3K e NFkappaB estdo super-estimulados em painéis de
linhagens de gliomas e pacientes (Koul et al., 2010; Zanotto-Filho et al., 2010),
nossa hipétese € que a inibicdo destas proteinas/vias de sinalizacdo poderia ser
uma alternativa para conter o crescimento desses tumores. Um ponto importante a
ser considerado no potencial apoptético da inibicdo de PI3K/Akt e NFkappaB €é a
aumentada expressao e ativacado destas vias em glioblastomas comparado a células
normais, o que, teoricamente, proporcionaria uma seletividade dos seus inibidores
para as células neoplasicas comparado aos tecidos normais (Zhang et al., 2010;
Koul et al., 2010; Zanotto-Filho et al., 2010). A seletividade € um fator importante
guando consideramos 0s compostos antitumorais, uma vez gue iSSO preveniria 0S
possiveis efeitos adversos aos tecidos sadios. Portanto, essas observacoes
gualificam a inibicdo da via PI3K/Akt e NFkappaB como um possivel alvo na terapia

contra os gliomas.
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2. OBJETIVOS

2.1. Objetivo Geral

Determinar se a inibicdo da proteina cinase B (PKB/Akt) e/ou do fator de
transcricdo NFkappaB pode ser uma estratégia para inducao de morte celular em

Gliomas, e avaliar alguns mecanismos moleculares envolvidos nesses eventos.

2.2. Objetivos especificos

e Determinar os efeitos do inibidor farmacolégico de NFkappaB partenolide, dos
inibidores de PI-3K/Akt quercetina e Ly294002, e do inibidor misto curcumina,
na viabilidade de culturas de glioblastomas humanos U87MG (PTEN
mutada/P53 normal) e U251MG (PTEN mutada/P53 mutada) e em culturas de

glioblastomas C6 de ratos;

e Avaliar a ativacdo de PKB/Akt e NFkappaB em células U87MG,U251MG e
C6, através de seu imuno-conteddo antes e apds o tratamento com 0s

inibidores farmacoldgicos;

e Determinar os mecanismos de morte celular envolvidos, discriminando entre
apoptose, necrose ou autofagia, as vias envolvidas, e das caspases ha

ativacdo da maquinaria de morte celular, assim como analisar o ciclo celular.
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3. MATERIAIS E METODOS

3.1. Reagentes e Anticorpos:

Curcumina, lodeto de Propideo, Hepes, CHAPS, Ditiotreitol, EDTA, tripsina,
MTT (3-(4,5-dimetiil)-2,5-difenil tetrazolio brometo), Nonidet-P40, quercetina [2-(3,4-
Diidroxifenil)-3,5,7-triildroxi-4H-1-benzopirano-4; 3, 3', 4', 5, 6-Pentaidroxiflavona],
Espermina Tetraidrocloreto, RNAse A e os reagentes utilizados na cultura de células
foram adquiridos da Sigma Chemical Co (St. Louis, MO, USA). Os anticorpos p-Akt
policlonal, p-IKK, PARP, LC3 A/B, HSP70, Caspase 3 e B-actina foram comprados
da Cell Signaling Technology. Ja para o ensaio de LDH foi utilizado o kit CytoTox 96-
NonRadioactive Cytotoxicity Assay da Promega Corporation (Madison, USA).
Partenolide e o LY294002 da Biomol International (Plymouth Meeting, PA). Os
reagentes usados para Eletroforese/immunoblotting foram adquiridos da Bio-Rad

Laboratories (Hercules, CA, USA).

3.2. Cultura de Células:

As linhagens de glioblastomas de rato (C6) e as humanas (U87MG e
U251MG) foram obtidas da American Type Culture Collection (Rockville, Maryland,
USA). As células foram cultivadas e mantidas em Dulbecco’s modified Eagle’s
medium (DMEM; Gibco BRL, Carlsbad, USA) contendo 0.1% Fungizona, 100U/l de
gentamicina e suplementadas com 5% de soro fetal bovino nas células C6 e 10% na
U87MG e U373MG. As células foram conservadas em estufa a 37°C com 5% CO-

(Zanotto-Filho et al., 2010).
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3.3. Ensaios de MTT e de LDH:

A reducdo do MTT pelas desidrogenases celulares e a liberacdo da lactato
desidrogenase (LDH) no meio de cultura foram utilizados para estimar a viabilidade
celular (Dhandapani. et al., 2007; Zanotto-Filho et al., 2009). As células (10*por
poco) foram semeadas em placas de 96 pocos, apés atingir a confluéncia de 60-
70% essas células foram tratadas. ApoOs os tratamentos foram realizados os ensaios
de MTT e LDH. A liberagéo de Lactato Desidrogenase (LDH) no meio de cultura das
células é um indicativo de perda de integridade de membrana, a qual foi
determinada pelo kit de fluorescéncia (CytoTox 96-NonRadioactive Cytotoxicity

Assay, Promega) segundo instru¢des do fabricante.

3.4. Incorporacao de lodeto de Propideo e Morfologia Celular:

O iodeto de propideo (PI) penetra nas células com perda da integridade da
membrana plasmatica e pode ser analisado por microscopia de fluorescéncia. Para
isso, as células tratadas com os inibidores eram incubadas com 2 pug/mL de Pl em
meio por 1h em estufa (Braganhol et al., 2006). A fluorescéncia do PI foi excitada a
515-560 nm usando um microscoépio invertido (Nikon Eclipse TE 300) equipado com
filtro rodamina. A morfologia das células foi avaliada por microscopia de luz (Nikon
Eclipse TE 300) e classificadas como: Normal (células com morfologia inalterada e
densidade normal); Baixa densidade (células com morfologia normal e baixa
densidade na placa); Células mortas (morfologia celular e nuclear alterada,
vacuolizacdo citoplasmatica, presenca de células soltas). Foram coletadas as

microfotografias representativas (até 5 por poco).
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3.5.  Western Blotting:

As proteinas (50 pg) foram separadas por SDS-PAGE com 10% (w/v) de
acrilamida, 0.275% (w/v) de bisacrilamida, e transferidas para uma membrana de
nitrocelulose. Essas membranas foram incubadas em TTBS [20 mmol/L Tris—HCI,
pH 7.5, 137 mmol/L NaCl, 0.05% (v/v) Tween 20] contendo 5% (w/v) de albumina
bovina ou leite desnatado (segundo recomendacfes do fabricante) por 1h a
temperatura ambiente. Apds essa primeira incubacdo, essas membranas foram
mantidas durante 12 horas em camara fria, com o anticorpo primario adequado.
Passado esse periodo, as membranas foram lavadas com TTBS e incubadas com o
anticorpo secundario por 2h a temperatura ambiente. As bandas com
guimioluminescéncia foram detectadas por exposicdo da membrana a um filme, que
posteriormente foi analisado por densitometria através do software Image-J®

(Zanotto-Filho et al., 2009).

3.6. Ciclo Celular:

Para andlise do ciclo celular, as células foram tripsinizadas, centrifugadas e
ressuspendidas em tampao de lise (3,5 mmol/L Citrato Trissédico, 0,1% (v/v)
Nonidet P-40, 0,5 mmol/L Tris-HCI, 1,2 mg/mL Espermina Tetrahidrocloreto, 5
mg/mL RNAse, 5 mmol/L EDTA, 1 mg/mL de lodeto de Propideo, pH 7,6), foram
agitadas em vortex e incubadas em gelo durante 10 minutos para completa lise
celular. O contetdo de DNA foi determinado por citometria de fluxo. Foram contados
10.000 eventos por amostra. As andlises foram realizadas no software Pro CellQuest

(BD Biosciences, CA) (Zanotto-Filho et al., 2010).
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3.7. Ensaio de Autofagia:

Para o ensaio de autofagia, as células foram semeadas em placas de 12
pocos em uma confluéncia de 70% e foram tratadas por 48 horas com seus
respectivos inibidores. Apds 48 horas o meio foi retirado e um novo meio contendo
2ug/mL de acridina foi adicionado as células. Depois de 30 minutos de incubacgédo o
meio contendo acridina foi desprezado e as células foram tripsinizadas e
ressuspendidas em 400uL de PBS. As células marcadas com acridina foram
determinadas por citometria de fluxo. Foram contados 10.000 eventos por amostra.
As andlises foram realizadas no software Pro CellQuest (BD Biosciences, CA)

(Zanotto-Filho et al., 2010).

3.8. Analise Estatistica:
Os dados foram expressos como média £ D.P. (desvio padréao) e analisados
por ANOVA de uma via, seguido pelo teste post hoc de Tukey. As diferencas foram

consideradas significativas quando p<0,05.

34



4. RESULTADOS

4.1. Inibidores de vias de sinalizagcédo potencialmente desreguladas em
GBMs:

Como teste inicial, as células C6 foram tratadas com inibidores de diferentes
vias de sinalizacdo descritas como desreguladas em GBMs (Stewart, 2002; Soni et
al., 2005; Yu et al., 2008; Brennan et al., 2009). Inibidores de PI3K/Akt (Ly294002),
EGFr (PD158780), MEK/ERK1/2 (UO126), JNK1/2 (SP600129), p38 MAPK
(SB203580), e IKK/NFkappaB (BAY117082 e partenolide) foram avaliados em
diferentes concentracdes. Ao final de 36 horas de incubacédo, os inibidores de
PI3K/Akt e NFkappaB causaram uma diminuicdo significativa na viabilidade dos
GBMs, quando comparado com os inibidores de outras vias. Os inibidores de outras
vias de sinalizacdo tais como MAPKs, EGFr, PKC ndo apresentaram efeitos
citotoxicos mesmo em altas concentracdes, acima de 60 uM (dado ndo mostrado)
(tabela 1).

Tabela 1: Efeito de inibidores de vias de sinalizacdo celular na viabilidade de
Glioblastomas C6 (glioma de rato).

Tratamentos Viabilidade (MTT) Morfologia qualitativa
C6 C6
N&o tratadas 100+ 4 Normal
U0126 (30 puM) 93+15 Normal
SP600129 (30 puM) 103 +11 Normal
SB203580 (30 puM) 98 +10 Normal
PD158780 (50 uM) 9 +4 Normal
Ly294002 (50 uM) 64 £ 17* Baixa densidade
BAY117082 (30 uM) 15 + 6* Células mortas
Partenolide (25 uM) 54 + 5* Células mortas

Legenda: Efeito de inibidores de vias de sinalizagao celular na viabilidade de GBMs.
As células C6 foram tratadas por 36 horas com os inibidores das vias, e apds esse
periodo foi realizado o teste de MTT e a microscopia qualitativa. Foram realizados
trés experimentos independentes (n=3) em triplicata, e os resultados expressos
como média = DP para p<0,05.
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4.2. Ensaio de viabilidade celular:

Para avaliar os efeitos dos inibidores de NFkappaB e PI3K/Akt na
proliferacdo/ viabilidade dos GBMs foram realizados testes de MTT em trés
linhagens, C6 (glioma de rato), UB7MG e U251MG (gliomas humanos). Para isso
foram utilizados por 48 horas em diferentes concentracfes: o inibidor partenolide
(inibidor de IKK/NFkappaB), quercetina e Ly294002 (inibidores de PI3K/Akt) e o
inibidor misto curcumina (IKK/NFkappaB e PI3K/Akt). Os inibidores curcumina e
partenolide apresentaram uma curva tipo dose resposta na diminuicéo da viabilidade
dos gliomas, enquanto a quercetina e o Ly294002, embora tenham reduzido a
viabilidade das culturas, ndo apresentaram tal efeito de dependéncia de dose,

atingindo um platé de inibicdo nas diferentes linhagens (figura 4).

Cé U87MG

% Viabilidade
% Viabilidade
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U251MG

% Viabilidade

Figura. 4: Os inibidores de NFkappaB e PI3K/Akt induziram diminuicdo da
viabilidade em linhagens de glioblastoma multiforme. MTT realizado nas células C6,
U87MG e U251MG. As células foram tratadas por 48 horas com os inibidores em
diferentes concentragdes, curcumina (10, 20 e 50uM), quercetina (50, 100 e 200uM),
Ly294002 (25 e 50uM) e partenolide (12, 25 e 50uM). Foram realizados trés
experimentos independentes (n=3), em triplicata (graficos expressos em média *

D.P. p<0,05).
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4.3. Morfologia Celular e lodeto de Propideo:

Para verificar a viabilidade da membrana plasméatica e o estado de
necrose/apoptose tardia celular, também foi utilizada a técnica de incorporacédo de
lodeto de Propideo (PI). As células C6 e U87MG foram tratadas durante 48 horas
com os inibidores, apds esse periodo o meio foi trocado e as células foram mantidas
por mais 1h com Pl. O inibidor de ambas as vias de sinalizagdo, a curcumina,
apresentou uma maior citotoxicidade em 30uM para a linhagem U87MG ao passo
gue inibiu a proliferacdo em doses menores (15 uM) (figura 5B). Entretanto, na
linhagem C6, a curcumina ndo induziu uma incorporacgao significativa de PI, apenas
uma grande alteracdo morfologica (figura 5A). J4, em ambas as linhagens, as
células tratadas com partenolide apresentaram incorporacéao de PI, sugerindo perda
de integridade da membrana plasmatica e morte celular (figura 5A e 5B). As células
tratadas com quercetina e Ly294002 nao apresentaram incorporacéo de PI, quando
comparadas as células nao-tratadas (figura 5A e 5B), confirmando os efeitos

antiproliferativos destes inibidores indicados no ensaio de LDH (figura 6).
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Figura 5: Ambos os inibidores, de NFkappaB e de PI3K/Akt, induziram a alteracdes
morfologicas, mas apenas os de NFkappaB (curcumina e partenolide) induziram a
perda de integridade da membrana plasmatica apdés 48 horas de tratamento.
Microfotografias representativas (aumento de 40x) do ensaio com lodeto de
Propideo (PIl) e contraste de fase, mostrando a perda de integridade da membrana
plasmatica e alteracdes morfologicas nas células tratadas com os inibidores de
NFkappaB e PI3K/Akt. (A) As células C6 foram tratadas com os inibidores curcumina
(12 e 25uM), quercetina (50 e 200uM), Ly294002 (50uM) e partenolide (12, 25 e
50uM) (B) As células U87MG foram tratadas com os inibidores curcumina (15 e
30uM), quercetina (100 e 200uM), Ly294002 (50uM) e partenolide (12, 25 e 50uM).
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4.4. Quantificagdo da atividade de LDH liberada nos meios de cultura:

Os dados de morfologia e perfil de inibicdo nos ensaios de MTT, sugerem que
os inibidores de PI3K/Akt (quercetina e Ly294002) causam inibicdo de proliferacéo
ao passo que a inibicdo de NFkappaB (com partenolide) parece ser citotoxica. O
inibidor de ambas vias de sinalizagdo, a curcumina, apresentou uma maior
citotoxicidade em 30 uM para a linhagem U87MG ao passo que inibiu a proliferacéo
em doses menores (15 uM). Para confirmar essa hipotese, realizamos o ensaio de
LDH, o qual indica perda de viabilidade da membrana plasmatica. Nos ensaios de
LDH as células C6 e UB7MG foram tratadas por 48 horas com os inibidores
curcumina, partenolide, quercetina e Ly294002. ApoOs esse periodo o meio foi
coletado para determinacdo da atividade de LDH. O Inibidor de NFkappaB
(partenolide) apresentou um potente efeito no extravasamento de LDH no meio de
cultura, indicando uma perda na viabilidade da membrana plasmatica (figura 6). Por
outro lado, os inibidores de PI3K/Akt (quercetina e Ly294002) e o inibidor misto
(curcumina), ndo apresentaram diferenca significativa do controle, confirmando o
efeito antiproliferativo observado para Ly294002 e quercetina, e curcumina em
baixas dosagens (figura 6). Por outro lado, as alteracbes morfoldégicas causadas
pela curcumina em concentracdes de 25 uM na linhagem C6 e a nédo inducdo de
incorporacdo de Pl nesta mesma linhagem, sugerem que as células estao
respondendo com um mecanismo programado de perda de integridade, o qual sera

subsequentemente estudado.
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Figura 6: Ensaio de LDH em que o inibidor de NFkappaB, partenolide, apresentou
extravasamento de LDH. As células C6 e U87MG foram tratadas por 48 horas com
os inibidores curcumina (12 e 25uM), quercetina (50 e 200uM), Ly294002 (25 e
50uM) e partenolide (12, 25 e 50uM). Foram realizados trés experimentos
independentes (n=3) em triplicata (graficos expressos em média + D.P. p<0,05). *
Diferente do controle.
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4.5. Ciclo Celular:

Considerando que os inibidores em teste diminuiram a densidade celular em
cultivo sem um grande efeito citotoxico (exceto para o partenolide), decidimos
estudar a possibilidade de os mesmos estarem induzindo paradas no ciclo celular. A
analise do ciclo celular nas trés linhagens de glioma mostrou que os tratamentos
com curcumina, quercetina, Ly294002 e partenolide, durante 48 horas, foram
capazes de alterar o perfil do ciclo celular.

Na linhagem C6, que € uma célula com Pten e p53 normais, a curcumina e o
partenolide aumentaram o numero de células em G2. Além disso, o partenolide teve
um pequeno aumento de células hipodiploides (subGl). Ja a quercetina e o
Ly294002 nao afetaram significativamente a proporcao de células em cada fase do
ciclo, sugerindo que a via de PI3k/Akt é importante na velocidade do ciclo celular,
mas sua inibicdo ndo esta causando arrest (figura 7).

Ja no caso da linhagem U87MG, mutada apenas em Pten, visualizamos que o
tratamento com curcumina e quercetina gerou um grupo de células octaploides (8n),
gue nao foi atribuido a dubletos de células em G2 (controle feito na analise do ciclo
celular), sugerindo que as células em G2/M sofreram um ciclo adicional de
duplicacdo de DNA sem passagem pela mitose, 0 que ocorre com algumas
linhagens tumorais que perdem o controle checkpoint da fase G2/M (figura 7). O
Ly294002 causou parada na fase G1 (fase diploide) e o partenolide induziu taxas
significativas de células em sub-G1(apoptose) (figura 7), em acordo com os dados
de citotoxicidade observados no ensaio de LDH e incorporacéo de PI (figura 6 e 5B).

Na linhagem U251MG, Pten e P53 mutadas, a curcumina causou um grande

aumento em G2/M, e um pequeno aumento no numero de células em apoptose. Ja o
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tratamento com partenolide causou um aumento significativo de células em sub-G1
(apoptose). O tratamento com quercetina provocou um pequeno aumento em sub-

G1, enquanto que Ly294002 néo alterou significativamente o ciclo celular (figura 7).
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Figura 7: Quantificacdo da distribuicdo da populacéo de células nas fases do ciclo
celular entre G4, sub-G1, G1/G0O, S e G2/M ap0s 48 horas de tratamento nas
linhagens C6, US7MG e U251MG com os inibidores de NFkB e de PI3K/Akt. Foram

realizados trés experimentos independentes (n=3) em triplicata.

46



4.6. Autofagia:

Considerando que os achados de dimunuicdo de viabilidade celular
observados pelo ensaio de MTT nao foram diretamente relacionados a uma
significante citotoxicidade observada em ensaios de incorporagdo de Pl e LDH,
principalmente nos tratamentos com curcumina, quercetina e Ly294002, decidimos
estudar o processo de autofagia, o qual tem sido descrito como um importante

mecanismo de resisténcia celular em gliomas (Jiang et al., 2009).

Para analisar o tipo de morte provocada pelos inibidores, realizamos o teste
de incorporacdo de acridina, que cora 0s vacuolos autofagicos emitindo uma
fluorescéncia vermelha/alaranjada, um indicativo de morte por autofagia. As células
C6 e UB7MG foram tratadas por 48 horas com os inibidores, e ap0s esse periodo o0
meio foi retirado e adicionado um novo meio contendo o corante de acridina. Nas
trés linhagens apenas as doses mais altas de curcumina e quercetina foram capazes
de aumentar a autofagia. Enquanto que o inibidor Ly294002 aumentou a autofagia
nas duas doses utilizadas nas linhagens U87MG e U251MG. Ja o inibidor de
IKK/NFkappaB, partenolide, aumentou a autofagia nas trés linhagens em todas as

doses utilizadas, apresentando um efeito tipo dose resposta (figura 8).
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Figura 8: Teste de autofagia ocasionada pelos tratamentos. As células C6, U87MG
e U251MG foram tratadas com os inibidores, e a incorporacao de acridina foi medida
por citometria de fluxo. Foram realizados trés experimentos independentes (n=3) em
triplicata (graficos expressos em média = D.P. p<0,05). * Diferente do controle.
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4.7. Western Blotting:

Foi realizado o teste de Western Blotting para Akt fosforilada (p-Akt, forma
ativa), IKK fosforilada (p-IKK, forma ativa), LC3 A/B (marcador de autofagia), PARP
(envolvida no reparo ao DNA), HSP70 (chaperona — estresse celular) e caspase 3
(caspase efetora — apoptose) com a finalidade de analisar os efeitos dos inibidores
de PI3K/Akt, quercetina (200uM) e Ly294002 (50uM), e dos inibidores de IKK/NFKB,
curcumina (25uM) e partenolide (15uM) sobre os seus alvos farmacoldgicos e em
marcadores de morte e estresse celular. As células das linhagens de glioma de rato
C6 e de glioma humano U87MG foram tratadas por 48 horas e 0s experimentos
foram realizados em extratos totais utilizando-se de 50ug de proteina por poco. A B-
actina foi utilizada como controle interno do experimento (figura 9). Como mostram
os blots, nas duas linhagens C6 e U87MG, todos os inibidores foram capazes de
diminuir o imuno-contetdo de p-IKK, jA no caso da p-AKT, apenas os inibidores
guercetina e Ly294002 foram capazes de alterar seu imuno-conteudo. Quando
analisamos as vias de sinalizacdo relacionadas aos diferentes tipos de morte,
podemos observar um aumento no imuno-conteudo de LC3 A/B, em ambas as
linhagens, exceto no tratamento com o inibidor partenolide na linhagem C6, um
importante marcador de autofagia (Figuras 9A e 9B). No caso da PARP nao tivemos
um aumento do seu imuno-conteddo em nenhuma das linhagens, indicando que o0s
tratamentos ndo estdo provocando danos ao DNA, podendo também estar
relacionado com uma néo ocorréncia de necrose (Figura 9A e 9B). JA quando
estudamos o imuno-conteldo de caspase 3, a caspase efetora da apoptose,
podemos notar na linhagem C6 um aumento significativo nos tratamentos com o0s

inibidores de NFkappaB, curcumina e partenolide, o que nao ocorre com 0S
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inibidores de PI3K/Akt, quercetina e Ly294002 (Figura 9A). Em contrapartida, na
linhagem U87MG, observamos uma diminuicdo de caspase 3 em todos o0s
tratamentos (Figura 9B). Nas duas linhagens constatamos uma diminuicdo do
imuno-contetdo de HSP70, quando tratadas com os inibidores de PI3K/Akt
(quercetina e Ly294002) (Figura 9A e 9B), e um aumento do seu imuno-conteddo na
linhagem U87MG, quando tratadas com os inibidores de NFkB (curcumina e
partenolide) (Figura 9B). O imuno-conteddo aumentado de HSP70 € um bom
indicativo de que a célula tumoral esta4 perdendo a resisténcia aos mecanismos de
morte, e induzindo uma resposta a proteinas mal formadas (unfolded protein
response), tipicamente observada em estados de estresse de reticulo

endoplasmatico, os quais estdo relacionados com inducdo de autofagia (Jeco et al.,

2010).
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B) Linhagem U87MG:
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Figura 9: Células foram tratadas por 48 horas com curcumina (25uM), quercetina
(200uM), Ly294002 (50uM) e partenolide (15uM), e os extratos celulares foram
processados por Western blotting para avaliacdo dos niveis de p-IKK, p-Akt, LC3
A/B, PARP, HSP70 e Caspase 3. A) Linhagem C6 B) Linhagem U87MG. Foram
realizados trés experimentos independentes (n=3) em triplicata (graficos expressos
em média £ D.P. p<0,05). * Diferente do controle.
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48. MTT com 3MA:

A fim de analisarmos a importancia da autofagia na diminuicdo da viabilidade
observada nos tratamentos com os inibidores, utilizamos a 3-metiladenina (3-MA)
gue € usado para inibir e estudar o mecanismo de macroautofagia (auto-degradacéo
mediada por lisossomas) em diversas condi¢cdes. A 3-MA é conhecida por inibir a
autofagia, bloqueando a formacdo do autofagossomo através da inibicdo da
fosfatidilinositol 3-cinase (PI-3K) do tipo Ill. Para tanto fizemos um pré-tratamento de
1 hora com 3-MA na concentracdo de 5mM. Ao término do pré-tratamento, as
células foram tratadas com os inibidores curcumina, quercetina, Ly294002 e
partenolide por 72 horas, e apds esse periodo realizamos o ensaio de MTT. Foi
constatado que na linhagem C6 o pré-tratamento com 3-MA nas células tratadas
com curcumina e quercetina foi capaz de diminuir ainda mais a viabilidade, quando
comparado apenas com os tratamentos sozinhos (figura 10). Ja na linhagem U87MG
0 pré-tratamento foi capaz de diminuir a viabilidade apenas no tratamento com
partenolide (figura 10). N&o houve diferencas significativas em nenhum dos

tratamentos com a linhagem U251MG (figura 10).
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Figura 10: Efeito do pré-tratamento com o inibidor de autofagia 3MA na viabilidade
das linhagens de glioblastomas C6, U87MG e U251MG, quando tratadas com
curcumina (25uM), quercetina (200uM), Ly294002 (50uM) e partenolide (15uM).
Foram realizados trés experimentos independentes (n=3) em triplicata (graficos
expressos em média + D.P. p<0,05). * Diferente do controle.
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4.9. Incorporacédo de lodeto de Propideo com 3MA:

Também realizamos 0 ensaio de incorporacdo de iodeto de propideo nas
células pré-tratadas com o 3-MA com o intuito de analisarmos se a inibicdo da
autofagia seria acompanhada com um aumento na perda da viabilidade da
membrana plasmatica. Como no ensaio de MTT, as células das linhagens C6 e
U87MG foram pré-tratadas por 1h com 3-MA na concentracao de 5mM. Ao término
desse pré-tratamento, as células foram tratadas por 72 horas com os inibidores
curcumina (25uM), quercetina (200uM), Ly294002 (50uM) e partenolide (15uM). Na
linhagem C6, nas células controle e nas tratadas com partenolide, o pré-tratamento
com 3MA, ndo alterou sua proliferacdo, como pode se analisar a partir da densidade
das células em cultivo (figura 11A). Ja as células tratadas com curcumina, quercetina
e Ly294002, que foram pré-tratadas com 3MA, apresentaram uma diminuicédo
significativa na densidade das culturas, sugerindo uma diminuicdo da proliferacéao
celular (figura 11A). Quando analisamos a incorporacdo de iodeto de propideo,
podemos observar que o pré-tratamento com 3MA foi capaz de aumentar a perda da
integridade da membrana plasméatica nas células tratadas com Ly294002 (figura
11A). Em contrapartida, embora tenha diminuido a densidade celular como acima
descrito, o pré-tratamento com 3MA nas células tratadas com curcumina e
partenolide diminuiu a incorporacdo de PI, quando comparado com o tratamento
sozinho, indicando que a autofagia estava mediando a perda de integridade de
membrana das células induzida pela curcumina e partenolide (figura 11A). Nas
células tratadas com quercetina, o pré-tratamento com 3MA néo alterou a viabilidade

da membrana plasmatica (figura 11A).
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Na linhagem PTEN mutada U87MG, o pré-tratamento com o inibidor de
autofagia diminuiu a proliferacdo e potencializou a perda de viabilidade da
membrana plasmatica apenas no tratamento com partenolide, ndo apresentando
alteracdes nos demais tratamentos (Figura 11B), o que sugere que diferentes

células tem diferentes perfis de resposta a inibicdo da autofagia.

A) Linhagem C6:

Nao tratado Nao tratado + 3MA

Curcumina 25uM Curcumina 25uM + 3MA
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B) Linhagem U87MG:
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Figura 11: Micrografias representativas do pré-tratamento com o inibidor de
autofagia 3-Metiladenina sobre as células tratadas com curcumina (25uM),
quercetina (200uM), Ly294002 (50uM) e partenolide (15uM). A) Linhagem C6. B)
Linhagem U87MG.
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5. DISCUSSAO

O nosso trabalho se baseou em estudos prévios do nosso grupo (Zanotto-
Filho et al., 2011; Zanotto-Filho et al., 2012) que tém demonstrado que o fator de
transcricdo NFkappaB, assim como a via da PI3K/Akt estdo super-estimuladas em
glioblastomas multiformes, e essa super-estimulacdo estd associada com o mau
prognéstico desses pacientes (Robe et al., 2004; Brown e Law, 2006; Raychaudhuri
et al., 2007; Park et al., 2009a, 2009b; Engelman et al., 2009; Karin et al., 2002;
Wang et al., 2004). Em um dos mecanismos demonstrados em gliomas, a ativagéo
de Akt se da por fosforilacdo e esta relacionada com sobrevivéncia por facilitar a
translocacdo nuclear do NFkappaB (Wang et al., 2004), que ao ser transcrito, ativa
genes envolvidos com sobrevivéncia celular e proliferacdo como Bcl-xL, VEGF, c-
IAP1/2 (Karin et al., 2002). Um estudo em que foi realizado a analise
imunohistoquimica de 70 glioblastomas, mostrou que 91,3% deles apresentavam
uma alta atividade do NFkappaB, a qual estava correlacionada positivamente com
elevados niveis de ativacdo de Akt (Wang et al., 2004), evidenciando uma ligacao
entre essas duas rotas. As vias de NFkappaB e PI3K/Akt sédo vias de sobrevivéncia
bastante importantes em glioblastomas multiformes (GBM) (Wang et al., 2004,
Raychaudhuri et al., 2007). Mutacbes em Pten (phosphatase and tensin homolog),
um regulador negativo de PI3K, leva a perda da atividade da Pten e, dessa forma,
uma ativacdo constitutiva da via de PI3K/Akt na maioria dos gliomas (Knobbe et al.,
2002; Sansal et al.,, 2004). Por outro lado, a ativacdo da fosforilacdo de Akt e
consequentemente de NFkappaB, inativa Bad, caspase 9 e os fatores de transcri¢cao
Forkhead, que contribuem ndo somente com a supressao da apoptose, como

também com a promocgé&o da sobrevivéncia celular (Wang et al., 2004).
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Em um primeiro experimento de investigacdo (screening) com diversos
inibidores de diferentes vias de sinalizagéo (Tabela 1) os inibidores de NFkappaB e
PI3K causaram uma diminuicdo significativa na viabilidade dos GBMs quando
comparado com os inibidores de outras vias de sinalizagdo, a qual foi dose
dependente, sugerindo que de fato, PI3K/Akt e NFkappaB sdo duas rotas
importantes em gliomas. Dessa forma, nos expandimos nossa investigacao
utilizando compostos de origem natural com demonstrada atividade sobre essas
duas vias (partenolide, quercetina, Ly294002 e curcumina), entretanto com baixa
atividade citotoxica em seres humanos (Stalinska et al., 2005). Logo, testamos o
efeito de inibidores de NFkappaB (partenolide), os inibidores de PI3K/Akt (Ly294002
e quercetina) e o inibidor misto do eixo/via NFkappaB/Akt (curcumina). A quercetina,
a curcumina e o partenolide sdo compostos produzidos por espécies vegetais, e tém
gerado substancial interesse farmacologico em funcéo da atividade antiinflamatoria e
antioxidante apresentada em estudos in vitro e in vivo. O partenolide, extraido do
Tanacetum parthenium, inibe NFkappaB indiretamente através da inibicdo da IKK-
beta e diretamente através da inibicdo da subunidade p65 do NFkappaB (Kwok et
al., 2001; Hehner et al., 1999); o Ly294002 (potente inibidor sintético desenvolvido a
partir de modificacdes quimicas na estrutura da quercetina - analogo estrutural da
guercetina) e a quercetina (presente em significativas concentracdes no vinho tinto,
brécolis e maca) séo inibidores da PI3K (Luangdilok et al., 2010); a curcumina € um
inibidor de IKKs e PI3K, nas concentracdes utilizadas (Kasinski et al., 2008; Santel et
al., 2008; Dhandapani et al., 2007). Esperando encontrar um efeito similar em
diferentes linhagens de glioma, avaliamos os efeitos e a relagao da inibicdo das vias
de PI3K/Akt e NFkappaB com estes diferentes compostos nos parametros de morte,

proliferacao, ciclo celular e autofagia em linhagens de glioma in vitro (C6, US7TMG e
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U251MG). Nossos dados demonstraram que os inibidores de PI3K/Akt (Ly294002 e
guercetina) apresentaram um menor efeito quando comparados ao inibidor de
NFkappaB (partenolide) na viabilidade dos gliomas, ndo demonstrando uma dose
dependéncia. A quercetina e o Ly294002 néo induziram extravasamento de LDH no
meio de cultura, e ndo houve incorporacdo de PIl, mostrando que, diferentemente do
gue ocorre com os inibidores de NFkappaB, a perda de viabilidade (quantificada por
MTT) nas células tratadas com os inibidores de PI3K/Akt parece estar relacionada
com uma diminuicdo na proliferacdo, e ndo com morte celular. Alguns autores ja
vém demonstrando que a quercetina e o Ly294002, ao inibirem a via da PI3K/Akt,
interferem na viabilidade de alguns tipos de glioblastomas, tais como U138MG,
U251MG e LN229 (Braganhol et al., 2007; Han et al., 2010), embora ndo tenham
diferenciado se este efeito foi por citotoxicidade ou inibicdo da proliferacdo celular.
Em acordo com nossos dados nos tratamentos com partenolide, estudos recentes
tém demonstrado que o BAY117082 (Zanotto-Filho et al., 2010), PDTC e helenalina
(Dhandapani et al., 2007), compostos com propriedades inibitérias do NFkappaB,
diminuem significativamente a viabilidade de diversos tipos de glioblastomas, tais
como C6, U87MG, U138MG, U373MG, U251MG e T98G.

Ao analisarmos o ciclo celular, vimos que cada linhagem respondeu de
maneira diferente aos tratamentos, muito provavelmente devido as suas
particularidades, ou seja, os perfis mutacionais de cada uma. A linhagem C6
apresenta Pten e p53 normais, ja a linhagem U87MG € Pten mutada e p53 normal,
enquanto que a U251MG é mutada em ambas Pten e p53. Essas mutacdes sao
bastante relevantes quando comparamos as respostas dessas células aos mais
variados tratamentos, até mesmo quando pensamos nas diferentes respostas de

diferentes pacientes a um mesmo quimioterapico, uma vez que tais vias modulam
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funcbes diferentes e importantes dentro da célula tumoral. Por exemplo, em células
p53 normal/competente (como a U87MG) a sinalizagdo de p53 pode ser modulada
pela via de Pten/PI3K/Akt através da fosforilacdo de Mdm2, que ao ser fosforilado
pela Akt migra do citoplasma ao nucleo, onde é capaz de aumentar a degradacao da
p53 e reduzir a supresséo tumoral/parada no ciclo celular via p53 (Zhou et al., 2001).
A p53 induz a transcricdo de Pten e essa protege a p53 da degradacédo através da
inibicdo da forforilagdo do Mdm2 pela Akt, cooperando em um feedback positivo no
controle da resposta celular ao estresse, dano ao DNA, e ao céncer (Mayo et al.,
2002). Kubiatowski e colaboradores (2001) mostraram que o0s inibidores de
PI3K/Akt, Ly294002 e a wortemanina, diminuiram a invasao de células de glioma in
vitro e esses efeitos foram acompanhados pela reducéo na atividade enzimatica das
matrix metaloproteinases MMP2 e MMP9. A reexpressao da Pten nas linhagens de
glioma humano U87MG e U251MG diminuiu consideravelmente os niveis de mRNA
e a atividade da MMP2, resultando em uma reducao na capacidade de invasividade
neste tipo tumoral (Koul et al., 2001). Além disso, a Pten parece ter um importante
envolvimento na manutencdo da susceptibilidade celular aos estimulos apoptéticos.
Ja foi demonstrado que células Pten mutadas apresentam a via da Akt
superestimuladas, tornando-se resistentes a apoptose, e que a reintroducéo do gene
PTEN em células de glioma U87MG é capaz de devolver a capacidade de promover
a apoptose nesse tipo celular (Tian et al., 1999). A Akt, por sua vez, pode fosforilar
diversas proteinas envolvidas com a apoptose, incluindo o fator pr6-apoptético Bad.
Quando fosforilado, Bad pode ndo mais funcionar como uma molécula pro-
apoptética e se desassociar das proteinas Bcl-X. e Bcl2, aumentando os niveis de

proteinas anti-apoptoticas.
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O ensaio de Western Blotting nos mostrou que diferentemente do que se
pensava, os inibidores de PI3K/Akt, quercetina e Ly294002, foram capazes nao
somente de diminuir o imuno-conteddo do seu alvo principal, a p-Akt, mas como
também da p-IKK, a cinase responsavel por fosforilar a subunidade inibitoria do
NFkappaB, a IKB. Esse resultado se deve, muito provavelmente, ao fato que,
particularmente descrito em gliomas (Dhandapani et al., 2007), PI3K/Akt pode ativar
o NFkappaB por fosforilagdo de IKK (modulando positivamente sua atividade
transcricional), dessa forma, estando a Akt inibida isso afetaria diretamente o
NFkappaB (Wang et al., 2004). Consequentemente, os resultados apresentados
com o tratamento com a quercetina e o Ly294002 podem ser devido a inibicdo das
duas vias PI3K/Akt e NFkappaB e ndo de apenas uma delas. Ja os inibidores
curcumina e partenolide inibiram apenas a p-IKK, ndo tendo tido nenhuma influéncia
na p-Akt.

Quando analisamos a PARP, podemos ver que nenhum dos tratamentos nas
duas linhagens foi capaz de aumentar o seu imunoconteudo ou clivagem (nao-
mostrado). A PARP aumentada é um indicativo de dano ao DNA, e acaba por levar a
célula a uma catastrofe metabdlica devido ao seu mecanismo de acdo. A PARP-1 é
uma enzima nuclear envolvida na reparacao e estabilidade do DNA, assim como na
regulacao da transcricao (Leist et al., 2001; Los et al., 2002). A ativacdo da PARP-1
consome grande quantidade de NAD" e induz a um consumo macico de ATP (sdo
necessarios 4 ATPs para sintetizar 1 NAD"), o que acaba por bloquear a glicélise
(Jain et al., 2013). O resultado da deplecéo acelerada de ATP € o favorecimento da
necrose, e a consequente inibicio da morte celular por apoptose, a qual é
dependente de energia (Los et al., 2002; Ying et al., 2002; Zeng et al., 2004; Zeng et

al., 2007; Erdelyi et al., 2009; Alano et al., 2010). Logo, a clivagem e inativagéo da
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PARP sao um dos primeiros eventos mediados pelas caspases ativadas, de modo a
garantir o ATP necessério para a apoptose. A morte celular por necrose €
considerada potencialmente perigosa, uma vez que € acompanhada pelo
extravasamento de material citoplasmatico para fora da célula, causando inflamacéo

(Virag et al., 2013).

As células cancerosas, devido as suas necessidades metabdlicas mais
elevadas, necessitam de uma expressdo aumentada de chaperonas. Essa
superexpressao em tumores esta frequentemente associada com o mau prognostico
e a maior resisténcia ao tratamento neoplasico (Goloudina et al., 2012). Nos nossos
resultados vimos que os tratamentos com quercetina e Ly294002 foram capazes de
diminuir o imuno-conteudo de HSP70, tanto na linhagem C6 quanto na U87MG. Ja
0s tratamentos com curcumina e partenolide ndo alteraram o imuno-contetudo de
HSP70 na linhagem C6, mas aumentaram na U87MG. Os niveis de HSPs
induziveis, como a HSP70, sdo extremamente altos em células cancerigenas,
levando varios autores a proporem que o conceito de células malignas esta
intimamente associado a proteinas de estresse, entre elas a HSP70 (Jeco et al.,
2010). As células tumorais, por sofrerem constantes estresses, como hipdxia,
privacdo de nutrientes e a propria acdo de quimioterapicos, assim como estresses
internos tais como a acumulacdo de proteinas mutantes, além da atividade
inadequada e desregulada de diversas vias de sinalizacdo, entre outros fatores, que
também ameacam a sua sobrevivéncia, as células tumorais acabam sendo bastante
dependentes de fatores como a HSP70 (Powers et al., 2010). Estudos em que foram
utilizados a abordagem de siRNA para HSP70 promoveram ndo sé a morte de
células tumorais, como também sensibilizaram seletivamente as células malignas

aos agentes quimioterapicos (Powers et al., 2008; Yang et al., 2012). A HSP70 pode

68



inibir a apoptose, tanto upstream quanto downstream, através na inibicdo da ASK1
(apoptosis signal regulating kinase 1) (Park et al., 2002), como de membros da
familia bcl-2 (Zylicz et al., 2001). Portanto a inibicdo da HSP70 pode sensibilizar as
células tumorais aos agentes quimioterapicos, através do reestabelecimento da sua
capacidade de promover a apoptose, e nossos dados apontam a HSP70 como alvo

para inibicdo pelos inibidores de PI3K/Akt.

Nos ultimos anos, varios autores tem tentado estabelecer uma ligacao entre
defeitos/inibicAo da autofagia e o desenvolvimento do céncer, defendendo a
autofagia como uma via supressora de tumor (Levine, 2007; Mathew et al., 2007).
Varios genes supressores de tumor estdo envolvidos na inibicdo da sinalizagéo de
MTOR, entre eles 0o PTEN, TSC1 e TSC2, que séao capazes de estimular a autofagia,
enquanto que a ativacado do oncogene mTOR pela PI3K e Akt & capaz de inibir a
autofagia. Em células normais, mTOR esta ativo apenas quando 0s nutrientes sao
abundantes, sendo o maior regulador enddégeno da autofagia. Atualmente ja existe
um grande numero de drogas em estudos pré-clinicos e clinicos em que os alvos
sdo 0 mTOR e o seu ativador a Akt. Foi demonstrado que a droga Rapamicina e os
seus analogos (Temsirolimus/CCI-779, Everolimus/RAD001, e AP23573) inibem
TORC1 pela ligagdo com o seu receptor, 0 FKBP12 (FKBP12/rapamycin-binding)
(Faivre et al., 2006). Além disso, foi mostrado que o polifenol curcumina, foi capaz
de quebrar o complexo TORC1, pela dissociacdo de Raptor com mTOR, induzindo
autofagia em gliomas (Aoki et al., 2007; Beevers et al., 2009). Outro importante
regulador positivo da autofagia € o P53, o gene supressor de tumor mais
comumente mutado em tumores humanos (Feng et al., 2005). Essa regulacdo se da
através da ativagdo de AMPK do complexo TSC1/TSC2 e a subsequente inibicdo de

MTOR, e pela regulagdo positiva de DRAM (damage-regulated autophagy
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modulator), uma proteina lisossomal que pode induzir a autofagia (Feng et al.,
2005). Da mesma forma, as proto-oncoproteinas Bcl-2 e Bcl-X, superexpressadas
em diversos tipos de tumores, incluindo os gliomas, e que sdo responsaveis por
suprimir a permeabilidade da membrana mitocondrial, limitando a apoptose, assim
como a autofagia, através da ligacdo com a proteina autofagica Beclina 1 (Maiuri et
al., 2007).

Varios estudos tem demonstrado que a inibicio ou mutacdo em vias
associadas a maquinaria autofagica, como as ATGs, entre elas a baixa expressao
de Beclina 1, tem sido encontrado em diversos tipos de tumores humanos, comos 0S
de mama, ovéario, prostata e cerebrais (Liang et al., 1999; Miracco et al., 2007).
Camundongos com mutacdes em Beclina 1 tiveram uma diminuicdo na autofagia, e
se mostraram mais propensos ao desenvolvimento espontaneo de tumores,
incluindo linfomas, cancer de pulmdo e hepatocarcinoma, além de lesdes pré-
tumorais mamarias (Levine et al., 2008).

Entretanto, tem aumentado as evidéncias que sugerem que as funcdes
supressoras de tumor da autofagia podem ser independentes, apresentando tanto
potenciais efeitos de morte quanto de sobrevivéncia celular (Mathew et al., 2007).
White e colaboradores (2008) tém proposto duas hipéteses para explicar como a
perda da autofagia, uma via de sobrevivéncia celular, pode estimular a formacéo de
tumores. Primeiro, quando uma célula ndo pode morrer por apoptose, apos a
exposicdo a um estresse, a autofagia poderia prevenir a morte por necrose, morte
essa que pode exacerbar a inflamacdo local e assim aumentar a taxa de
crescimento do tumor (Degenhardt et al., 2006). E em segundo lugar, a delecao do
gene ATG pode promover instabilidade genbmica em células metabolicamente

estressadas, levando a ativacdo de oncogenes e como consequéncia a progressao
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tumoral (Mathew et al., 2007). Outra possibilidade é que a autofagia desempenhe
um papel mais direto no controle do crescimento negativo, talvez degradando
especificamente organelas e proteinas essenciais na regulacdo do crescimento
celular. Em apoio a essa teoria, trabalhos tem demonstrado que a expressao
aumentada de Beclina 1 em células tumorais diminui sua proliferacdo, sem afetar a
morte celular (Liang et al., 1999; Koneri et al., 2007). Esse achado corrobora com os
nossos resultados nas linhagens de gliomas tratados com os inibidores de PI3K/Akt,
a quercetina e o Ly294002, em que vimos uma diminuicdo significativa da
proliferacdo, mas sem alteragdo na morte celular, entretanto com a presenca de
autofagia, dependendo da linhagem.

Um grande numero de terapias clinicas e experimentais aprovadas
atualmente contra o cancer (Temozolomida, Cisplatina, entre outros) induzem a
formacédo de autofagossomos em linhagens de células tumorais in vitro, e por muitos
anos se pensou que essas terapias matavam as células por autofagia (Knizhnik et
al., 2013). No entanto, a inibicdo especifica da autofagia através de siRNAs contra
genes ATGs, geralmente acelera, ao invés de impedir a morte celular nesses casos
(Maiuri et al., 2007), indicando que a ativacdo da autofagia representa uma tentativa
da célula para lidar com o estresse provocado por agentes citotoxicos. ISso sugere
gue a inibicdo da autofagia, ao invés da estimulacdo, pode ser benéfica no
tratamento do cancer. Em um estudo em que camundongos portadores de linfoma
foram tratados com a droga Cloroquina, um alcalinizante lisossomal que prejudica a
degradacdo autofagica, aumentou a capacidade da p53 e de um agente alquilante
de DNA de induzir a regressao tumoral (Amaravadi et al., 2007), indicando um
potencial envolvimento da autofagia na sobrevivéncia e na pro-tumorogenicidade

durante o tratamento do cancer. Em nosso modelo, a curcumina, a quercetina, o
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Ly294002 e o partenolide, induziram um significante aumento da autofagia em
gliomas e, principalmente nos tratamentos com curcumina, quercetina e partenolide,
a inibicdo da autofagia com o inibidor 3-metil-adenina potencializou a morte celular
(como visto nos ensaios de MTT e incorporacdo de Pl), mostrando a autofagia como
um mecanismo de protecdo contra a morte celular.

De uma maneira geral, a partir de uma analise (screening) inicial com varios
inibidores, selecionamos as vias de NFkappaB e PI3K/akt como alvos. Testamos
varias drogas conhecidas, de baixa citotoxicidade, e estudadas em diferentes
modelos de células com os mais diversos efeitos, e o que vimos é que existe uma
gama de efeitos que fogem de um padrédo uniforme de resposta celular. Algumas
linhagens, com alguns perfis de mutacbes responderam de uma forma, outras de
outra. Em algumas células e tratamentos a autofagia teve um papel protetor, em
outras foi um fendmeno que nao afetou a resisténcia. O mais importante foi perceber
gue diferentes mecanismos, ou perfis, podem levar a um mesmo efeito final com

estes compostos, a morte celular, paradas no ciclo e diminuicdo da proliferacéo.
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6. CONCLUSOES

6.1. Concluséo Geral

Nossos resultados demonstram que a via da PI3K/Akt parece estar
relacionada com a proliferagcdo celular, enquanto a via do NFkappaB com
sobrevivéncia. Isso concede a essas vias 0 status de potenciais alvos terapéuticos
contra os Glioblastomas, na medida em que elas regulam fungbes primordiais
nesses tipos celulares, tais como proliferacdo e sobrevivéncia, além de estarem
superexpressas nesses tumores, o conferiria certa seletividade aos inibidores

dessas rotas de sinalizagao.

6.2. Conclusdes especificas:

e Nosso estudo mostrou que tanto os inibidores de NFkappaB, quanto os
de PI3K/Akt foram eficientes em diminuir a viabilidade dos Glioblastomas.
Sendo que os de PI3K/Akt (quercetina e Ly297002) parecem estar
relacionados com a proliferacdo celular, enquanto os de NFkappaB

(partenolide e curcumina) com sobrevivéncia.

e Vimos que as trés linhagens (C6, U87MG e U251MG) apresentam imuno-
conteudo aumentado de p-Akt e p-IKK, sendo que os inibidores foram
eficientes em diminuir o seu imuno-conteudo. Além disso, foram capazes
de modular o imuno-contetdo de outras vias relacionadas com morte e

sobrevivéncia celular, tais como caspase 3, LC3 A/B, PARP e Hsp70.
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No tratamento de 48 horas com os inibidores, pudemos constatar a
modulacao do imuno-conteddo tanto de caspase 3 (apoptose) quanto de
LC3 A/B (autofagia), mas ndo de PARP (necrose). Isso demonstra que os
nossos tratamentos foram capases de ativar a maquinaria apoptoética e
autofagica, apesar de ndo termos conseguido distinguir se em Nnosso
modelo a autofagia esta funcionando como um mecanismo de morte ou
como uma tentativa de sobrevivéncia da célula tumoral. J& quando
analisamos o ciclo celular, vimos que cada linhagem se comporta de
maneira diferente aos tratamentos, muito provavelmente devido as suas
diferentes mutacdes. Mas € importante ressaltar que apesar de suas
diferencas, todas as linhagens apresentaram uma modulacdo do ciclo

celular provocada pelos inibidores, seja com paradas no ciclo celular,

diminuicdo da proliferacdo e até mesmo a morte.
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7. PERSPECTIVAS

Como perspectivas do estudo, temos a intencdo de avaliar o perfil temporal
da inducdo da autofagia, a apoptose e se houver, a necrose, assim como a
senescéncia e avaliar a relevancia da ativagdo de NFkappaB, e PI3K/Akt assim
como as mutacfes nesses mecanismos de morte e parada celular através de
ensaios de siRNA para essas diferentes vias na presenca ou auséncia dos
inibidores, expandindo para inibidores sintéticos. Além disso, testar o uso dos
inibidores em outros tipos celulares e posteriormente em modelo in vivo, assim como
0 uso concomitante com drogas antitumorais classicas (como a Temozolomida) pode

ser uma alternativa interessante visando ao tratamento adjuvante.
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Identification of novel target pathways in glioblastoma (GBM) remains critical due to poor prognosis,
inefficient therapies and recurrence associated with these tumors. In this work, we evaluated the role of
nuclear-factor-kappa-B (NFkB) in the growth of GBM cells, and the potential of NFkB inhibitors as
antiglioma agents. NFkB pathway was found overstimulated in GBM cell lines and in tumor specimens
Keywords: compared to normal astrocytes and healthy brain tissues, respectively. Treatment of a panel of
NF_KB established GBM cell lines (U138MG, U87, U373 and C6) with pharmacological NFkB inhibitors
ggigl?;;zgil?ors (BAY117082, parthenolide, MG132, curcumin and arsenic trioxide) and NFkB-p65 siRNA markedly
Apoptosis decreased the viability of GBMs as compared to inhibitors of other signaling pathways such as MAPKs
Chemotherapy (ERK, JNK and p38), PKC, EGFR and PI3K/Akt. In addition, NFkB inhibitors presented a low toxicity to
normal astrocytes, indicating selectivity to cancerous cells. In GBMs, mitochondrial dysfunction
(membrane depolarization, bcl-xL downregulation and cytochrome c release) and arrest in the G2/M
phase were observed at the early steps of NFkB inhibitors treatment. These events preceded sub-G1
detection, apoptotic body formation and caspase-3 activation. Also, NFkB was found overstimulated in
cisplatin-resistant C6 cells, and treatment of GBMs with NFkB inhibitors overcame cisplatin resistance
besides potentiating the effects of the chemotherapeutics, cisplatin and doxorubicin. These findings
support NFkB as a potential target to cell death induction in GBMs, and that the NFkB inhibitors may be
considered for in vivo testing on animal models and possibly on GBM therapy.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction survival has remained approximately 1 year for decades [1]. Thus,

it is urgent to determine novel molecular targets in GBMs in order

Glioblastoma (GBM) is an aggressive, invasive, and difficult to
treat primary brain tumor. Standard therapy includes surgical
resection, external beam radiation and chemotherapy, with no
known curative therapy [1]. A number of dysregulated signaling
cascades have been described in GBMs, including the MEK/ERK
pathway, PLC/PKC pathway, and the PI3K/Akt pathway. Dysregu-
lation of these pathways is driven by mutation, amplification, or
overexpression of multiple genes such as PTEN, EGFR, PDGFR-a,
p53,and mTOR [2-4]. Understanding these dysregulated pathways
has provideded the basis for designing molecular targeted
therapies as monoclonal antibodies against EGF, VEGF and PDGF
receptors, as well as new combination therapies and drug delivery
systems [4-6]. Despite these new treatment strategies, median
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to develop more effective therapies and new therapeutic
opportunities to patients.

Studies have compelling evidence that the transcription factor
NFkB (Nuclear factor kB) plays a role in the control of oncogenesis,
tumor progression and chemotherapy resistance of diverse types
of malignances as lymphoma, leukemia, breast and ovarian cancers
[7-11]. NFkB is formed by homo or heterodimers comprising
members of the Rel family of proteins (p50/p105, p52/p100, p65, c-
Rel and RelB) which form, upon non-stimulated conditions, a
ternary and inactive cytoplasmic complex by interacting with
inhibitory proteins of the IkB family. Upon stimulation by
cytokines (TNF-alpha and IL1-beta), growth factors (EGF and
PDGF), anticancer drugs (cisplatin, doxorubicin and vincristine)
and other stressor stimuli, IkBs are phosphorylated by IKK (IkB
kinase) proteins thus releasing the active NFkB, which translocates
into nucleus and binds to DNA sequences in gene promoters. NFkB
binding to DNA modulates the expression of a wide range of genes
as that involved in inflammation (IL1-beta, IL-6, COX2, and TNF),
apoptosis resistance (bcl-xL, cIAP1/2, XIAP, FLICE and survivin), cell
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invasion (ICAM-1, VCAM-1, MMP2, MMP9), angiogenesis (VEGF),
proliferation (cyclin D1, MYC) and metastasis (CXCR4 and TWIST)
[7-12]. These groups of genes are directly related to tumor-
associated phenomena suggesting NFkB as a potential target to cell
death induction and chemosensitization in cancer [9,13-15].

Aberrant NFkB activity has been described in some types of
cancer cells upon basal and following anticancer drugs treatments.
Besides, constitutive NFkB up-regulation has been found in
chemotherapy-resistant cell lines, which correlates with therapy
failure [9,13,15-17]. In this context, studies have suggested that
molecules with NFkB inhibitory properties are potential antican-
cer agents [9,15,17,18]. In this intent, researchers have blocking
NFkB activity via IKK/NFkB inhibitors (as BAY117082, BAY117085,
parthenolide, curcumin, arsenic trioxide and PDTC) or proteasome/
NFkB inhibitors (PS-341 and MG132) in order to inhibit the growth
of myeloma [10], leukemia [17,19], esophageal [14] and breast
cancer cells [20]. Recently, analysis of brain tumor biopsies
identified that NFkB and its target genes are overexpressed in GBM
and astrocytoma tumors compared to normal brain tissues [21,22].
In addition, a positive correlation between NFkB activation and
poor GBM prognosis was reported, suggesting that the known role
of NFkB as a survival factor in other cancers could also be
considered in GBMs [23]. Taken into account the aforementioned,
this study was undertaken in order to determine the role of NFkB
in GBM growth, and the selectivity, apoptotic potential and
chemosensitizing activity of the NFkB inhibitors BAY117082,
parthenolide, curcumin, arsenic trioxide, MG132, and p65 small-
interfering RNA in GBM cell lines.

2. Materials and methods
2.1. Reagents and antibodies

BAY117082 ((E)3-[(4-methylphenyl)-sulfonyl]-2-propeneni-
trile); MG132 (Z-Leu-Leu-Leu-CHO), curcumin, arsenic trioxide,
propidium iodide, Hepes, CHAPS, dithiothreitol, EDTA, trypsin,
MTT (3-(4,5-dimethyl)-2,5-diphenyl tetrazolium bromide), Non-
idet-P40, spermin tetrahydrochloride, RNAse A and culture
analytical grade reagents were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Anti-NFkB p65 rabbit polyclonal antibody
and anti-Lamin B were from Santa Cruz Biotechnologies; anti-3-
actin was from Cell Signaling Technology; SP600129 was from
Promega Corporation (Madison, USA). SB203580 were from Merck
Biosciences (Darmstadt, Germany). Anti-cytochrome c antibody
was from BD PharMingen (San Diego, USA). Parthenolide,
LY294002, UO126 and G66983 were from Biomol International
(Plymouth Meeting, PA). PD158780 was from Tocris Bioscience
(MO, USA). Electrophoresis/immunoblotting reagents were from
Bio-Rad Laboratories (Hercules, CA, USA).

2.2. Cell cultures

The rat (C6) and human (U138MG, U87 and U373) malignant
GBM cell lines were obtained from American Type Culture
Collection (Rockville, MD, USA). Cells were grown and maintained
in low glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco
BRL, Carlsbad, USA), containing 0.1% Fungizone, 100 U/l gentami-
cin and supplemented with 10% fetal bovine serum. Cells were kept
at 37°C in a humidified atmosphere with 5% CO,. Primary
astrocyte cultures were prepared as previously described [24].
Briefly, cortex of newborn Wistar rats (1-2 days old) was removed
and mechanically dissociated in a Ca®* and Mg?" free balanced salt
solution (137 mmol/L NaCl, 5.36 mmol/L KCl, 0.27 mmol/L
Na,HPO,, 1.1 mmol/L KH,PO,4, 6.1 mmol/L glucose; pH 7.4). After
centrifugation at 1000 rpm (5 min), the pellet was resuspended in
DMEM supplemented with 10% FBS. The cells (2 x 10°) were plated

in 48 multi-well plates pretreated with poly-i-lysine. After 4 h
platting, plates were gently shaken, cells were washed with PBS,
and medium was changed to remove neuron and microglia
contaminants. Cultures were allowed to grow by 20-25 days (100%
confluence). Medium was replaced every 4 days.

2.3. MTT and LDH assays

Dehydrogenase-dependent MTT reduction (MTT assay) and
lactate dehydrogenase release into culture medium from cells with
losses in membrane integrity (LDH assay) were used as an
estimative of cell viability [15,17]. Cells were plated in 96-well
plates (10%/well) and treated after to reach 60-70% confluence as
detailed in Section 3. At the end of incubation, MTT and LDH assays
were performed. Lactate dehydrogenase (LDH) release into culture
medium was determined by fluorescent assay kit (CytoTox 96-
NonRadioactive Cytotoxicity Assay, Promega) as recommended by
the manufacturer. Qualitative morphology of the cell cultures was
also evaluated by light microscopy (Nikon Eclipse TE 300), and the
cell cultures were classified as: normal (cells with unaltered
morphology and normal density); low-density (cell with normal
morphology and low-density/lower number in plates); and dead
cells (altered cellular/nuclear morphology, cytoplasm vacuoliza-
tion, and presence of detached cells).

2.4. Propidium iodide incorporation and staining of chromatin

For the determination of propidium iodide (PI) uptake in cells
with losses in membrane integrity, treated cells were incubated with
2 g/mL Plin complete medium for 1 h. PI fluorescence was excited
at 515-560 nm using an inverted microscope (Nikon Eclipse TE 300)
fitted with a standard rhodamine filter. Representative micropho-
tographs (atleast 5/well) were collected [25]. For the detection of the
morphological alterations in chromatin (condensation and frag-
mentation) and apoptotic body formation, cells were fixed in
methanol/acetone (1:1) for 5 min and washed with PBS (3 times).
Then, chromatin was stained with PI (0.5 pwg/mL, 10 min) followed
by fluorescent microscopy (Nikon Eclipse TE 300).

2.5. Cell cycle analysis

For cell cycle analysis, cells were trypsinized, centrifuged and
resuspended in a lysis buffer (3.5 mmol/L trisodium citrate, 0.1%
(v/v) Nonidet P-40, 0.5 mmol/L Tris-HCl, 1.2 mg/mL spermine
tetrahydrochloride, 5 pg/mL RNAse, 5 mmol/L EDTA, 1 pg/mL
propidium iodide, pH 7.6), vortexed and incubated for at least
10 min on ice for cell lysis. DNA content was determined by flow
cytometry. Ten thousand events were counted per sample. FACS
analyses were performed in the CellQuest Pro software (BD
Biosciences, CA) [17].

2.6. Caspase-3 activity

Caspase-3 activity was assessed in agreement with CASP3F
Fluorimetric kit (Sigma, St. Louis/MI). Treated cells were harvested
and incubated in a lysis buffer (50 mmol/L Hepes, 5 mmol/L CHAPS
and 5 mmol/L dithiothreitol, pH 7.4) for 20 min in ice. Later,
extracts were clarified by centrifugation at 13,000 x g (15 min,
4 °C). Supernatants were collected and proteins were measured by
Bradford method. For assays, 150 pg proteins were mixed with
200 p.L of the assay buffer (20 mmol/L Hepes, 0.1% CHAPS, 5 mmol/
L dithiothreitol, 2 mmol/L EDTA, pH 7.4) plus 20 uM Ac-DEVD-
AMC (Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin), a
caspase-3 specific substrate. Caspase-3-mediated substrate cleav-
age was monitored for 1h (37°C) in a fluorimetric reader
(excitation 360 nm/emission 460 nm) [17].



414 A. Zanotto-Filho et al./Biochemical Pharmacology 81 (2011) 412-424

2.7. Cellular fractionation

For nuclear extracts preparation, cells (~5 x 10%, 70-80%
confluence) were washed with cold phosphate-buffered saline
(PBS) and suspended in 0.4 mL hypotonic lysis buffer (10 mmol/L
HEPES (pH 7.9), 1.5 mmol/L MgCl,, 10 mmol/L KCl, 0.5 mmol/L
phenylmethylsulfonyl fluoride, 0.5 mmol/L dithiothreitol plus
protease inhibitor cocktail (Roche)) for 15 min. Cells were then
lysed with 12.5 pL 10% Nonidet P-40. The homogenate was
centrifuged (13,000 x g, 30s), and supernatants containing the
cytoplasmic extracts (fraction 1) were stored at —80°C. The
nuclear pellet was resuspended in 100 pL ice-cold hypertonic
extraction buffer (10 mmol/L HEPES (pH 7.9), 042M NacCl,
1.5 mmol/L MgCl,, 10 mmol/L KCI, 0.5 mmol/L phenylmethylsul-
fonyl fluoride, 1 mmol/L dithiothreitol plus protease inhibitors).
After 40 min of intermittent mixing, extracts were centrifuged
(13,000 x g, 10 min, 4 °C), and supernatants containing nuclear
proteins were secured. To detect cytochrome c release from
mitochondria, mitochondria-free cytoplasmic extracts were
obtained from centrifugation of the cytoplasmic extracts (fraction
1) at 14,000 x g, 20 min, 4 °C. The resultant supernatant (mito-
chondria-free cytosolic proteins) and mitochondrial pellets were
stored at —80°C. The protein content was measured by the
Bradford method [17,26].

2.8. NFkB-p65 ELISA assay for the determination of NFkB activity

A total of 10 g of nuclear extracts was used to determine NFkB
activation (NFkB p65 ELISA Kkit, Stressgen/Assays designs) as per
the manufacturer protocols. This ELISA-based chemiluminescent
detection method rapidly detects activated NFkB complex binding
(p65 detection) to a plate-adhered NFkB consensus oligonucleo-
tide sequence. Kit-provided nuclear extracts prepared from TNF-
stimulated Hela cells were used as a positive control for NFkB
activation. To demonstrate assay specificity, a 50-fold excess of an
NFkB consensus oligonucleotide was used as competitor to block
NFkB binding. In addition, a mutated consensus NFkB oligonucle-
otide (which do not binds NFkB) is provided for the determination
of binding reactions’ specificity [15].

2.9. siRNA knockdown of the NFkB protein p65

The Silencer™ Select Validated NFkB-p65 siRNA (siRNA ID#
s11914; Ambion® Inc.) was transfected using the siPORT™
NeoFX™ Transfection Agent (Ambion®, Applied Biosystems Inc.)
in agreement with manufacturer’s protocol. U138MG cells were
transfected with 50-100 nM of NFkB-p65 siRNA by reverse
transfection and then incubated for 72 h in Opti-MEM to allow
knockdown of the p65 protein, which was confirmed by Western
blotting. Silencer® Select Negative Control#1 siRNA containing
scrambled sequences was used as negative control.

2.10. Immunocytochemistry for NFKkB p65 localization

For the determination of subcellular distribution of NFkB, cells
were cultured up to 60-70% confluence in 12-well plates. After a
brief washing with PBS, cells were fixed in 4% (v/v) formaldehyde
in PBS for 20 min at room temperature. Fixed cells were rinsed
three times with PBS and then permeabilized with 0.5% Triton X-
100 in PBS for 15 min at room temperature. After that, cells were
washed with PBS and blocked with 5% BSA for 1 h. At the end of
incubation, cells were incubated with rabbit anti-p65 polyclonal
antibody (1:500; overnight at 4 °C), and then incubated with a goat
anti-rabbit IgG Alexa 594-conjugated antibody (1:500) for 2 h at
room temperature. Cells were visualized in a fluorescence
microscope (Nikon Eclipse TE 300) [27].

2.11. Western blotting

Proteins (20 pg) were separated by SDS-PAGE on 10% (w/v)
acrylamide, 0.275% (w/v) bisacrylamide gels, and electrotransfered
onto nitrocellulose membranes. Membranes were incubated in
TBS-T (20 mmol/L Tris-HCI, pH 7.5, 137 mmol/L NaCl, 0.05% (v/v)
Tween 20) containing 1% (w/v) non-fat milk powder for 1 h at room
temperature. Subsequently, the membranes were incubated for
12 h with the appropriate primary antibody (dilution range 1:500-
1:1000), rinsed with TBS-T, and exposed to horseradish peroxi-
dase-linked anti-IgG antibodies for 2 h at room temperature.
Chemiluminescent bands were detected using X-ray films, and
densitometry analyses were performed using Image-]® software.

2.12. Mitochondria membrane potential (JC-1 assay)

For the determination of the mitochondrial membrane poten-
tial (MMP), treated cells (5 x 10°) were incubated for 30 min at
37 °C with the lipophilic cationic probe JC-1 (5,5',6,6'-tetrachloro-
1,1',3,3’ tetraethylbenzimidazolcarbocyanine iodide, 2 pg/mL).
After that, JC-1-loaded cells were centrifuged and washed once
with PBS. Cells were transferred to a 96-well plate and assayed in a
fluorescence plate reader with the following settings: excitation at
485 nm, emission at 540 and 590 nm, and cutoff at 530 nm
(SpectraMax M2, Molecular Devices, USA). A¥;, was calculated
using the ratio of 590 nm (J-aggregates)/540 nm (monomeric
form) [28].

2.13. Clonogenic potential

Exponentially growing cells (1 x 10%) were plated in Petri
plates overnight, and then incubated for 36 h with either vehicle or
NFkB inhibitors. After treatments, the medium containing NFkB
inhibitors was replaced by a new medium without the tested
compounds, and remaining cells were maintained for additional
24 h to growth. Survival cells were gently washed and trypsinized,
and viability was assessed by Trypan Blue staining. Viable cells
(10% cells) were re-plated in 6-well plates and maintained for
additional 6 days in complete culture medium. Cell growth was
estimated by colony counting followed by MTT assay [15,29]. The
percentage of colony forming efficiency was calculated in relation
to values of untreated cells.

2.14. Soft agar colony assay

Cells (1 x 10°) were resuspended in 2 mL DMEM supplemented
with 15% FBS and mixed with 1mL of 1.6% agarose (final
conditions: 0.53% agarose and 10% FBS) at 37 °C. Cell suspensions
were placed on top of a base layer comprising 2 mL of DMEM with
10% FBS and 0.8% agarose in each well of a six-well plate. Cells were
then covered with 2 mL of complete media and, after 3 days, a new
medium containing NFkB inhibitors was added. Media containing
treatments or vehicle were replaced every 72 h. At the end of 9
days, MTT (1 mg/mL) was added to the cultures and the number of
colonies was scored using a microscope [15].

2.15. NFkB gene/protein-association network and landscape analysis
of gene expression

The NFkB gene/protein interaction network was constructed by
associating 46 NFkB-induced and cancer-related human genes
involved in antiapoptotic defenses (14 genes), proliferation (8
genes), inflammation (10 genes) and invasion/metastasis/angio-
genesis (9 genes), besides the NFkB subunits (5 genes). Genes were
selected based on current literature [7,11,30,31]. Briefly, the
network is generated using STRING database [32] with input
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options ‘databases’, ‘experiments’, ‘textmining’ and 0.700 confi-
dence level. STRING integrates different curate and public
databases containing information on direct and indirect functional
protein-protein associations/interactions. Each protein is identi-
fied according to both HUGO Gene Symbol [33] and Ensembl
Peptide ID [34]. The selected gene list is applied in the STRING
database and the links (interaction strength) between two
different genes are saved in data files, which were handled in
the Medusa software [35].

After being constructed, the NFkB gene network was analyzed
by the ViaComplex software, which was previously developed and
validated in our laboratory [36]. ViaComplex plots the gene
expression activity over the Medusa network topology. To do this,
ViaComplex overlaps functional information (micro-array expres-
sion data) with interaction information (the NFkB network) and
distributes the microarray signal according to the coordinates of
the network objects (i.e. nodes and links) thus constructing 3D
landscape modules. Microarray expression data were collected
from the international repository Gene Expression Omnibus (GEO-
accession number: GSE12657; Platform: GPL8300, Affymetrix),
and were composed of 20 human gliomas - 7 GBM; 7
oligodendroglioma (ODG); 6 pilocytic astrocytoma (PA) - which
were compared to 5 healthy brain (HB) control biopsies. For each
gene, means of each gene expression in each glioma type was
plotted over the expression of the same gene in healthy brains
(HB), and landscapes were constructed. Gene expression in GBM,
ODG and PA versus HB tissues was statistically analyzed by t-test,
and p-values were calculated.

2.16. Statistical analysis

Data are expressed as means + SD and were analyzed by one-
way ANOVA followed by Duncan’s post hoc test. Differences were
considered significant at p < 0.05.

3. Results
3.1. NFKB as potential target to cell death induction in GBMs

Initially, we treated U138MG and C6 cells with inhibitors of
some signaling pathways which are described as dysregulated in
GBMs and other cancers [2-4]. Inhibitors of PI3K/Akt (LY294002,
wortmannin), EGFR (PD158780), MEK/ERK1/2 (UO126), JNK1/2
(SP600129), p38 MAPK (SB203580), PKC (G66983), proteasome/
NFkB (MG132) and IKK/NFkB (BAY117082) were tested at
different concentrations (1-60 M) based on the literature

Table 1
Effect of cell signaling pathway inhibitors on viability of GBMs.

Treatments Viability (MTT assay) LDH Qualitative
morphology
C6 U138MG  U138MG  U138MG
Untreated 100+4 100+6 10011 Normal
U0126 (30 uM) 93+15 96+7 92+10  Normal
SP600129 (30 uM) 103+11  101+4 109+6 Normal
SB203580 (30 M) 98+10 95+6 101+5 Normal
LY294002 (50 uM) 64+17 74+4 108 +9 Low-density
Wortmannin (10 uM) 85+5 75+9 102 +4 Low-density
G66983 (30 LM) 96+9 95+7 111+7 Normal
PD158780 (50 wM) 99+4 96+5 112+6 Normal
MG132 (5 uM) 21+14 23+17°  223+38  Dead cells
BAY117082 (30 uM) 15+6 36+9 554+39"  Dead cells

C6 and U138MG cells were treated for 36h with well-established pathway
inhibitors and MTT, LDH and qualitative microscopy assays were performed.
Experiments were repeated three times (n=3) in triplicate, and data were
expressed in mean =+ SD.

" Different from untreated cells in each type of assay.

range and manufacturer instructions, which describe ICsq
values <20 uM for all the tested drugs. At the end of 36h
incubation, only the compounds with NFkB inhibitory activity
(BAY11082 and MG132) promoted significant decreases in GBM
viability compared to inhibitors of other tested signaling pathways
(Table 1). NFkB inhibitors reduced viability as assessed by MTT
assays, increased LDH release in culture medium and altered cell
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Fig. 1. NFkB-p65 knockdown induces apoptotic cell death in U138MG cells. (A)
Representative immunoblotting and densitometry for the determination of p65
knockdown efficiency and bcl-xL levels. U138MG cells were incubated for 72 h with
50 or 100 nM p65 siRNA and cellular extracts were collected. (B) MTT, LDH, caspase-
3 activity and NFkB ELISA assays in p65-downregulated U138MG cells. For these
experiments, cells were incubated for 72 h with 100 nM p65 siRNA. All experiments
were performed in triplicate. Graphs were expressed in mean =+ SD. #Different from
untreated cells from its respective assay.
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morphology as indicative of cell death (Table 1 and Fig. 3A).
Although the PI3K/Akt inhibitors LY294002 and wortmannin
decreased MTT values, the absence of both LDH release and
alterations in cell morphology, besides the observed decreases in
cell density, suggests that PI3K/Akt inhibition affected GBM cell
proliferation, but not induced cell death (Table 1). Thus, we
decided to perform our further experiments with NFkB inhibitors.
MAPKs (JNK, p38 and ERK1/2), EGFR, PKC inhibitors did not present
cytotoxic effects up to 60 M (data not shown). As control, we also
performed Western blotting for the detection of the basal levels of
phosphorylated forms of MAPKs (JNK, p38 and ERK1/2), Akt and
PKC substrates; ELISA assay was performed to detect NFkB activity.
Of the tested pathways, only PI3K/Akt and NFkB were detected at
basal/non-stimulated conditions (data not shown).

3.2. NFkB-p65 member knockdown induces apoptosis in GBM cells

To assess the specific role of NFkB in GBM cells survival, we
performed siRNA experiments to knockdown the NFkB p65
member in human U138MG cells. Immunoblotting confirmed the
p65 siRNA protocol efficiency to down p65 protein after 72 h
incubation with siRNAs (Fig. 1A). p65 knockdown was accompa-
nied by the inhibition of NFkB DNA-binding activity (Fig 1B,
upper left panel) and by decreases in bcl-XL protein levels
(Fig. 1A), a classical antiapoptotic NFkB target gene product
[7,11,13], thus confirming the effect of p65 knockdown upon
NFkB signaling. As a consequence of NFkB downregulation, cell
viability decreased by 45-55% as assessed by MTT. Detection of
increased LDH release into culture medium and caspase-3
activation confirmed cell death induction in p65-silenced cells
(Fig. 1B).

3.3. NFkBis up-regulated in GBMs compared to non-tumor astrocytes

NFkB overstimulation has been observed in several cancer cell
lines as a consequence of cytokine overproduction, mutations, cell
cycle dysregulation and apoptosis resistance [8,15,19]. In C6 and
U138MG, we found a 5-10-fold increase in the basal activity of
NFkB compared to primary astrocytes as assessed by NFkB p65
ELISA (Fig. 2A). LPS-treated cells (0.5 pg/mL, 3 h) were used as
positive control for NFkB activation. Assay specificity was assessed
by the incubation of nuclear extracts with a 50-fold excess of an
unlabeled oligonucleotide containing the NFkB consensus se-
quence, which completely inhibited the constitutive NFkB binding
(C6 + 50X lane). In addition, mutated NFkB oligonucleotides did
not alter the constitutive NFkB activity confirming the specificity
of binding reactions (C6 + mut lane, Fig. 2A). Determination of total
and nuclear p65 immunocontent confirmed that a significant
fraction of p65 is found in nuclear compartment of GBM cells
whereas astrocytes expressed predominantly cytoplasmic/latent
p65 (Fig. 2B). In C6 cells, nuclear accumulation of p65 was more
accentuated. Detection of Lamin B and absence of Adenine
Nucleotide Translocator (ANT) were assessed to confirm the purity
of nuclear extracts (Fig. 2B). Immunocytochemistry to p65
confirmed the accumulation of p65 in nuclear compartment of
C6 cells, corroborating with the Western blotting data shown in
Fig. 2C.

3.4. Landscape analysis of NFKB target genes expression in
human gliomas

Besides in vitro detection of NFkB in GBM cell lines (Fig. 2), we
decided to test whether the cancer-related NFkB target genes are
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Fig. 2. NFkB is up-regulated in GBMs compared to primary astrocytes. (A) Basal NFkB activation in nuclear extracts isolated from C6, U138MG and astrocytes as assessed by
ELISA. (B) Representative Western blotting showing p65 protein compartmentalization in C6, U138MG and astrocytes. (C) Representative immunocytochemistry for p65 in
C6 cells (20x magnification). In these experiments, cells were maintained in basal conditions (complete culture medium for 48 h) and nuclear and cytoplasmic extracts were
isolated to detect NFkB activity, p65 immunocontent, or fixed for immunocytochemistry. Lamin B and ANT levels in nuclear extracts were used as controls of nuclear extract
purity. #Different from astrocytes; *different from its respective untreated cell line (p < 0.05, ANOVA, n = 3).
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Fig. 3. Landscape analysis of NFkB gene/protein interaction networks in gliomas. (A) NFkB-target gene interaction network. Network was generated using STRING database.
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expression in clinical specimens of glioblastoma (B panel), oligodendroglioma (C panel) and pilocytic astrocytoma (D panel). Gene expression in different types of glioma was
plotted against gene expression in healthy brain tissues, and Z-axis for relative gene expression was constructed using the ViaComplex software.

modulated in human GBM biopsies. We collected microarray
experiments containing the gene expression pattern for different
glioma grades [pilocytic astrocytoma (PA), oligodendroglioma
(ODG) and glioblastoma multiforme (GBM)], besides health brain
(HB) biopsies. First, we constructed an NFkB gene/protein
interactions network (Fig. 3A), which was subsequently analyzed

Table 2

by ViaComplex software as described in Section 2. ViaComplex
landscapes were constructed by plotting gene expression values of
each different glioma types over HB gene expression. ViaComplex-
constructed Z-axis gives the relative gene expression in gliomas
over gene expression in healthy brains. Fig. 3B shows that NFkB
gene interaction network was up-regulated in the 3 grades of

Normalized expression of NFkB-target genes in healthy brains (HB), glioblastoma (GBM), oligodendroglioma (ODG) and pilocytic astrocytoma (PA) specimens.

Gene Invasion/angiogenesis/metastasis Antiapoptosis Inflammation
function Ve MMP2  CXCR4  IcAM1  PLAU VCAMI  VCAM2  VEGFA  SOD2  MYC A20 [ER3  CCL2 I8
HB1 102 130 304 106 102 148 136 92 70 118 177 112 320 97
HB2 109 114 61 107 73 38 89 88 10 107 121 65 30 139
HB6 99 72 44 98 44 117 91 98 251 60 71 112 20 95
HB7 95 93 63 93 54 136 91 113 394 71 67 81 27 85
HB11 94 91 28 %6 226 61 93 108 102 143 67 131 100 85
GBM1 256 149 1525 3512 882 5629 2755 2320 1400 506 1077 372 825 103
GBM4 383 221 277 92 4776 305 144 1176 22 1051 140 8 12 124
GBM6 98 301 448 1866 2702 9004 5019 180 841 257 232 92 777 76
GBM7 11212 214 2392 23316 5237 6452 4164 19305 2078 1235 2619 1334 2800 74,989
GBM10 2951 129 2805 2531 190 6931 3034 6413 916 175 960 315 297 965
GBM12 4490 256 911 141 484 363 312 7849 111 180 282 261 1219 434
GBM13 36827 296 1021 17323 11240 4757 2020 3791 921 490 1331 916 2858 59217
p-Value 0017 0005 0005 0048 0005  0.003 0.006 0016 0049 0040 0010 0035 0073  0.103
ODG1 102 129 577 80 46 324 425 543 81 1081 177 452 174 120
0DG3 107 225 647 110 73 1213 656 43 87 2559 121 542 554 149
0DG4 222 163 50 115 91 91 104 162 9 189 71 95 153 185
0DG5 117 149 27 121 74 62 224 223 99 3196 67 371 194 1761
0DG6 109 247 226 118 101 425 298 150 9 1269 67 221 201 146
0DG7 104 144 257 120 124 2069 2062 88 34 419 97 509 783 128
0DG8 77 112 252 76 43 270 255 207 224 181 105 49 45 60
p-Value 0190 0020 0340 0270 0930  0.073 00092 0220 0270 00025 0930 0036 0073 0310
PA1 88 220 1278 112 1556 215 78 156 14 298 805 619 333 97
PA2 88 139 1492 472 183 715 375 126 135 143 729 292 243 )
PA3 126 123 2938 1011 4179 65 93 376 106 875 1016 479 276 90
PAS5 100 137 453 3318 14345 59 137 174 92 899 150 459 179 82
PAG 93 132 1049 5745 4805 81 75 228 43 181 781 21 342 63
PA12 86 342 1153 85 372 62 75 249 12 257 835 98 159 68
p-Value 025 0069 0007 0082 00087 0790 0.850 0017 0530 0010 0135 0006 0033 0123

Mean of expression of each gene in HB was plotted as 100% (£SD) and the respective gene expression in glioma (GBM, ODG or PA) specimens was compared to these values and
percentage was calculated. Percentage and p-values were expressed. Other details are provided in Section 2.
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glioma, although GBM samples presented the higher levels of gene
expression for the NFkB-regulated genes as evidenced by the red
colors in Z-axis plots. Grouping NFkB genes by biological functions,
we found that 8/9 (89%) of the selected NFkB-regulated genes
described as involved in angiogenesis, invasiveness and metastasis
(VEGFA, MMP2, MMP9, ICAM1, VCAM1, VCAM2, CXCR4 and PLAU)
and in antiapoptotic defenses (MYC, SOD2, A20/TNFAIP3 and IER3)
were markedly up-regulated in GBM patients (up to 64-fold
increases, p < 0.05) compared to HB tissues (Table 2). Increases in
the inflammatory IL8 and CCL2 mRNAs (p <0.1) also were
observed in GBM patients. Gene expression for NFkB subunits
(RELA, REL, NFKB2 and RELB, except NFKB1) was comparable to HB,
suggesting that NFkB is regulated at the activation level, not at
subunit expression (data not shown). Besides increasing in GBMs,
MYC, CCL2 and IER3 genes also were increased in the lower grades
of glioma (ODG and PA; Table 2).

3.5. Pharmacological inhibitors of NFkB selectively induce cell
death in GBMs

Data from Table 1, and Figs. 2 and 3, indicate that NFkB could be
a potential target pathway to cell death induction in GBMs. Thus,
we decided to test the cytotoxic effect of some NFkB pathway
inhibitors such as BAY117082, parthenolide, arsenic trioxide,
MG132 and curcumin in a panel of GBM cell lines. In parallel,
primary astrocyte cultures were treated in order to evaluate the
drug selectivity to cancer cells. GBMs and astrocytes were
incubated with different concentrations of NFkB inhibitors for
36 h, and MTT assays were performed. Results show that
astrocytes were less sensitive to NFkB inhibitors than GBM cell
lines, indicating selectivity of NFkB inhibitors to tumor cells (Table
3). For BAY117082, parthenolide, MG132, curcumin and arsenic
trioxide, the ICsq values in MTT assay were, respectively, at least
4.4,6.4,7,4 and 3.6-fold lower in the GBM cell lines compared to
astrocytes as shown in Table 3. Thus, for further experiments, we
used ~ICso concentrations for NFkB inhibitors (17 uM
BAY117082; 25 uM curcumin; 3 uM MG132; 4 uM arsenic
trioxide; 25 wM parthenolide) and C6/U138MG cell lines. To
determine whether the effects of pharmacological NFkB inhibitors

Table 4
NFkB inhibition is correlated with decreases in cell viability in GBMs.

Table 3

ICs0 levels of NFkB inhibitors in a panel of GBMs and in primary astrocytes.
Treatments ICs0 (M)

U138MG (6 us7 U373 Astrocytes

BAY117082 17+5 15+6 95+7 15+4 75+8
Parthenolide 2245 29+6 17+4 13+5 186+10
MG132 25+08  3.9+07 541 27+1 35+5
Curcumin 2345 25+4 20+6° 21+£3  135+12
Arsenic trioxide 4.6 +2° 42+15 36+2 5+1 18+2

Cells (U138MG, U87, C6, U373 and astrocytes) were treated for 36 h with different
concentrations of NFkB signaling inhibitors (BAY117082, curcumin, parthenolide,
MG132 and arsenic trioxide; 1-200 M) and cell viability was determined by MTT
assay. Experiments were repeated three times (n=3) in triplicate, and data were
expressed in mean =+ SD.

" Different from untreated cells, and from its respective astrocytic ICso value
(p<0.05).

are directly NFkB related, indirectly related to NFkB inhibition, or
have nothing to do with NFkB, we evaluated different concentra-
tions of the compounds on NFkB activity and on cell viability as
shown in Table 4. Correlations between NFkB inhibition and
decreases in cell viability were calculated (Table 4). Data showed
that pharmacological agent-induced NFkB inhibition significantly
correlated with decreases in cell viability of both C6 and U138MG
cells. As control, we also determined that inhibitors of the signaling
pathways which were previously tested in Table 1 did not affect
NFkB activity (Table 5). Taken together, data from Tables 1,4 and 5
suggest that the antiglioma effects of the tested compounds were
directly related to their NFkB inhibitory activity.

3.6. NFkB inhibitors induce anchorage-independent cell death and
reduce the clonogenic potential in GBMs

Results from clonogenic survival assay showed that 36 h
treatment with NFkB inhibitors followed by 6-day washout
significantly decreased the clonogenic proliferation in GBMs,
suggesting that the antiglioma effects of NFkB inhibition were
long-term thus remaining after drug withdrawal (Fig. 4B). In
addition, data from soft agar experiments showed that NFkB

Treatments Concentration NFkB activity (%, mean + SD) % cell viability (MTT assay) Correlation (1?) Viability x NFkB
M

(M) C6 U138MG c6 U138MG C6 U138MG

Untreated 0 100+ 11 100+12 100+7 100+ 6

BAY117082 5 85+ 14 87+15 86+6 95+7 0.931* 0.952%*
25 47415 35+10° 17+9 37+12°
50 1349 17+5 543 1544

Parthenolide 5 92413 88412 80+12 9145 0.846" 0.971*
25 24+11 34421 5445 48+7
50 15+14" 20+9° 15+6 19+4

MG132 1 72+9 7946 66+11" 71+6 0.974* 0.981*
5 37+13° 21417 2645 23+7
10 1246 14+8 15+7 11+5

Curcumin 5 9348 99410 9445 89+4 0.978* 0.962*
25 47+12 49+22° 46+7 40+9
50 24+13" 11+7 9+8" 21+11°

Arsenic 1 82+7 91+12 9549 92+7 0.954* 0.975%*
5 25+13" 29+18 41+7 45+ 4
10 1846 24+9 17+11 2749

C6 and U138MG cells were treated with different concentrations of BAY117082, curcumin, parthenolide, MG132 or arsenic trioxide. MTT was performed after 36 h treatment;
ELISA assays for NFkB-p65 DNA-binding activity were performed in nuclear extracts isolated from 6 h-treated GBMs. Cell viability and NFkB inhibition were expressed as
percentage compared to untreated cells. R squared (R?) was calculated using GraphPad Prism software®. Experiments were repeated three times (n=3) in duplicate; data

were expressed as mean + SD.
" Different from untreated cells.
* Positive correlation.



A. Zanotto-Filho et al./Biochemical Pharmacology 81 (2011) 412-424 419

inhibitor-induced cell death was independent of cell anchorage
since NFkB inhibitors decreased cell colony formation in soft agar
(Fig. 4C). At the end of 36 h treatment with NFkB inhibitors, we also
observed significant alterations in cell morphology, which were
accompanied by PI uptake, cell detachment and LDH release as
indicative of cell death (Fig. 4A). PI uptake did not occur in all cells
with morphological changes, suggesting that morphological
alterations preceded the losses in cell membrane integrity. These
effects suggest a programmed mechanism of cell death induction
by NFkB inhibitors thus stimulating us to evaluate apoptotic
markers (Fig. 4A).

3.7. NFkB inhibitors cell cycle arrest and apoptosis in GBMs

PI staining of chromatin showed that NFkB inhibitors induced
chromatin condensation and apoptotic body formation in U138MG
cells (Fig. 5A). The results were similar in C6 cells (data not shown).
Determination of caspase-3 activity showed that all the tested
NFkB inhibitors promoted caspase-3 activation in C6 whereas only
MG132 and arsenic trioxide increased caspase-3 activity in the
p53/PTEN mutant U138MG, suggesting that apoptosis can be
caspase-3 dependent or independent depending on cell type and
on NFkB inhibitor (Fig. 5B). Analysis of cell cycle distribution
evidenced that, after 18 h treatment, NFkB inhibitors caused
accumulation of cells in the G2/M phase of the cell cycle followed
by the formation of sub-G1 apoptotic cells at 36 h, suggesting that
arrest in G2/M phase preceded apoptosis (Fig. 5C).

3.8. Mitochondrial dysfunction precedes apoptosis in
NFkB inhibitor-treated cells

We also evaluated the mitochondrial function in NFkB inhibitor-
treated GBMs. In time-effect experiments, we determined that NFkB
inhibitors promoted an early decrease in MMP (JC-1 assay) which

Table 5
Effect of MAPKs, EGFR, PKC and PI3K/Akt inhibitors on NFkB activity.

Treatments Concentration (LM) NFkB activity (%, mean +SD)
Untreated 0 100+8
uo126 10 110+11
30 112422
SP600129 10 106 +12
30 114+7
SB203508 10 88+22
30 95+16
PD158780 10 90+8
30 106 +14
LY294002 10 88+11
30 86+21
G66983 10 112+13
30 93+9
Wortmannin 1 89+15
10 93+11
BAY117082 30 39+12°

C6 cells were treated with different concentrations of pharmacological inhibitors of
MEK/ERK (UO126), JNK1/2 (SP600129), p38 (SB203508), EGFR (PD158780), PI3K/
Akt (LY294002 and wortmannin) and PKC (G66983). BAY117082 was used as
control for NFkB inhibition. ELISA assays for NFkB-p65 DNA-binding activity were
performed in nuclear extracts isolated from 6 h-treated cells. NFkB activity was
expressed as percentage compared to untreated cells (mean 4+ SD). Experiments
were performed in triplicate.
" Different from untreated cells (p < 0.05).

was observed between 8 and 16h treatment whereas cell
membrane integrity (Pl uptake assay) only decreased at later time
points (24 h treatment) (Fig. 6A). It suggests that mitochondrial
dysfunction occurred at the early steps of NFkB inhibitor-induced
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cell death. Like observed in p65 knockdown experiments (Fig. 1),
pharmacological inhibitors also decreased the levels of the NFkB-
regulated mitochondrial cytoprotective protein bcl-xL [7,10,11]
(Fig. 6B). Mitochondrial dysfunction also was accompanied by the
release of the pro-apoptotic factor cytochrome c from mitochondrial
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Fig. 5. NFkB inhibitors induce apoptosis in GBMs. (A) Representative fluorescent
and phase contrast microphotographs (20x ) showing chromatin condensation and
apoptotic body formation after 36 h incubation with NFkB inhibitors. U138MG cells
were fixed, and chromatin was stained with propidium iodide. (B) Caspase-3
protease activity after 36 h treatment with pharmacological inhibitors in C6 and
U138MG cell lines. (C) Quantification of cell population distribution between sub-
G1,G1/G0, S and G2/M phases of the cell cycle after 18 or 36 h treatment of U138MG
cells with NFkB inhibitors. In Fig. 7 experiments, NFkB inhibitors were incubated
using ICso concentrations. #Different from untreated cells (n = 3, p < 0.05, ANOVA).

to cytoplasmic fraction as assessed after 16 h treatment with NFkB
inhibitors (Fig. 6B).

3.9. NFkB inhibitors synergize with the anticancer drugs cisplatin
and doxorubicin

An interesting field in the NFkB research is the possibility of
combination of NFkB inhibitors with classical chemotherapy in
order to decrease chemotherapy doses and adverse cytotoxicity to
normal tissues [9]. In synergism/antagonism experiments, we
established two protocols: (1) 6 h pre-treatment with apoptotic
levels of NFkB inhibitors, washout, and 48 h mono-treatment with
doxorubicin or cisplatin; (2) 6 h pre-treatment with sub-apoptotic
concentrations of NFkB inhibitors followed by 48 h co-incubation
with doxorubicin or cisplatin. At the end of the treatments, MTT
assays were performed. Results showed that NFkB inhibitors
synergized with doxorubicin and cisplatin in both apoptotic and
sub-apoptotic concentrations potentiating the anticancer effects of
these drugs in C6 and U138MG lines (Table 6).

3.10. NFkB inhibitors overcame cisplatin resistance in GBM

In other approach, we selected cisplatin-resistant cells by
incubating C6 cells with 50 M cisplatin for 48 h followed by a 20—

Table 6
NFkB inhibitors synergize with cisplatin and doxorubicin to induce GBM cell death.

Treatments Viability (mean £ SD)

C6 U138MG
Untreated 1006 100+7
Cisplatin 5 uM 73+3" 84+8
Cisplatin +BAY 7.5 uM 55+12% 64+ 8%
Cisplatin + BAY 25 puM 19+ 5% 34+ 16%
Cisplatin+Part 10 uM 56 + 4% 74+6
Cisplatin + Part 25 pM 38+11% 22 +4*
Cisplatin+MG132 1 pM 60+14 68 + 4%
Cisplatin +MG132 5 pM 33+10* 23+1%
Cisplatin + curcumin 10 WM 46 +6* 47 +13*%
Cisplatin + curcumin 25 pM 36+5" 28+2%
Cisplatin +arsenic 0.5 pM 51+10% 56+ 1%
Cisplatin +arsenic 15 uM 29 +9* 25+3%
Doxorubicin 2.5 wM 7048’ 75+7
Doxorubicin+BAY 7.5 uM 24+12% 61+6.5
Doxorubicin +BAY 25 uM 21+12% 29+ 10%
Doxorubicin +Part 10 wM 46 £11*% 23+5%
Doxorubicin + Part 25 uM 23+2% 19+1*
Doxorubicin+MG132 1 pM 32+7* 22+18*
Doxorubicin+MG132 5 pM 7+1% 2+3%
Doxorubicin + curcumin 10 M 67+5 59+ 2%
Doxorubicin +curcumin 25 M 46+5* 39+3%
Doxorubicin +arsenic 0.5 pM 61+6 25+2%
Doxorubicin +arsenic 15 wM 30+5% 25+1%
BAY 7.5 uM 102+13 103+10
BAY 25 pM 3745 53+12°
Part 10 uM 9249 90+7
Part 25 uM 58+13" 45413
MG132 1 M 114+8 82410
MG132 5 M 77411 28+4
Curcumin 10 puM 9447 74+12°
Curcumin 25 wM 75+17 53+11
Arsenic 0.5 uM 110+18 90+12
Arsenic 15 uM 58411 49410

Wild-type U138MG and C6 glioma cell lines were treated with different
concentrations of NFkB inhibitors as described in Section 3, followed by exposure
to 5 wM cisplatin or 2.5 wM doxorubicin (approximately IC,5 levels) for 48 h. After
that, MTT assays were performed. Data were expressed as percentage compared to
untreated cells (mean+SD). Experiments were repeated three times (n=3) in
quadruplicate. BAY (BAY117082); Part (Parthenolide).

" Different from untreated cells.

# Different from untreated and from cisplatin or doxorubicin-treated cells
(p<0.05).
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Fig. 6. Mitochondrial dysfunction precedes apoptosis in NFkB inhibitor-treated cells. (A) Time course effect of NFkB inhibitors on MMP was co-evaluated with PI
incorporation for the determination of cell membrane integrity. U138MG was treated for different times and, at the end of treatments, cells were trypsinized and different
aliquots were assayed by JC-1 or Pl incorporation. (B) Western blotting detection of cytochrome c in the cytosolic fraction, and total bcl-xL protein levels in U138MG cells after
16 h treatment with NFkB inhibitors. Experiments were performed in triplicate, and graphs were expressed in mean + SD. *Different from untreated cells.

25 day washout for the recovery of survival clones. After that, cells
were tested for cisplatin resistance. ICsg values increased by almost
8-fold (from 20 to 155 M) confirming the resistance to the
alkylating agent (Fig. 7A). Interestingly, NFkB was found over-
stimulated in cisplatin-resistant cells compared to wild-type C6
(Fig. 7B). The antiglioma potential of NFkB inhibitors was
independent of cisplatin resistance, since drugs were effective to
induce cell death in the cisplatin-resistant C6 cell line. Interest-
ingly, co-treatment of cisplatin (IC,5 concentration = 75 M) plus
NFkB inhibitors overcame cisplatin resistance, finally inducing
high rates of cell death after 48 h treatment when compared to
mono-treatments of NFkB inhibitors or cisplatin (Fig. 7C).
Altogether, data showed that increased NFkB correlated with
cisplatin resistance, and NFkB inhibitors efficiently induced cell
death in resistant cells besides overcoming cisplatin resistance.
Importantly, cell resistance to cisplatin was transitory and
decreased after 3-4 passages.

4. Discussion
GBMs are associated with a poor prognosis due to intrinsic

malignance and drug/radiation resistance, besides limited thera-
peutic opportunities such as neurosurgery and temozolomide/

radiotherapy regimens [1,15,25]. Studies reported that NFkB
activation correlates with therapeutic implications and worse
prognosis in human gliomas [21-23,37-39]. Aberrant NFkB
activity was found critical for focal necrosis formation, invasive
phenotype establishment [22] and resistance to O° alkylating
agents in GBMs [40]. In vitro, the expression of an IkB super-
repressor protein decreased C6 cell viability [21]. Also, the
literature indicates that most of the factors that mediate
proliferation, invasion, angiogenesis and apoptotic resistance in
cancer, including GBMs, such as EGF/EGFR, VEGF, PDGF, MCP-1,
MMPs, VCAM, bcl-xL and FLICE are activators of or products of
NFkB-regulated genes, conferring to NFkB a potential role on GBM
growth and thus a potential target pathway [7,8,11,41,42]. In this
way, some experimental drugs possessing antiglioma activities
showed mechanisms involving NFkB inhibition [43-46].

In this work, knockdown of the NFkB member p65 and
pharmacological inhibition of NFkB caused significant decreases in
GBM cell viability whereas inhibitors of other signaling pathways
such as MEK/ERK, JNK, p38, EGFR and PKC had no significant
effects, except for a cytostatic activity following PI3K/Akt
inhibition. Corroborating, Carapancea et al. showed that inhibitors
of PDGF, EGFR, PI3K and MEK1/2 (AG1433, AG1024, LY294002 and
PD98059, respectively) failed to induce cell death in MO59] and
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Fig. 7. NFkB inhibitors overcame cisplatin resistance GBM cells. (A) Representative MTT assay showing the validation of cisplatin resistance in C6 cells. (B) NFkB ELISA assay
showing that NFkB DNA-binding activity is increased in cisplatin-resistant compared to that of wild-type C6 cells. (C) NF«B inhibition abolishes cisplatin resistance in
cisplatin-resistant cells. Cells were treated with IC,s concentrations of cisplatin in the presence or absence of NFkB inhibitors (ICso levels) for 48 h, and viability was
determined by MTT. Resistance induction was performed twice, and experiments were performed in triplicate. *Different from C6-wild type cells; *different from untreated
cells; “different from cisplatin and from its respective NFkB inhibitor alone treatment.

MO59K cell lines, and in primary cultures derived from GBM
patients [47]. NFkB inhibitors induced cell death in liquid and soft
agar growing cells regardless of the p53 or PTEN mutational status
since cytotoxicity was similar for C6 (p53 and PTEN normal), U87
(PTEN mutant), U373 (p53 and PTEN mutant) and U138MG (p53
and PTEN mutant) cell lines. NFkB was found overstimulated in
GBMs, and its inhibitors were selective to cell death induction in
tumor cells as compared to astrocytes. The antiglioma potential of
the pharmacological agents correlated with NFkB inhibition as
demonstrated in Tables 4 and 5. Tumor-specific targeting
represents an improvement over classical chemotherapeutics,
which adversely affect both diseased and normal brain in a non-
specific manner [6,9,13]. Nuclear p65 was found in GBMs whereas
latent/cytosolic p65 was detected in astrocytes. Total p65 protein
was similar between GBM and astrocytes suggesting that NFkB
was modulated at the level of activation. Nonetheless, landscapes
analysis for NFkB gene interaction network revealed that NFkB
target genes were up-regulated in the three tumor grades (GBM,

oligodendroglioma and astrocytoma) compared to healthy brain
tissues. Landscapes evidenced a high expression of NFkB target
genes in the most aggressive form of glioma, GBM; marked
increases were observed in VEGFA, MMP2, MMP9, PLAU, VCAM1,
ICAM1, IER3, SOD2, MYC, CCL2 and IL8 gene expression. In
agreement with these results, Xie et al. showed that constitutive
NFkB regulates the expression of VEGF and IL-8 and tumor
angiogenesis in human GBM [12]. This exacerbated activation of
NFkB has been pivotal to explain the selective toxicity of NFkB
inhibitors to cancer cells [10,13,17,19].

Previous works showed that downregulation of NFkB leads to
mitochondrial dysfunction due to decreases in the expression of
mitochondrial cytoprotective genes such as bcl-xL and SOD2,
which result in cytotoxicity [11,15,17,26]. Jiang et al. reported that
selective bcl-xL knockdown rendered U87 and NS008 GBM cells to
apoptosis [48]. In our model, NFkB inhibitors caused bcl-xL protein
downregulation, mitochondrial depolarization and release of the
apoptotic factor cytochrome c, which preceded the losses in cell
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membrane integrity and apoptosis, thus implying that mitochon-
drial dysfunction is an early step of NFkB inhibitor-induced cell
death [7,11,15,48]. In previous studies, arsenic trioxide induced
G2/M arrest in the U87 and T98G [49], and mitochondrial
aggregation and cytochrome c release in A172 GBMs [50]. Here,
all NFkB inhibitors elicited cell arrest in the G2/M phase of the cell
cycle before sub-G1 induction, apoptotic body formation and
caspase-3 activation. The herein reported impairment on mito-
chondrial function and induction of G2/M arrest were previously
demonstrated by our group and others during curcumin [51],
parthenolide [52], BAY117082 and MG132 [17] treatment in other
types of cancer cells, but not in gliomas.

In GBMs, defects in caspase-mediated apoptotic signaling due
to p53 mutations limit the effectiveness of chemotherapy thus
promoting chemoresistance and poor clinical outcome [53-56].
Induction of caspase-independent mechanisms of cell death could
be useful for circumventing GBM resistance. In our model, all
tested NFkB inhibitors activated caspase-3 in C6 whereas only
MG132, arsenic trioxide and p65 siRNA stimulated caspase-3 in the
p53-mutant U138MG; curcumin, BAY117082 and parthenolide
exerted caspase-independent cell death in U138MG. Besides the
distinct genetic aberrations between C6 and U138MG cell lines,
differences in the action mechanisms of the tested NF«kB inhibitors
and possible off-target effects could explain their differential
effects upon caspase-3. BAY117082 is a specific IKK-beta inhibitor
(ICsp ~ 10 wM) [57]; parthenolide inhibits NF-kB both indirectly
by blocking IKK-beta at cys179 and directly by inhibiting p65 at the
cysteine residue in its activation loop (ICso~ 10 wM) [58,59];
MG132 inhibits proteasome (ICsgo~ 0.1 wM) and proteasome-
dependent IkB-alpha degradation (ICso ~ 3 uM) thus blocking the
nuclear activity of NFkB; arsenic trioxide inhibits degradation and
up-regulates expression of IkB-alpha [60]; curcumin inhibits IKKs
(ICs0 ~ 13 wM), although unspecific effects upon activator protein-
1 and glyoxalase I activity, for example, were described [15,61,62].
In U138MG, the IKK inhibitors did not increase caspase-3 in
contrast to inhibitors of IkB degradation such as MG132 and
arsenic. In T98G and U87 GBMs, curcumin induces caspase- and
calpain-independent cell death irrespective of the p53 status of the
cells [15]. Thus, elucidation of these mechanistic differences
requires further investigation.

Besides their apoptotic activity per se, NFkB inhibitors
presented adjuvant activity by potentiating the anticancer effect
of cisplatin and doxorubicin in both C6 and U138MG cells, besides
overcoming cisplatin resistance in cisplatin-resistant C6. Several
lines of evidence suggest NFkB as a key mediator of cancer cells
resistance to chemotherapy and anticancer therapy failure in vivo
[9,18,40]. Bredel et al. reported that NFkB mediates GBM
resistance to the alkylating agents, temozolomide and BCNU, in
primary GBM cultures [40]. In addition, Weaver et al. demon-
strated that chemotherapy-induced DNA damage may activate
NFkB, and inhibition of NFkB by mutant IkB-alpha enhances
BCNU, carboplatin and TNF-induced cell death in U87 and U251
cells [63]. In our model, NFkB activity was up-regulated in
cisplatin-resistant C6 cells compared to that in wild-type C6.
Cisplatin-resistant cells remained sensitive to NFkB inhibitors,
and combination of cisplatin plus NFkB inhibitors overcame
cisplatin resistance, suggesting that alkylation resistance in-
volved NFkB pathway. In agreement, previous studies reported
that the proteasome inhibitors LLnL and MG132, which are known
by acting through NFkB inhibition, sensitized GBMs to TRAIL-
induced apoptosis [18]. Clinically, the adjuvant potential of NFkB
inhibitors could be used for therapeutic advantage in order to
potentiate the efficacy of classical anticancer drugs in chemo-
therapy-resistant patients thus decreasing the anticancer agents’
doses and the frequently observed collateral effects to healthy
tissues [9,15].

As above cited, some previous studies exploited the antiglioma
effects of some of the herein used compounds as arsenic trioxide
[49,50,64], curcumin [15,65-67], parthenolide [68] and protea-
some/NFkB inhibitors [3,18,63,69,70] in GBMs. Here, we suggest
that a mechanism by which they induce GBM cells death is
mediated by their NFkB inhibitory activity. We add information by
evaluating inhibitors of different signaling pathways, NFkB
pathway activation in cell lines and in clinical specimens, and
effect of different NFkB inhibitors in a panel of GBM cell lines; p65
knockdown also was evaluated. Importantly, selectivity to cancer
cells, mitochondrial dysfunction, adjuvant potential and ability of
NFkB inhibitors to abolish chemoresistance were examined. The
results were positive and support a rationale for further testing
inhibition of NFkB pathway in animal models of GBMs, and
possibly other cancers.
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Abstract

Previous studies suggested that curcumin is a potential agent against glioblastomas (GBMs). However, the in vivo efficacy of curcumin in gliomas remains not
established. In this work, we examined the mechanisms underlying apoptosis, selectivity, efficacy and safety of curcumin from in vitro (U138MG, U87, U373 and
C6 cell lines) and in vivo (C6 implants) models of GBM. In vitro, curcumin markedly inhibited proliferation and migration and induced cell death in liquid and
soft agar models of GBM growth. Curcumin effects occurred irrespective of the p53 and PTEN mutational status of the cells. Interestingly, curcumin did not affect
viability of primary astrocytes, suggesting that curcumin selectivity targeted transformed cells. In U138MG and C6 cells, curcumin decreased the constitutive
activation of PI3K/Akt and NFkappaB survival pathways, down-regulated the antiapoptotic NFkappaB-regulated protein bcl-xI and induced mitochondrial
dysfunction as a prelude to apoptosis. Cells developed an early G2/M cell cycle arrest followed by sub-G1 apoptosis and apoptotic bodies formation. Caspase-3
activation occurred in the p53-normal cell type C6, but not in the p53-mutant U138MG. Besides its apoptotic effect, curcumin also synergized with the
chemotherapeutics cisplatin and doxorubicin to enhance GBM cells death. In C6-implanted rats, intraperitoneal curcumin (50 mg kg~ ' d~!) decreased brain
tumors in 9/11 (81.8%) animals against 0/11 (0%) in the vehicle-treated group. Importantly, no evidence of tissue (transaminases, creatinine and alkaline
phosphatase), metabolic (cholesterol and glucose), oxidative or hematological toxicity was observed. In summary, data presented here suggest curcumin as a

potential agent for therapy of GBMs.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Glioblastoma (GBM) is an aggressive, invasive and difficult to treat
primary brain tumor. Standard therapy includes surgical resection,
external beam radiation and chemotherapy, with no known curative
therapy [1,2]. A number of deregulated signaling cascades have been
described in GBMs, including the nuclear factor kappa-B (NFkappaB),
the phosphoinositide-3-kinase (PI3K/Akt) pathway and the Ras/MEK/
ERK mitogen-activated protein kinase pathway. Deregulation of these
pathways is driven by mutation, amplification or overexpression of
multiple genes such as PTEN, EGFr, PDGFR-a, p53 and mTOR [3-5].
Understanding these deregulated pathways has provided the basis for
designing molecular targeted therapies as well as new combination
therapies and drug delivery systems [6-8]. Despite the aforemen-
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tioned findings, median survival in GBM has remained approximately
1 year for decades [1,2]. Therefore, validation of new antiglioma drugs
may offer new therapeutic opportunities to patients.

Curcumin (diferuloylmethane), a naturally occurring polyphenol
derived from the root of the rhizome Curcuma longa, possesses anti-
inflammatory, antioxidant and anticancer properties by inhibition of
signaling pathways such as NFkappaB, PI3K/Akt and activator
protein-1 (AP-1) [9]. Recently, curcumin entered into phase I clinical
trials for the treatment of some high-risk cancers [10]. In GBMs, an
emerging in-vitro-based literature [11-16] suggests that curcumin
exerts antiglioma effects through enhancement of TRAIL-induced
apoptosis [11], inhibition of metalloproteinase-9 expression [12,14]
and induction of apoptosis in T98G and U87MG cell lines [13,15,16].
However, the apoptotic mechanisms, selectivity to transformed cells
and principally the in vivo efficacy of curcumin in GBMs remain to be
better studied. In this work, we examined the mechanisms underlying
curcumin anti-GBM effects based on in vitro (C6, U138MG, U87 and
U373 cell lines) and in vivo (C6 implants in rat brain) models of the
disease. In vitro, we evaluated curcumin effects on proliferation,
apoptosis and migration as well as antagonism with classical GBM
survival pathways (PI3K/Akt and NFkappaB), selectivity to cancer
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cells and adjuvant potential. In vivo, we tested the hypothesis that
curcumin may decrease glioma growth without inducing toxicity to
healthy tissues.

2. Materials and methods
2.1. Reagents

Curcumin, propidium iodide (PI), Hepes, CHAPS, dithiothreitol, EDTA, trypsin, 3-
(4,5-dimethyl)-2,5-diphenyl tetrazolium bromide (MTT), Nonidet-P40, spermin
tetrahydrochloride, RNAse A and culture analytical-grade reagents were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Anti-lamin B (C-20) and anti-p65
NFkappaB antibodies were from Santa Cruz Biotechnologies; anti-3-actin, anti-
phospho-Akt(ser*”®) , anti-Akt and anti-bcl-xl were from Cell Signaling Technology.
Parthenolide (PTL) and LY294002 were from Biomol International (Plymouth Meeting,
PA, USA). Electrophoresis and immunoblotting reagents were from Bio-Rad Labora-
tories (Hercules, CA, USA). Kits for biochemical analysis were acquired from Labtest
Diagnostica (MG, Brazil).

2.2. Cell cultures

The rat (C6) and human (U138MG, U87 and U373) malignant GBM cell lines were
obtained from American Type Culture Collection (Rockville, MD, USA). The cells were
grown and maintained in low-glucose Dulbecco's modified Eagle's medium (DMEM;
Gibco BRL, Carlsbad, CA, USA) containing 0.1% Fungizone and 100 U/L gentamicin and
supplemented with 10% fetal bovine serum (FBS). Cells were kept at 37°C in a
humidified atmosphere with 5% CO,. Primary astrocyte cultures were prepared as
previously described [17]. Briefly, cortex of newborn Wistar rats (1-2 days old) were
removed and dissociated mechanically in a Ca*2 and Mg™2 free balanced salt solution,
pH 7.4, (137 mmol/L NaCl, 5.36 mmol/L KCl, 0.27 mmol/L Na,HPO4, 1.1 mmol/L
KH,P04, 6.1 mmol/L glucose). After centrifugation at 1000 rpm for 5 min, the pellet was
resuspended in DMEM supplemented with 10% FBS. The cells (2x10°) were plated in
poly-L-lysine-coated 48-well plates. After 4-h plating, plates were gently shaken and
phosphate-buffered saline (PBS)-washed, and medium was changed to remove neuron
and microglia contaminants. Cultures were allowed to grow to confluence by 20-25
days. Medium was replaced every 4 days.

2.3. MTT and lactate dehydrogenase assays

Dehydrogenases-dependent MTT reduction (MTT assay) and lactate dehydrogenase
release into culture medium [lactate dehydrogenase (LDH) assay] were used as an
estimative of cell viability [18]. Cells were plated in 96-well plates (10*/well) and treated
at 60%-70% confluence. At the end of incubations, MTT and LDH assays were performed.
Lactate dehydrogenase activity in the culture medium was determined in agreement with
manufacturer instructions (CytoTox 96-NonRadioactive Cytotoxicity Assay, Promega).
Cell morphology was evaluated by light microscopy (Nikon Eclipse TE 300).

2.4. Pl incorporation and staining of chromatin

For determination of PI uptake in cells with losses in membrane integrity, treated
cells were incubated with 2 pg/ml PI in complete medium for 1 h. Propidium iodide
fluorescence was excited at 515-560 nm using an inverted microscope (Nikon Eclipse
TE 300) fitted with a standard rhodamine filter. Representative microphotographs (at
least five per well) were collected [19]. For detection of the morphological alterations
in chromatin (condensation and fragmentation) and apoptotic bodies formation, cells
were fixed in methanol/acetone (1:1) for 5 min and washed with PBS (three times).
Afterward, chromatin was stained with PI (0.5 ug/ml, 10 min) followed by fluorescent
microscopy (Nikon Eclipse TE 300).

2.5. Cell cycle analysis

For cell cycle analysis, cells were trypsinized, centrifuged and resuspended in a
lysis buffer containing 3.5 mmol/L trisodium citrate, 0.1% vol/vol Nonidet P-40, 0.5
mmol/L Tris-HCl, 1.2 mg/ml spermine tetrahydrochloride, 5 ug/ml RNAse, 5 mmol/L
EDTA and 1 pg/ml PI, pH 7.6. Afterward, cells were incubated for at least 10 min on ice
for cell lysis. DNA content was determined by flow cytometry. Ten thousand events
were counted per sample. FACS analyses were performed in the CellQuest Pro Software
(BD Biosciences, CA, USA) [18].

2.6. Caspase-3 activity

Caspase-3 activity was assessed in agreement with CASP3F Fluorometric kit
(Sigma, Saint Louis, MI, USA). Treated cells were harvested and incubated in a lysis
buffer (50 mmol/L Hepes, 5 mmol/L CHAPS and 5 mmol/L dithiothreitol, pH 7.4) for 20
min in ice. Afterward, extracts were clarified by centrifugation at 13,000g (15 min, 4°C).
Supernatants were collected, and proteins were measured by Bradford method. For
assays, 150 pg proteins were mixed with 200 pl of the assay buffer (20 mmol/L Hepes,
0.1% CHAPS, 5 mmol/L dithiothreitol, 2 mmol/L EDTA, pH 7.4) plus 20 uM Ac-DEVD-

AMC (Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin), a caspase-3-specific sub-
strate. Caspase-3-mediated substrate cleavage was monitored during 1 h (37°C) in a
fluorometric reader (excitation 360 nm/emission 460 nm) [18].

2.7. Cellular fractionation

For nuclear extracts preparation, cells (~5x10°, 70%-80% confluence) were washed
with cold PBS and suspended in 0.4-ml hypotonic lysis buffer [10 mmol/L HEPES (pH
7.9), 1.5 mmol/L MgCl,, 10 mmol/L KCI, 0.5 mmol/L phenylmethylsulfonyl fluoride, 0.5
mmol/L dithiothreitol plus protease inhibitor cocktail (Roche)] for 15 min. Cells were
then lysed with 12.5 pl 10% Nonidet P-40. The homogenate was centrifuged (13,000g,
30s), and supernatants containing the cytoplasmic extracts were stored at —80°C. The
nuclear pellet was resuspended in 100-pl ice-cold hypertonic extraction buffer [10
mmol/L HEPES (pH 7.9), 0.42 M Nacl, 1.5 mmol/L MgCl,, 10 mmol/L KCl, 0.5 mmol/L
phenylmethylsulfonyl fluoride, 1 mmol/L dithiothreitol plus protease inhibitors]. After
40 min of intermittent mixing, extracts were centrifuged (13,000g, 10 min, 4°C), and
supernatants containing nuclear proteins were secured. The protein content was
measured by the Bradford method [18-20].

2.8. NFKB-p65 enzyme-linked immunosorbent assay for determination of NF<B activity

A total of 10 pg of nuclear extracts was used to determine the NF<B DNA-binding
activity [NF«<B p65 enzyme-linked immunosorbent assay (ELISA) kit, Stressgen/Assays
designs| per manufacturer's protocols. This ELISA-based chemiluminescent detection
method rapidly detects activated NF<B complex binding (p65 detection) to a plate-
adhered NFxB consensus oligonucleotide sequence. Kit-provided nuclear extracts
prepared from TNF-stimulated Hela cells were used as a positive control for NF<B
activation. To demonstrate assay specificity, a 50-fold excess of an NF<B consensus
oligonucleotide was used as competitor to block NFkB binding. In addition, a mutated
consensus NF<B oligonucleotide (which does not bind NFkB) is provided for
determination of binding reactions' specificity [21].

2.9. Western blotting

Proteins (20 pg) were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis on 10% (wt/vol) acrylamide and 0.275% (wt/vol) bisacrylamide gels
and electrotransferred onto nitrocellulose membranes. Membranes were incubated in
TBS-T [20 mmol/L Tris-HCl, pH 7.5, 137 mmol/L NaCl, 0.05% (vol/vol) Tween 20]
containing 1% (wt/vol) nonfat milk powder for 1 h at room temperature. Subsequently,
the membranes were incubated for 12 h with the appropriate primary antibody
(dilution range 1:500-1:1000), rinsed with TBS-T and exposed to horseradish-
peroxidase-linked anti-IgG antibodies for 2 h at room temperature. Chemiluminescent
bands were detected using X-ray films, and densitometry analyses were performed
using Image-] software.

2.10. Mitochondria membrane potential (JC-1 assay)

For determination of the mitochondrial membrane potential (MMP), treated cells
(5x10°) were incubated for 30 min at 37°C with the lipophilic cationic probe JC-1
(5,5',6,6'-tetrachloro-1,1',3,3" tetraethylbenzimidazolcarbocyanine iodide, 2 ug/ml).
Afterward, JC-1-loaded cells were centrifuged and washed once with PBS. Cells were
transferred to a 96-well plate and assayed in a fluorescence plate reader with the
following settings: excitation at 485 nm, emission at 540 and 590 nm and cutoff at 530
nm (SpectraMax M2, Molecular Devices, USA). A¥m was calculated using the ratio of
590 nm (J-aggregates)/540 nm (monomeric form) [22].

2.11. Clonogenic potential

Exponentially growing cells (1x10°) were plated in petri plates overnight and then
incubated for 36 h with either vehicle or curcumin. After treatments, the medium
containing curcumin was replaced by a curcumin-free medium, and remaining cells
were maintained for additional 24 h to growth. Survival cells were gently washed and

Table 1
ICso levels of curcumin in a panel of GBMs and astrocytes

Cell lines Curcumin ICsq (UM)
U138MG 29457
C6 25442
us7 19+£7°
U373 21437
Astrocytes 135+12

Legend: Cells (U138MG, U87, C6, U373 and astrocytes) were treated for 36 h with
different concentrations of curcumin (1-150 pM), and cell viability was determined by
MTT assay. Experiments were repeated three times (n=3) in triplicate, and data were
expressed in mean+S.D.

@ Different from astrocytic ICso value (P<.05, t test).
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Table 2

LDH release and cellular viability in curcumin-treated C6 and astrocytes

Curcumin C6 cells Astrocytes

(M) Viability (MTT, %) ~ LDH (%) Viability (MTT, %) LDH (%)
0 100+3 100+14 1009 10011
75 90+2° 113+21 101+3 102+13
15 78+5° 120+36 103+4 98+19
25 67+2° 2764922 102417 89+9
50 28+3° 907+105°  108+13 121+13
100 10+5° 1251+£57" 110+15 115+33
120 3+1° 129041542 81+9° 169+14°

Legend: Cells were treated with curcumin for 36 h; medium was collected for LDH activity
determination, and cells were used for viability estimation by MTT assay. Experiments
were repeated three times (n=3) in triplicate, and data were expressed in mean+S.D.

? Different from untreated cells.

b Different from untreated cells and from the immediately lower curcumin
concentration (P<.05, ANOVA).

trypsinized, and viability was assessed by trypan blue staining. Viable cells (10* cells)
were replated in six-well plates and maintained for additional 6 days in complete
culture medium. Cell growth was estimated by colony counting followed by MTT assay
[21]. The percentage of colony forming efficiency was calculated in relation to values of
untreated cells.

2.12. Soft agar colony assay

Cells (1x10°) were resuspended in 2 ml DMEM supplemented with 15% FBS and
mixed with 1 ml of 1.6% agarose (final conditions: 0.53% agarose and 10% FBS) at 37°C.
Cell suspensions were placed on top of a base layer comprised of 2 ml of DMEM with
10% FBS and 0.8% agarose in each well of a six-well plate. Cells were then covered with
2 ml of complete media, and after 3 days, a new medium containing curcumin was
added. Medium containing treatments or vehicle was replaced every 72 h. At the end of

1 cCs

9 days, MTT (1 mg/ml) was added to the cultures, and the number of colonies was
scored using a microscope [21].

2.13. Migration assay

The monolayer of confluent C6 and U138MG cells was pretreated for 12 h with
curcumin and subsequently scratched with a 200 pl pipette tip to create a wound. Cells
were washed twice with PBS to remove floating cells and then incubated in DMEM
with 2% FBS plus treatments. Cells were incubated for additional 16-18 h, and the rate
of wound closure was investigated through photographs (100x) taken at final time
points. Migration of treated cells was compared to untreated cells and expressed as
percentage [23].

2.14. Proliferation assay

For proliferation assay, 24-well-plated cells were treated at 50%-60% confluence
during 72 h (chronic exposure) with curcumin inhibitors. After treatments, cells were
fixed in ethanol:acetone (1:1) for 5 min followed by PBS washing (three times). Fixed
cells were stained with trypan blue 0.4% (Sigma, CA, USA) for 30 min and washed three
times with PBS. Trypan-stained cells were lysed with 1 N NaOH for 5 min. Afterward,
equal volume of distillated water was added, and trypan blue color was estimated in
spectrophotometer at 595 nm [24]. Sample absorbance was compared to controls and
expressed as percentage of untreated cells.

2.15. Preclinical study: glioma in vivo experiments

2.15.1. Implantation

In vivo model of rat C6 glioma was carried out as previously described by Takano
et al. [25] and validated in our laboratory [26,27]. Exponentially growing C6 cells were
trypsinized, washed once in DMEM, spun down and resuspended at 10° cells/3 pl
DMEM. Cells 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 male Wistar rats (8 weeks
old, 220-260 g) previously anesthetized by intraperitoneal (ip) administration of
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curcumin, cells were incubated with PI diluted in culture medium. Fluorescence and phase contrast microphotographs were taken (20x). The percentage of Pl-stained cells was
quantified. *Different from untreated cells, P<.05, t test. (B) Time course effect of curcumin on MMP was co-evaluated with PI incorporation for determination of cell membrane
integrity. U138MG cells were treated for different times and trypsinized, and different aliquots were collected for JC-1 or Pl incorporation assays. *Different from untreated cells, P<.05,
t test. (C) Curcumin decreases bcl-xL protein immunocontent as assessed by Western blotting in total cell extracts of 12-h-treated U138MG cells. (D) Flow cytometry for determination
of cell cycle distribution (sub-G1, G1/G0, S and G2/M) in untreated and 30 uM curcumin-treated (18-36 h) U138MG cells. All experiments were repeated at least three times (n=3).
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ketamine/xylazine. The number of animals for 95% confidence was statistically
calculated in agreement with our previously determined standard deviations (S) and
means (u) of tumor size for the in vivo model of glioma [26]. Data/legends: A=DMSO-
treated rats (control); B=alkylation-agent-treated rats (control for antiglioma
activity); statistical parameters: ua—73 mm’; pp=27 mm’; Sa=13 mm’; Sp=37
mm?; a=0.05, power=1—=0.9; 3=0.1; t,=2.101; uz=1,734; no=10. Formula:
n=((Sa)y*+(Sb)*)/(ta—Hp)*X (ta+Up)* n=11 rats/group. All procedures used in the
present study followed the “Principles of Laboratory Animal Care” of the National
Institutes of Health and were approved by the Ethical Committee of the Hospital de
Clinicas de Porto Alegre.

2.15.2. Treatments

Ten days after glioma implantation, animals were divided into two groups (n=11
per group) as follows: (a) DMSO/vehicle-treated group and (b) curcumin-treated
group (50 mg/kg/day curcumin solubilized in sterile DMSO). The formulations were
administered ip for 10 consecutive days.

2.15.3. Analysis

After 20 days (10 days for glioma implantation+-10 days for treatments), rats were
anesthetized and decapitated. The brain was removed, sectioned and fixed with 10%
paraformaldehyde. Cerebellum, liver and kidney were also removed and frozen at
—80°C for biochemical analysis. Blood samples were collected for determination of
glucose, total cholesterol, creatinine, alkaline phosphatase, alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activity in serum, which were used as
markers of metabolic and tissue toxicity. These experiments were performed in a
LabMax 240 analyzer (Labtest Diagnostica, Brazil). Hematological parameters were
evaluated in a Sysmex KX-21-N hematologic analyzer (Sysmex, Lille, France). The
oxidative stress parameters TBARS (lipoperoxidation), protein sulfhydryl and carbonyl
groups, catalase, superoxide dismutase and glutathione S-transferase (GST) activity
were evaluated in cerebellum, liver and kidney in agreement with our previously
described protocols [28].

For tumor volume quantification, three hematoxylin and eosin (H&E) coronal
sections (2-3 pum thick, paraffin embedded) from each animal were analyzed. 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 [26,27]. In animals with detectable tumor mass,
histopathological parameters were evaluated by two expert pathologists.

2.16. Statistical analysis

The statistical significance among three or more groups was assessed by one-way
analysis of variance (ANOVA) followed by Tukey's test. The statistical significance
between DMSO-treated and curcumin-treated groups and other two-group analyses
were carried out by means of unpaired Student's ¢ test (Prism GraphPad Software, San
Diego, CA, USA). For qualitative data (Table 4 experiments), Z-test for two proportions
and Fisher's Exact Test were chosen. Significant differences among groups were
calculated at P<.05.

3. Results

3.1. Curcumin inhibits proliferation and induces cell death in GBMs but
not in astrocytes

First, we examined the effect of curcumin on viability of GBMs by
treating a panel of GBM cell lines (C6, U138MG, U87, U373) with
different concentrations of curcumin for 36 h. At the end of
incubation, MTT assays were carried out. In parallel, primary
astrocytes cultures were used as a nontransformed model of glial
cells in order to test the selectivity of curcumin. Curcumin markedly
decreased the viability of the four GBM cells lines (ICso range=19-28
uM), whereas astrocytes were much less sensitive to curcumin
treatment (ICso=135 pM) as assessed by MTT (Table 1). Curcumin
also caused a dose-dependent release of LDH into culture medium of
GBM:s, indicating losses in cell membrane integrity. Curcumin-
induced LDH release was associated with decreases in cell viability
as assessed by MTT (Table 2). In astrocytes, toxicity only was observed
at high curcumin concentrations (120 uM). Taken together, these data
suggest that the cytotoxic effects of curcumin selectively targeted
GBMs (Table 2). For further experiments, we used ~ICso concentra-
tions of curcumin, and the C6 and U138MG cell lines since (a) they
have different patterns of p53 mutations, (b) curcumin mechanisms

were not determined in these cell lines and (c) C6 cells were used in
in vivo experiments.

Curcumin-induced growth inhibition was independent on cell
anchorage to extracellular matrix as evaluated by soft agar growth
experiments (Fig. 1A). In addition, results from clonogenic survival
assays showed that curcumin treatment (24 h) followed by 6-day
washout significantly decreased the clonogenic proliferation in
GBMs, suggesting that curcumin effects were prolonged and
persisted after drug withdrawal (Fig. 1B). Significant morphological
alterations and cell detachment were observed in 30 UM curcumin-
treated cells (Fig. 1E). At low concentrations (<15 pM), curcumin
caused decreases in cell viability and cell density (Table 2 and Fig.
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Fig. 3. Curcumin promotes chromatin condensation and modulates caspase-3 in GBMs.
(A) Representative fluorescence and phase contrast microphotographs (40x) showing
the effect of 30 uM curcumin (36-h treatment) on condensation of chromatin and
formation of apoptotic bodies in C6 and U138 MG cells. (B) Caspase-3 activity after 36-h
treatment with 30 uM curcumin in C6 and U138MG. *Different from untreated cells,
P<.05, t test, n=4.
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1E), but induced neither LDH release nor alterations in cell test whether a long-term exposure to subtoxic curcumin could
morphology (Fig. 1E), indicating a cytostatic/antiproliferative effect decrease cell proliferation. Curcumin (7.5 and 15 uM) decreased cell
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Fig. 4. Curcumin suppresses activation of NFkappaB and PI3K/Akt in GBMs. (A) Constitutive NFkappaB activation and nuclear levels of p65 in C6, U138MG and astrocytes. Cells were
maintained in equal basal conditions (complete culture medium for 48 h), and nuclear extracts were isolated for detection of NFkappaB activity (ELISA kit) and p65 immunocontent
(Western blotting). Lamin B was used as loading control for nuclear extracts. *Different from astrocytes, P<.05, ANOVA. (B) Curcumin inhibits NFkappaB DNA-binding activity and p65
translocation in GBM. The ELISA assays and Western blots were carried out in nuclear extracts isolated from 6-h-treated U138MG cells. *Different from untreated cells, P<.05, t test. (C)
Constitutive PI3K/Akt pathway activation in C6, U138MG and astrocytes. Cells were maintained in basal conditions (above cited), and Western blotting for p-Akt and total-Akt forms
was performed in total extracts. Beta-actin was used as loading control (not shown). (D) Curcumin inhibits Akt phosphorylation. U138MG cells were treated for 6 h with 5 to 60 uM
curcumin followed by Western blotting for p-Akt protein detection. (E) The MTT assays showing the effect of different concentrations of PTL or LY294002 (LY) on viability of GBM cell
lines and astrocytes. *Different from untreated cells; **different from untreated and from the immediately lower concentration of PTL or LY, P<.05, ANOVA, n=3.
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Table 3
Curcumin synergizes with classical chemotherapy

Treatments Viability (MTT, %)
U138MG C6

Untreated 100+5.7 100+2.1
Cisplatin 63+6.0° 424337
Cisplatin-+curcumin 10 pM 46+5.9° 29+2.4°
Cisplatin-+curcumin 25 pM 30+3.2° 10+4.2°
Doxorubicin 6642.0° 734+4.2°
Doxorubicin+curcumin 10 uM 48+33° 61+3.0°
Doxorubicin+curcumin 25 pM 36+4.6° 464+5.4°
Curcumin 10 uM 764+1.2° 8845.1°
Curcumin 25 uM 5545.0° 754737

Legend: U138MG and C6 cells lines were treated with different concentrations of
curcumin, followed by exposure to cisplatin or doxorubicin for 48 h. Data were
collected from three independent experiments (n=3) performed in triplicate.

2 Different from untreated cells.

b Different from its respective cisplatin or doxorubicin monotreatment, P<.05, ANOVA.

to untreated cells (Fig. 1B). In addition, subtoxic curcumin (10 pM)
also inhibited the migration of both C6 and U138MG cells as assessed
by scratching assay (Fig. 1C).

3.2. Curcumin induces mitochondrial dysfunction, cell cycle arrest and
apoptosis in GBMs

At the end of 36-h incubation, we observed significant morpho-
logical alterations in curcumin-treated cells, which were accompa-
nied by PI uptake (Fig. 2A). However, PI uptake did not occur in all
cells with changes in morphology, suggesting that morphological
alterations preceded the losses in cell membrane permeability (Fig.
2A). These events suggest a programmed mechanism of cell death.
Curcumin caused an early collapse in the MMP (AWm, Fig. 2B) and
decreased the immunocontent of the cytoprotective mitochondrial
protein bcl-xL (Fig. 2C). These events preceded curcumin-induced
losses in plasmatic membrane integrity (PI incorporation assays, Fig.
2B). Curcumin-induced decreases in MMP and bcl-xl protein were
clearly observed at 12-h treatment, whereas PI uptake only increased
at later time points (24 h). By flow cytometry, we determined that
curcumin caused cell arrest in the G2/M phase of the cell cycle at 18-h
treatment, which cumulated in formation of a significant population
of hypodiploid (sub-G1) cells at 36 h, indicating that G2/M arrest
preceded apoptosis in curcumin-treated cells (Fig. 2D). Staining of
chromatin with PI showed that curcumin induced chromatin
condensation and formation of apoptotic bodies in GBMs after 36-h
incubation (Fig. 3A). Activation of the executor caspase-3 was
detectable in C6 cells but not in the p53-mutant U138MG (Fig. 3B).
The proteasome inhibitor MG132 was used as a positive control for
caspase-3 activation in order to confirm the noneffect of curcumin on
caspase-3 in U138MG.

3.3. Curcumin inhibits PI3K/Akt and NFkappaB survival pathways
in GBMs

NFkappaB and PI3K/Akt are considered as two important GBMs
survival pathways [29,30]. NFkappaB was found up-regulated in the
GBM cell lines (six- to sevenfold) compared to astrocytes as detected
by ELISA assays for NFkappaB activity and Western blotting for
nuclear p65 protein (Fig. 4A). Treatment with curcumin for 6 h
decreased both NFkappaB activity and nuclear accumulation of p65
(Fig. 4B). Taking into account that curcumin also decreased the
NFkappaB-regulated protein bcl-xl (Fig. 3B), these results indicate
that curcumin inhibits NFkappaB signaling in GBMs. The ELISA assay
specificity was confirmed by incubation of nuclear extracts with kit-
provided 50x unlabeled oligonucleotides, which inhibited completely

NFkappaB basal binding (C6+50x lane). In addition, mutant
oligonucleotides did not alter NFkappaB activity, confirming the
specificity of the binding reactions (C6+mut lane). The pharmaco-
logical NFkappaB inhibitor PTL was used as a control for NFkappaB
inhibition (Fig. 4A); LPS was used as a control for NFkappaB activation
(not shown).

PI3K/Akt pathway also was found up-regulated (seven- to
eightfold increase) in C6 and U138MG cell lines compared to
astrocytes (Fig. 4C). Curcumin inhibited about 80% the constitutive
activation of the PI3K/Akt pathway as detected from levels of the
phosphorylated forms of Akt, a surrogate to evaluate PI3K/Akt
pathway activation in GBMs. Total forms of Akt were not altered,
indicating that the protein was modulated in the posttranslational
level (Fig. 4D). Controls for specific PI3K/Akt inhibition were
performed by incubating cells with LY294002 (see Fig. 4C, LY lanes).

To evaluate/confirm whether NFkappaB and PI3K/Akt pathways,
which were blocked by curcumin, play a role in survival of GBMs, we
treated C6, U138MG and astrocytes with inhibitors of NFkappaB (PTL)
and PI3K/Akt (LY294002) for 36 h; MTT assays were performed.
NFkappaB and PI3K inhibitors decreased the cellular viability in GBM
cell lines but exerted no effects on astrocytic viability (Fig. 4E).

3.4. Curcumin synergizes with clinically utilized anticancer drugs

Adjuvant therapy has the therapeutic advantage of potentiating
the effect of classical anticancer drugs, thereby decreasing the
frequently observed systemic side effects and damage to healthy
tissues [31]. To explore the potential of curcumin as a chemothera-
peutic adjuvant, we pretreated U138MG and C6 cells with subapop-
totic (12-h pretreatment followed by 48-h coincubation) or apoptotic
(12-h curcumin pretreatment, washout and subsequent 48-h incu-
bation with anticancer drugs alone) concentrations of curcumin
either alone or in combination with the alkylation agent cisplatin (5
uM) or the topoisomerase inhibitor doxorubicin (2.5 uM). The MTT
assays showed that curcumin synergized with the anticancer drugs in
both apoptotic and subapoptotic concentrations, potentiating the
effects of the cisplatin and doxorubicin in the two tested cell lines
(Table 3).

3.5. Curcumin inhibits GBM growth in vivo

In order to determine whether curcumin antiglioma potential in
vitro could be achieved in vivo, we treated C6-implanted Wistar rats
with 50 mg/kg/day curcumin, ip, from the 10th to the 20th day after
glioma implantation. This in vivo model is one of the most useful tools
to evaluate the pharmacologic potential of a drug in the growth of
gliomas since tumor cells are induced to grow in the brain of immune-
competent animals, thus simulating much of the in vivo conditions of
GBMs [25-27]. Of the curcumin-treated rats, only 7/11 (63%)
developed detectable tumors vs. 11/11 (100%) in the DMSO-treated

Table 4

Histological analysis of H&E-stained brain sections of glioma-implanted rats
Histology DMSO Curcumin Z-value/confidence
Rats with tumor development  11/11 (100%)  7/11 (64%) 1.66%/96%*
Coagulative necrosis 10/11 (91%) 5/7 (71%) 0.43/67%
Intratumoral hemorrhage 9/11 (82%) 3/7 (43%) 1.2/88%
Lymphocytic infiltration 9/11 (82%) 4/7 (57%) 0.6/72%
Peritumoral edema 9/11 (82%) 5/7 (71%) —0.065/47%
Peripheral pseudopalisading 6/11 (54%) 5/7 (71%) —0.065/47%

Legend: The proportion of animals that developed a defined tumor mass as
evaluated by H&E analysis. The histological variables (coagulative necrosis,
intratumoral hemorrhage, lymphocytic infiltration, peritumoral edema, peripheric
pseudopalisading) were regarded as present or absent.

@ Different from DMSO-treated rats at a>95 % confidence level (DMSO vs.
curcumin , Z-test).
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group (Table 4) as evaluated by histochemistry. Quantification of detectable tumors (seven rats), we observed decreases in tumor
tumor volume was carried out exclusively in animals presenting a volume in five of seven (71%) animals, whereas all DMSO-treated rats
body mass that could be quantified. In the curcumin-treated rats with (11/11) presented marked tumor masses (Fig. 5A). Results showed
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Fig. 5. Curcumin inhibits GBM growth in vivo. Animals were treated, and samples were analyzed as described in Materials and Methods. (A) Representative H&E-stained brain coronal
sections of C6 tumors (arrows) of three representative animals of the control group (DMSO treated) and of the curcumin-treated group. Scale bars=1 mm. (B) Tumor volume (mm?)
quantification of implanted gliomas. *Different from DMSO-treated controls, P<.05, DMSO vs. curcumin , ¢ test, mean=S.D. (C) Histopathology of C6 tumors. Legends: DMSO-treated
group: (N) necrosis, (H) hemorrhages, (V) vascular proliferation, (LI) lymphocytic infiltration; curcumin-treated group: pathological characteristics of tumor in involution; arrows:
apoptotic cells; (H) hemorrhages. Magnification 20x; insert 40x. (D) Representative microphotographs showing H&E-stained sections of liver, lung, kidney and heart of DMSO-treated
and curcumin-treated glioma-implanted rats; magnification 10x.
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Table 5
Hematological parameters and tissue damage serum markers in curcumin- and DMSO-
treated C6 implanted rats

DMSO Curcumin
White blood cells (x10°/mm?®) 48412 4924+1.6
Red blood cells (x10%/mm?) 7.38+0.7 7.37+0.6
Hematocrit (%) 40+4 41+3
Platelets (x103/mm?) 872467 8504140
RDW (%) 14404 15.1+£0.5
Lymphocytes (%) 74.3+2.5 75.2+5.5
Granulocytes (%) 153+3.2 15.7+3.6
Monocytes (%) 10.3+2.4 9.1+2.1
AST (U/L) 186+30 194+35
ALT (U/L) 82+9 71+5
Alkaline phosphatase (U/L) 240461 166+78
Creatinine (mg/dl) 0.54-0.05 0.49+0.1
Glucose (mg/dl) 161433 143435
Total cholesterol (mg/dl) 4143 4448

that the animals treated with curcumin displayed a significant
reduction in tumor size (mean+S.D.: 37+9 mm?, n=7) compared
to the DMSO-treated (mean4-S.D.=138437 mm?, n=11) group (Fig.
5B). Representative H&E-stained tumor sections are shown in Fig. 5A
(arrows indicate tumor areas). It is important to cite that, of the 11
tumor-implanted animals in the DMSO group, two animals presented
losses in body weight and motor impairment and died between the
18th and 19th day of experiment due to glioma complications.

Besides reducing tumors size, curcumin increased the number of
apoptotic cells in tumors as detected by microscopic analysis of H&E-
stained brain sections (Fig. 5C, arrows show apoptotic areas). On the
other hand, although the percentage/proportion of animals with
intratumoral hemorrhage (curcumin: 3/7 vs. DMSO: 9/11) and
lymphocytic infiltration (curcumin: 4/7 vs. DMSO: 9/11) appeared
to be lower in curcumin-treated rats, the proportions, which were
based on qualitative analysis of “presence or absence” of the
alterations, were not statistically different from DMSO-treated rats
(Table 4). However, the hemorrhagic areas in curcumin-treated rats
were clearly reduced when compared to DMSO-treated rats (Fig. 5C,
red regions indicate intratumoral hemorrhage, H).

Importantly, curcumin neither altered hematological parameters
(leukogram and hemogram) nor exerted tissue or metabolic
toxicity as evaluated from determination of ALT, AST (liver damage
marker), creatinine (kidney damage marker), alkaline phosphatase
(pancreas, liver and bone unspecific damage markers), glucose and
total cholesterol (Table 5). Means in curcumin-treated group did
not differ from means in DMSO-treated rats (t test; P>.05). In
addition, curcumin did not alter oxidative stress parameters in
cerebellum, liver and kidney as evaluated from quantification of
TBARS, protein carbonyl, sulfhydryl and antioxidant enzymes
activity (Table 6). Microscopic investigation of liver, kidney, lungs
and hearts by H&E analysis also demonstrated absence of tissue
toxicity in curcumin-treated rats. Representative histologies of
liver, kidney, lungs and heart tissues in curcumin- and DMSO-
treated rats are shown in Fig. 5D.

4. Discussion

The present study showed a potent and selective cytotoxic effect
of the dietary compound curcumin in a panel of GBM cell lines and in
glioma implants. Curcumin effect occurred in both adhered and agar-
growing GBMs, evidencing an anchorage-independent mechanism. In
addition, the antiglioma activity of curcumin was prolonged and
persisted for several days after drug withdrawal as assessed by
clonogenic assays. Besides cell death induction at cytotoxic levels, low
concentrations of curcumin decreased proliferation and migration
and synergized with classical anticancer drugs, suggesting that

subtoxic concentrations of curcumin also could be taken for
therapeutic advantage.

Curcumin appeared to act irrespective of the p53 or PTEN
mutational status of the cells, since U138MG, U373 (PTEN mutated/
p53 mutated), U87 (PTEN mutates/p53 wild-type) and C6 (PTEN
wild-type/p53 wild-type), which possess different mutations, were
sensitive to curcumin. Defects in apoptotic signaling pathways as
P53 mutations and caspases down-regulation promote chemore-
sistance and limit the effectiveness of chemotherapeutics [32-37].
Curcumin stimulated effector caspase-3 in C6 but not in the p53-
mutant U138MG, indicating that curcumin can activate either
caspase-dependent or caspase-independent cell death pathways
depending on the cell line. In agreement, prior studies reported
that curcumin exerts caspases, calpains and p53-independent cell
death via inhibition of NFkappaB in the p53-mutated T98G cell line
[21]. Thus, curcumin's ability to induce caspase/p53-independent
cell death circumvents two frequent aberrations that contribute to
GBM resistance.

Curcumin suppressed NFkappaB and PI3K/Akt, which are two
pivotal survival pathways in GBMs [38-44]. Mutations in the tensin
homolog PTEN, a negative regulator of PI3K, leads to losses in PTEN
activity and to constitutive activation of the PI3K/Akt pathway in most
of gliomas [40,45]. On the other hand, NFkappaB up-regulation has
been attributed to cytokine overproduction, deregulation of PI3K/Akt
[40], RIP-1 [41] and EGFR pathways [42]. Aberrant activation of
NFkappaB has been reported in GBM biopsies, and focal necrosis
formation, invasive phenotypes [43] and resistance to 0° alkylating
agents [39] paralleled the activity of this pathway in these tumors. In
high-grade astrocytoma and GBM, a positive correlation between
phospho-Akt, NF«B activation and glioma progression was observed
[43]. Therefore, PI3K/Akt and NFkappaB pathways become important
therapeutic targets for these tumors. We found a constitutive
activation of PI3K/Akt and NFkappaB in GBM cell lines but not in
astrocytes. Inhibition of NFkappaB and PI3K/Akt with the pharmaco-
logical inhibitors LY294002 and PTL selectively decreased cellular
viability in GBMs, confirming the role of these pathways in GBM cells
survival. Taking into account the aforementioned, the mechanisms
whereby curcumin is protective in normal cells, yet death inducing in
tumor cells, could be explained by its ability to block survival
pathways that are constitutively active in cancer but not in healthy
cells, such as PI3K/Akt and NFkappaB [31,43,44]. Although markedly

Table 6
Oxidative stress markers in liver, kidney and cerebellum of C6 implanted rats after 10
days of DMSO or curcumin treatment

DMSO Curcumin
Liver
TBARS (nmol/mg protein) 0.092+0.031 0.078+-0.026
Sulfhydryl (umol/mg protein) 76.1£3.9 78.6+1.0

Carbonyl (nmol/mg protein) 1.14+03 0.77+0.35
Catalase (U/mg protein) 113+14.5 107+9.1
SOD (U/mg protein) 48.4+2.2 489+19
GST (U/mg protein) 2.70+0.12 2.68+0.11
Kidney
TBARS (nmol/mg protein) 0.644-0.05 0.5940.04
Sulfhydryl (umol/mg protein) 73.8+1.2 71.5+£2.0
Carbonyl (nmol/mg protein) 1.474+0.6 1.15+0.25
Catalase (U/mg protein) 29.9+4+1.7 27.6+0.8
SOD (U/mg protein) 62.84+1.8 63.1+14
GST (U/mg protein) 1.14+0.02 1.2+0.08
Cerebellum
TBARS (nmol/mg protein) 0.5040.04 0.47+0.03
Sulfhydryl (umol/mg protein) 79.6+3.4 78+1.8
Carbonyl (nmol/mg protein) 1.24+0.31 0.95+04
Catalase (U/mg protein) 2.254+0.11 2.3240.12
SOD (U/mg protein) 35.54+0.84 33.7+0.63
GST (U/mg protein) 2.08+0.13 2.23+0.12
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cytotoxic to GBMs, curcumin spared nontransformed cells, except for
a minor reduction in astrocytic viability after 100 uM, which may be
restricted to proliferating astrocytes in culture; a property not shared
in vivo [21]. The arrest in the G2/M phase as an early step of the
apoptotic mechanism also could contribute to curcumin selectivity,
since cancer cells are in constant cell cycle progression through S to
G2/M phase, in contrast to nonproliferative cells. Previous studies
showed that curcumin seems unlikely to affect normal brain function
and, in fact, is neuroprotective in animal models of ischemic stroke
and Alzheimer's disease [46-49].

Despite aggressive neurosurgery and chemotherapy, GBMs fre-
quently exhibit chemoresistance [39,48-51]. Identifying novel strat-
egies to overcome drug resistance may aid in the development of
improved therapeutics. In C6 and U138MG, curcumin decreased the
nuclear activity of NFkappaB, causing reduction of the bcl-xl protein
immunocontent, which is a classical NFkappaB-regulated mitochon-
drial antiapoptotic protein. Moreover, curcumin synergized with the
chemotherapeutics doxorubicin and cisplatin to cause toxicity in
GBMs. This implies that curcumin may be a potential adjuvant by
decreasing the antiapoptotic threshold, leading to sensitization to
anticancer drugs' apoptotic stimuli. Previous studies have shown that
curcumin decreases the expression of NFkappaB-regulated genes as
bcl-xL, XIAP, cIAPs and survivin in T98G cells, which contribute to
chemoresistance [21,52,53]. We previously reported that down-
regulation of NFkappaB by BAY117082 and MG132 leads to
mitochondrial dysfunction due to decreases in bcl-xL and SOD2 in
leukemic cell lines [18]. Selective bcl-xL knockdown rendered U87
and NS008 GBM cells apoptosis [53], suggesting that bcl-xL down-
regulation may induce mitochondrial dysfunction that ultimately
results in cytotoxicity. Here, curcumin decreased bcl-xL and caused
mitochondrial depolarization, which preceded the losses in cell
membrane integrity, suggesting the mitochondrial dysfunction as
an early step of curcumin-induced cell death. These findings
corroborate with the reported caspase-9 activation in curcumin-
treated T98G cells [16].

Despite the promising results in cell culture models of cancer at
concentrations as low as 10 pM, curcumin blood levels are unlikely to
reach these concentrations via dietary consumption in humans due to
limited mucosal absorption [54]. Oral administration of 8 g/day
produced peak blood levels around 2 pM of curcumin in patients [54].
These findings show a gap between the basic and clinical applications
of curcumin. On the other hand, studies have found anticancer
activities associated with oral, ip and intravenous administration of
curcumin in xenografts [55-58]. In our model, we used ip curcumin in
order to circumvent the problems associated with its oral absorption.
Moreover, ip curcumin may cross the brain blood barrier [57,58]; 50
mg/kg/day was chosen based on the reported literature range (10-
120 mg/kg/day) [55-58]. In our model, curcumin significantly
reduced the size of brain tumors in C6-implanted rats. Interestingly,
curcumin treatment did not induce toxicity to health tissues as
evaluated from quantification of serum biomarkers of tissue damage,
oxidative stress, hematological parameters and tissue histochemistry.
Corroborating with in vitro data, these findings suggest a selective
toxicity of curcumin against cancer cells in vivo. Recently, Perry et al.
reported that ip curcumin (60 and 120 mg/kg/day) decreased the
subcutaneous growth of U87 tumors in xenografts [58]. In that study,
120 mg/kg/day of curcumin also increased the survival rate in nude
mice bearing brain-implanted U87 tumors, although the size of the
tumors was not quantified [58]. In brain-implanted B16F10
melanoma cells, tail vein and intracerebral injection of curcumin
blocked tumor formation in C57BL6 mice [57]. Therefore, applica-
tion of injectable formulations of curcumin or direct delivery into
the surgical resection cavity could be useful to circumvent the poor
oral absorption into a safe therapeutic strategy for treating brain
tumors.

This work is the second report of an in vivo antiglioma effect of
curcumin, but the first using immune-competent rats. The C6 model
maintains the immunological and inflammatory surveillances
founded in vivo, which are critical for gliomas growth and resistance
to apoptosis [59]. Perry et al. used immune-compromised mice to
implant U87 human cells, and the results also were positive [58].
Given the documented safety of curcumin in humans [54], data
presented here and data from Perry et al. provide a provocative
foundation for further studies testing and improving the ability of
curcumin to limit human brain tumors.
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ABSTRACT

In this study, we developed curcumin-loaded lipid-core nanocapsules (C-LNCs) in an attempt to improve
the antiglioma activity of this polyphenol. C-LNC showed nanotechnological properties such as nanomet-
ric mean size (196 nm), 100% encapsulation efficiency, polydispersity index below 0.1, and negative zeta
potential. The in vitro release assays demonstrated a controlled release of curcumin from lipid-core nano-
capsules. In C6 and U251MG gliomas, C-LNC promoted a biphasic delivery of curcumin: the first peak
occurred early in the treatment (1-3 h), whereas the onset of the second phase occurred after 48 h. In
C6 cells, the cytotoxicity of C-LNC was comparable to non-encapsulated curcumin only after 96 h,
whereas C-LNCs were more cytotoxic than non-encapsulated curcumin after 24 h of incubation in
U251MG. Induction of G2/M arrest and autophagy were observed in C-LNC as well as in free-curcumin
treatments. In rats bearing C6 gliomas, C-LNC (1.5 mg/kg/day, i.p.) decreased the tumor size and malig-
nance and prolonged animal survival when compared to same dose of non-encapsulated drug. In addi-
tion, serum markers of tissue toxicity and histological parameters were not altered. Considered overall,
the data suggest that the nanoencapsulation of curcumin in LNC is an important strategy to improve
its pharmacological efficacy in the treatment of gliomas.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Gliomas are the most common, aggressive, and difficult type of
primary brain tumor to treat. Despite recent advances in chemo-
therapeutic strategies to treat other types of cancer, gliomas fre-
quently resist contemporary drugs, and prognosis remains dismal
[1,2]. A number of dysregulated cell signaling cascades have been
described in gliomas, including the Ras/MEK/ERK, JAK/STATS3,
NFkappaB, and PI3K/Akt pathways. Dysregulation of these path-
ways is driven by mutation, amplification, and overexpression of
multiple genes such as PTEN, EGFR, PDGFR-a, p53, and mTOR
[2-4]. In addition, the privileged location of these tumors limits
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the efficacy of classical chemotherapeutics due to restrictions im-
posed by the blood brain barrier (BBB) [1-3]. These characteristics
together contribute to the high rates of growth and invasiveness
observed in gliomas culminating in median survival of ~14 months
after diagnosis [1-4]. Thus, the development of new therapeutic
strategies to treat this disease is urgently required.

For decades, curcumin has been considered one of the most
promising natural compounds for the treatment of diverse types
of maladies including cancer and neurodegenerative diseases [5].
Previous studies by our group [6,7] and others [8-14] have demon-
strated that curcumin can inhibit the growth of several glioma cell
lines through a variety of mechanisms involved in cell cycle pro-
gression (induction of p21 and p53, inhibition of cyclin D1), inva-
siveness (blocking of secretion of MMPs), anti/proapoptotic
response (decreases in bcl-2, bcl-xL, and caspases activation),
autophagy and modulation of survival pathways such as JAK/
STATS3, EGFR, PI3K/Akt, and NFkappaB [7-14]. Previous studies re-
ported by our group [6,7] and by Dhandapani et al. [14] showed


http://dx.doi.org/10.1016/j.ejpb.2012.10.019
mailto:ruy.beck@ufrgs.br
http://dx.doi.org/10.1016/j.ejpb.2012.10.019
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb

A. Zanotto-Filho et al./European Journal of Pharmaceutics and Biopharmaceutics 83 (2013) 156-167 157

that curcumin is selectively cytotoxic to tumor cells, but it spares
normal neural cells such as astrocytes and neurons.

Despite promising in vitro tests, the potential of curcumin to
limit glioma growth in vivo remains poorly described [7-9,13].
Summarizing the in vivo findings, we recently reported that a
10-day treatment with 50 mg/kg/day of curcumin decreased
brain-implanted C6 tumors in Wistar rats [7]. Similar results were
obtained in U87-implanted mice treated with 100 mg/kg/day cur-
cumin [13] and in mice bearing tumors derived from implanted
glioma-initiating cells treated with 300 mg/kg curcumin [8]. Oth-
ers reported the ability of dietary curcumin (0.05%/w ad libitum)
to inhibit the growth of Tu-9648-brain implants in C6B3F1 mice
[9]. In human clinical trials, high doses of oral curcumin brought
clear benefits in familial adenomatous polyposis (FAP), whereas
its potential in colorectal, pancreatic, breast, and other cancers re-
mains open or inconclusive due to the reduced number of patients
enrolled in the studies [15-19]. In this regard, there is a consensus
that the in vivo potential of curcumin probably remains underesti-
mated and the development of new formulations could be useful to
improve its therapeutic potential [20,21].

Much of the knowledge regarding the actions of curcumin was
obtained from in vitro models of cell growth in variable drug con-
centrations, which are almost impossible to reach under in vivo
conditions [7-13]. Particularly in cases of cancer, despite the prom-
ising results in cultured cancer cell lines at concentrations as low
as 10 uM, curcumin blood levels do not reach these concentrations
via dietary consumption in humans due to its poor aqueous solu-
bility, limited mucosal absorption and first-pass metabolism, evi-
dencing a gap between basic findings and clinical applications of
this drug [22]. Results from experiments in the Caco-2 cell line
have classified curcumin as a Biopharmaceutics Classification Sys-
tem (BCS) class IV molecule; this information allows the prediction
of the rate-limiting step involved in intestinal absorption after oral
administration of curcumin [23]. In addition, the susceptibility of
curcumin to degrade at alkaline and neutral pH and in the presence
of light has been demonstrated [24].

Several authors have designed drug delivery systems, such as
solid lipid nanoparticles [25,26], phospholipid and cyclodextrin
complexes [27,28] and polymeric nanoparticles, aimed at enhanc-
ing the bioavailability and therapeutic potential of curcumin
[5,29]. Among the numerous benefits that nanoparticles possess,
it is important to highlight the demonstrated ability of these carri-
ers in increasing the delivery of drugs to the brain, this being a
promising strategy for the treatment of diseases affecting the cen-
tral nervous system [20,21,30-32]. The exact mechanism whereby
nanoparticles enhance the transport of drugs across the brain-
blood barrier (BBB) is unclear. Previous studies have reported that
the polysorbate 80 coating is a suitable strategy for brain delivery
aimed at improving the receptor-mediated endocytosis of nano-
particles at the level of the BBB [21,32]. Recently, two important
studies showed an enhanced transport, increased retention, and
sustained release of curcumin to the brain when this polyphenol
was associated with polymeric nanoparticles [20,21].

In the present study, we tested a new type of particle developed
by our group called lipid-core nanocapsules (LNCs). These particles
are able to improve the stability of formulations and exert photo-
protective effects [33-37]. In previous studies, LNCs have increased
the biodistribution of trans-resveratrol in different tissues, includ-
ing the brain [34], and promoted a significant reduction in the
growth of malignant gliomas by increasing intracerebral levels of
the nonesteroidal anti-inflammatory indomethacin [32]. In an at-
tempt to improve the antiglioma potential of curcumin, we formu-
lated curcumin-loaded lipid-core nanocapsules (C-LNCs) and
evaluated their physicochemical characteristics, uptake and cyto-
toxicity to C6 and U251MG glioma cells in vitro and, mainly, the
potential to inhibit the growth of brain-implanted gliomas

in vivo. The effects of C-LNC and non-encapsulated curcumin were
compared.

2. Materials and methods
2.1. Reagents

Curcumin, poly(e-caprolactone) (PCL), and sorbitan monoestea-
rate were obtained from Sigma-Aldrich (Sdo Paulo, Brazil); grape
seed oil was acquired from Delaware (Porto Alegre, Brazil); poly-
sorbate 80 was purchased from Vetec (Rio de Janeiro, Brazil) and
acetone from Nuclear (Sdo Paulo, Brazil). HPLC grade acetonitrile
was obtained from Tedia (Sd3o Paulo, Brazil). All chemicals and
solvents were of pharmaceutical or HPLC grade and used as
received. Propidium iodide, EDTA, acridine orange, trypsin, and
MTT (3-(4,5-dimethyl)-2,5-diphenyl tetrazolium bromide) were
supplied by Sigma-Aldrich (Sao Paulo, Brazil), and reagents for cell
cultures were purchased from Difco (Detroit, MI, USA).

2.2. Preparation of lipid-core nanocapsules

The lipid-core nanocapsules were prepared by interfacial depo-
sition of preformed polymer [36,37]. PCL (0.1 g), grape seed oil
(165 pL), sorbitan monostearate (0.0385g), and curcumin
(0.005 g) were dissolved at 40 °C in 27 mL of acetone. The organic
phase was injected, under stirring, into the aqueous phase consist-
ing of polysorbate 80 (0.077 g) and water (54 mL). The suspension
was kept under stirring for 10 min, and then, the acetone was
evaporated and the final volume (10 mL) of the suspension was ad-
justed using reduced pressure. This formulation was called C-LNC.
Blank lipid-core nanocapsules (B-LNCs) were prepared in the same
way, omitting the presence of the drug. The formulations were pre-
pared in triplicate and stored at room temperature and protected
from light (amber glass flasks).

2.3. Characterization of lipid-core nanocapsules

2.3.1. Particle size analysis, polydispersity index, and zeta potential

Particle size and the polydispersity index were determined at
25°C by photon correlation spectroscopy (Zetasizer Nano ZS®,
Malvern Instruments, Malvern, UK) after previous dilution of the
nanoparticles with ultrapure water. The zeta potential values were
estimated on the basis of electrophoretic mobility on the same
equipment at 25 °C, after dilution of the samples in a 10 mM NacCl
aqueous solution. To ensure that the particle size of the formula-
tions was submicrometric, the suspensions were also analyzed by
laser diffraction (Mastersizer® 2000, Malvern Instruments, Mal-
vern, UK). The results were expressed by the number size distribu-
tion (%) of the particles, considering the recent definition of the
European Commission for nanomaterials [38].

2.3.2. Nanoparticle tracking analysis (NTA)

For visualization of the C-LNC, nanoparticle tracking analysis
(NTA) experiments were carried out (NanoSight LM 10 & NTA 2.2
Analytical Software, Nanosight Ltd., Amesbury, UK). After appro-
priate dilution of the C-LNC in ultrapure water, the sample was
introduced into the Nanosight sample chamber with a disposable
syringe. The samples were measured at room temperature for
60 s with automatic detection. When the particles suspended in
fluid are irradiated by a laser source, they scatter light and the
image can be captured by a charge-coupled device (CCD) camera.
The software is able to identify and track each individual particle,
and it calculates the particle diameter from its Brownian motion
[39,40].



158 A. Zanotto-Filho et al./European Journal of Pharmaceutics and Biopharmaceutics 83 (2013) 156-167

2.3.3. Transmission electron microscopy (TEM)

Morphological analysis was conducted by transmission electron
microscopy (JEM 1200 Exll, JEOL, Tokyo, Japan) operating at 120 kV
(Centro de Microscopia of the Federal University of Rio Grande do
Sul). For this analysis, the suspensions were diluted in ultrapure
water (1:10 v/v) and placed on a specimen grid (Formvar-Carbon
support films). Uranyl acetate solution (2% w/v) was used as a neg-
atively-stained control.

2.3.4. Determination of drug content, encapsulation efficiency, and pH
Curcumin was assayed by high-performance liquid chromatogra-
phy (HPLC). The system consisted of a pump, UV detector, auto-
injector (Series 2000, PerkinElmer Instruments, Waltham, USA)
and an RP-18 Sigma-Aldrich column (150 mm x 4.6 mm x 5 pm
particle size, 110 A pore diameter). Curcumin was eluted using a mo-
bile phase consisting of acetonitrile: 0.1% trifluoracetic acid (50/50 v/v),
(adjusted with pH 3.0 with triethylamine) at the flow rate of
0.6 mL min~! [41]. The injection volume was 20 pL, and the detec-
tion wavelength used was 360 nm. The validated parameter showed
linearity between 5.0 and 50.0 pgmL~! (y=50110x — 22965,
r=0.9998), inter- and intra-day variability lower than 1.5%, specific-
ity and detection and quantification limits of 0.2 ug mL™! and
0.6 pg mL~!, respectively. The total drug was determined after
dissolution of nanoparticles (1 mL) in 10 mL of acetonitrile. This
solution was centrifuged at 4120g for 10 min, and 2 mL aliquots of
the supernatant were collected and diluted in the mobile
phase. The samples were filtered (Millipore 0.45 pum) and injected
into the HPLC. Curcumin encapsulation efficiency was determined
by the ultrafiltration/centrifugation technique (Ultrafree Microcon
10,000 MW, Merck Millipore, Darmstadt, Germany) at 2150g for
10 min. The ultrafiltrate was diluted in acetonitrile and injected into
the HPLC to determine the free curcumin. Drug entrapped in the
nanostructures was calculated by the difference between the total
and the free drug concentrations as measured in the nanoparticles
(total drug) and in the ultrafiltrate (non-entrapped drug), respec-
tively. Encapsulation efficiency was determined by the quotient of
the drug entrapped and the total drug content. The pH measure-
ments were determined directly in the samples using a calibrated
potentiometer (VB-10, Denver Instrument, Arvada, USA).

2.3.5. In vitro release of curcumin-loaded lipid-core nanocapsules

The in vitro release of non-encapsulated curcumin (curcumin
ethanolic solution, C-ES) and that associated with LNC (C-LNC)
was evaluated using the dialysis bag method. The dialysis bags
(Spectra Por 7, 10 Kd, Spectrum Laboratories Rancho Dominguez,
USA) containing 1 mL of the samples were suspended in 200 mL
of release medium (water/polysorbate 80/ethanol (80:2:20 v/v))
at 37 °C with constant moderate stirring. The sink condition was
maintained during the experiment. At predetermined time inter-
vals, 1 mL of the external medium was withdrawn and replaced
with fresh medium. The samples were diluted with mobile phase,
filtered through a 0.45 pm membrane and analyzed by HPLC
according to a method previously described, with slight modifica-
tions. A Shimadzu HPLC (LC-20A Prominence, Shimadzu, Japan)
was used at a detection wavelength of 427 nm, and the injection
volume was adjusted to 50 pL in order to allow a better detection.
This HPLC method was validated according to the following
characteristics: linearity (y=570110x —9441.8, r=1), range
(0.1-5 ug mL™!), precision (repeatability and intermediate preci-
sion lower than 2%), specificity and detection and quantification
limits (0.01 pg mL~! and 0.05 pg mL™}, respectively).

2.3.6. Stability studies

The tendency to physical instability of the formulations was
studied by multiple light scattering by means of evaluation of coa-
lescence, creaming, or flocculation (Turbiscan LAb®, Formulaction,

L'Union, France). The analysis was performed with undiluted sam-
ple during 1 h (one scan every 5 min) at 25 °C. After preparation,
the sample (20 mL) was directly poured into the glass cells without
dilution and analyzed at 25 °C. The data acquisition was repeated
every 5 min for 1 h, totaling 12 readings. The profile obtained dur-
ing the analysis allows the detection of variations in particle size
(based on the variation in the transmitted or backscattered light
signals obtained) due to the coalescence or flocculation and sedi-
mentation or creaming phenomena associated with particle migra-
tion [42]. In addition, the formulations containing curcumin were
stored at room temperature for 3 months and the granulometric
profile, particle size, polydispersity index, zeta potential, and drug
loaded parameters were monitored (n = 3).

2.4. Cell cultures

C6 and U251MG glioma cell lines were obtained from the Amer-
ican Type Culture Collection (ATCC) (Rockville, Maryland, USA).
The cells were grown and maintained in low-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco BRL, Carlsbad, USA) con-
taining 0.1% amphotericin B, 100 U/l gentamicin, and supple-
mented with 10% fetal bovine serum. Cells were kept at 37 °C in
a humidified atmosphere with 5% CO,. For in vitro experiments,
non-encapsulated curcumin was prepared by dissolution of curcu-
min in absolute DMSO to give a stock concentration of 100 mM.
This solution was used for dilution in the culture medium. Nano-
capsule suspensions (0.5 mg/mL = 1.36 mM curcumin) did not re-
quire dilutions.

2.5. MTT assay

MTT reduction by cellular dehydrogenase was used to estimate
the cell viability [6,7]. Cells were plated in 24-well plates (5 x 10%/
well) and then treated to reach 60-70% confluence. At the end of
the incubations, the medium was changed for a drug-free medium
containing 0.25 mg/mL MTT. Cells were incubated for 30 min at
37 °C. Formazan salt was then solubilized in DMSO, and the absor-
bance was read at 560 and 630 nm (Asgo—-Ag30) (Spectramax M5,
Molecular Devices, Sunnyvale, USA). Data were expressed as per-
centage compared to untreated cells.

2.6. Curcumin uptake studies

The levels of intracellular curcumin were monitored fluorimet-
rically by quantification of its autofluorescence. C6 and U251MG
gliomas were grown in 12-well culture plates up to 70% conflu-
ence and then treated with non-encapsulated curcumin or C-
LNC. At the end of the treatments, the cells were washed three
times with culture medium to avoid extracellular curcumin con-
tamination, trypsinized, and centrifuged (760g, 5 min). The result-
ing pellet was resuspended in 300 uL DMSO, sonicated, and
incubated for 5 min at room temperature for extraction of curcu-
min. The intracellular curcumin was detected fluorimetrically (Ex
420 nm/Em 498 nm; Spectramax M5, Molecular Devices, Sunny-
vale, USA). A standard plot of curcumin dissolved in DMSO
(0.001-100 uM) was prepared identically to calculate the curcu-
min uptake by the cells. In all experiments, fluorescence values
were normalized to the cell counts to minimize the bias attributed
to curcumin-induced decreases in cell number, principally after
long time exposure (24-96 h periods). Data were expressed as
fentomols of curcumin per cell (fmol/cell). Fluorescence micro-
photographs also were taken to show intracellular accumulation
of curcumin. In these experiments, C6 cells were washed with
PBS to avoid background interference of fluorescence of extracel-
lular curcumin/C-LNCs (500 ms exposure, 100x magnification,
Nikon Eclipse TE 300) [5].
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In order to assess the contribution of the endocytosis to the cur-
cumin uptake by glioma cells, we performed curcumin uptake
experiments in the presence of intracellular potassium depletion
or hypertonic sucrose as described previously [43]. Intracellular
potassium depletion protocol: C6 cells in 6-well culture plates
were washed twice with potassium-free buffer (140 mM NaCl,
20 mM HEPES, pH 7.4, 1 mM CaCl,, 1 mM MgCl,, 1 mg/L glucose,
pH 7.4) prior to incubation in hypotonic medium (potassium-free
buffer/water (1:1 v/v) for 10 min. Following hypotonic shock, cells
were washed three times with potassium-free buffer and
incubated in potassium-free buffer for 30 min prior to treatment.
Control cells were incubated in DMEM. Hypertonic sucrose proto-
col: cells were incubated for 30 min with 450 mM sucrose in
serum-free DMEM. At the end of the protocols, cells were treated
for an additional 6 h with C-LNC and the internalized curcumin
was measured after DMSO extraction as above described. For
detection of intracellular curcumin over 96 h, every 24 h the
medium containing C-LNC was collected under sterile conditions,
cells were exposed to sucrose or potassium depletion protocols
and the same medium was re-incubated.

2.7. Flow cytometry for cell cycle distribution and autophagy

For cell cycle analysis, 24-well plated cells were trypsinized,
centrifuged, and resuspended in 500 pL lysis buffer (10 mM phos-
phate-buffered saline, 0.1% v/v Nonidet P-40, 1.2 mg/mL spermine
tetrahydrochloride, 5 pg/mL RNAse, 2.5 pig/mL propidium iodide,
pH 7.4). Cells were vortexed and incubated on ice for at least
10 min for permeabilization. DNA content was determined by flow
cytometry [6,7,44]. For the quantification of autophagic cells, we
performed acridine orange staining followed by flow cytometry.
In acridine orange-stained cells, cytoplasm and nucleolus fluoresce
was bright green or dim red, whereas the acidic compartment fluo-
resce was bright red. The intensity of the red fluorescence is pro-
portional to the degree of acidity. Cells were incubated with
acridine orange (1 pg/mL) for 15 min, detached from the plate with
trypsin-EDTA, centrifuged, and resuspended in phosphate-buf-
fered saline. The green (FL1-H) and red (FL3-H) fluorescence from
cells illuminated with blue (488 nm) excitation light was measured
with a flow cytometer (BD FACSCalibur, BD Biosciences, San Jose,
USA). In FACS experiments, ten thousand events were counted
per sample. Data analysis was performed using the Flow]o® 7.6.5
and CellQuest® software programs.

2.8. Pre-clinical study: C6 glioma in vivo

2.8.1. Implantation

The in vivo model of rat glioma was carried out as previously
described by Takano et al. [45] and validated in our laboratory
[7,32]. Exponentially growing C6 cells were trypsinized, washed
once in DMEM, spun down, and resuspended at 0.8 x 10° cells/
3 uL DMEM. Cells were injected using a 5 uL Hamilton microsy-
ringe coupled with the infusion pump (1 pL/min) at a depth of
6.0 mm into the right striatum (coordinates with regard to breg-
ma: 0.5 mm posterior and 3.0 mm lateral) of adult male Wistar rats
(8 weeks old, 220-260 g) previously anesthetized by intraperito-
neal (i.p.) administration of ketamine/xylazine. The number of ani-
mals (n=11 per group) required to provide 95% confidence was
statistically calculated in agreement with the means and standard
deviations previously reported for the in vivo glioma model [45].
Statistical parameters: A =73 mm?>; uB =27 mm>; SA =13 mm?;
SB=37mm?® «=0.05 power=1-p$=09; g=0.1; ta=2.101;
up=1,734; n0=10. Formula: n=((SA)*+(Sb)?)/(tA — uB)?
x (to.+ up)?; n=11 rats/group. 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

Ethics Committee of the Federal University of Rio Grande do Sul
(Protocol number: 17823).

2.8.2. Treatments

Seven days after glioma implantation, animals were random-
ized and divided into groups as follows: (1) Saline (1 mL 0.9%
NaCl/d); (2) B-LNC (blank lipid-core nanocapsules; 1 mL/d); (3)
C-LNC1.5 (curcumin-loaded lipid-core nanocapsules; ~1 mL/
d = 1.5 mg/kg/day curcumin); (4) C1.5 (~0.1 mL/d = 1.5 mg/kg/day
non-encapsulated curcumin); (5) C50 (~0.1 mL/d = 50 mg/kg/day
non-encapsulated curcumin). The formulations were administered
i.p. for 14 consecutive days. DMSO controls were performed, and
no effects were observed compared to the saline solution (data
not shown) [7,32]. After 21 days (7 days for glioma implanta-
tion + 14 days for treatment), rats were decapitated. The brain,
liver, kidney, and lungs were removed, sectioned and fixed with
10% paraformaldehyde. Blood samples were collected for glucose,
alanine aminotransferases (ALTs), creatinine, and triglycerides
quantification, which was performed in a LabMax 240 analyzer
(Labtest Diagnostica, Brazil).

2.8.3. Tumor volume quantification

For the quantification of tumor volume, three hematoxylin and
eosin (H&E) coronal sections (2-3 pum thick, paraffin embedded)
from each animal were analyzed. Images were captured using a
digital camera connected to a microscope (Nikon Eclipse TE300),
and the tumor area (mm?) was determined using Image Tool Soft-
ware™. The total volume (mm?) of the tumor was computed by the
multiplication of the slice sections and by summing the segmented
areas [7,32]. Animals for which a tumor mass was not detected by
H&E were not used for tumor volume quantification.

2.8.4. Survival studies

For survival studies, rats received treatments from days 7 to 21
after the tumor implantation as described above (n =9 per group).
After this period, treatments were discontinued and animals were
maintained without treatments for a maximum of 60 days. The
number of survival days was monitored. Rats that displayed neuro-
logical symptoms (seizures, paresis, and awareness disturbance)
were decapitated before dying. In these animals, the brains were
dissected and the presence of tumors was confirmed.

2.9. Hemolysis test

To evaluate the potential safety of C-LNC for use in humans, the
formulations were checked for hemolytic compatibility. In this
study, 5 mL of whole blood collected from a healthy male was cen-
trifuged at 760g for 10 min to obtain 2 mL red blood cells, which
were collected and resuspended in 4 mL phosphate-buffered saline
(PBS, pH 7.4). Different concentrations of C-LNC or B-LNC
(0-120 uM) were incubated at 37 °C with 200 pL of red blood cells
in eppendorf tubes to a final volume of 500 pL for 2 h at 37 °C. After
this period, the extent of hemolysis was observed macroscopically,
the tubes were centrifuged (760g, 10 min), and the supernatant
was measured for optical density at 571 nm (Spectramax M5,
Molecular Devices, Sunnyvale, USA). Blanks for C-LNC and B-LNC
were performed by incubating nanocapsules in PBS without red
blood cells, and absorbance was taken properly considering test
tube values. NaCl 0.2% and sodium dodecyl sulfate (SDS 0.2%) were
used as positive controls; PBS was used as a negative control.
Absorbances were expressed as fold-induction.

2.10. Interaction of nanoparticles with plasma proteins

Curcumin-loaded lipid-core nanocapsules (up to 120 puM)
were incubated with 700 pg of plasma proteins diluted in



160 A. Zanotto-Filho et al./European Journal of Pharmaceutics and Biopharmaceutics 83 (2013) 156-167

phosphate-buffered saline to a final volume of 500 pL in eppen-
dorf tubes at 37 °C. During incubation, adsorption of proteins to
nanoparticle surfaces was allowed. Following 2 h of incubation,
the samples were centrifuged at 15,000g for 15 min to obtain
pellets of nanoparticles (resulting supernatants were collected).
Pellets were washed with 1 mL PBS and centrifuged again. The
proteins adsorbed in pelleted nanocapsules were removed by
adding 60 pL electrophoresis Laemmli sample buffer (10% beta-
mercaptoethanol) and heating at 95 °C for 5 min. These protein
samples (25 pL) were loaded in 10% polyacrylamide gel and then
underwent sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis at 160V for 1.5 h. The resulting gel was washed three
times with distillated water and incubated with Comassie blue
(50% methanol, 10% acetic acid, 0.1% Comassie blue R, g.s.p.
water) for 1 h. The gel was then discolored by bleaching solution
(1:3:6 acetic acid/methanol/water) for 1 h. The gel was photo-
graphed, and the resulting bands were analyzed by densitometry
(Image]® software). Plasma incubated with PBS was considered
as the negative control. Proteins were quantified by the Bradford
method.

2.11. Statistical analysis

Results were expressed as mean * standard deviation (SD). The
experimental data were analyzed for statistical significance by
one-way analysis of variance (ANOVA) using the software BioEstat
5.0. Post-hoc multiple comparisons were carried out using the
Tukey’s test. For survival rate experiments, the Chi-square test
was used. For the qualitative data (Table 2 experiments), the Z-test
for two proportions was chosen. Differences were considered
significant at p < 0.05.

3. Results and discussion
3.1. Preparation and characterization of lipid-core nanocapsules

Lipid-core poly(e-caprolactone) nanocapsules coated with poly-
sorbate 80 were prepared by interfacial deposition of preformed
polymer. After preparation, curcumin-loaded lipid-core nanocap-
sule suspensions presented a bright yellow opalescent aspect (data
not shown). The physicochemical characteristics of C-LNC and B-
LNC are presented in Table 1. The formulations showed particle
size between 196 and 202 nm, polydispersity index (PDI) below
0.1 and negative zeta potential (mean values between —9.56 and
—11.48) (Table 1). Analysis by laser diffraction confirmed the pres-
ence of particles only at the nanoscale and narrow size distribution
(Fig. S1A). In addition, more than 50% of the particles were below
100 nm. This result is in agreement with the definition of nanoma-
terial by the European Commission which is based on the size of
the particles and considers nanomaterials as systems that have
50% or more of the particles in the number size distribution be-
tween 1 and 100 nm [38]. As assessed by TEM (Fig. S1B), the mor-
phology of C-LNC is spherical in shape and the diameters of the

Table 1

Physicochemical characteristics of C-LNC and B-LNC after preparation.
Formulation C-LNC B-LNC
Zeta potential (mV) —9.56 + 0.66* -11.48 £3.01°*
Particle size (nm) 196 + 1.40° 202 +2.65%
PDI 0.08 £ 0.02? 0.10 £ 0.02?
Drug content (mg mL™?) 0.50 +0.02 -
EE (%) 100 + 0.00 -
pH 6.01 £0.24* 5.87 £0.08*

Means with the same letter are not significantly different between C-LNC and B-LNC
groups (p <0.05, n =3, ANOVA).

particles were similar to those determined by photon correlation
spectroscopy (PCS). These physicochemical characteristics are con-
sistent with other PCL-based formulations previously described in
the literature [46,47]. From the NTA analysis, the average size cal-
culated for C-LNC was 196 nm (Fig. S1C). This result is in agree-
ment with the PCS and MET assays. NTA is an innovative
technique that combines the advantages of single particle (trans-
mission electron microscopy) and ensemble (photon correlation
spectroscopy) approaches. The upper right photo in Fig. S1C shows
a representative image of the C-LNC obtained by NTA. This tech-
nique allows the direct and real-time visualization of nanoparticles
in liquids, and it is considered a method that is complementary to
photon correlation spectroscopy in the determination of the aver-
age particle diameter [40]. Regarding the drug content and encap-
sulation efficiency, the formulations of C-LNC presented values
which were in agreement with the theoretical value
(0.50 mg mL~!) and 100% of encapsulation efficiency (EE). Both for-
mulations presented slightly acid pH (6.01-5.87) (Table 1). The re-
sults for C-LNC and B-LNC were similar, suggesting that
entrapment of the curcumin does not affect the physicochemical
characteristics of the nanocapsules.

The physical stability of the nanoparticles was analyzed by mul-
tiple light scattering (Fig. S2). This technique is able to rapidly de-
tect destabilization phenomena, such as creaming, sedimentation,
flocculation, and coalescence, without destruction of the sample.
Since the optical transmittance of formulations was below 0.2%,
the profiles of delta backscattering were analyzed (Fig. S2). In both
formulations, no significant phenomena associated with physical
instability were observed during the analysis (1 h). This result is
in agreement with Venturini et al. who formulated very stable col-
loidal suspensions exclusively composed of lipid-core nanocap-
sules [36]. Besides, after a 3-month storage period, no difference
was observed in the following parameters of the formulations con-
taining curcumin: particle size, polydispersity index, zeta potential
and drug loaded, which suggests the good stability of the suspen-
sions (data not shown). Considered overall, the above results con-
firm the nanotechnological characteristics of these formulations,
allowing the investigation of their antiglioma activity in vitro and
in vivo.

In vitro release experiments were performed to study the re-
lease of curcumin from lipid-core nanocapsules (C-LNC) compared
to non-encapsulated curcumin in ethanolic solution (C-ES). Fig. 1
shows the curves for the percentage release of curcumin from
C-LNC and C-ES as a function of time (up to 72 h). The results
show that curcumin release by the LNC was slower as compared
with the non-encapsulated drug. At the end of 72 h, only 35% of
curcumin was released by the LNC, while more than 80% was re-
leased from the non-encapsulated curcumin solution. The con-
trolled and sustained release of curcumin from LNC indicates a

Drug released (%)
B

4

12 24 36 48 60 72
Time (hours)

Fig. 1. Profile of curcumin release from lipid-core nanocapsules (square) and from
ethanolic solution (triangle) in vitro using the dialysis bag method (n = 3).
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significant drug entrapment within the nanocapsules. A faster
diffusion of non-encapsulated curcumin to the external medium
is expected, since it is dependent only on the diffusion of the drug
through the dialysis bag [47]. The controlled release of curcumin
by other kinds of nanocarriers has been described in the literature,
but most studies did not involve a comparative analysis between
the release profiles of curcumin incorporated in the nanosystems
and its respective solution [20,21,48]. For C-LNC, the percentage of
drug released during the initial hours was not expressed since the
values were below the limit of quantification obtained by the
HPLC method.
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Fig. 2. Curcumin uptake by glioma cells. (A) C6 cells were treated, and intracellular
curcumin was quantified from 1 to 96 h incubation. Data were expressed as fmol
curcumin/cell (means * S.D.; n = 3). (B) Effect of endocytosis inhibition on curcumin
uptake by C6 cells. Cells were exposed to endocytosis inhibition followed by
treatments with C-LNC for different times. Legends: C15, €30, and C60 (non-
encapsulated curcumin at 15, 30, and 60 pM); C-LNC15, C-LNC30, C-LNC60
(curcumin-loaded lipid-core nanocapsules 15, 30, and 60 uM curcumin); B-LNC
(blank/control nanocapsules). Graphic A statistics: ° different from untreated cells
at same time of incubation; ® means are higher than C-LNC considering the same
treatment time and curcumin concentration; “means are higher than non-
encapsulated curcumin considering the same treatment time and concentration.
Graphic B statistics: *different from untreated cells; * different from untreated and
from C-LNC-treated cells.

3.2. Cell studies: curcumin uptake and cytotoxicity

Cellular uptake studies are useful to predict the drug delivery
potential and biocompatibility of novel formulated nanocapsules.
To study the kinetics of curcumin uptake in glioma cells, C6 and
U251MG cells were treated with non-encapsulated curcumin
(C lanes), C-LNC or B-LNC for different times and concentrations.
Fig. 2A shows that non-encapsulated curcumin uptake was higher
when compared to C-LNC during the first 24 h of treatment, but de-
creased to untreated levels at 24-48 h in both cell lines. For exam-
ple, after 3 h of incubation, the intracellular content of curcumin
was 320 fmol/cell in 30 uM non-encapsulated curcumin and
68 fmol/cell in 30 uM C-LNC in C6 cells (Fig. 2A). In contrast,
intracellular accumulation of curcumin from the C-LNC delivery
system occurred through a biphasic mechanism, with a rapid peak
within 1-3 h followed by a sustained delivery observed for
48-96 h in both cell lines. Basal fluorescence values observed in
untreated cells are attributed to cellular basal fluorescence in the
emission wavelength.

In order to assess a possible internalization of nanocapsules by
endocytosis, we performed uptake experiments in the presence of
endocytosis inhibition (hypertonic sucrose and intracellular potas-
sium depletion) (Fig. 2B). Inhibition of endocytosis almost com-
pletely inhibited the uptake of curcumin by C6 cells after 6 h. At
later time points, curcumin uptake could also be attributed to
the release of curcumin from nanocapsules and its subsequent up-
take by the cells, since hypertonic sucrose and potassium depletion
had only a minor, but significant, effect on the intracellular curcu-
min content. Thus, the first/rapid peak of intracellular curcumin
could be attributed to internalization/endocytosis of nanocapsules
by the cells and the second/later phase could be a consequence, at
least in part, of gradual drug release by C-LNC, in agreement with
the results obtained in the dialysis bag release experiments. Fig. 3
shows representative microphotographs obtained in the curcumin

fluorescence

Phase confrast

untreated

C60

C-LNC60

Fig. 3. Representative fluorescence microphotographs (100x magnification) show-
ing fluorescence of intracellular curcumin in non-encapsulated curcumin (C60,
60 uM) and C-LNC (60 uM) treatments after 6 h incubation in C6 cells. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 4. Comparative cytotoxicity of curcumin in solution and C-LNC against C6 and U251MG glioma cells. Time-course effect of different concentrations of non-encapsulated
curcumin and C-LNC on (A) C6 and (B) U251MG glioma cell viability at 24, 48, and 96 h. Legends: Curc (non-encapsulated curcumin); C-LNC (curcumin-loaded nanocapsules);
B-LNC (blank nanocapsules). Data are expressed as means + S.D. ? Different from untreated cells; ° different from C-LNC considering the same time of treatment and
concentration; € different from non-encapsulated curcumin considering the same treatment time and concentration.

uptake experiments. As shown in the inserted figure, intracellular
curcumin elicited a green cytoplasmic fluorescence accumulated
in the surroundings of the C6 cells nuclei in both C-LNC and non-
encapsulated curcumin-treated cells. This cytoplasmic compart-
mentalization profile is in agreement with previous studies [48].
It is important to emphasize that the intracellular accumulation
of curcumin visualized in Fig. 3 is attributed to endocytosis of C-
LNC as suggested from Fig. 2B experiments.

We performed MTT assays to estimate of the effects of curcumin
and C-LNC on glioma cells viability. By comparing similar concentra-
tions of curcumin, we observed that the non-encapsulated drug was
more cytotoxic than C-LNC at the end of 24-h and 48-h treatments in
C6 cells (Fig. 4A). However, cytotoxicity at later time points (96 h)
was similar for the different delivery systems. Recently, Shao et al.
showed that cytotoxicity of curcumin-loaded poly(e-caprolactone)
nanoparticles in C6 cells was similar to that observed in non-
encapsulated curcumin for up to 48 h, whereas IC50 values were
~2-fold lower in curcumin-loaded nanoparticles treatments after
72 hincubation [48]. In contrast, we observed that C-LNC was more
cytotoxic than non-encapsulated curcumin in U251MG cells, which
was clearly observed for the 24-h treatment (Fig. 4B). The difference
in the sensitivity of the glioma cells to different curcumin-loaded
nanoparticles will be properly addressed in future studies, but
differences in the genetic mutations profile, endocytic potential,
membrane permeability, and multidrug resistance mechanisms
are potential candidates. Lipid-core nanocapsules without curcu-
min (B-LNC) did not cause alterations in cell viability suggesting that
the cell toxicity of C-LNC can be attributed to entrapped curcumin
rather than nanoparticle components (Fig. 4A and B).

Pharmaceutical formulations do not interfere with the mecha-
nism of action of the bioactive agent. Despite the different mecha-
nisms of cell death induced by curcumin, the arrest in the G2/M
phase of the cell cycle and induction of autophagy are two well-
described mechanisms in glioma cells [7-9]. To test whether
nanoencapsulation affects curcumin mechanisms, cells were trea-
ted with 30 uM curcumin in solution or C-LNC for 72 h, and cell cy-
cle distribution and formation of acidic autophagic vacuoles were
assessed by flow cytometry. As shown in Fig. 5A and B, nanoencap-
sulation did not affect the mechanisms whereby curcumin induces
cytotoxicity in glioma cells since alterations in cell cycle distribu-
tion (G2/M arrest) and induction of autophagy were observed in
both C-LNC and non-encapsulated curcumin treatments, in agree-
ment with previous studies based on curcumin in solution [7-9].

3.3. In vivo studies: effects of C-LNC on tumor growth, animal survival,
and peripheral toxicity in pre-clinical model of glioma

Curcumin has received considerable attention due to its poten-
tial clinical application in cancer. However, the potential of curcu-
min to treat gliomas in vivo remains poorly investigated, and it has
been restricted to a few studies by our group and by other
researchers who showed that curcumin doses as high as 50-
300 mg/kg are required for efficacy in vivo [7-9]. In fact, drug deliv-
ery to the brain represents a challenge in the treatment of gliomas
due to restrictions imposed by the blood-brain barrier (BBB). In
this pursuit, many approaches have been applied in the
development of drug delivery systems, for example, the use of
nanoparticles. In this regard, the major biological relevance of
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of this article.)

nanotechnology is based on its ability to improve the biological
effect of drugs by increasing their absorption, permeability, drug
circulating time, and delivery to body compartments.

Considering the pharmacokinetic limitations attributed to
curcumin solubility and bioavailability/distribution, and the

recently described potential of nanoparticles to enhance curcumin
penetration into the CNS [20,21,49], we sought to investigate
whether the curcumin-loaded lipid-core nanocapsules developed
by our group could improve the pharmacological efficacy of this
polyphenol against gliomas. In addition, our curcumin formula-
tions were coated with polysorbate 80, which has been shown to
increase curcumin delivery and penetration to the CNS [20,49,50].

In rats bearing C6 gliomas, we observed that 14-day treatment
with a low dose of C-LNC (1.5 mg/kg/day i.p.; see C-LNC1.5 lane)
significantly decreased tumor size when compared to the same
dosage of non-encapsulated curcumin (C1.5 lanes), saline or B-
LNC (Fig. 6A). Non-encapsulated curcumin only exerted significant
effects on tumor size at a high dose of 50 mg/kg/day. C-LNC also
decreased the incidence of intratumoral hemorrhages, necrosis,
and lymphocytic infiltration, thus suggesting reduction of tumor
aggressiveness (Table 2). Representative microphotographs of
brain tumors and annotation of necrosis (N), hemorrhage (H),
and microvessels (arrows) are shown in Fig. 7. Hemorrhagic areas
and intratumoral necrosis were decreased in C-LNC and C50 treat-
ments, whereas microvessel proliferation was similar among the
different groups (Fig. 7). It is important to emphasize that these
histopathological parameters are characteristic of human gliomas
and are directly correlated with the worse prognosis [32,45].

Treatments with C-LNC also increased the survival rate (SR) of
rats bearing gliomas compared to saline-treated animals (SR =39
versus SR =30 days, respectively), C1.5 (SR =31 days) and B-LNC
(SR =33 days) (Fig. 6B). The antiglioma effects of non-encapsulated
curcumin were only comparable to C-LNC at a high dose of 50 mg/
kg/day (C50 lanes; SR =40 days). Parallel to the improvement of
antiglioma activity, C-LNC and B-LNC did not affect liver, lung, kid-
ney and heart tissues, as assessed by H&E (Fig. S3). In addition, ser-
um markers of tissue toxicity, such as creatinine (kidney
dysfunction), ALT activity (tissue/liver unspecific marker), and
metabolic parameters like glucose and triglycerides were not dif-
ferent among groups (Table S1).

In contrast to tumor growth models using immune-compro-
mised animals, the C6 glioma model can be considered useful for
the evaluation of the nanocapsule bioactivity, since in immuno-
competent animals, the circulating time of the nanoparticles is af-
fected, their clearance through phagocytosis and immunoglobulin-
mediated opsonization being accelerated [51]. The decreases in tu-
mor growth as well as in the malignance parameters, together with
the prolonged survival observed in C-LNC treatments, suggest that
the improvements in the efficacy of curcumin in vivo could be
attributed to its nanoencapsulation in LNC. Recently, Sun et al.
showed a 2.5-fold increase in the brain concentrations of curcumin
and a 14-fold increase in mean residence time of curcumin after
intravenous injections when this polyphenol was associated with
poly(butylcyanoacrylate) nanoparticles coated with polysorbate
80 [21]. In agreement with this, previous studies by our group
showed that lipid-core nanocapsules (LNCs) are able to increase

Table 2

Histopathological parameters of rats bearing C6 gliomas treated with C-LNC and non-encapsulated curcumin.
Formulation Animals with Intratumoral Intratumoral Lymphocytic Peritumoral Peripheral

tumors hemorrhage necrosis infiltration edema pseudopalisading

Saline 11/11 (100%) 10/11 (91%) 7/11 (64%) 10/11 (91%) 9/11 (82%) 5/11 (45%)
C-LNC 8/11 (72%) 4/8 (50%)* 2/8 (25%)* 4/8 (50%)* 7/8 (88%) 4/8 (50%)
B-LNC 10/11 (91%) 8/10 (80%) 9/10 (90%) 9/10 (90%) 8/10 (80%) 4/10 (40%)
C1.5 10/11 (91%) 9/10 (90%) 7/10 (70%) 8/10 (80%) 7/10 (70%) 6/10 (60%)
C50 8/11 (72%) 5/8 (63%) 5/8 (63%) 4/8 (50%)* 6/8 (75%) 4/8 (50%)

Proportion of animals that developed a defined tumor mass as evaluated by H&E analysis. The histological variables (intratumoral necrosis, intratumoral hemorrhage,
lymphocytic infiltration, peritumoral edema, peripheric pseudopalisading) were regarded as present or absent.

@ Different from saline treated animals (Z-test, p < 0.05).
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Fig. 7. Representative H&E analysis of brain tissues of saline (A), B-LNC (B), C-LNC
(C), C1.5 (D), and C50 (E); 200x magnification. Legends: H: hemorrhages; N:
necrosis areas; Arrows: microvessels. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

indomethacin and resveratrol accumulation in rat brain [32,34].
Moreover, the absence of systemic toxicity, such as alterations in
serum markers and tissue histology in treatments with C-LNC
and B-LNC, suggests that the LNC were nontoxic in this model.

Despite the promising potential, the safety of nanocapsules is of
growing concern considering that biological applications of nano-
particles could lead to unpredictable effects. To assess the in vivo
use of lipid-core nanocapsules as carriers of curcumin, the hemo-
lytic potential in red blood cells needs to be tested. Red blood cells
incubated with C-LNC or B-LNC showed no signs of hemolysis at
any concentration tested (Fig. 8A). The behavior of nanoparticle
suspensions was similar to that of the negative control treatment
(PBS) even at high concentrations (120 pM curcumin), suggesting
a potential for their use as injectable formulations. The yellow col-
oration observed in some points is attributed to the color of curcu-
min formulations. Positive controls showed extensive hemolysis as
expected.

Drug-loaded nanoparticles may have a direct interaction with
tissues and cells after their administration in animals and hu-
mans. In general, serum proteins readily bind onto the surface
of nanoparticles within 1 h of incubation [52]. In our experiments,
we observed that lipid-core nanocapsules (C-LNC and B-LNC)
weakly interacted with plasma proteins of different molecular
weights (Fig. 8B). Importantly, interaction with albumin (70 kDa
band), the most abundant serum/plasma protein, was not signifi-
cantly increased compared to PBS incubations or non-encapsu-
lated curcumin (C120 lanes, curcumin 120 uM). The presence of
the albumin band in PBS/non-encapsulated curcumin incubated
with plasma was not expected but could be attributed to precip-
itated or tube-adhered albumin, which was not removed by the
centrifugation/washing steps. Much of the albumin content pres-
ent in plasma remained in the resulting supernatants (SN lanes), a
finding that supports the minimal interaction of LNC with albu-
min. Weak adsorption of other plasma proteins (38-225 kDa),
which includes alpha and beta-globins, was observed in a
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Fig. 8. Hemolysis in red blood cells and interaction with plasma proteins. A) Images
of supernatants in hemolysis study. B) SDS-polyacrylamide gel electrophoresis of C-
LNC incubated with human plasma. Legend: C-LNC15, C-LNC30, C-LNC60; C-
LNC120 (curcumin-loaded lipid-core nanocapsules 15, 30, 60, and 120 pM curcu-
min, respectively); B-LNC (blank/unloaded nanocapsules); C120 (non-encapsulated
curcumin 120 pM); BSA (purified bovine serum albumin); SN (20 pg): 20 pg plasma
protein supernatants. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

dose-independent manner since the band intensity did not in-
crease from 15 to 120 uM C-LNC (C-LNC15 to C-LNC120 lanes,
Fig. 8B). Significant interaction was observed between the nano-
capsules and 20-30 kDa proteins, typical range of the light chains
of gamma-globulins (25 kDa). These proteins were not detected in
the resulting plasma supernatants but formed a well-defined band
in the case of the nanocapsule pellets, indicating interaction/
adsorption. It should be noted that C-LNC120 and B-LNC120
concentrations represent a 1:10 nanocapsule/plasma ratio, thus
indicating a high proportion of nanoparticles (10%) in the incuba-
tion systems which are probably unlikely to be reached after
intraperitoneal or intravenous administration. It has been de-
scribed that adsorption and binding to serum/plasma proteins
such as albumin, IgGs, apolipoproteins, and/or opsonins can affect
the biodistribution and drug release from nanoparticles [47,50-
52]. The observed low binding to proteins reported herein is prob-
ably due to polysorbate 80, since its coating confers a hydrophilic
surface to the particle which allows a lower interaction with pro-
teins, and inhibited uptake of nanoparticles by the mononuclear
phagocyte system triggering a prolonged circulating time
[31,50,51]. On the other hand, interactions with light chains of
gamma-globulins were observed and should be considered when
considering the application of C-LNC in vivo. Further studies
should be carried out to decrease the interaction of C-LNC with
these proteins through polymeric modifications [52].
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4. Conclusions

To the best of our knowledge, this is the first report of an in vivo
effect of curcumin-loaded lipid-core nanocapsules in a pre-clinical
model of gliomas. The comprehensive study of the physicochemi-
cal characteristics of the C-LNC confirms the nanotechnological
features of this formulation. C-LNC presented efficacy at a low dose
(1.5 mg/kg/day curcumin) in contrast to the high doses of non-
encapsulated curcumin used to treat gliomas in animal models
[7-9,14]. The results obtained suggest an improvement in the
in vivo performance of the curcumin. Given the documented safety
of curcumin in humans, data presented herein support further
studies to test and improve the performance of C-LNC in limiting
brain tumors.
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