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RESUMO
Gliomas sdo tumores altamente agressivos e malignos, de ocorréncia no
Sistema Nervoso Central. As baixas taxas de sobrevida sdo relacionadas
a alta capacidade proliferativa, migratéria e invasiva e consequente
resisténcia a drogas. Dentre os farmacos mais utilizados estd a
Temozolomida (TMZ). A TMZ é um agente alquilante, eficaz na terapia
de diversas neoplasias, entretanto mecanismos de resisténcia a esse
composto acarretam em progndsticos ruins. Assim, o estudo de
compostos citotoxicos é substancialmente importante para compreender
0s mecanismos da doenca e o estudo de novas terapias. A Guanosina
(GUO) e a Atorvastatina (ATOR) ja demonstraram ter potencial
modulatério sobre o sistema glutamatérgico. Sendo este um sistema
importante no desenvolvimento dos gliomas, compostos que o modulem
podem ter potencial citotdxico sobre as células de glioma. Dessa
maneira, investigou-se: 1. O potencial citotéxico da ATOR em células
de glioma A172 e o efeito desta em processos do desenvolvimento do
glioma; 2. O potencial citotdxico da GUO em células de glioma A172, o
efeito dela nos processos de desenvolvimento do glioma e mecanismos
envolvidos nesse efeito. Os resultados revelam que a ATOR apresenta
efeito citotdxico as células de glioma, ainda, ATOR néo apresenta efeito
citotdxico a astrocitos em concentracdo similar. ATOR reduz a migracéo
e a proliferacdo celular do glioma. ATOR induz aumento nos niveis de
apoptose e a co-incubagdo com TMZ acarreta em uma potenciagdo deste
efeito. A ATOR aumenta a presenca de organelas vesiculares acidas,
indicando aumento da autofagia. Além disso, a inibicdo de receptores de
glutamato foi capaz de prevenir parcialmente o efeito citotoxico da

ATOR, demonstrando uma possivel interacdo desta estatina com tais



receptores na inducdo do efeito citotoxico. A GUO também demonstrou
efeito citotoxico e reducdo da migracdo das células de glioma nos
mesmos niveis que a TMZ. GUO reduziu a proliferagdo celular em
ceélulas de glioma. GUO néo alterou os niveis de apoptose, contudo a co-
incubacdo com TMZ mostrou um efeito sinérgico. Esta sinergia foi
também observada na diminuicdo do potencial de membrana
mitocondrial e na inducéo de dano ao DNA. O aumento da liberagéo de
glutamato observado por TMZ foi prevenido com a co-incubagdo com
GUO. A inibigdo dos receptores de adenosina A; ou A,a levou a um
bloqueio parcial do efeito citotéxico da GUO. Assim sendo, esta tese
contribuiu para demonstrar o efeito antitumoral da ATOR e da GUO,
bem como elucidar alguns dos mecanismos de agdo envolvidos neste

efeito.



ABSTRACT

Gliomas are a group of tumors considered the most aggressive and
malignant type, occurring in the Central Nervous System. Low patients
overall survival rates are related to high proliferative, migratory and
invasive behavior of these cells and drug resistance. Among the drugs
most used to treat this disease is Temozolomide (TMZ). TMZ is an
alkylant agent that demonstrated efficacy on several neoplasias
treatment, however resistance mechanism to TMZ lead to bad
prognoses. In this way, the study of compounds that show cytotoxic
potencial is considerably relevant to understand the disease mechanisms
and to enable the study of new therapies. Guanosine (GUO) and
Atorvastatin (ATOR) have already been shown modulatory potential on
glutamatergic system of neurotransmission. As this system is so
important to glioma development, modulating drugs may show
cytotoxic potential against glioma cells. Thus we investigated: 1. ATOR
cytotoxic potential to human A172 glioma cells and its effects on
development glioma processes. 2. GUO cytotoxic potential to human
Al172 glioma cells, it effects on development glioma processes and
signaling pathways involved. ATOR showed cytotoxic effect to glioma
cells in similar levels to TMZ. ATOR did not show cytotoxic effect to
normal astrocytes. ATOR decreased migration and proliferation of
glioma cells, similarly to TMZ levels. ATOR increases apoptosis and
ATOR plus TMZ potentiates this effect. ATOR also increases acid
vesicular organelles, indicating induction of autophagy. Furthermore,
the ionotropic and metabotropic glutamate receptors inhibition partially
prevents ATOR cytotoxic effect, suggesting a possible interaction

between ATOR and glutamate receptors on ATOR cytotoxic effect.



GUO also showed cytotoxic effects and reduces migration similar to
TMZ levels to human A172 glioma cells. GUO decreases cell
proliferation of glioma cells, and this effect is abolished when GUO and
TMZ are co-incubated. GUO do not change apoptosis, nonetheless
GUO+TMZ show synergistic effect in increasing apoptosis. The same
effect was observed on decreasing mitochondrial membrane potential
and DNA damage induction. GUO does not change glutamate release.
TMZ increases glutamate release and this is prevented by GUO+TMZ
co-incubation. A; or A, adenosine receptors inhibition partially
blockade GUO cytotoxic effect. The A;R and A,aR blockade reduces
cell viability and the A;R inhibition and A,AR activation do not change
cell viability or GUO effect. Therefore, this study contributed to unravel
the ATOR and GUO antitumoral effect as well as elucidate some of the

mechaninsms involved in this effect.
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1. INTRODUCAO
1.1.  GLIOMAS

Gliomas malignos correspondem a um grupo heterogéneo de
tumores, com ocorréncia no Sistema Nervoso Central (SNC). Os
gliomas podem ter origem por alteracdes de células gliais ou de seus
progenitores (Jiang e Uhrbom, 2012). O tipo celular precursor dos
gliomas ainda permanece controverso, porém, ha indicios que a origem
do glioma maligno seja células positivas para CD133, sendo que este é
um antigeno caracteristicamente presente em células tronco tumorais,
em canceres cerebrais (Singh et al., 2004). Contudo, existem estudos
que apontam células precursoras de oligodendrdcitos ou astrécitos, com
alteracBes em seu funcionamento normal, as quais poderiam engatilhar
processos de formacdo de tumores malignos como gliomas (Persson et
al., 2010; Liu et al., 2011).

Os gliomas abrangem a maioria dos tumores do SNC, chegando a
nimeros proximos de 18.000 novos casos por ano nos Estados Unidos.
Sendo cerca de 70% de todas as neoplasias do SNC, podendo variar
amplamente em morfologia, localizagdo e resposta a terapias diversas
(Ohgaki e Kleihues, 2009; Liu et al., 2011). Uma estimativa do Institudo
Nacional do Céncer indica o possivel surgimento de 5.440 novos casos
de cancer do SNC em homens e 4.830 em mulheres, para o Brasil no
ano de 2016 (INCA, 2015). Ainda no Brasil, os dados mais recentes
para a incidéncia de gliomas datam de 1998, indicando o surgimento de
3,35 casos para cada 100.000 habitantes, sendo que 6bitos por cancer
cerebral correspondem a 4,4% das mortes por cancer (Monteiro e
Koifman, 2003).
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De acordo com diversos estudos e a classificagdo da Organizagédo
Mundial da Saiude (OMS), os gliomas podem ser divididos nos seguintes
subtipos: grau I: apresentam células bem diferenciadas, sao
biologicamente benignos, passiveis de cura por cirurgia, sendo
denominados Astrocitomas pilociticos; grau Il: considerados malignos,
com infiltracdo precoce nos tecidos adjacentes, bem diferenciado,
crescimento lento, podendo progredir para astrocitoma anaplasico,
incuravel por cirurgia, por exemplo, o Astrocitoma difuso, o
Oligodendroglioma e o Oligoastrocitoma; grau Ill: apresentam altas
taxas de anaplasia e proliferagdo, com caracteristicas histoldgicas
malignas e progndsticos desfavordveis, Astrocitoma anaplasico e
Oligodendroglioma anaplasico; grau IV: exibem muitas caracteristicas
de malignidade, alta ocorréncia de angiogénese e necrose, elevada
invasibilidade e prognésticos ruins, como o Glioblastoma multiforme
(Ohgaki e Kleihues, 2005b; Louis et al., 2007; Ohgaki e Kleihues, 2009;
Westphal e Lamszus, 2011).

O glioblastoma multiforme é o glioma de ocorréncia mais
comum. Este tipo de glioma também é considerado o mais agressivo e
sugere-se que tenha origem a partir da transformacdo neoplasica
astrocitica. Tal transformagdo pode desencadear alteragdes em vias de
sinalizacdo ja bem descritas em células de cancer, como ativacdo de
tirosinas cinases e perda de proteinas supressoras de tumor. Apesar de
muitos estudos sobre esta doenca, os progndsticos para este tipo de
tumor permanecem ruins, estando a sobrevida em torno de 12-15 meses
para os individuos acometidos (Ohgaki e Kleihues, 2009; Liu et al.,
2011).



23

Gliomas apresentam alteracbes em vias de proliferacdo e
sobrevivéncia celular. A ativacdo de fatores de crescimento celular
como por exemplo, receptores de fator de crescimento epidermal
(EGFR), através da interacdo do fator de crescimento epidermal (EGF).
Apbs a ativacdo de EGFR, o aumento da PI3K (proteina cinase de
fosfatidilinositol 3) e ativacdo de moléculas efetoras como Akt (proteina
cinase B) e mTOR (proteina alvo de rapamicina em mamiferos) foram
observados em gliomas humanos (Ohgaki et al., 2004).

As mudangas na ativagdo destas vias levam a um desbalanco no
controle de proliferacdo e sobrevivéncia, impedindo as células tumorais
de entrarem em processos de morte celular programada. Os dois
principais tipos de morte celular programada sdo a apoptose e a morte
celular autofagica. Assim, os principais tratamentos utilizados no
tratamento dessa doenca sdo a remocao cirdrgica da massa tumoral e uso
de tratamentos que induzam tais tipos de morte celular de maneira mais
seletiva as células tumorais. Com relacdo aos estudos atuais, a principal
abordagem esta baseada nos mecanismos e vias de sinalizagdo celular
envolvidas na morte celular programada, bem como compostos capazes

de modular esses processos (Bold et al., 1997; Tan et al., 2009).

1.2. MORTE CELULAR PROGRAMADA

A morte celular programada exerce a regulagdo de um fino
equilibrio entre a morte e a sobrevivéncia em tecidos normais. O
desequilibrio nessa homeostase origina alteragdes que podem culminar
em diversas doencas, como cancer, doencas autoimunes e

neurodegenerativas. A apoptose e a morte celular autofagica séo tipos de
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morte celular programada que desempenham papéis essenciais na
regulacdo da sobrevivéncia, crescimento e desenvolvimento celular,
bem como a tumorigénese (Tan et al., 2009).

A apoptose e a autofagia apresentam diferencas morfoldgicas e
bioguimicas em sua ocorréncia. A apoptose, morte celular programada
tipo I, é caracterizada por uma reducdo no volume celular, condensacao
e fragmentagdo da cromatina, formagdo de corpos apoptéticos e perda
da adesdo com a matriz extracelular (Tan et al., 2009; Ouyang et al.,
2012).

A autofagia é usualmente responsavel pela reciclagem de
organelas celulares desnecessarias ou disfuncionais. E caracterizada pela
formacgdo de autofagossomos, que sdo vesiculas de bicamada lipidica,
cujos contetdos sdo componentes destinados a reciclagem. As
hidrolases acidas lisossomais sdo responsaveis pela degradacdo destes
componentes (Ferraro e Cecconi, 2007; Tan et al., 2009). Geralmente a
ocorréncia de autofagia & um processo pré-sobrevivéncia relacionado a
periodos de privacdo de fatores de crescimento, estresse do reticulo
endoplasmatico ou infeccdo por patdgenos (He e Klionsky, 2009). A
morte celular autofagica, ou morte celular programada tipo II, é ativada
quando hd um bloqueio no processo apoptético. Os estimulos
apoptaéticos hiperativam a autofagia e a proteina c-Jun N-terminal cinase
(JNK) e consequentemente ha uma inducdo da morte celular autofagica
(Shimizu et al., 2014).
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1.2.1. Dano ao DNA, Apoptose e Cancer

O dano ao DNA ¢é um evento comum durante a vida e pode
acontecer de maneira natural como hidrélise espontanea ou durante um
estresse natural como a inflamagdo. O dano ao DNA pode ser corrigido
por mecanismos de reparo ou ainda, iniciar processos enzimaticos
complexos que podem levar a apoptose, necrose, autofagia e outros tipos
de morte celular. Diversos danos ao DNA podem engatilhar o processo
de apoptose, como por exemplo: metilacdo anormal do DNA, N-
alquilagdo de base, adutos no DNA, ligagcbes cruzadas no DNA e
rupturas da cadeia dupla do DNA (Wang, 2001; Roos e Kaina, 2006).

Existem duas diferentes vias de ativagdo da apoptose (Figura 1).
A via extrinseca é mediada pela ativacdo de receptores de morte da
familia TNF (fator de necrose tumoral). Os ligantes dos receptores da
familia TNF, Fas e TRAIL (ligante indutor de apoptose relacionado ao
TNF) interagem com seus respectivos receptores e ativam prg-caspases
(8 e 10), que por sua vez levam a ativacdo de caspase-3 ou caspase-7.
Estas, uma vez ativas, clivam proteoliticamente o fator DFF-45 (fator de
fragmentacdo do DNA 45). Tais eventos culminam na fragmentacdo
cromossomal, que é caracteristica da ativagdo apoptética (Schulze-
Osthoff et al., 1998; Tan et al., 2009).

A outra via de ativagdo da apoptose é a via intrinseca, mediada
pela mitocbndria, cujo gatilho pode ser radiacdo gama e dano ao DNA,
por exemplo. Como consequéncia, a membrana mitocondrial se torna
permedvel e ocorre a liberagdo do citocromo C. Uma vez liberado ao
citosol, o citocromo C se liga a proteina Apaf-1 (fator ativador de
protease apoptética 1) que desencadeia a formagdo do apoptossomo pelo

recrutamento da pro-caspase 9. Esse processo torna ativa a caspase 9,



26

que por sua vez ativa a caspase 3, desencadeando a apoptose pela
mesma via de ativacdo observada na via extrinseca (Ghobrial et al.,
2005).

AlteracOes na expressdo de fatores chave na regulacdo da cascata
apoptoética podem desencadear um desbalan¢o no crescimento celular
originando tumores. Assim sendo, ha uma relagdo proxima entre
alteragdes na manutengdo dos niveis normais de apoptose e o0

surgimento do cancer.

Via Extrinseca

Via Intrinseca

Translocagio

T Bax

i

.
*, Citocromo C

Apoptossomo

NUCLEO

Pro-Caspase-3

v
Caspase-3 " Fragmentagio do
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Figura 6: Vias de ativacdo da apoptose. A ativacdo da apoptose pode
ocorrer de duas diferentes maneiras: a via citoplasmatica, conhecida
como via extrinseca, ativada a partir da interacdo de ligantes com
receptores TNF; ou a via mitocondrial, também chamada de via
intrinseca, ativada por estresse intra ou extracelular, cujos sinais
convergem para a mitoconcria e subsequente liberacdo de molélulas pré-
apoptoticas (adaptado de Bruin et al., 2008).

1.2.2. Autofagia e Cancer

Como relatato anteriormente, a autofagia € um importante

processo para reciclagem de organelas e manutencdo da homeostase
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celular. Esse evento é essencial para a manutencao entre o catabolismo e
0 anabolismo celular possibilitando o crescimento celular e o
desenvolvimento normal (Tan et al., 2009). A autofagia é uma via de
sobrevivéncia necessaria em situacdes de privacdo de nutrientes,
diferenciacdo, morte e sobrevivéncia celular, bem como envelhecimento
e prevencao tumoral (Levine e Klionsky, 2004).

Uma vez presentes os fatores de crescimento hd uma ativagao da
PI3K e Akt que levam a ativacdo da proteina mTOR desencadeando
crescimento celular. Eventos estressores podem levar & inibicdo da
MTOR e desencadeiam a parada do ciclo celular, inibicdo da
proliferagdo e inducdo & autofagia, entre outros eventos (Gozuacik e
Kimchi, 2004). A autofagia pode ser dividida em 4 etapas; a primeira
trata-se da nucleacdo e extensdo de membrana abrangendo a porcdo do
citoplasma a ser degradada; a segunda etapa é o fechamento do
autofagossomo em um compartimento fechado; a terceira trata-se da
fusdo deste compartimento com lisossomos; e a quarta fase trata-se da
digestdo da membrana interna do autofagossomo e do seu conteldo
(Figura 2) (Alberts et al., 2010).

Visto que a autofagia pode ser relacionada com processos de
manutencado da integridade celular, existem indicios que correlacionam a
presenca de autofagia com o desenvolvimento tumoral em suas fases
iniciais. Dessa maneira, a inibigdo desse mecanismo poderia sensibilizar
células cancerosas a quimioterapia (Chen et al., 2010). Entretanto,
atualmente sabe-se que, quando a apoptose é bloqueada em células de
cancer, a morte celular autofagica pode ser acionada como recurso para

controle do crescimento tumoral.
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Figura 7: Processo autofagico de reciclagem de organelas. O
processo de autofagia inclui a formacdo do fagdforo, tratando-se do
compartimento inicial de sequestro das estruturas a serem degradadas.
Este, por sua vez, se expande a autofagossomo. Por fim ocorre a fusdo
do autofagossomo com lisossomos e degradacdo do contetido (adaptado
de Klionsky et al., 2012).

Assim sendo, a ativacdo da morte celular autofagica vem sendo
considerada uma estratégia no desenvolvimento de novas terapias para o
tratamento do céancer (Liu et al., 2010). Além da ativacdo da morte
celular por apoptose e autofagia, existem outros pardmetros que séo
tipicamente alterados em célulascancerosas, como a proliferacdo e a
migracdo. Estes mecanismos também sdo alvos de estudo para o

tratamento dessa doenca.
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1.3. PROLIFERACAO E MIGRACAO EM GLIOMAS

A proliferacdo descontrolada e migracdo anormal sdo dois dos
principais mecanismos envolvidos no crescimento tumoral. O processo
de proliferacdo celular resulta de um aumento no nimero de células, que
é definido pelo balango entre divisdo celular e a diminui¢do do nimero
de células por morte ou diferenciacdo celular. Tal processo pode ocorrer
de maneira saudavel, por meio da regulagdo do ciclo celular. Ja
aberracBes na regulacdo de vias que controlam a proliferacdo e a
sobrevivéncia sdo indispensaveis para o0 estabelecimento de todos os
tumores (Evan e Vousden, 2001).

A migragdo celular ¢ um processo comum a diversos organismos.
Estd mais intimamente relacionada as fases do desenvolvimento inicial
do organismo, direcionando as células para regides onde originardo os
tecidos, durante o desenvolvimento embrionario. Entretanto, a migracao
é um fendbmeno que ocorre durante toda a vida, podendo estar presente
na renovacdo epitelial e reacdes imunes contra patégenos invasores, por
exemplo (Ridley et al., 2003).

Uma vez que uma célula recebe um estimulo migratério, ocorre a
polarizacdo e extensdo de protrusbes na dire¢do da migracdo. Tais
protrusdes sdo direcionadas pela polimerizacdo da actina e estabilizadas
pela adesdo a matriz extracelular ou células adjacentes via receptores
transmembrana ligados ao citoesqueleto de actina. Tais adesfes servem
como pontos de tracdo enquanto a célula migra e sdo despolimerizadas
guando estdo na regido posterior, permitindo o destacamento da célula
(Figura 3) (Knight et al., 2000; Ridley et al., 2003).
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Figura 8: Etapas da migracdo celular: Na primeira fase ocorre a
polarizacdo celular. H& o direcionamento de vesiculas, organizagdo dos
microtdbulos, localizacdo do centro organizador de microtibulos
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(COM) e complexo de Golgi em frente ao nudcleo. Entdo ocorre a
formacdo de protrusdes através da estabilizacdo de adesdes. Apos a
translocagdo, na parte posterior da célula, as adesbes sao
despolimerizadas na medida em que ocorre a retracdo (adaptado de
Ridley et al., 2003).

A migracdo celular pode estar associada a diversas situacdes
patolégicas. Em doengas como osteoporose, doengas inflamatdrias
crbnicas como artrite reumatoide, esclerose maltipla onde células do
sistema imune tém a sua migragdo aumentada. E ainda no cancer, onde
além do recrutamento e migracdo de células do sistema imune, as
células cancerosas apresentam potencial migratdrio, podendo gerar
metastases. (Ridley et al., 2003).

A capacidade de células cancerosas de migrar permite que estas
se movam, atinjam os vasos sanguineos e migrem para diferentes
tecidos. Uma vez que, as células alcancem outro tecido pelo qual
tenham tropismo, podem iniciar o processo de metastase. Os
mecanismos utilizados por células tumorais para realizar a migracéo
celular sdo muito similares aos mecanismos que ocorrem em células
sadias. Nesse processo, a célula muda sua estrutura para que possa
interagir com o tecido circundante (Friedl e Wolf, 2003).

Em gliomas, j& foram descritas alteracbes em proteinas de adesao,
como integrinas e caderinas por exemplo. Além disso, alteracBes na
expressdo e ativacdo de metaloproteinases, que seriam proteases
secretadas responsaveis por “liberar” espaco peritumoral para
possibilitar o crescimento do tumor. Ainda, alteragdes na fosforilacdo de
proteinas de sobrevivéncia, como a Akt e ativacdo da PI3K estdo
relacionadas ao aumento na migracdo em células de glioma (Demuth e
Berens, 2004).



32

Em resumo, proliferagdo e migracdo celular sdo processos
fundamentais para a progressdo tumoral, bem como para 0
desenvolvimento de metastases. Desta forma, a identificacdo de
substancias capazes de modular esses eventos é de extrema importancia

terapéutica no tratamento do cancer e mais especificamente de gliomas.

1.4. QUIMIOTERAPIA E GLIOMAS

A utilizacdo de terapias associadas no tratamento de gliomas
humanos é cada vez mais comum. A resseccao cirirgica do tumor vem
normalmente aliada a terapias adjuvantes, como a quimioterapia e a
radioterapia. No caso da quimioterapia, existem importantes fatores
limitantes na escolha do quimioterapico de uso, como por exemplo, a
capacidade da droga de ultrapassar a barreira hematoencefalica (BHE) e
a heterogeneidade tumoral. Tais fatores determinam a responsividade do
cancer a terapia (Rainov et al., 2006; Reardon et al., 2006).

Atualmente, dentre os quimioterdpicos disponiveis, 0s mais
utilizados no tratamento de gliomas sdo a Temozolomida, Lomustina,
Carmustina e Procarbazina (Stupp et al., 2014). A Temozolomida
(TMZ) atua na interrupcéo da replicagdo do DNA. A TMZ é um agente
alquilante cuja absorcdo ocorre quando, em pH fisioldgico, €
espontaneamente  hidrolizada em seu metabolito ativo 5-(3-
metiltriazeno)-imidazol-4-carboxamida (MTIC). Sua conversédo se da na
circulacdo sanguinea e é independente de vias hepéticas, reduzindo
assim a hepatotoxicidade comumente desencadeada pelo uso de

quimioterapicos. Tanto a TMZ, quanto seu metabolito MTIC, sdo
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capazes de ultrapassar a barreira hematoencefalica, chegando ao tecido
neural. O MTIC causa dano ao DNA pela metilacdo da guanina O°,
induzindo a um pareamento incorreto com timina, desencadeando
parada no ciclo celular e morte (Newlands et al., 1997) (Figura 4).

O tratamento com TMZ vem se mostrando eficaz no tratamento
de gliomas diagnosticados precocemente (Desjardins et al., 2005).
Entretanto, estudos sugerem a acdo da enzima alquilpurina-DNA-N-
glicosilase (APGN) como mecanismo de resisténcia a TMZ, pelo reparo
da maioria das lesdes citotoxicas causadas pela TMZ (Agnihotri et al.,
2013).
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Figura 9: Mecanismo de acdo da Temozolomida. TMZ é convertida
intracelularmente a MTIC que metila 0 DNA, sendo os processos de
reparo incapazes de restaurar 0 DNA, a célula entra em processos de
morte (adaptado de Wesolowski et al., 2010).

Mesmo com o uso de terapias concomitantes, os progndsticos
dos pacientes permanecem insatisfatérios, sendo que o aumento na
sobrevida observada com a quimioterapia estd entre 2 a 4 meses
(Newlands et al., 1997; Han e Chen, 2015). Os progndsticos ruins destes

pacientes ap6s a quimioterapia estdo associados aos diversos
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mecanismos de resisténcia a drogas que se observa nesse tipo de cancer.
Dentre os mecanismos tipicamente alterados em células de glioma, que
Ihe conferem resisténcia, estdo as alteracbes no sistema de
neurotransmissdo glutamatérgica como a alteragdo na expressdo e na
atividade de receptores e transportadores (Ye et al., 1999; Robert e
Sontheimer, 2014).

1.5. GLIOMAS E GLUTAMATO

O glutamato é um aminodcido excitatorio que desempenha um
papel essencial ao SNC como sinalizador quimico (Danbolt, 2001). Esse
neurotransmissor mantém a atividade nervosa central, estando
intimamente relacionado a processos plasticos associados ao
desenvolvimento, a aprendizagem e a memoria (Meldrum, 2000).

A sinalizacdo glutamatérgica ocorre pela interacdo do glutamato
com seus receptores. Os receptores de glutamato estdo divididos em
duas categorias: 0s receptores ionotropicos (iGIuR), sendo estes canais
ibnicos multiméricos, cuja unido do glutamato altera sua conformacéo
possibilitando o influxo de fons; e os receptores metabotrépicos
(mGIuR) que ativam enzimas intracelulares pelo acoplamento a
proteinas G (Kew e Kemp, 2005).

Os receptores ionotrépicos sdo subdivididos em trés classes, cuja
nomenclatura foi atribuida de acordo com a seletividade aos seus
agonistas: N-metil-D-aspartato (NMDA), a-amino-3-hidréxi-5-metil-4-
acido isoxazol propibnico (AMPA) e cainato (KA) (Kew e Kemp,
2005). Com relagdo aos mGIuR, foram identificados 8 tipos, divididos

em 3 grupos de acordo com a homologia da sequéncia de aminoéacidos,
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seletividade farmacoldgica e vias de transdugdo de sinal (Kenny e
Markou, 2004).

Existe uma fina regulacdo dos niveis de glutamato na fenda
sindptica, pelo equilibrio entre a liberagcdo de glutamato e a retirada do
neurotransmissor da fenda. Essa regulacdo mantém a integridade da
transmissdo sinaptica (Rothstein et al., 1993; Kanai e Hediger, 2003).
Outra categoria de proteinas realiza o transporte de glutamato através da
membrana de maneira dependente de Na’, os transportadores de
aminodacidos excitatérios (EAATS). Além dos transportadores gliais de
glutamato, existe o carreador de aminoacidos excitatérios 1 (EAAC1 —
homdlogo humano, EAAT3), encontrado em neurdnios, largamente
distribuido no cérebro, porém de ocorréncia em regifes nao-sinapticas
(Danbolt, 2001).

Apobs a captacdo astrocitica de glutamato, a ativacdo da enzima
astrocitaria, glutamina sintetase, promove sua condensa¢do com amonia
formando a glutamina. Os astrdcitos liberam a glutamina que é captada
por neurdnios, onde ocorre sua hidrolise, pela acdo da glutaminase
ativada por fosfato produzindo novamente glutamato, constituindo assim
o ciclo glutamato-glutamina (Schousboe e Waagepetersen, 2005; De
Groot e Sontheimer, 2011) (Figura 5).

A captagdo de glutamato realizada pelos astrécitos é de suprema
importancia para a manutengdo de niveis extracelulares de glutamato em
concentraces fisioldgicas prevenindo a excitotoxicidade glutamatérgica
(Danbolt, 2001; Schousboe e Waagepetersen, 2005), caracterizada por
uma excessiva ativacdo dos seus receptores, desbalango ibnico e

ativacdo de vias de morte celular.
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Figura 10: Esquema de uma sinapse glutamatérgica: Neurdnios
liberam glutamato (Glu) na fenda sinaptica, o qual interage com seus
receptores de membrana (NMDA, AMPA, KA, e mGIuR). A retirada do
glutamato do espaco extracelular ocorre pela atividade dos
transportadores de glutamato na membrana de astrocitos (EAATL e
EAAT2) ou de neurbnios (EAACL e EAAT3). O sitema Xc  contribui
para a reciclagem do glutamato. Ap6s a entrada do glutamato nos
astrocitos, este pode ser convertido a glutamina (GIn), pela acdo da
glutamina sintetase, a glutamina por sua vez, é exportada para 0 espago
extracelular onde pode ser captada pelos neur6nios, onde é convertida a
glutamato. Este pode ser vesiculado, através da atividade de vGLUT,
para ser liberado de forma dependente de voltagem, pela interacdo
vesicular com proteinas do complexo SNARE. NMDA-R, receptor N-
metil D- aspartato; AMPA-R, o-amino-3-hidroxi-5-metil-4-acido
isoxazol propibnico; KA, cainato; mGIuR, receptor metabotrépico de
glutamato; EAAT-1, transportador de aminodcido excitatorio tipo 1.
EAAT-2, transportador de aminodacido excitatério tipo 2; sitema Xc”
trocador de cistina-glutamato; vGLUT , transportadores vesiculares de
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glutamato; SNARE, proteina de ancoragem vesicular; BDNF, fator
neurotréfico derivado do encéfalo (adaptado de Pittenger et al., 2011).

A participacdo do receptor ionotrépico N-metil-D-aspartato
(NMDA) em eventos de excitotoxicidade ja é bem descrita. A excessiva
estimulacdo destes receptores causa um abundante influxo de Ca?*,
atingindo niveis capazes de ocasionar danos e morte celular
(Szydlowska e Tymianski, 2010). Tais danos podem estar relacionados a
ativacdo de cascatas tdxicas, como por exemplo, a ativacdo de enzimas
catabdlicas como fosfolipases, endonucleases ou proteases como a
caspase e calpaina (Mattson, 2003).

A ativacdo de vias de sinalizagdo celular que culminam na
modulacdo de citocinas como o TNFa, o fator de transcricdo nuclear
NF«xB e a metaderina, acarretam na diminuicdo da captacdo do
glutamato, colaborando para promocdo da excitotoxicidade. (Noch e
Khalili, 2009; Yoo et al., 2011). J& estd relatado que o aumento na
liberacdo de glutamato leva a ativacdo da via da PI3K-Akt iniciando
cascatas de invasdo e migracdo celular (Noch e Khalili, 2009). A morte
celular peritumoral possibilita a abertura de espago para crescimento das
células de glioma (De Groot e Sontheimer, 2011).

Estudos que demonstram a relacdo entre a alteracdo do
funcionamento do sistema glutamatérgico e o desenvolvimento de
gliomas (Buckingham et al., 2011; Robert e Sontheimer, 2014). A
captacdo de glutamato em gliomas sofre uma importante diminuicdo em
comparagdo com captacdo fisiologica observada em astrécitos. Esse
decréscimo se deve as alteracbes nos EAATS, podendo as células de
glioma apresentar diminuicdo ou perda da expressdo e alteragdo da

localizacdo subcelular desses transportadores (Ye et al., 1999).
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Além de apresentar uma menor captacdo de glutamato, os
gliomas podem liberar glutamato por meio da atividade do trocador
cistina-glutamato (sistema X.), sendo que esse transportador atua
captando cistina (precursor do aminodcido cisteina) para o meio
intracelular e liberando glutamato. O aumento nos niveis extracelulares
de glutamato propicia 0o aumento da malignidade do tumor, por
favorecer a proliferacdo e a invasdo aos tecidos adjacentes,
possibilitando a sobrevivéncia tumoral (De Groot e Sontheimer, 2011).

Altas concentragdes de glutamato liberado acarretam em morte
neuronal por excitotoxicidade glutamatérgica por perda da homeostase
intracelular do Ca?*, em co-cultura de células de glioma e neurdnios
hipocampais (Ye e Sontheimer, 1999). Além disto, a entrada de cistina
no glioma fornece substrato para a sintese de glutationa, um importante
antioxidante que aumenta a capacidade de defesa celular (Chung et al.,
2005). Portanto, terapias que modulem o sistema glutamatérgico em
gliomas, sem danificar o funcionamento do tecido sadio, tém sido

sugeridas como uma estratégia alternativa no tratamento da doenga.

1.6. POTENCIAIS AGENTES ANTITUMORAIS E
MODULADORES DO SISTEMA

GLUTAMATERGICO

1.6.1. Atorvastatina

As estatinas pertencem a classe de  farmacos
hipocolesterolemiantes mais prescrita em todo o mundo (Figura 6)

(Pannu et al., 2007). O mecanismo de acdo das estatinas é baseado na
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inibicdo competitiva reversivel da enzima marca-passo da via de
biossintese do colesterol, a hidroxi-metil-glutaril-coenzima A (HMG-
CoA) redutase, 0 que acarreta em diminuicdo da sintese de colesterol

pelos hepatdcitos (Schachter, 2005).
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Figura 6: Estrutura quimica das estatinas. Atualmente existem
diversas estatinas completamente sintética, como a fluvastatina,
cerivastatina e atorvastatina, por exemplo. Entretanto 3 s&o derivadas de
fungos: simvastatina, lovastatina e pravastatina pravastatina (Shitara e
Sugiyama, 2006).

A inibicdo de HMG-CoA redutase leva a inibicdo da sintese de
um ndmero importante de intermediarios da via de biossintese do
colesterol como o farnesilpirofosfato (FPP) e o geranilgeranilpirofosfato
(GGPF) (Figura 7), o que pode por sua vez, induzir mudangas pos-
traducionais em uma série de proteinas citosélicas como as proteinas
Rho e Ras da familia de proteinas G de baixo peso molecular (Goldstein
e Brown, 1990; Van Aelst e D'souza-Schorey, 1997; Liao e Laufs,
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2005). Portanto, apesar das estatinas serem largamente utilizadas no
tratamento das hipercolesterolemias, elas sdo capazes de desencadear
efeitos pleiotrépicos independentes de sua capacidade em modificar a
concentracdo de lipidios (Stein, 2002). Entre eles tém sido relatados,
efeitos antiinflamatérios (Yoshida, 2003), vasculares (Rader, 2003) e
efeitos sobre doencas neurodegenerativas (Miida et al., 2007; Piermartiri
et al., 2009; Piermartiri et al., 2010; Ludka et al., 2016).
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Figura 7: Via de biossintese do colesterol: o efeito das estatinas em
inibir a producéo do colesterol e de diversos intermediarios da via, pela
inibicdo da HMG-CoA redutase (adaptado de Liao e Laufs, 2005).

Os efeitos pleiotropicos das estatinas descritos em cancer estdo
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como inducdo de estresse oxidativo (Licarete et al., 2015). Estudos
sugerem gue o0 uso de estatinas pode reduzir o risco de cancer colorretal
em homens (Clancy et al., 2013), cancer de es6fago (Singh et al., 2013),
bem como prejudicando o crescimento de melanoma em modelo animal
(Favero et al., 2010). Existem também, evidéncias de sua acdo
reduzindo mediadores inflamatdrios e moléculas de adesdo endotelial na
anemia falciforme (Adam e Hoppe, 2013).

Diversos estudos relatam a agdo de estatinas em células de
glioma humanos. A lovastatina inibe a proliferagdo de células de
linhagens de glioma humano como A172, U87, U251 e ainda em
culturas primarias de glioblastomas humanos, de maneira dependente de
concentracdo, por indugdo de apoptose (Jones et al., 1994; Bouterfa et
al., 2000; Jiang et al., 2004). Ainda, cerivastatina é capaz de inibir a
migracdo celular de linhagens de gliomas humanos U251 e U7TMG
(Obara et al., 2002). De maneira similar, a simvastatina é capaz de inibir
0 crescimento e a migracdo celular, além de ativar cascatas apoptéticas
em modelos de glioma in vitro (Gliemroth et al., 2003; Wu et al., 2009).
A associacdo de atorvastatina com lovastatina ou proglitazona acarreta
em altos niveis de morte celular em células de gliomas humanos, sendo
que atorvastatina associada a proglitazona aumenta a ativacdo de
caspase-3 nessas células (Tapia-Pérez et al., 2011).

Apesar das estatinas compartilharem o mecanismo de acéo,
existe diferencas quanto a atividade e farmacocinética destes farmacos.
A atorvastatina € uma estatina sintética e lipossolivel, que se liga a
proteinas plasmaticas e tem seletividade hepatica quanto a inibicdo da
HMG-CoA redutase (Schachter, 2005). A lactonizagdo deste composto

permite a transformacdo da atorvastatina a uma lactona, que pode por
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sua vez atravessar a barreira hematoencefalica (Kantola et al., 1998;
Jacobsen et al., 2000). Em geral, os efeitos colaterais mais frequentes
dessa estatina, como fadiga muscular, desconforto abdominal, mal-estar
e febre, sdo bem tolerados (Schachter, 2005) e uma grande quantidade
de dados clinicos tem demonstrado a seguranca da utilizacdo de altas
doses de atorvastatina (Schwartz et al., 2001; Koren et al., 2004).
Estudos tém apontado para uma capacidade da atorvastatina em
modular a transmissdo glutamatérgica. A atorvastatina protege de
neurdnios corticais da morte celular induzida por glutamato, de maneira
independente da acdo inibitéria da HMG-CoA redutase (Bosel et al.,
2005). Ainda, j& foi demonstrado que estatinas sdo capazes de proteger
neurdnios da excitotoxicidade induzida pela ativacdo de receptores
NMDA (Zacco et al., 2003). Apesar do mecanismo de acdo ndo ser bem
esclarecido, a atorvastatina é um modulador da transmisséo
glutamatérgica e parece atuar pelo bloqueio da ativacdo dos receptores
NMDA (Wang et al., 2009; Gutierrez-Vargas et al., 2014) desta forma,
um potencial agente para avaliacdo dos efeitos como possivel estratégia

terapéutica em gliomas.

1.6.2. Guanosina

Uma molécula endogena que vem demonstrando efeitos
biologicos importantes é a guanosina (Figura 8), o nucleosideo da
guanina que atua como molécula de sinalizagdo intercelular no SNC.
Além do seu papel intracelular, como precursor dos nucleotideos da
guanina, diversos estudos mostram que a guanosina exerce efeitos
extracelulares, como um agente neuroprotetor (Rathbone et al., 2008) e

estimulador da regeneragdo nervosa (Jiang et al., 2003). Ainda, a
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guanosina previne convulsdes e a toxicidade induzida por drogas que
superestimulam o sistema glutamatérgico em camundongos (Schmidt et
al., 2000; Lara et al., 2001; Schmidt et al., 2005), além de possuir efeito
antinociceptivo e ansiolitico (Vinadé et al., 2003; Schmidt et al., 2008;
Schmidt et al, 2009). Além disso, a guanosina previne a
excitotoxicidade glutamatérgica induzida pela privacdo de oxigénio e
glicose e pela administracdo de peptideo B-amiloide, modelos de
isquemia e da doenca de Alzheimer, respectivamente, através do
aumento da captacdo de glutamato pelos transportadores ndo-neuronais
(Frizzo et al., 2002; D'alimonte et al., 2007; Dal-Cim et al., 2011).
D’Alimonte et al. (2007) também demonstraram que a guanosina é
capaz de diminuir a expressdo e funcéo de receptores CD40, receptores
celulares associados a eventos inflamatérios. Além disso, em fatias
hipocampais, a guanosina ndo apresenta toxicidade as células neurais

mesmo quando em alta concentracdo (Molz et al., 2009).
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Figura 8: Estrutura quimica da Guanosina: a guanosina é um
nucleosideo que compreende uma guanina ligada a uma ribose por uma
ligagdo glicosidica. A guanosina pode ser fosforilada a guanosina
monofosfato (GMP, guanosina monofosfato ciclico (cGMP), guanosina
difosfato (GDP) e guanosina trifosfato (GTP) (Lanznaster et al., 2016).

Um dos principais mecanismos a que se atribui o efeito

neuroprotetor da guanosina é a sua capacidade de aumentar a captacdo
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de glutamato. Este efeito ja foi demonstrado em cultura de astrécitos e
fatias cerebrais submetidas a situacGes excitotdxicas, sugerindo que a
guanosina possui um papel regulatério sobre os niveis extracelulares de
glutamato, mantendo-o em niveis subtdxicos (Gottfried et al., 2002;
Thomazi et al., 2004; Frizzo et al., 2005; Dal-Cim et al., 2011,
Lanznaster et al., 2016). Além dos efeitos neuroprotetores da guanosina,
h& uma série de evidéncias demonstrando seus efeitos troficos, como
neuritogénese ou proliferacdo celular (Rathbone et al., 1999). Em co-
culturas de astrdcitos e neurdnios cerebelares, o tratamento dos
astrdcitos com guanosina promove uma reorganizacdo de proteinas da
matriz extracelular. Tais efeitos tréficos ocorrem pela ativacdo de vias
de sobrevivéncia celular como MAPK/ERK, CaMKIl, PKC, PI3K e
PKA (Decker et al., 2007).

Estudos tém demonstrado a interacdo da guanosina com
receptores de adenosina em diversos efeitos. A inibicdo do receptor A;
de adenosina foi capaz de inibir o efeito antinociceptivo da guanosina
(Schmidt et al., 2010). Ainda, estudos sugerem que o efeito
neuroprotetor da guanosina esta relacionado com a ativagéo do receptor
A e inativacdo do receptor A, de adenosina, possivelmente através de
uma oligomerizagdo destes receptores (Ciruela et al., 2006; Ciruela,
2013; Dal-Cim et al., 2013). O efeito neuroprotetor da guanosina
depende da ativacdo de cascatas intracelulares envolvidas em processos
de sobrevivéncia e crescimento celular, como as vias da PI3K/Akt e
MAPK (Molz et al., 2011; Dal-Cim et al., 2012).

Ainda que os mecanismos de a¢do da guanosina ndo tenham sido
completamente elucidades, diversos estudos tém demonstrado efeito

protetor e efeito antitumoral. A guanosina induz diferenciacéo,
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melanogénese e diminuicdo da motilidade em células de melanoma
(Naliwaiko et al., 2008). Além disso, a guanosina é capaz de aumentar o
efeito antitumoral da acriflavina em modelo de carcinoma de Erlich
(Kim et al., 1997).
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2. JUSTIFICATIVA

Os tratamentos utilizados em pacientes acometidos por gliomas,
como a resseccdo cirdrgica, a radioterapia e a quimioterapia nédo
produzem melhora satisfatéria nos prognoésticos e tempo de sobrevida
dos pacientes. Ainda, 0s quimioterapicos classicos para o tratamento
dessa doenca exibem uma vasta gama de efeitos colaterais, prejudicando
a qualidade de vida do paciente.

A temozolomida é um quimioterapico de uso classico no
tratamento de gliomas, que atua impedindo a replicacdo do DNA, mas ja
foi observado que seu uso ndo é capaz de elevar a sobrevida de
pacientes de maneira satisfatoria. Ndo ha estudos que relacionem os
mecanismos de resisténcia a temozolomida com a atividade
glutamatérgica alterada em gliomas.

Atualmente existem diversos estudos em andamento sobre
terapias associadas, entre quimioterapicos de uso classico e substancias
com ac¢Oes potenciais na diminuicdo da proliferacdo e ativacdo do
processo apoptotico. Entretanto, as terapias associadas em uso clinico
atual, ainda ndo apresentam melhora dos prognésticos para pacientes
acometidos com gliomas.

Em céncer de pulmdo, a guanosina foi capaz de reduzir a
populagdo celular rica em células tronco (Su et al., 2010). Apesar da
excitotoxicidade glutamatérgica e a presenca de eventos inflamatorios
em gliomas ja serem bem evidentes, ainda ndo existem estudos
publicados sobre os efeitos da guanosina em gliomas.

O uso de estatinas reduzindo a incidéncia de cancer, bem como

diminuindo o crescimento tumoral, ja vem sendo descrito por estudos
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nos ultimos anos. Os efeitos pleiotropicos da atorvastatina tém sido
relacionados a modulagdo do sistema glutamatérgico, em especial a
modulagdo dos receptores NMDA, principal responsavel pela
excitotoxicidade glutamatérgica, proeminente em gliomas.

Visto que gliomas apresentam alteragdes no sistema
glutamatérgico, estudos sobre o efeito de quimioterapicos neste sistema,
bem como o efeito de substancias adjuvantes que possam apresentar
efeitos sobre o funcionamento do sistema glutamatérgico em gliomas,

podem elucidar mecanismos alvo para potenciais tratamentos da doenga.
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3. OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar o efeito isolado e da associacdo do quimioterapico
Temozolomida (TMZ) com os compostos moduladores do sistema
glutamatérgico Atorvastatina ou Guanosina, sobre a sobrevivéncia,
proliferagdo e migragdo celular, transmissdo glutamatérgica e vias de

sinalizacdo e morte celular na linhagem de glioma A172.

3.2.  OBJETIVOS ESPECIFICOS

I. Avaliar possiveis efeitos do tratamento com Atorvastatina
sobre alteracfes na viabilidade celular, migracdo celular, parametros
glutamatérgicos e inducdo de morte celular programada em cultivo de
glioma humano Al72, comparativamente com os efeitos da
Temozolomida;

Il. Avaliar possiveis efeitos do tratamento associado de
Temozolomida e Guanosina sobre alteragdes na viabilidade celular,
migracéo celular, pardmetros glutamatérgicos e inducéo de morte celular

programada em cultivo de glioma humano A172.
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4, MATERIAL E METODOS

Os materiais e os métodos utilizados para a realizacdo dos
experimentos encontram-se nos respectivos capitulos da mesma,
descritos no corpo dos artigos cientificos que compdem esta tese na

secdo de resultados. Os métodos adicionais encotram-se a seguir.

4.1. CULTURA CELULAR

As células da linhagem de glioblastoma humano A172 (ATCC,
2013; gentilmente cedidas pelo prof. Dr. Guido Lenz, da Universidade
Federal do Rio Grande do Sul, RS, Brasil) foram cultivadas em DMEM-
F12 (Invitrogen, Carlsbad, CA)/10% SFB (Cultilab), frascos de cultivo
de 25 cm? e mantidas em estufa de atmosfera Gimida contendo 5% de
CO? a 37°C. Para anélises bioquimicas, quando atingida & confluéncia,
as células foram tripsinizadas (Tripsina/EDTA, 0.05%; Gibco) e
plaqueadas em placas de 24 ou 96 pocos (3.5 x 10° ou 0.5 x 10° células

por poco, respectivamente).

4.2. TRATAMENTO CELULAR

As células foram plaqueadas em placas de 24 ou 96 pocos.
Apobs a confluéncia, foram tratadas com ATOR (10 uM), TMZ (500
UM), ou ATOR (10 pM) + TMZ (500 puM) durante 48 horas. Para
melhor compreender 0 mecanismo da agdo citotéxica da ATOR foram
empregados inibidores de vias de sobrevivéncia, como um estudo de
abordagem farmacoldgica. Tais inibidores foram pré-incubados por 30
minutos antes da adi¢do da ATOR e foram mantidos por 48 horas de

tratamento. As drogas utilizadas foram: inibidor da proteina cinase A
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(PKA) - Dihidrocloreto de N-[2-(p-Bromocinnamilamino)etil]-5-
isoquinolinasulfonamida (H89 - 3 uM); inibidor da proteina cinase
dependente de Ca”‘/calmodulina (CaMKIl) — Acido (S)-5- 4-[2-[(5-
isoquinolinilsulfonil)metilamino]-3-oxo-3-(4-fenil-1-

piperazinil)propil]fenil Isoquinolinesulfonico ester, (KN-62 - 10 puM);
inibidor da cinase da proteina cinase ativada por mitdgeno (MEK) — 2-
(2-Amino-3-metoxifenil)-4H-1-benzopirano-4-ona (PD98059 - 10 uM);
inibidor da proteina cinase C (PKC) — Cloreto de 1,2-Dimetoxi-N-
metil(1,3)benzodioxolo(5,6-c)fenantridinium  (Queleritrina — CHE - 3
KUM); o inibidor da fosfatidilinositol-4,5-bisfosfato 3-cinase (PI3K) — 2-
Morfolina-4-il-8-fenilcromen-4-ona (LY294002 - 10 uM); inibidor da
proteina alvo da rapamicina em mamiferos (mTOR) — rapamicina (RAP
- 1 nM). Os grupos controle foram incubados somente com meio de

cultivo por 48 horas.

4.3. ENSAIO COMETA

O protocolo de cometa sob condigdes alcalinas foi usado
segundo Singh et al.(Singh et al., 1988), de acordo com 0s guias gerais
para aplicacéo in vitro (Tice et al., 2000). As laminas foram fixadas com
prata para avaliagdo do dano ao DNA (Nadin et al., 2001). Foram
analisadas 100 células por grupo em microscépios optico em aumento
de 200 vezes. As células foram analisadas visualmente e a elas foi
atribuido uma pontuacédo de 0 (sem dano) a 4 (dano maximo) de acordo

com a intensidade da cauda (tamanho e formato).
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44. POTENCIAL DE MEMBRANA MITOCONDRIAL
(APM)

Apobs o tempo de tratamento as células foram incubadas com
um corante fluorescente mitocondrial, a tetrametilrodamina etil ester
(TMRE, 10 nM), durante 30 minutos a 37°C (Egea et al., 2007) para
analisar o potencial de membrana mitocondrial decorrente do tratamento
com ATOR. A intensidade de fluorescéncia foi medida nos
comprimentos de onda de 550 nm de excitacdo e 590 nm de emissdo. O
carbonil cianido p-trifluorometoxi fenilhidrazona (FCCP), um
desacoplador mitocondrial, foi utilizado como controle positivo da

emissao de fluorescéncia.

4.5. VIABILIDADE CELULAR

Para estudar o efeito da ATOR em vias de sobrevivéncia celular a
viabilidade celular foi avaliada pela capacidade de reduzir o sal de MTT
(3-(4,5-Diametiltiazol-2-il)-2,5-difenil brometo de tetrazolium como
descrito (Mosmann, 1983). Nesse ensaio, as células viaveis convertem o
sal hidrosolivel de MTT em formazana purpura, insolivel em agua.
Assim sendo, a formacdo da formazana é proporcional ao nimero de
células viaveis e é analisado por densidade 6ptica. As células foram
incubadas com MTT (0.2 mg/mL) em PBS por 2 horas a 37°C. A
formazana produzida foi solubilizada com dimetilsulféxido (DMSO) e a
absorbancia da solugdo foi medida em leitor de ELISA (Multileitora
Infinte M200 TECAN) a 550 nm.
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4.6. ANALISES ESTATISTICAS

Os dados foram analizados pela analise de variancia de uma via
(ANOVA) seguido pelo teste de Student-Newman-Keuls. O software
utilizados para tal e para confeccdo dos gréficos foi o GraphPad Prism

4.0, considerando o nivel de significancia de p<0,05.
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5. RESULTADOS

Os resultados obtidos estéo divididos em capitulos seguindo a
distribuicéo abaixo:
= Capitulo I: Avaliagdo dos mecanismos citotdxicos da
atorvastatina em células de glioma humano A172 e estudo do
envolvimento dos sistemas glutamatérgico e adenosinérgico.
= Capitulo II: Estudo do efeito citotoxico da guanosina e
envolvimento dos sistemas adenosinérgico e glutamatérgico e
da associacdo com temozolomida em células de glioma humano
Al72.
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CAPITULO |

Avaliacdo dos mecanismos citotdxicos da atorvastatina em células de
glioma humano A172 e estudo do envolvimento dos sistemas
glutamatérgico e adenosinérgico.

Este capitulo apresenta os resultados relacionados ao objetivo
especificos | desta tese.

Os resultados referentes ao efeito citotoxico da atorvastatina e o
envolvimento do sistema glutamatérgico estdo apresentados como o
Anexo A do Capitulo I, que exibe o artigo cientifico intitulado
“Atorvastatin promotes cytotoxicity and reduces migration and
proliferation of human A172 glioma cells” publicado no periddico
Molecular Neurobiology

Os resultados relativos ao efeito da atorvastatina sobre o dano ao
DNA e potencial de membrana mitocondrial e a avaliagdo do
envolvimento de vias de sinalizacdo intracelular no efeito da

atorvastatina, estdo apresentados na sequéncia.



58



ANEXO A - CAPITULO |

59



60



Mol Neurobiol
DOI 10.1007/s12035-017-0423-8

61

@ CrossMark

Atorvastatin Promotes Cytotoxicity and Reduces Migration
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Abstract Malignant gliomas have resistance mechanisms to
chemotherapy that enable tumor invasiveness and aggressive-
ness. Alternative therapies in cancer treatment, as statins, have
been suggested to decrease proliferation, inhibit cell migration,
and induce cell death. The aim of this study was to evaluate the
effect of atorvastatin (ATOR) on cell viability, migration, pro-
liferation, apoptosis, and autophagy in A172 human glioma
cells. Temozolomide (TMZ), a chemotherapic used to glioma
treatment, was tested as a comparison to cytotoxic effects on
gliomas. Cell viability was also assessed in primary culture of
cortical astrocytes. ATOR treatment (0.1 to 20 uM) did not alter
astrocytic viability. However, in glioma cells, ATOR showed
cytotoxic effect at 10 and 20 uM concentrations. TMZ
(500 uM) reduced cell viability similarly to ATOR, and drug
association did not show additive effect on cell viability.
ATOR, TMZ, and their association decreased cell migration.
ATOR also decreased glioma cell proliferation. ATOR in-
creased apoptosis, and TMZ association showed a potentiation
effect, enhancing it. ATOR and TMZ treatment increased acidic
vesicular organelle (AVO) presence in A172 cells, an indicative
of autophagy. ATOR effect of reducing A172 cell viability did
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not alter glutamate transport and glutamine synthetase activity,
but it was partially prevented through antagonism of ionotropic
and metabotropic glutamate receptors. Our data shows a cyto-
toxic effect of ATOR on glioma cells, whereas no toxicity was
observed to astrocytes. ATOR showed similar cytotoxic effect
as TMZ to glioma cells, and it may be a safer drug, regarding
side effect induction, than chemotherapic agents.

Keywords Atorvastatin - Glioma cells - Temozolomide -
Cytotoxicity - Glutamate

Introduction

Malignant gliomas are a heterogeneous tumor group, and they
are considered the harshest type of brain cancers, originating
from astrocytic neoplastic transformation. It comprises about
70% of all central nervous system (CNS) neoplasias, with
18,000 new cases discovered every year. Gliomas differ widely
in morphology, location, and therapy responses [1, 2]. The treat-
ment consists of tumor resection usually combined with thera-
pies, such as chemotherapy and radiotherapy. Chemotherapy
shows substantial limiting factors for choosing the use of drug,
such as blood-brain barrier (BBB) permeability to drugs and
tumor heterogeneity. These issues define cancer responsiveness
to therapy [3, 4]. Among the most recently used drugs is temo-
zolomide (TMZ) which interrupts DNA replication. TMZ treat-
ment shows potential efficacy in early diagnosed glioma treat-
ment [5]. However, even with combined treatments, the survival
rates remain unsatisfactory, being around 12 to 15 months.
Statins, the most prescribed class of hypocholesterolemic
drugs worldwide, are being reported as potential drugs in gli-
oma treatment [6]. Their mechanism of action to reduce cho-
lesterol synthesis is based on reversible competitive inhibition
of'the pacemaker enzyme of cholesterol biosynthetic pathway,

@ Springer
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hydroxymethyl-glutaryl (HMG)-CoA reductase [7].
However, statins are able to trigger pleiotropic effects inde-
pendently of their capability in changing lipid levels [8].
Statins have been shown to display antiinflammatory [9], vas-
cular [10], and neuroprotective effects [11-13].

Focusing in statin effects on glioma cells, it has been shown
that lovastatin inhibits human glioma cell proliferation in a
concentration-dependent way, by inducing apoptosis
[14-16]. Further, cerivastatin inhibits cell migration in human
glioma lines [17], and simvastatin has been shown to inhibit
cell growth and migration and to activate apoptotic cascades
in in vitro glioma models [18, 19]. Despite that statins share
similar mechanisms of action on HMG-CoA reductase inhibi-
tion, there are differences in their activity and pharmacokinet-
ics. Atorvastatin (ATOR) is a synthetic and lipophilic statin,
able to cross the BBB [7, 20, 21]. This statin suppresses inva-
sion and migration in human glioma cells (U87, U 138, and
LN 405) and its combination with lovastatin or pioglitazone
increases cell death [22, 23].

Several researches show the relationship between changes
in the glutamatergic system and glioma development.
Glutamate uptake into gliomas is significantly reduced, prob-
ably due to a decreased expression and activity of excitatory
amino acid transporters when compared to astrocytes [24]. In
addition to lower glutamate uptake, gliomas release it through
a cystine-glutamate exchanger (Xc system) activity [25].
Studies evaluating the neuroprotective effect of ATOR sug-
gest its capacity of modulating the glutamatergic transmission,
presenting an antagonist-like effect over glutamate receptors
[26], or modulating glutamate transport. ATOR treatment pre-
vents the decreased glutamate uptake and increased glutamate
release induced by quinolinic acid, an N-methyl-D-aspartate
(NMDA) receptor agonist in the hippocampus of a murine
model of seizures [12, 27]. Furthermore, considering the need
for advances in effective treatments for patients suffering from
glioma, the study of statin effects has been considered as a
potential approach to improve glioma treatment.

In this study, we evaluated ATOR effects in comparison
with TMZ or both drugs combined on cell viability, type of
cell death, migration, proliferation, and glutamatergic system
parameters. We demonstrated ATOR effect of decreasing gli-
oma cell viability via glutamatergic signaling, inhibiting mi-
gration and proliferation, and increasing apoptotic cell death
and autophagy. TMZ showed effect of reducing cell viability
in a high concentration and preventing migration, but it did
not induce apoptosis. These findings indicate an improved
effect of ATOR as a cytotoxic approach against glioma cells.

Material and Methods

Cell Culture The glioma cell line A172 (a kind gift from Dr.
G. Lenz from Universidade Federal do Rio Grande do Sul,

@ Springer

RS, Brazil) was cultured in Dulbecco’s modified Eagle’s me-
dium and nutrient mixture F12 (DMEM-F12, Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS; Cultilab), in 25-cm? culture flasks, at 37 °C humidified
atmosphere of 5% CO,, as previously reported [28]. For the
biochemical analysis, when reached confluence, A172 cells
were trypsinized (trypsin/EDTA, 0.05%; Gibco) and plated
in 6, 12, 24, or 96-well plates (1 x 10°, 2.5 x 10°, 1 x 10°
cells, and 1 x 10* cells, respectively).

Primary culture of astrocytes was prepared from cerebral
cortex obtained from newborn (0-3 days old) Wistar rats, as
previously described [29]. Briefly, astrocytes were dissociated
from the tissue mechanically and plated onto 24-well culture
plates (3.5 x 10° cells/well) previously coated with polylysine
(0.1 mg/mL; Sigma) and grown to confluence (10—14 days) in
the presence of DMEM-F12 supplemented with FBS at 10%.
This procedure was approved by the university’s Ethical
Committee of Animal Research (CEUA/UFSC).

Cell Treatment After confluence, the astrocytes were treated
with ATOR (0.1 to 20 uM; Sigma) for 48 h. The A172 cells
were treated with ATOR (5-20 uM), TMZ (500 uM; Tocris)
for 24 or 48, or ATOR (10 uM) + TMZ (500 uM) for 48 h. In
order to assess ATOR mechanism of action, the adenosine and
glutamate receptor antagonists and glutamate transporter in-
hibitors were incubated 30 min before ATOR and maintained
during 48-h treatment. Drugs used were as follows: adenosine
A, receptor (A;R) antagonist dipropylcyclopentylxanthine
(DPCPX 100 nM), adenosine A, receptor (A,aR)
antagonist 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a]
[1, 3, S]triazin-5-ylamino]ethyl)phenol
(ZM241385 50 nM), the glutamate receptor subtypes
«-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor (AMPAR) and kainate receptor (KAR) antagonist
6,7-dinitroquinoxaline-2,3-dione (DNQX 1 uM), the gluta-
mate subtype N-methyl-D-aspartate receptor (NMDAR) an-
tagonist dizocilpine (MK-801 1 uM), KAR antagonist
y-D-glutamylaminomethylsulphonic acid (GAMS 1 uM),
metabotropic glutamate receptor (mGluR) antagonist
(RS)-a-methyl-4-carboxyphenylglycine (MCPG 10 pM), the
broad spectrum inhibitor of excitatory amino acid transporters
(EAATs) DL-threo-3-benzyloxyaspartic acid (DL-TBOA
100 uM), and the Xc system inhibitor sulfasalazin (SAS
300 uM). The control groups (CTs) were incubated with
DMEM-F12 only.

Viability Analysis Cell viability was evaluated through cells’
capacity to reduce 3-(4,5-diamethylthiazol-2-yl)
-2,5-diphenyltetrazolium bromide (MTT) as previously de-
scribed [30]. In this assay, viable cells convert water-soluble
yellow MTT to water-insoluble blue MTT formazan. Thus,
MTT formazan production, identified by optical density, is
assumed to be proportional to the number of viable cells.
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Cells were incubated with MTT (0.2 mg/mL) in PBS for 2 h at
37 °C. The formazan produced was solubilized by replacing
the medium with 100 uL of dimethylsulfoxide (DMSO),
resulting in a colored compound from which optical density
was measured in an ELISA reader (550 nm).

The CellTiter-Glo® Luminescent Cell Viability assay was
also used to access the cell viability. ATP quantification was
assayed as an indicator of metabolically active cells.
According to the manufacturer’s recommendations, the cells
were maintained in room temperature for 30 min. Briefly, the
CellTiter-Glo® reagents were added, and the plate incubated
in orbital shaker for 2 min. The luminescent signal was stabi-
lized for 10 min at room temperature, and the total lumines-
cence recorded.

The trypan blue exclusion assay was also applied [31].
After time treatment, cells were stained with trypan blue and
counted in hemocytometer. The percentage of viable cells was
calculated: % viable cells = (number of viable cells / number
of total cells) x 100.

Migration Analysis In order to analyze changes in cell mi-
gration, the wound healing assay was carried out according to
previous studies [32, 33]. Briefly, cells were plated in 6-well
plates; after 24 h, a Pippete-200 tip was used to scrap the dish
surface to generate the “wound” and the medium was replaced
for FBS-free medium containing drugs. Phase contrast images
were obtained using a 10x objective lens in an inverted mi-
croscope at 0, 24, and 48 h. To each experiment, a scratch was
carried out in five replicates, and the experiment was repeated
three times. The gap width was calculated by 10 measure-
ments from each scratch to obtain the width average. Each
measurement was taken from the left edge to the right edge
of the scratch, going from the top to the bottom of the image
using ImagelJ software. The average of the width was
expressed in arbitrary units.

Intending to confirm changes in cell migration, the
transwell migration assay was carried out according to a
previous study [34]. The cells were detached from culture
bottle then centrifuged and resuspended in a serum-free
culture medium to reach 5 x 10* cells/well. The cell so-
lution was plated on top of ThinCert™, either with or
without ATOR and/or TMZ treatments, and incubated
for 10 min as 37 °C and 5% CO,. A DMEM-F12 20%
FBS solution was used on the bottom of the lower cham-
ber in a 24-well plate as chemoattractant. After 48 h of
incubation, the cells on the lower side of the chamber
were stained with Hoescht (5 pug/mL) for 10 min and
counted on a fluorescence microscope. The number of
migrated cells was counted in 10 randomly selected fields
from each membrane. Each group had three replicates,
and the experiment was repeated three times
independently.

Cell Proliferation Analysis In order to analyze A172 cell
proliferation, after treatment, cells were fixed with paraformal-
dehyde 4% and the cells were incubated with Ki-67 antibody
(Millipore) overnight (1:500 at 4 °C). Then, the cells were
incubated with anti-rabbit IgG secondary antibody conjugated
with Alexa Fluor-488 at room temperature for 60 min (1:500;
Abcam). The nucleus was stained with Hoechst (5 pg/mL;
Sigma) for 10 min. Ten random fields were photographed
per replicate in fluorescent microscope, and the cells were
counted. The number of cells with Ki-67 positive stained
was divided by total Hoechst cell stained to establish a cell
proliferating rate. Each group had three replicates, and the
experiment was repeated three times independently.

Apoptosis and Necrosis Analysis To analyze the effect of
ATOR and TMZ on apoptosis or necrosis levels in glioma
cells, the Annexin V-FITC assay kit (Millipore) was used in
flow cytometry. The kit detects specific biochemical change in
the cell surface membrane. Annexin V-FITC conjugated binds
to phosphatidylserine exposed at cell surface in apoptotic
cells. Propidium iodide binds to DNA in cells with compro-
mised cell membrane indicating necrotic cells. After treat-
ment, cells were trypsinized, centrifuged at 220x g, and
washed in cold PBS, then resuspended in 200 pL of binding
buffer. FITC-conjugated annexin V and propidium iodide re-
agent staining was performed in concentrations and time rec-
ommended by the manufacturer. The cells were sorted by
FACSCanto 1T flow cytometer and results processed on
Flowing Software 2.

Autophagy Analysis To identify the presence of acidic vesic-
ular organelles (AVOs), cells were plated in 24-well dishes.
After 24 h, the cells were treated. Elapsed 48 h of treatment,
the cells were washed with PBS and incubated with Acridine
orange (Sigma) 10 pg/mL for 10 min in room temperature.
Then, the solution was replaced to PBS, and the cells were
analyzed under an inverted fluorescence microscope (Zeiss
Axiovert 40 CFL, capture system AxioCamMRec).
Depending on their acidity, the autophagic lysosomes appear
as orange/red AVOs, while cytoplasm and nuclei are green.
The analyses were carried out using a 490-nm bandpass blue
excitation and a 515-nm long pass barrier filters. In order to
quantify AVO presence, cells were counted through flow cy-
tometry. After treatment, cells were PBS washed and incubat-
ed with Acridine orange 1 pg/mL for 15 min. Then, the cells
were trypsinized, centrifuged at 220% g, and ressuspended in
500 uL of PBS-EDTA 0.2 uM. The cells were sorted by
FACSCanto II flow cytometer and results processed on
Flowing Software 2.

L-[*H]Glutamate Transport To analyze this parameter, cells

were concomitantly plated for transport assays and cell
counting, for experiment normalization. After drug
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incubation, culture medium was removed and the cells were
incubated in Hanks-buffered saline solution (HBSS, compo-
sition in mM: 1.3 CaCl,, 137 NaCl, 5 KCl, 0.65 MgS0O,, 0.3
Na,HPO,, 1.1 KH,POy,, 2 glucose, and 5 HEPES) (pH 7.2)
for 15 min at 37 °C. Excitatory amino acid release was
assessed through adding 0.33 pCi/mL of L-[*H]glutamate
(American Radiolabeled Chemicals (ARC)), plus
L-glutamate to reach final concentration of 100 uM and incu-
bated for 7 min. The reaction was stopped with three ice-cold
HBSS washes. Cells were incubated in HBSS for 15 min in
300 pL at 37 °C, and the medium was collected to measure
L-[*H]glutamate release. The cells were lysed in the NaOH
0.1 N/SDS 0.1% solution overnight, and the L-[*H]glutamate
content was used to assess the neurotransmitter uptake, deter-
mined through scintillation counting [35]. Cells that were con-
comitantly plated were counted in hemocytometer, and exper-
iment was normalized as femtomole of glutamate per number
of viable cells after treatment.

Glutamine Synthetase Activity The assay of the glutamine
synthetase enzyme activity has been adapted from Shapiro
[36] and Vandresen-Filho et al. [37]. For evaluating drug ef-
fects on glutamine synthetase activity in human glioma A172
cells, after treatment, the cells were harvested and washed in
PBS. Then, the cells were incubated for 15 min in 200 puL of
imidazole-HCI buffer (80 mM, pH 7.0) and homogenized.
The assay mixture contained 80 mM imidazole-HCI
buffer, 30 mM glutamine, 3 mM MnCl,, 30 mM
hydroxylamine-HCI, 20 mM sodium arsenate, 0.4 mM ADP,
and 50 uL of the cell homogenate. The reaction was stopped
after 30 min at 37 °C through addition of 100 puL of a mixture
containing 4/1/0.5/6.5 (v/v/v/v) of 10% (w/v) ferric chloride,
24% (w/v) trichloroacetic acid, 6 M HCI, and water. The re-
action product, y-glutamylhydroxamate, was measured at
540 nm using a microplate reader and converted to the amount
of product formed through comparison with a standard curve.
The enzyme activity was expressed as percentage of control.

Protein Measurement Protein content was evaluated by
using the method of Lowry [38], and bovine serum albumin
(Sigma) was used as standard.

Statistical Analysis Data were analyzed by one-way analysis
of variance (ANOVA), when treated groups were compared
only to the control group, or two-way ANOVA when the com-
parisons assessed different times and concentration groups. The
ANOVA analyses were followed by Student-Newman-Keuls
test. The software used was GraphPad Prism 4.0 for one-way
analysis or Statistica 7.0 for two-way analysis, considering sig-
nificance level p < 0.05.
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Results
Viability Assays

A time course and concentration curve of ATOR was carried out
in order to study the statin effect on A172 cell viability (Fig. 1a).
ATOR at 5, 10, or 20 uM was evaluated in 24, 48, and 72 h of
incubation time. In 24 h of incubation, none of the ATOR con-
centrations changed glioma cell viability. However, after 48 h of
ATOR treatment, A172 cells showed a viability reduction at
10 uM concentration, compared to the control group. This effect
was not observed with 5 or 20 uM ATOR treatments (Fig. 1b).
After 72 h of treatment, significant cell viability reduction relat-
ed to the control group was still observed with 10 and 20 pM
ATOR treatment, but not with 5 uM. Thus, the concentration of
10 uM ATOR at 48 h of treatment was chosen because it pre-
sents greater efficacy in reducing cell viability at an intermediate
time course of treatment (Fig. 1b).

To exclude a putative cytotoxic effect of ATOR in healthy
cells, a concentration curve assay was conducted in primary
cortical astrocyte cultures (Fig. 1c). ATOR concentrations
from 0.1 to 20 uM for 48 h were tested, and none of these
concentrations modified astrocytic viability, demonstrating
the safety of ATOR treatment.

As TMZ is a drug largely used in cancer treatment, we also
tested its effect and its association with ATOR on glioma cell
viability. Two hundred micromolar TMZ was initially tested to
study the effectiveness in a concentration 20 times higher than
the ATOR on A172 cell viability; however, it did not change the
glioma cell viability (data not shown). The A172 cells were then
treated for 48 h with ATOR (10 uM), TMZ (500 uM), or both
drugs co-incubated and tested in three different viability
methods. By evaluating the reductive capacity of cells, through
the MTT reduction assay, it was observed a decrease of 40, 50,
and 55% in glioma cell viability as compared to control cells, in
the presence of ATOR, TMZ, or ATOR + TMZ, respectively.
No significant differences were observed among these three
groups of treatment (Fig. 2a).

Cell viability was also assessed through CellTiter-Glo®
reagent. ATOR, TMZ, or drug co-incubation treatment
showed a decrease in cell viability of 63, 55, and 75%, respec-
tively, with no statistical difference between groups (Fig. 2b).
The trypan blue exclusion assay, a cell counting-based meth-
od, was also applied. Similarly, cell counting assay showed a
decrease in cell viability. The values were 66, 63, or 68%, for
ATOR, TMZ, or ATOR + TMZ, respectively, with no statisti-
cal differences between groups of treatment (Fig. 2c).

Migration Analysis
Aiming to evaluate ATOR effect on glioma cell migration

capacity, a scratch assay was performed (Fig. 3a, b). Cells
were treated with ATOR (10 uM), TMZ (500 uM), or
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Fig. 1 ATOR time course and concentration-response curves on A172
glioma cells and astrocyte viability. a ATOR time course/concentration
curve was performed in A172 glioma cells to assess cellular viability. b
A172 cells were treated with ATOR (5, 10, or 20 uM) for 48 h, and the
viability was assessed. ¢ Cortical astrocytes were treated with ATOR
(0.1-20 uM) for 48 h, and viability was assessed. Data expressed as
optical density (OD) at 540 nm in a and as percentage related to the
control group (dotted line) in b and ¢. n = 6 of independent experiments
for a, b, and ¢ separately. *p < 0.05 compared to the control group

n =5 of independent experiments for a; n = 3 of independent experiments
for b and ¢. *p < 0.05 compared to the control group in a, b, and ¢

co-incubated with both drugs. Images were obtained shortly
after the treatment, after 24 and 48 h. Evaluation after 24 and
48 h showed that the glioma cells filled the wound as expect-
ed, wherein in the last time point, the cells occupied around
70% of the gap. After 24 h of treatment with ATOR or TMZ,
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Fig. 3 ATOR and TMZ effects on cell migration. a After confluence,
cells were treated (ATOR 10 uM; TMZ 500 uM; ATOR 10 uM + TMZ
500 uM), the scratch assay was performed, and the cells photographed
subsequently and after 24 and 48 h. Gap width was quantified as arbitrary
units of pixels number on Imagel software. b Illustrative images from
cells subjected to the scratched protocol and evaluated after 0, 24, and
48 h, scale bar 200 um. ¢ The cells were plated and treated on ThinCert™
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chamber at same treatment protocol used in wound healing, and 48 h
after, cells were photographed. Ten random fields were counted in each
replicate; each drug treatment had three replicates. d Illustrative images
from cells subjected to the transwell protocol and evaluated after 48 h of
treatment. n = 3 of independent experiments for each technique. *p < 0.05
compared to the same time control group
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glioma cells did not change their migratory capacity, filling
the wound similarly as observed in control cells. However,
ATOR plus TMZ showed a potentiation effect, inhibiting cell
migration capacity as compared to 24-h control group. Glioma
cells treated with ATOR for 48 h also showed an inhibition of
migratory capacity similar to TMZ group, and the
co-treatment did not increase the effect of inhibiting glioma
cell migration.

To study with more accuracy ATOR effect on cell migra-
tion, a Transwell ThinCert™ migration assay was applied.
The CT group showed an average of 282 migrating cells,
while ATOR, TMZ, and ATOR plus TMZ showed 104, 126,
and 99 migrating cells (Fig. 3¢). Thus, ATOR, TMZ, and drug
combination reduced 63, 56, and 65% of migrating cells, re-
spectively. No statistical difference was observed among the
treatments.

Cell Proliferation Analysis

After identifying the cytotoxic effect of ATOR and its ability
to reduce cell migration, it was necessary to study ATOR
effect on cell proliferation. For this purpose, cells were immu-
nostained with Ki-67 and counted. Hoechst was used to stain
total cell number. The Ki-67-positive cell number was divided
by the total cell number. ATOR treatment promoted a decrease
0f 33% in the proliferating cell number (Fig. 4). TMZ and the
drug combination showed a 15 and 23% of reduction and did
not reach statistical significance. Figure 4b shows representa-
tive images from Ki-67-positive cells staining in treated and
untreated cells.

Apoptosis and Necrosis Analysis

The apoptosis-necrosis analysis was carried out through an
Annexin V-FITC/propidium iodide assay in A172 cells treated
with ATOR (10 uM), TMZ (500 uM), or the drug combina-
tion, after 48 h of treatment (Fig. Sa, b). ATOR raised nearly
threefold the apoptosis levels in comparison to control cells.
TMZ did not show significant increase in this cell death type.
ATOR and TMZ combination demonstrated a fivefold in-
crease in apoptosis levels, significantly higher than ATOR,
TMZ, and control groups. In regard to necrotic cell death, no
alterations were observed with ATOR or TMZ treatments
(Fig. 5a). Figure 5b shows representative dot plots from
A172 cells treated with ATOR (10 uM), TMZ (500 uM), or
the drug combination, after 48 h of treatment.

Autophagy Analysis

Acridine orange is a cell-permeable cationic fluorescent dye
which indicates the AVO staining, that suggests the occurrence
of autophagy. The glioma cells were treated with ATOR
(10 uM), TMZ (500 uM), and this drug combination, and after
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Fig. 4 ATOR effect on cell proliferation. a After confluence, A172 cells
were treated (ATOR 10 pM; TMZ 500 uM; ATOR 10 uM + TMZ
500 uM). Forty hour treatment time elapsed, the cells were stained with
paraformaldehyde fixed and stained with Ki-67 antibody. The
quantification was assessed by counting Ki-67-positive and total cells
(Hoechst stained). Ten random fields were counted in each replicate;
each drug treatment had three replicates. b Illustrative images from Ki-
67-positive cells and total cells evaluated after 48 h of treatment. Ki-67-
positive cells (green), Hoechst nucleus staining (blue). n = 3 of
independent experiments. *p < 0.05 compared to the same time control

group

48 h of treatment, a quantification through flow cytometry was
performed. ATOR treatment promoted a twofold increase in
the amount of AVOs. TMZ or the drug combination also raised
AVO staining, similarly to ATOR (Fig. 6a). Figure 6b shows
representatives dot plots obtained through flow cytometry.
Representative photomicrographs show AVO presence and
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changes in cell number following ATOR or TMZ treatment
(Fig. 6¢). These observations could reinforce the cytotoxic
potential of these compounds on glioma cells.
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Fig. 6 ATOR and TMZ effects on autophagy in A172 glioma cells. a
After confluence, A172 cells were treated (ATOR 10 uM; TMZ 500 uM;
ATOR 10 uM + TMZ 500 uM). After 48 h of treatment, the cells were
washed and stained with Acridine orange and counted in a flow
cytometer. b AVO presence quantification. ¢ Representative images of
Acridine orange cell staining, scale bar 80 pum. n = 5 independent
experiments. *p < 0.05 compared to the control group

Atorvastatin Effect on Glutamate Transmission

As glutamatergic transmission changes were observed in
several glioma cells, parameters of glutamate transport
and metabolism were analyzed. It was studied the ATOR
effect in glutamate transport in A172 cells treated with
ATOR (10 uM), TMZ (500 uM), or the drug combina-
tion, after 48 h of incubation. ATOR, TMZ, or ATOR +
TMZ did not significantly alter glutamate uptake
(Fig. 7a). Regarding glutamate release from A172 glioma
cells, it was observed that TMZ increased glutamate re-
lease, whereas ATOR or ATOR + TMZ showed a tenden-
cy of increasing glutamate release, although no statistical
significance was reached (Fig. 7b).

Glutamine synthetase (GS) is the enzyme responsible for
converting the glutamate taken up from the extracellular space
to glutamine into astrocytes; thus, GS is involved in regulating
extracellular glutamate levels [39]. The activity of GS in A172
cells treated with ATOR and the chemotherapeutic compound
for 48 h was assessed. No alterations were observed on GS
activity in A172 cells treated with ATOR, TMZ, or ATOR +
TMZ (Fig. 7c).

A putative glutamatergic system involvement in ATOR
effect was also studied through pharmacological blockade of
glutamate transporters and evaluation of cellular viability.
Considering the slight effect of ATOR on glutamate release
from glioma cells, glutamate transporter blockers were used
and incubated for 30 min before ATOR treatment. DL-TBOA
(100 uM), a non-transportable broad-spectrum glutamate
transporter inhibitor, and SAS (300 uM), a Xc~ system inhib-
itor, were tested. None of EAAT inhibitors altered ATOR ef-
fect, suggesting that ATOR did not decrease A172 cell viabil-
ity through glutamate transporter modulation (Fig. 8a).

As the nucleoside adenosine regulates glutamatergic trans-
mission and transport, adenosine receptor involvement on
ATOR effect over A172 cells was also evaluated. DPCPX
(100 nM), an AR antagonist, and ZM241385 (50 nM), an
A, AR antagonist, were used. No antagonist altered ATOR
effect of decreasing cell viability, discarding the participation
of adenosine receptors on ATOR effect (Fig. 8b).

Ionotropic glutamate receptor (iGluR) involvement was
also evaluated. MK801 (1 uM), a NMDAR antagonist,
alone did not change glioma cell viability. However,
preincubation of MK801 partially prevented the reduction
in cell viability observed with ATOR alone (Fig. 8c).
DNQX (1 uM), a non-selective AMPA, and kainate
(KA) receptor antagonist also did not change glioma via-
bility alone, while it partially prevented ATOR effect
(Fig. 8c). A selective KA receptor antagonist, GAMS
(1 uM), was also tested. GAMS per se had no effect on
glioma viability, though GAMS partially prevented viabil-
ity decrease caused by ATOR (Fig. 8d). Additionally, the
metabotropic glutamate receptor (mGluR) contribution on
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Fig. 7 Effects of treatment with ATOR and/or TMZ on glutamate
transport and glutamine synthetase (GS) activity. a After confluence,
A172 glioma cells were treated with ATOR 10 uM, TMZ 500 puM, or
both during 48 h and then was evaluated the levels of glutamate uptake
into A172 cells. b Glutamate release from A172 cells. The glutamate
content was normalized to viable cell number. ¢ After ATOR and/or
TMZ treatment (48 h), the A172 cells were detached from the culture
bottles and washed, and the GS activity was measured. n = 5 of
independent experiments for a, b, and ¢ separately. *p < 0.05 compared
to the control group

ATOR cytotoxicity was also tested. A non-selective me-
tabotropic glutamate receptor antagonist, MCPG (10 uM),
was used. As observed with iGluR antagonists, MCPG
showed no effect per se and partly precludes ATOR cyto-
toxic effect (Fig. &8d).
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Discussion

Malignant gliomas are tumors with high invasiveness and
growth capacity [40]. Despite all the knowledge on this type
of cancer and several available therapies, patient prognosis
remains poor and the chemotherapy adverse effects are ag-
gressive (Fig. 9). In this way, studies concerning drugs with
few side effects that improve the cytotoxicity over gliomas are
highly desirable [41, 42].

Statin treatment decreasing glioma cell viability had been
already described. Mevastatin, fluvastatin, simvastatin, ator-
vastatin, and lovastatin showed toxicity to several glioma cell
lines, such as C6, U251MG, U87, and U118 [22, 43-45].
Moreover, statin combination with other drug categories in
brain cancer treatment has also been studied, such as
antiinflammatory, thiazolidinedione, and topoisomerase in-
hibitors reducing glioma cell survival [22, 45, 46]. In the pres-
ent study, ATOR and TMZ combination showed similar effect
as ATOR alone on glioma cell viability, cell migration, and
cell death via apoptosis and autophagy.

Concerning glioma migration and invasion, it was shown
that lovastatin treatment suppressed these events in U343 and
U87 glioma cell lines [47]. Also, it was suggested that simva-
statin inhibited U251 and U87 migration through reducing
mevalonate levels [19]. Moreover, ATOR reduced U87 cell
migration capacity and efficiently decreased the microglia
supporting effect on glioma migration [23]. We here confirm
and extend data that ATOR suppresses glioma cell migration,
as well as TMZ and the drug combination.

ATOR also was able to decrease cell proliferation in A172
glioma cells, while TMZ and drug combination did not
change this mechanism. Decrease in proliferation could prej-
udice cell migration results. However, a more specific assay
for migration (Transwell ThinCert™) showed a high reduc-
tion in cell migration then observed on cell proliferation. It
was already described that migration and proliferation are not
necessarily related in several cancer cells [48].

ATOR lactonization allows its transformation to a lactone,
which can cross the BBB [20, 21]. In general, ATOR side
effects are well tolerated [7], and a large amount of clinical
data has demonstrated the safety of high doses of this statin
[49, 50]. However, studies in vitro have shown that ATOR
concentrations higher than 20 uM may be damaging to neu-
rons [26]. Other statins have also shown potentially harmful
effects to motoneurons at concentrations higher than 20 pM
[51]. The low concentration used in this study shows no toxic
effect to normal cortical astrocytes, and it is effective in reduc-
ing A172 glioma cell viability.

It was already described that statins have the potential to
induce apoptosis in C6 glioma cells, via the suppression of
ERK1/2 activation [44]. Lovastatin and ATOR combination
increases caspase-3 activity in human glioma cell line, indi-
cating an increment in apoptosis activation [22]. Simvastatin
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Fig. 8 Evaluation of glutamatergic and purinergic systems on cytotoxic
effects of ATOR on A172 glioma cells. After confluence, A172 glioma
cells were pretreated with transporter inhibitors or receptor antagonists
then incubated with ATOR for 48 h, and cell viability was assayed via
MTT reduction method. a DL-TBOA (100 uM) or SAS (300 uM) were
used to analyze glutamate transporters or Xc system involvement on
ATOR cytotoxic effect. b DPCPX (100 nM) or ZM241385 (50 nM)
was used to evaluate adenosine receptor (A;R and A;oR) participation
on ATOR cytotoxic effect. ¢ MK801 (1 uM) or DNQX (1 uM) was used

is also able to trigger apoptosis increase in human glioma cells
through PI3K/Akt/caspase-3 pathway activation [19]. In a gli-
oma xenograft model, simvastatin increases apoptosis [52].
Our results showed that ATOR slightly raised the apoptosis
levels in glioma cells and no effect was observed in necrosis
levels.

Our data did not show the apoptosis or necrosis occurrence
in glioma cells treated with TMZ and it is probably associated
with high chemoresistance of gliomas to chemotherapeutic
compounds. However, a potentiation effect of ATOR plus
TMZ was observed, and it might suggest that ATOR treatment
sensitizes glioma cells to the chemotherapeutic compound ef-
fect, increasing the rate of cells undergoing apoptosis.
Accurate additional studies about drug-drug interaction are
necessary to confirm this hypothesis.

Recent studies have also demonstrated statin effects raising
autophagy in several cancer types. ATOR activates autophagic
processes in different digestive malignancy forms [53].
Simvastatin induces glioma cell death and causes autophagic
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to analyze NMDA or AMPA receptor participation on ATOR cytotoxic
effect. d GAMS (1 uM) or MCPG (10 uM) was used to analyze kainate
or metabotropic glutamate receptor interaction on ATOR cytotoxic effect.
Data expressed as a percentage related to the control group that was
considered as 100% and expressed as dotted line. n = 6 of independent
experiments for a, b, ¢, and d separately. *p < 0.05 compared to the
control group; #p < 0.05 compared to ATOR group; $p < 0.05
compared to antagonist/inhibitor alone group

death associated with mTOR modulation [54]. Autophagic
cell death is not the main cell death observed as a chemother-
apy effect, but it was reported in glioma cells treated with
TMZ, through adenosine monophosphate-activated protein
kinase (AMPK) pathway [55, 56]. AVO presence is regularly
seen as indicative of autophagic death due to the fact that
autophagosomes and autophagolysosomes are acidic organ-
elles. We also observed TMZ effects of increasing AVOs in
flow cytometry. ATOR raised AVO levels as observed on
TMZ. This can suggest that ATOR may be a drug capable to
impair glioma cell viability with a low concentration as well as
a high concentration of the tested chemotherapeutic com-
pound, by activating programmed cell death pathways.

A relevant relationship between alterations in glutamater-
gic transmission and glioma development has been pointed
out. It has been shown that glutamate uptake may be
significantly reduced in gliomas, through a decrease in
Na*-dependent transporter expression and activity when com-
pared to astrocytes [57]. Low glutamate uptake via EAATSs
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ionotropic (NMDAR, AMPAR, and KAR) and metabotropic glutamate
receptor (mGluR) blockade. This figure was produced using Servier
Medical Art (http:/www.servier.com)

provides a raise in tumor malignancy, by facilitating the pro-
liferation and invasion; once released, glutamate induces an
excitotoxic environment to the surrounding brain cells, en-
abling tumor survival [25, 58]. Additionally, glutamatergic
signaling is essential to glioma development; thus, we tested
the ability of ATOR to modulate glutamatergic parameters
related to glutamate turnover, as glutamate uptake, glutamate
release, and its metabolization to glutamine after being taken
up into astrocytic-like cells. Our group has previously reported
neuroprotective effects of ATOR via modulation of glutamate
transport [12] and GS activity recovery [37]. In A172 glioma
cells, ATOR did not interfere with glutamate transport or GS
activity; thus, we focused on additional targets to understand
its mechanisms of action.

Regarding glutamate receptor activation, it has been shown
that it stimulates proliferation and migration in tumors [59].
Accordingly, the blockade of iGluRs as AMPAR, NMDAR,
or KAR inhibits the proliferation and migration in human
glioma cells [60]. It has been shown that the Ca**-permeable
AMPAR activation promotes calcium influx, Akt phosphory-
lation by PDKI1, and consequently glioma cell growth [61]
and migration [62].

Studies reporting statin effects on cancer cells have evalu-
ated intracellular mechanism, but the membrane protein tar-
gets to statin effects remain to be unraveled. Statins can mod-
ulate glutamatergic transmission in several pathological con-
ditions. NMDAR excitotoxicity was prevented by statin treat-
ment in cultured neurons [63]. ATOR also protected against

@ Springer

brain ischemia damage through a mechanism dependent on
GIluN2B NMDAR subunit activation [64]. Moreover, it was
also previously shown that ATOR effects may depend on
adenosine receptor activation [65]. Therefore, the cytotoxic
effect of ATOR was herein evaluated after the pharmacologi-
cal blockade of adenosine receptors and glutamate receptors
and transporters.

Confirming the functional data on glutamate transport,
pharmacological blockade of EAATs (with DL-TBOA or
SAS) did not alter ATOR effect on glioma cell viability.
ATOR cytotoxicity also seems not to be related to adenosine
receptor activation, as AR and AR antagonists showed no
changes on ATOR cytotoxicity. However, ATOR effects may
involve glutamate receptor interaction, as the antagonism of
AMPAR, NMDAR, KAR, or mGLuRs partially avoided
ATOR effect, preventing the cell viability reduction.

The expression and activation of iGluRs have been sug-
gested to be correlated with cancer aggressiveness.
NMDARs are expressed in several cancer types, including
A172 glioma cells, showing diverse subunit combinations ac-
cordingly to cancer origin [66—70]. NMDAR antagonism in
cancer may decrease ERK1/2 phosphorylation, cAMP respon-
sive element binding activation, and regulation of genes in-
volved in cell cycle, also reducing cell viability and prolifera-
tion [67, 71]. It has been shown that some glioma cell lines
such as U87-MG and U343 show no expression of NMDAR
obligatory subunit GluN1 [66]. However, the NMDAR sub-
unit expression may be variable in cancer cells. Here, we
showed NMDAR involvement on ATOR effect, through phar-
macological blockade of these receptors with MK801. This
may suggest the presence of active NMDAR in A172 cells.
AMPAR activation also regulates lung and pancreatic cancer
growth, via MAP kinase signaling modulation [72, 73]. In this
work, the blockade of AMPAR, KAR, and mGluR was also
effective in partially preventing ATOR effect. AMPA GluAl
subunit was also previously demonstrated to be expressed in
A172 glioma cells [74]. In this way, it is feasible that gluta-
mate receptors may be a target to cytotoxic ATOR effect in
glioma cells. Alternatively, ATOR may also affect intracellular
signaling downstream similarly to GluR blockade by selective
ligands, although it was previously shown that statins may
bind to NMDAR [75].

In conclusion, for the first time, the effects of ATOR of
decreasing A172 glioma cell viability, migration, and
proliferation, raising apoptosis and autophagy, were
described. ATOR cytotoxic effect may involve glutamate
receptor-evoked signaling, but not glutamate transport.
Considering these findings, further investigations regarding
the protein targets and intracellular signaling pathways in-
volved in cytotoxic effects of ATOR should be performed in
order to better comprehend the ATOR mechanism in glioma
and hereafter enable considering this drug as adjuvant in can-
cer therapy.
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Os resultados referentes ao efeito da atorvastatina sobre o dano ao
DNA e potencial de membrana mitocondrial e a avaliagdo do
envolvimento de vias de sinalizacdo intracelular no efeito da
atorvastatina estdo descritos abaixo.

Com o intuito de avaliar a capacidade da ATOR em acarretar
danos ao DNA, as células de glioma humano A172 foram plaqueadas e
apos confluéncia tratadas por 48 horas com ATOR (10 uM), TMZ (500
uM) e ATOR (10 puM) + TMZ (500 uM). Entdo, as células foram
fixadas e as ldaminas analisadas. Observamos que a ATOR, a TMZ, ou a
combinacdo dos dois farmacos, ndo promoveu dano significativo ao
DNA em nenhum dos niveis avaliados (Figura 9).
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Figura 1: Avaliacdo do efeito do tratamento com ATOR no dano ao
DNA: As células de glioma A172 foram tratadas com ATOR (10 pM),
TMZ (500 uM) e ATOR (10 uM) + TMZ (500 uM) durante 48 horas.
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Entdo foram fixadas, coradas e analisadas em microscopio Optico. Os
dados sdo expressos como média = erro padrdo. n= 4 experimentos
independentes.

Visto que, em outro trabalho do nosso grupo, foi demonstrado a
ATOR causa aumento nos niveis de apoptose (Oliveira et al., 2017),
analisamos o potencial de membrana mitocondrial (A¥m) em células
A172 submetidas ao mesmo protocolo de tratamento. Verificamos que a
ATOR é capaz de reduzir o potencial de membrana mitocondrial (16%)
aos mesmos niveis que a TMZ (13%) e que a co-incubacdo das duas
apresenta efeito similar (23%), sem diferenca estatistica entre os grupos
(Figura 10).
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Figura 2: Avaliacdo do efeito do tratamento com ATOR potencial
de membrana mitocondrial: As células de glioma A172 foram tratadas
com ATOR (10 uM), TMZ (500 uM) e ATOR (10 uM) + TMZ (500
M) durante 48 horas. Entdo foram lavadas, e incubadas com TMRE. O
potencial de membrana mitocondrial é proporcional a fluorescéncia
emitida pela sonda. Os dados foram expressos porcentagem do controle
que foi considerado com 0 100% e expresso como a linha pontilhada. n=
6 experimentos independentes; * p<0,05.
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Foram investigadas as possiveis vias de sobrevivéncia celular
envolvidas no efeito citotoxico da ATOR. Observamos que a inibicao
farmacoldgica das proteinas PKA, CaMKIl e MEK, com os inibidores
seletivos, H89, KN62 e PD98059 respectivamente, ndo acarreta
alteragdo na viabilidade das células de glioma A172 (Figura 11a). Além
disso, a pré-incubacdo destes inibidores ndo altera a citotoxicidade
induzida pela ATOR (Figura 11a). J& o tratamento com os inibidores
CHE, LY294002 e RAP, inibindo as proteinas PKC, PI3K e mTOR
respectivamente, diminuiu significativamente a viabilidade celular,
mesmo sem a presenca da ATOR (Figura 11b). Ainda, adi¢do de ATOR
apos a pré-incubagdo com CHE, LY294002 e RAP parece ndo alterar o

efeito citotoxico induzido pelos inibidores (Figura 11b).
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Figura 3: Avaliacdo do envolvimento de vias de sobrevivéncia
celular na citotoxicidade induzida pela ATOR: As células de glioma
A172 foram pré-incubadas com os inibidores (a. H89 - 3 uM, KN-92 -
10 pM, PD98059 - 10 uM b. CHE - 3 uM, LY294002 - 10 uM e RAP -
1 nM) por 30 minutos e entdo tratadas com ATOR (10 pM) durante 48
horas. A viabilidade celular foi obtida pelo ensaio de redugdo do MTT.
O potencial de membrana mitocondrial é proporcional a fluorescéncia
emitida pela sonda. Os dados foram expressos porcentagem do controle
que foi considerado com o 100% e expresso como a linha pontilhada. n=
3 experimentos independentes; * p<0,05.
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CAPITULO 11

Estudo do efeito citotdxico da guanosina e envolvimento dos sistemas
adenosinérgico e glutamatérgico e da associagdo com temozolomida
em células de glioma humano A172.

Este capitulo contém os resultados relacionados ao objetivo
especifico 1l desta tese. Os resultados referentes a toxicidade da
guanosina associada a temozolomida e envolvimento de receptores de
neurotransmissores estdo apresentados como anexos (Anexos A e B do
Capitulo 11, respectivamente).

O anexo A é referente ao artigo cientifico intitulado: “Guanosine
promotes citotoxicity via adenosine receptors and induces apoptosis in
temozolomide-treated in A172 glioma cells”, submetido no periddico
Purinergic Signaling.

O anexo B é referente a0 manuscrito intitulado: “Guanosine
decreases migration and proliferation and induces DNA damage in
temozolomide-treated al72 glioma cells”, a ser submetido ao periodico

Cellular and Molecular Neurobiology.
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Abstract

Gliomas are a malignant tumor group whose patients have survival rates around 12 months.
Among the treatments are the alkylating agents as temozolomide (TMZ), although gliomas have shown
multiple resistance mechanisms for chemotherapy. Guanosine (GUO) is an endogenous nucleoside
involved in extracellular signaling that presents neuroprotective effects and also shows the effect of
inducing differentiation in cancer cells. The chemotherapy allied to adjuvant drugs are being suggested as
a novel approach in gliomas treatment. In this way, this study evaluated whether GUO presented
cytotoxic effects on human glioma cells, as well as GUO effects in association with a classical
chemotherapeutic compound, TMZ. Classical parameters of tumor aggressiveness, as alterations on cell
viability, type of cell death, migration and parameters of glutamatergic transmission were evaluated.
GUO (500 and 1000 puM) decreases the A172 glioma cells viability after 24, 48 or 72 hours of treatment.
TMZ alone or GUO plus TMZ also reduced glioma cells viability similarly. GUO combined with TMZ
showed a potentiation effect of increasing apoptosis in A172 glioma cells and a similar pattern was
observed in reducing mitochondrial membrane potential. GUO per se did not elevate the acidic vesicular
organelles occurrence, but TMZ or GUO plus TMZ increased this autophagy hallmark. GUO did not alter
glutamate transport per se, but it prevented TMZ-induced glutamate release. GUO or TMZ did not alter
glutamine synthetase activity. Pharmacological blockade of glutamate receptors did not change GUO
effect on glioma viability. GUO cytotoxicity was partially prevented by adenosine receptors (AiR and
AxaR) ligands. These results point to a cytotoxic effect of GUO on A172 glioma cells and suggest an

anticancer effect of GUO as a putative adjuvant treatment, whose mechanism needs to be unraveled.

Keywords: A172 glioma cells, guanosine, temozolomide, cytotoxicity, glutamate, adenosine.
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Abbreviations: AR, adenosine A receptors; AzaR, adenosine Aza receptors; AdoR, adenosine
receptors; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AVOs, acidic
vesicular organelles; BK, large (big) conductance Ca®*-activated K* channels; CGS 21680, 4-[2-[[6-
Amino-9-(N-ethyl-B-D-ribofuranuronamidosyl)-9H-purin-2-ylJamino]ethyl]benzenepropanoic acid
hydrochloride; DIPY, dipyridamole; DL-TBOA, DL-threo-B-Benzyloxyaspartic acid; DNQX, 6,7-
dinitroquinoxaline-2,3-dione; DPCPX, Dipropylcyclopentylxanthine; EAAT, excitatory aminoacids
transporters; ERK, extracellular signal-regulated kinase; FBS, fetal bovine serum; FCCP, Carbonyl
cyanide p-trifluoromethoxy phenylhydrazone; GAMS, y-D-Glutamylaminomethylsulphonic acid; GIuR,
glutamate receptors; GUO, Guanosine; KAR, kainate receptor; MAPK, mitogen-activated protein
kinase; MCPG, (RS)-a-Methyl-4-carboxyphenylglycine; mGIuR, metabotropic glutamate receptor; MK-
801, dizolcipine; MTT, 3-(4,5-Diamethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-xB, nuclear
factor-kappa B; NMDAR, N-methyl-D-aspartate receptor; PI3K, phosphoinositide 3-kinase; PKC,
protein kinase C; ROS, reactive oxygen species; SAS, sulfasalazin; TMRE, tetramethylrhodamine ethyl
ester; TMZ, temozolomide; Xc- system, ZM241385, 4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3-

a][1,3,5]triazin-5-ylamino]ethyl)phenol.
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Introduction

Gliomas are considered the most aggressive type of brain tumors. The origin of this type of cancer
can be related to changes in glial cells or their progenitors [1]. The most common therapies involve
surgical resection, chemotherapy and/or radiotherapy, however, the prognosis remains low and the
survival rates are around 12 to 15 months. The main approach used as chemotherapy is the administration
of alkylating drugs that inhibit DNA replication and evoke the activation of apoptosis cascades [2,3].
Among the most clinically used chemotherapeutic compounds is the Temozolomide (TMZ) that have
been showing efficacy in early diagnosed gliomas [4]. TMZ is an alquilant agent that is absorbed and in
physiological pH of blood circulation is transformed to its active metabolite, 3-methyl-(trazen-1-
yl)imidazole-4-carboxamide (MTIC), which causes DNA damage through DNA methylation and
subsequent cell cycle arrestment and cell death [5]. The enzyme N-alkypurine DNA glycosylase (APGN)
is able to repair this DNA methylation, thus causing TMZ resistance in glioma cells [6]. This repair
mechanism allied to other resistance mechanisms are responsible for the low prognosis observed in
gliomas [7] and point to the urgency of developing additional or adjuvant therapies to treat gliomas.

Allied to resistance mechanisms, putative changes in the transmission system evoked by the main
excitatory neurotransmitter, the amino acid glutamate, might occur in glioma cells, thus favoring tumor
growth. It has been shown that there is increased glutamate release, through cystine-glutamate exchanger
(Xc system) activity and decreased glutamate uptake through reduction of the excitatory amino acids
transporters (EAAT) expression in glioma cells [8,9]. Additionally, it has been shown that glutamate
receptors (GIuR) antagonists may reduce the proliferation and motility of cancer cells [10]. In this
context, the search for molecules that can modulate glutamatergic transmission is considered an
interesting treatment strategy.

Guanosine (GUO) is an endogenous guanine-derived nucleoside involved in extracellular
signaling that presents the ability to modulate glutamatergic system activity [11,12]. In this regard, GUO
exerts neuroprotective effects against glutamate-induced cell damage or ischemia, through activation of
intracellular signaling pathways related to cell survival as the phosphoinositide 3-kinase (PI3K) and
mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) [13,14]. GUO also
modulates glutamate transporters activity, by preventing the decrease in glutamate uptake and the

increased glutamate release on in vitro models of ischemia [15,14,16,17]. A selective receptorial protein
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to GUO has been suggested, although it has not yet been cloned (for a review see,[12]). However, the
neuroprotective effect of GUO seems to involve the modulation of adenosine receptors (AdoR) [14]
and/or the activation of the large (big) conductance Ca**-activated K* channels (BK) [18]. Additionally,
the neuroprotective effect of GUO is related to the nuclear factor-kappa B (NF-xB) inhibition and
antioxidant and anti-inflammatory effects [19,17]. There are few studies regarding GUO effects in cancer.
A study of an anticancer effect of a purine nucleoside analog, sulfinosine (an oxidized form of 6-
thioguanosine) demonstrates an induction of caspase-dependent apoptotic cell death and autophagy in
glioma cells. Additionally, sulfinosine increases the reactive oxygen species (ROS) and diminishes the
antioxidant peptide glutathione levels [20]. In cancer cells, the induction of differentiation is also related
to impairment in malignancy. It has been shown that GUO induces melanoma cells differentiation
through protein kinase C (PKC)/ERK pathway, increasing dendritogenesis and melanogenesis and
decreasing cell motility [21].

The study of drugs combination approach that may enhance the anticancer potential of drugs with
different mechanisms of action, improving the survival rates and elucidating better strategies in cancer
therapy, it is very important. Therefore this study is testing if GUO shows the potential cytotoxic effect
and comparing it to TMZ effect, besides analyzing GUO and TMZ combination effects on classical

parameters of tumor aggressiveness.
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Material and Methods

Cell culture: The glioma cell line A172 (the cell line was kind gift from Dr. G. Lenz from Federal
University of Rio Grande do Sul, RS, Brazil) was cultured in Dulbecco's Modified Eagle’s Medium and
nutrient mixture F12 (DMEM-F12, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS; Cultilab), in 25 cm? culture flasks, at 37° C humidified atmosphere of 5% CO,, as previously
reported [22]. For the biochemical analysis, when reached confluence, A172 cells were trypsinized

(Trypsin/EDTA, 0.05%; Gibco) and plated in 24 or 96 wells plates (3.5 x 10° or 0.5 x 105, respectively).

Cell treatment: A172 cells were plated in 24 or 96 wells plates. After confluence, the cells were treated
with guanosine (GUO 50-1000 uM in time-course/concentration curves, or 500 uM for other analyses)
(Sigma), TMZ (500 uM) (Tocris) for 48 hours. In order to assess GUO mechanism of action, adenosine
and glutamate receptors agonists and antagonists, purine nucleosides and glutamate transporters inhibitors
were incubated 30 minutes before GUO and maintained during 48 hours treatment. Drugs used were as
followed: the adenosine-metabolizing enzyme, Adenosine deaminase (ADA - 0.5 U/mL), the
equilibrative purines nucleosides transporter inhibitor, dipyridamole (DIPY - 10 uM), the broad spectrum
inhibitor of excitatory amino acids transporters (EAATS), DL-threo-pB-Benzyloxyaspartic acid (DL-
TBOA - 100 uM); the Xc™ system inhibitor, sulfasalazin (SAS - 300 uM); the glutamate receptor sub-
types a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and kainate receptor
(KAR) antagonist, 6,7-dinitroquinoxaline-2,3-dione (DNQX - 1 uM); the glutamate subtype N-methyl-D-
aspartate receptor (NMDAR) antagonist, dizocilpine (MK-801 - 1 pM); KAR antagonist, y-D-
Glutamylaminomethylsulphonic acid (GAMS - 1 uM); metabotropic glutamate receptor (mGIuR)
antagonist, (RS)-a-Methyl-4-carboxyphenylglycine (MCPG - 10 uM); adenosine A; receptor (AiR)
antagonist, Dipropylcyclopentylxanthine (DPCPX - 100 nM); adenosine Aoa receptor (AzaR) inverse
agonist, 4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol
(ZM241385 - 50 nM); AzaR agonist — 4-[2-[[6-Amino-9-(N-ethyl-B-D-ribofuranuronamidosyl)-9H-purin-
2-yl]Jamino]ethyl]benzenepropanoic acid hydrochloride (CGS 21680 — 30 nM). During treatment, cells
were incubated in serum-free DMEM-F12, including control groups (CT). Biochemical analyses were

carried out after elapsed time of treatment.
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Viability analysis: Cell viability was evaluated through cells capacity to reduce 3-(4,5-Diamethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) as previously described [23]. In this assay, viable cells
convert water-soluble yellow MTT to water-insoluble blue MTT formazan. Thus, MTT formazan
production, identified by optical density, is assumed to be proportional to the number of viable cells. Cells
were incubated with MTT (0.2 mg/mL) in PBS for 2 hours at 37°C. The formazan produced was
solubilized by replacing the medium with 100 pl of dimethyl sulfoxide (DMSO), resulting in a colored
compound from which optical density was measured in an ELISA reader (550 nm).

The Trypan blue exclusion assay was also applied [24]. After time-treatment cells were stained with
Trypan blue and counted in a hemocytometer. The percentage of viable cells was calculated: % viable
cells = (number of viable cells/ number of total cells) x 100.

The CellTiter-Glo® Luminescent Cell Viability assay was also used to access the cell viability. ATP
quantification was assayed as an indicator of metabolically active cells. According to the manufacturer’s
recommendations, the cells were maintained at room temperature for 30 minutes. Briefly, the CellTiter—
Glo® reagents were added and the plate incubated on an orbital shaker for 2 minutes. The luminescent

signal was stabilized for 10 minutes at room temperature and the total luminescence recorded.

Wound Healing assay: In order to analyze changes in cell migration, the wound healing assay was
carried out according to previous studies [21,25]. Briefly, cells were plated in 6-well plates, after 24 hours
a Pippete-200 tip was used to scrap the dish surface to generate the “wound” and the medium was
replaced by FBS-free medium containing drugs. Phase contrast images were obtained using a 10X
objective lens in an inverted microscope at 0, 24 and 48 hours. To each experiment, a scratch was carried
out in five replicates and the experiment was repeated three times. The gap width was calculated by 10
measurements from each scratch to obtain the width average. Each measurement was taken from the left
edge to the right edge of the scratch, going from the top to the bottom of the image using Image J

software. The average of the width was expressed in arbitrary units.

Acridine Orange staining: To identify the presence of acidic vesicular organelles (AVOs), cells were
plated in 24 well dishes. After 24 hours the cells were treated. Elapsed 48 hours of treatment, the cells
were washed with PBS and incubated with Acridine Orange (Sigma) 10 pg/mL for 10 minutes at room

temperature. Then, the solution was replaced by PBS and the cells were analyzed under an inverted
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fluorescence microscope (Zeiss Axiovert 40 CFL, capture system AxioCamMRc). Depending on their
acidity, the autophagic lysosomes appear as orange/red AVOs, while cytoplasm and nuclei are green. The
analyses were carried out using a 490 nm band-pass blue excitation and a 515 nm long pass barrier filters.
In order to quantify AVOs presence, cells were counted through flow cytometry. After treatment, cells
were PBS washed and incubated with Acridine Orange 1 pg/mL for 15 minutes. Then the cells were
trypsinized, centrifuged at 220 x g and resuspended in 500 pL of PBS-EDTA — 0.2 uM. The cells were

sorted by FACSCanto 11 flow cytometer and result processed on Flowing Software 2.

Apoptosis and Necrosis analysis: To analyze the effect of ATOR and TMZ on apoptosis or necrosis
levels in glioma cells, the Annexin V FITC assay kit (Millipore) was used in flow cytometry. The kit
detects the phosphatidylserine exposure on the outer layer of the cell membrane. Annexin V FITC
conjugated binds to phosphatidylserine exposed in apoptotic cells. Propidium lodide binds to DNA in
cells with compromised cell membrane indicating necrotic cells. After treatment, 1x10° cells were
trypsinized, centrifuged at 1,500 rpm and washed in cold PBS, then resuspended in 200 pL of binding
buffer. The cells were stained with FITC-conjugated Annexin V and propidium iodide reagent in
concentrations and time recommended by the manufacturer. The cells were sorted by FACSCanto Il flow

cytometer and result processed on Flowing Software 2.

Measurement of Mitochondrial Membrane Potential: after treatment, the cells were loaded with the
mitochondrial selective fluorescent dye, tetramethylrhodamine ethyl ester (TMRE, 100 nM) for 30 min at
37°C [26], for analyzing the mitochondrial membrane potential after the incubation with GUO and TMZ.
Fluorescence was measured using wavelengths of excitation and emission of 550 and 590 nm,
respectively. Carbonyl cyanide p-trifluoromethoxy phenylhydrazone (FCCP), a mitochondrial uncoupler,

was used as positive control to fluorescence emission.

Glutamine Synthetase activity: The assay of the glutamine synthetase enzyme activity has been adapted
from Shapiro [27] as Vandresen-Filho et al. [28]. For evaluating drugs effects on glutamine synthetase
activity in human glioma cells A172 after treatment, the cells were harvested and washed in PBS. Then,
the cells were incubated for 15 minutes in 200 puL of imidazole — HCI buffer (80 mM, pH 7.0) and

homogenized. The assay mixture contained: 80 mM imidazole-HCI buffer, 30mM glutamine, 3mM
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MnCl;, 30mM hydroxylamine-HCl, 20mM sodium arsenate, 0.4mM ADP and 50ul of the cells
homogenate. The reaction was stopped after 30 min at 37 °C through the addition of 100 pL of a mixture
containing 4/1/0.5/6.5 (v/viviv) of 10% (w/v) ferric chloride, 24% (w/v) trichloroacetic acid, 6M HCI, and
water. The reaction product, y-glutamylhydroxamate, was measured at 540 nm using a microplate reader
and converted to the amount of product formed through comparison with a standard curve. The enzyme

activity was expressed as a percentage of control.

L-[*H]glutamate transport: To analyze this parameter, cells were concomitantly plated for transport
assays and cell counting, for experiment normalization. After drugs incubation, the culture medium was
removed and the cells were incubated in Hanks buffer saline solution (HBSS — composition in mM: 1.3
CaCly, 137 NaCl, 5 KClI, 0.65 MgS0Qs, 0.3 NazHPO4, 1.1 KH2PO4, 2 glucose and 5 HEPES) (pH 7.2) for
15 minutes at 37°C. Excitatory amino acids release was assessed by adding 0.33 pCi/ml of L-
[*H]glutamate (American Radiolabeled Chemicals - ARC), plus L-glutamate to reach a final
concentration of 100 uM and incubated for 7 minutes. The reaction was stopped with three ice-cold
HBSS washes. Cells were incubated in HBSS for 15 minutes in 300 pL at 37°C and the medium was
collected to measure L-[*H]glutamate release. The cells were lysed in the NaOH 0.1 N/SDS 0.1 %
solution overnight and the L-[*H]glutamate content was used to assess the neurotransmitter uptake,
determined through scintillation counting [29]. Cells that were concomitantly plated were counted in
hemocytometer and experiment was normalized as fmol of glutamate per number of viable cells after

treatment.

Protein measurement: Protein content was evaluated by using the method of Lowry [30] and bovine

serum albumin (Sigma) was used as a standard.

Statistical analysis: Data were analyzed by one-way analysis of variance (ANOVA) when treated groups
were compared to the control group only, or two-way ANOVA when the comparisons assessed different
times and concentrations groups and followed by Student-Newman-Keuls test. The software used were
GraphPad Prism 4.0 for one-way analysis or Statistica 7.0 for two-way analysis, considering significance

level p<0.05.
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Results

Cellular viability evaluations

Firstly, GUO time-course and concentration curves were carried out in order to evaluate the
nucleoside effect on A172 glioma cells growing curve. The A172 cells were treated with GUO in a
concentration range from 50 to 1000 uM for 24, 48 or 72 hours and cell viability was assessed by the
MTT assay (Fig. 1a). GUO concentrations of 50 or 100 did not alter glioma cells growing curve. GUO
500 or 1000 decreased A172 cells viability. This pattern of reduction of cell viability was observed also at
48 and 72 hours. Therefore, to the subsequent experiments, it was used the concentration of 500 uM GUO
at 48 hours of treatment (Fig. 1b).

An evaluation of TMZ effect and its association with GUO was carried out in order to compare the
effects of these drugs and analyze a possible interaction on cytotoxicity to glioma cells (Fig. 2). 200 uM
TMZ was initially tested to study TMZ effect on A172 cells viability however, it did not change the
glioma cells viability (data not shown). The A172 cells were then treated for 48 hours with GUO (500
UM), TMZ (500 uM) or both drugs co-incubated and tested in three different viability methods. In MTT
assay, GUO or TMZ treatments showed a similar effect, reducing glioma viability to 49% and 519%,
respectively. Similarly, the combined treatment of TMZ and GUO reduced cell viability to 42% and no
significant difference was observed among treated groups (Fig. 2a). The Trypan Blue exclusion assay, a
cell counting-based method was also applied. The percentages of viable cells were 66%, 38% and 64% to
GUO, TMZ, and GUO + TMZ, respectively, being TMZ treatment significantly lower than GUO or GUO
+ TMZ (Fig. 2b). Cell viability was also assessed through ATP levels measurement. GUO, TMZ, or the
drugs combination showed a decrease in cell viability of 56%, 55%, and 54% respectively, with no
statistical difference among treatments (Fig. 2c). In this way, GUO, TMZ, or GUO + TMZ decreased
Al172 glioma cells viability similarly, although a higher reduction in cells number was observed in TMZ

group than to GUO or GUO+TMZ. No synergistic effect was observed in the combined treatment.

Cell migration analysis
To evaluate the effects of GUO and TMZ on A172 migration capacity, a wound healing assay was
carried out, with drugs treatment alone or combined (Fig. 3a, b). The distance between the edges of the

gap was measured soon after the cells were scratched and 24 hours and 48 hours after scratching. At the
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0-hour time point, there was no difference among the groups. After 24 hours, GUO (500 uM) or TMZ
(500 uM) alone did not show any difference in cell migration, however, GUO plus TMZ inhibited the cell
migration significantly related to the control group at this same time point. At the last time point, 48
hours, GUO did not alter the migration. TMZ reduced migration alone or in combination with GUO in a
similar way. Thus, at 24 hours evaluation, the combined treatment (GUO + TMZ) reduced cell migration.
At 48 hours evaluation, TMZ or GUO + TMZ decreased cell migration. GUO treatment alone had no

effect on A172 glioma cells migration.

Acidic Vesicular Organelles assay

Acridine orange is a cell-permeant cationic fluorescent dye which indicates the Acidic Vesicular
Organelles (AVOs) presence. AVOs are considered as an indicative of autophagy since the
autophagosomes and autophagolysosomes are acidic organelles. In this way, it was measured the AVOs
presence after GUO, TMZ, and GUO+TMZ for 48 hours (Fig. 4a-c). Representative photomicrographs
show AVOs presence and changes in cell number following GUO or TMZ treatment (Fig. 4a). Figure 4b
shows representative dot plots obtained through flow cytometry. GUO did not significantly increase the
AVOs staining in glioma cells. TMZ or TMZ + GUO groups showed an increase, being the percentage of
events around 24% for both (Fig. 4c). Therefore, TMZ or GUO + TMZ increased autophagy similarly,

with no synergistic effect in combined treatment.

Apoptosis and Necrosis Analysis

Regarding the type of cell death caused by GUO or TMZ, it was analyzed apoptotic and necrotic
cell death in cells treated with GUO, TMZ or both drugs combined, after 48 hours of treatment. GUO or
TMZ alone did not significantly alter the number of apoptotic cells. GUO + TMZ treatment increased the
labeling of apoptotic cells (Figs. 5a and b), suggesting an improvement in antitumor effect in this type of
programmed cell death. Regarding the necrotic cell death, there were no significant changes in glioma

cells treated with GUO, TMZ or both compounds (Fig. 5b).

Mitochondrial Membrane Potential evaluation
Mitochondrial dysfunctions have been shown to participate of apoptosis cascade. In this way, we

studied GUO, TMZ or drugs combination on mitochondrial membrane potential (A¥m) maintenance.
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GUO or TMZ alone did not show any effect. Nevertheless, GUO + TMZ combined treatment decreased
the A¥m in approximately 23% (Fig. 5¢). FCCP (10 uM), a mitochondrial uncoupler, decreased 38% the
A¥m (data not shown). These data corroborate with the increased apoptotic levels observed with GUO +
TMZ treatment. In this way, GUO or TMZ was not able to change apoptosis levels and A¥m. However,

GUO + TMZ combined treatment increased apoptosis and decreased mitochondrial membrane potential.

Analysis of glutamatergic transmission involvement

As glioma cells are supposed to release a large amount of glutamate and there is evidence showing
GUO is able to modulate glutamate transport, A172 glioma cells treated with GUO and/or TMZ were
assayed for glutamate uptake and release evaluation. GUO did not significantly change glutamate uptake
(Fig. 6a) or release (Fig. 6b). There was a tendency of increasing glutamate uptake induced by TMZ and
GUO + TMZ treatment, although no statistical significance was reached (Fig. 6a). However, TMZ
significantly increased glutamate release whereas co-incubation with GUO prevented this effect (Fig. 6b).

The activity of the enzyme responsible for converting glutamate to glutamine, glutamine
synthetase (GS), was also assessed in cells treated with GUO, TMZ or both compounds combined.
However, no changes in GS activity were observed in glioma cells treated with GUO, TMZ, or the
combination of both drugs (Fig. 6¢).

A possible involvement of glutamate (excitatory amino acids) transporters (EAAT) in GUO effects
was also investigated through pharmacological intervention and evaluation of glioma cells viability.
Taking GUO effect on cell viability into consideration and preventing the increase of glutamate release
caused by TMZ, glutamate transporter blockers were incubated for 30 minutes before GUO. Sulfasalazin
(SAS, 300 uM), a Xc system inhibitor, or DL-TBOA (100 uM), a non-transportable broad-spectrum
glutamate transporters inhibitor was tested. None of the blockers altered GUO effect, suggesting GUO did
not decrease cell viability through glutamate transporters modulation (Fig. 7a).

The ionotropic glutamate receptors (iGIuRs) and the metabotropic glutamate receptors (MGIURSs)
contribution to GUO cytotoxicity to glioma cells were also evaluated. The NMDAR antagonist MK-801
(1uM) did not change glioma cells viability. Preincubation of MK-801 did not prevent the reduction in
cell viability observed with GUO (Fig. 7b). DNQX (1uM), a non-selective AMPA and Kainate (KA)
receptors antagonist also did not change gliomas viability alone, neither co-incubated with GUO (Fig.

7b). A selective KA receptor antagonist, GAMS (1puM), and a non-selective metabotropic glutamate
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receptors antagonist, MCPG (10 uM) were also tested (Fig. 7c). None of the antagonists altered GUO

effect on decreasing cell viability, discarding the participation of glutamate receptors on GUO effect.

Evaluation of adenosinergic system involvement

As the nucleoside adenosine regulates glutamatergic transmission and transport, and protective
effects of GUO were abolished by modulating adenosine receptors (mainly A:R and AzaR), the
involvement of adenosinergic system on GUO effect over A172 cells was also evaluated. The purines
nucleoside transport inhibitor, dipyridamole (DIPY, 10 uM) has no effect on cell viability. DIPY did not
abolish GUO effect, pointing to an extracellular effect of GUO (Fig. 8a). In order to evaluate a
dependence of GUO effect on extracellular endogenous adenosine levels, cells viability was assessed in
the presence of the metabolizing adenosine enzyme, adenosine deaminase (ADA, 0.5 U/mL). ADA per se
increased A172 cells viability as compared to control cells. The cytotoxic effect of GUO was partially
prevented in the presence of ADA (Fig. 8a).

Concerning to assess a putative effect of GUO on modulating adenosine receptors (AdoR) activity,
AdoR ligands were incubated in the presence or absence of GUO and cell viability was evaluated.
Adenosine, at the same GUO concentration used (500 uM) did not modify glioma cells viability alone,
but it prevented GUO cytotoxicity. The AzaR full agonist (CGS 21680, 30 nM) or the AzaR inverse
agonist also did not change glioma cells viability per se. CGS 21680 (AzaR agonist) or ZM241385 (Az2aR
inverse agonist) partially prevented GUO effect (Fig. 8b), indicating an A2aR involvement on GUO
cytotoxicity to glioma cells.

The involvement of adenosine A; receptor (A:R) on GUO cytotoxic effect was also evaluated by
using an A;R antagonist, DPCPX (100 nM). DPCPX alone did not change glioma cells viability.
However, this AiR antagonist also partially prevented GUO effect on reducing glioma cells viability (Fig.
8c). Considering the partial effect observed with both synthetic AdoR ligands, an association of these
compounds on GUO effect was assessed. The incubation of A;R antagonist, DPCPX plus A2aR inverse
agonist, ZM241385, promoted a slight reduction in glioma cells viability (Fig. 8c). In the presence of
DPCPX, ZM241385 or DPCPX + ZM241385, GUO still presented a partial cytotoxic effect (Fig. 8c).
However, the co-incubation of the AiR antagonist (DPCPX) plus the A2aR full agonist (CGS21680) did
not alter glioma cells viability per se, and it did not interfere with GUO cytotoxic effect, pointing to a

GUO effect of modulating adenosine Az - Aqa receptors interaction.
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Discussion

Gliomas are a harmful cancer type that exhibits a typical malignant and resistant phenotype and
currently available therapies present several adverse effects and low responsiveness. Therefore, studies
concerning adjuvant drugs that may improve the chemotherapy effects over gliomas and decrease the
adverse side effects of chemotherapy treatment only are highly desirable [31,32]. Guanosine is an
endogenous non-toxic nucleoside that has been evinced as a neuroprotective agent [11,12]. In this study,
the cytotoxic effect of GUO was compared to the known chemotherapic agent TMZ, as well as their
combination, on classical parameters related to gliomas malignancy.

The antitumoral effect of GUO was already described to Ehrlich carcinoma, in a study where
animals were treated for 10 days with 15mg/kg/day GUO and it caused a 30 % reduction of tumor weight
[33]. The association of GUO with acriflavine treatment in vivo demonstrated and enhanced acriflavine
antitumoral effect, by decreasing 96% of tumor weight [33]. In the B16F10 melanoma cell line, GUO
treatment (500, 1000 or 2000 puM) diminished cell growth after 48 hours [21]. And, in leukemia and
mastocytoma models, the co-administration of GUO and 5’-deoxy-5-fluorouridine, a chemotherapeutic
compound used in solid tumors treatment, showed an improvement of the chemotherapic anti-tumoral
effect [34]. Therefore, GUO and GUO plus chemotherapeutic agents treatment have been already
evaluated. In this study, we are showing that association of GUO with the alkylating agent TMZ
potentiates the apoptotic process in A172 glioma cell line. For the best of our knowledge, it is the first
demonstration of a beneficial effect of GUO in a glioma cell line.

In A172 glioma cell line, GUO diminished cells viability in concentrations (500 and 1000 puM)
that were previously shown not to be toxic to native brain tissue (0.1 — 10 mM) [35]. GUO or TMZ alone
promoted a decrease in A172 cells viability and the drugs combination does not improve this effect.
However, TMZ plus GUO prevented the migration of glioma cells after 24 hours of treatment, indicating
an improvement in the anti-tumor effect with this drugs association. Tumor cells migration capacity is
directly related to the malignancy and the metastasis process. GUO had also been shown to induce
melanoma cells to a less malignant feature through inhibition of proliferation and migration [21].
Recently, a purine analog, sulfinosine has been shown to promote cancer cell death through the induction
of apoptosis by activation of caspase-3 [20]. Acute promyelocytic leukemia exposition to GUO causes

cell death with classical biochemical changes indicative of apoptosis, such as caspase-3 activation and
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poly-ADP-ribose polymerase (PARP) cleavage, an enzyme involved in DNA repair [36]. However, GUO
treatment in melanoma cells shows that there are no changes in phosphatidylserine exposure related to the
control group [21]. Furthermore, in human hepatoma, GUO treatment does not change features related to
apoptosis, as soluble Fas ligand (a protein of tumor necrosis factor family) content and caspase-3 activity
[37]. Our results also showed no effect on apoptosis activation in glioma cells treated with GUO or TMZ
alone. However, the combination of TMZ and GUO increases apoptosis and promotes dissipation of the
A¥m as observed with the uncoupler agent FCCP. These data suggest that the compounds association
may alter mitochondrial functionality and facilitate apoptosis, what improves the cytotoxic effect [38].

Autophagy is a normal process related to the self-renewal capacity of cells for the removal of
damaged proteins and organelles through the lysosomal action, and apoptosis may be induced by
upstream signaling and this way occurs in combination with autophagy [39,20]. The purine sulfinosine
increases autophagy events in U87 human glioma cells [20]. In this context, TMZ is able to induce
autophagy in glioma cells and the inhibition of the lysosomes acidification, through bafilomycin
treatment, actives apoptosis via caspase-3 activation [40]. In this study, GUO demonstrated no effect on
the AVOs presence, suggesting its cytotoxic effect may not be related to autophagy. TMZ increased
autophagy occurrence significantly as well as the association with GUO.

It has been shown that neuroprotective effects of GUO depend on glutamatergic system
modulation, through increasing glutamate uptake or decreasing glutamate release, what may be
responsible for increasing glutamine synthetase (GS) activity [13,41,42,19,14,16]. Despite all of this
evidence, we did not observe GUO effects on glutamate uptake, release, or GS activity, an enzyme that
had been considered as a negative growth regulator in glioma cells [43]. Additionally, the
pharmacological blockade of glutamate receptors or transporters did not interfere with the cytotoxic effect
of GUO. However, TMZ increased glutamate release from glioma cells and the co-incubation with GUO
prevented this increase. It is well described that the high extracellular glutamate levels released by glioma
cells can lead to excitotoxic neuronal death and improve tumor viability, progression, and aggressiveness
[44]. In this sense, the increase in glutamate release could be a possible aggravating factor of TMZ side
effects, if it occurs in vivo. In this way, the prevention of glutamate release observed during the combined
treatment with GUO may be a desirable effect to efficient glioma treatment.

It is already described that alterations in glutamate transmission may not explain all the complexity

of gliomas development, thus the purinergic signaling could also interfere with glioma progress [45].
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AdoR activation has been shown to promote apoptosis in colorectal cancer cells, carcinoma, and
osteosarcoma [46]. Several effects of GUO may be dependent on AdoR interaction, mainly A;R and
AzaR (for a review, see) [12] and our group showed that the neuroprotective effect of GUO is abolished
by AR antagonist and A2aR agonist [14,47], suggesting GUO effects over AdoR may rely on AdoR
forming oligomers, a receptorial organization not yet evaluated in glioma cells. Additionally, it was
showed that GUO may release adenosine from astrocytes [48]. More recently, it is suggested that GUO
increases extracellular adenosine disposition in vascular and endothelial cells cultures [49]. However, this
effect was not showed in neural cells and the mechanism is not completely understood, although it seems
not to be dependent on nucleosides transporters and adenosine metabolizing enzymes inhibition [49,50].
Thus, it is still not clear whether GUO effects depend on increasing adenosine levels, or may be due to a
direct modulation on AdoR. Through extracellular endogenous adenosine removal with ADA, we showed
that GUO cytotoxic effect was partially reduced (and not fully, if one expected GUO effect would rely
only on adenosine release). Surprisingly, adenosine alone (in a high concentration, probably activating
AxaR), has no cytotoxic effect, as observed to the AzaR full agonist (CGS21680) and also to AzaR inverse
agonist (ZM241385), which blocks the constitutive activity of A;aR in the absence of ligands (basal
activity). Thus, it seems GUO effect depends on A;aR modulation, although the site of interaction and the
exact modulatory effect of GUO at A;aR are not known yet. However, it is still puzzling why adenosine
has no cytotoxic effect on A172 glioma cells if GUO cytotoxic effect is partially abolished by AdoR
ligands. Regarding ADA effect per se observed in our study, one might suggest that adenosine
deamination, and then inosine formation, would be a mechanism for maintenance of glioma viability.
Alternatively, these purine nucleosides may compete to each other for AdoR modulation. This is a
possibility that needs further investigation.

When evaluating putative GUO interaction with AdoR, here we showed that the blockade of AR
(with DPCPX), or the reduction of the constitutive activity of A;aR (with ZM241385), and additionally,
the activation of AzaR (with CGS21680) interfere with cytotoxic GUO effect. A1R and AzaR blockade
per se decreased glioma cells viability, and AiR blockade concomitantly with A;aR activation did not
interfere with GUO effect. Taken together, these data suggest that GUO regulates AdoR interaction,
probably by modulating an interaction between A;R and A;aR, and the downstream signaling over

glioma cells viability, with a mechanism that needs further investigation.
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The activation of AdoR has shown dual effects on cell survival and death cascades. A:R activation
inhibits proliferation in human metastatic cell line and A2aR activation promotes human melanoma cells
death [51,52]. AdoR activation also has been shown to sensitize glioma cells to chemotherapic cytotoxic
effects [53,54]. In this way, it has been already described that AdoR activation is capable of modulating
apoptotic pathways in colorectal cancer, hepatocellular carcinoma, osteosarcoma, and lung cancer, for
example, increasing BAX and BAD levels, promoting alteration in mitochondrial membrane potential and
increasing the efflux of cytochrome C and triggering apoptosis [46]. There is also a well-known TMZ
effect inducing endoplasmic reticulum stress, increasing caspase-3 activation [55]. Taken together, the
AdoR modulation by GUO and TMZ toxicity could lead to an increase in apoptosis levels.

In conclusion, we hereby demonstrated the effects of GUO and TMZ causing cytotoxicity in
human A172 glioma cells. The combination of the compounds induces an alteration in mitochondrial
membrane potential and triggers an increase in apoptosis. GUO effects may involve the modulation of
AdoR interaction, although the exact mechanisms of GUO cytotoxic effect on glioma cells must be better

understood, in order to be considered as an adjuvant treatment.
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Captions

Fig. 1 GUO time-course and concentration-response curves on A172 glioma cells. a. GUO time-course
(24, 48 and 72 hours, hs) and concentration curve (50, 100, 500 and 1000 uM) was performed in A172
glioma cells to assess cellular viability during A172 glioma cell growing curve. b. A172 cells were
treated with GUO (50 to 1000 uM) for 48 hours and the viability was assessed. Data expressed as optical
density (O.D.) at 540 nm in a, and as a percentage related to the control group (dotted line) in b. n = 6 of

independent experiments for a and b separately. *p<0.05 compared to the control group

Fig. 2 GUO and TMZ effects on A172 glioma cells viability. a. A172 glioma cells viability assessed by
MTT reduction assay after 48 hours of GUO (500 uM), TMZ (500 uM) or drugs combination treatment.
b. Cells viability assessed through direct cell counting using Trypan exclusion assay. A172 glioma cells
were treated with GUO (500 uM), TMZ (500 uM) of both for 48 hours. Values expressed as viable cells,
being control group around 90% of viable cells. c. A172 cells viability assessed by an ATP-based assay in
cells treated with GUO (500 puM), TMZ (500 uM) or both treatments for 48 hours. Data expressed as a
percentage related to the control group, that was considered as 100% (a, b and c) and expressed as a
dotted line. n = 5 of independent experiments for a; n = 3 of independent experiments for b and ¢.*p<0.05
compared to the control group, #p<0.05 compared to the GUO group and §p<0,05 compared to the TMZ

group ina, bandc

Fig. 3 GUO and TMZ effects on A172 glioma cells migration. After confluence, cells were treated (GUO
— 500 uM; TMZ - 500 uM; GUO 500 puM + TMZ 500 uM), the scratch assay was performed and the
cells photographed subsequently and after 24 and 48 hours. a. Illustrative images from cells subjected to
the scratched protocol and evaluated after 0, 24, and 48h, scale bar — 200 um. b. Gap width was
quantified as arbitrary units of pixels number on Image J Software. n = 3 of independent experiments.

*p<0.05 compared to the same time control group

Fig. 4 GUO and TMZ effects on autophagy in A172 glioma cells. After confluence, A172 cells were
treated (GUO — 500 uM; TMZ — 500 uM; GUO 500 uM + TMZ 500 uM). After 48 hours of treatment,
the cells were washed and stained with Acridine Orange and photographed. a. Representative images of

acridine orange staining in AVOs, scale bar — 80 um. b. Dot plot of AVOs presence counting in a flow
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cytometer. c. Quantification of AVOs presence counting in a flow cytometer. A.O. — Acridine Orange;

AVOs — Acidic Vesicular Organelles. n = 5 independent experiments. *p<0.05 compared to the control

group

Fig. 5 GUO and/or TMZ effects on apoptosis levels in A172 glioma cells. After confluence, A172 cells
were treated with GUO 500 uM, TMZ 500 uM or with the drugs combination. After 48 hours cells were
detached, washed and stained with Annexin V and/or propidium iodide and counted in a flow cytometer.
a. lllustrative dot plots of flow cytometry. b. Quantification of flow cytometer cells sorted. c.
Mitochondrial membrane potential (A¥m) was assessed and quantified. Pl — Propidium lodide. n = 5 of

independent experiments for b and c. *p<0.05 compared to the control group

Fig. 6 Effects of treatment with GUO and/or TMZ on glutamate transport and glutamine synthetase (GS)
activity in A172 glioma cells. After confluence, A172 glioma cells were treated with GUO 500 uM, TMZ
500 UM or both during 48 hours and then was evaluated the levels of a. glutamate uptake into A172 cells,
and b. glutamate release from A172 cells. The glutamate content was normalized to viable cells number.
c. After GUO and/or TMZ treatment (48 hours), the A172 cells were detached from the culture bottles,
washed and the GS activity was measured. n =5 of independent experiments for a, b and c separately.

*p<0.05 compared to the control group and #p<0.05 compared to TMZ group

Fig. 7 Evaluation of glutamate transporters and receptors involvement on GUO induced cytotoxic effect
in A172 glioma cells. After confluence, A172 glioma cells were pre-treated with glutamate transporters
inhibitors or glutamate receptor antagonists then incubated with GUO for 48 hours and cell viability was
assayed via MTT reduction method. a. SAS (300 uM) or DL-TBOA (100 uM) were used to analyze
glutamate transporters or Xc™ system involvement on GUO cytotoxic effect. b. MK801 (1 uM) or DNQX
(1 uM) were used to analyze NMDA or AMPA receptors participation on GUO cytotoxic effect. c.
GAMS (1 uM) or MCPG (10 uM) were used to analyze Kainate or metabotropic glutamate receptors
interaction on GUO cytotoxic effect. Data expressed as a percentage related to the control group that was
considered as 100% and expressed as a dotted line. n=6 of independent experiments for a, b and ¢

separately. *p<0.05 compared to the control group
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Fig. 8 GUO exerts cytotoxicity on Al172 glioma cells via adenosine receptors interaction. After
confluence, A172 glioma cells were pre-treated with transporters inhibitors or receptors ligands and then
incubated with GUO for 48 hours and cell viability was assayed via MTT reduction method. a. DIPY (10
MM) was used to analyze nucleoside transport involvement on GUO effect. ADA (0.5 U/mL) was used to
metabolize endogenous adenosine. b. Adenosine (500 pM) — AdoR full agonist, CGS 21680 (30 nM) -
AxaR full agonist and ZM241385 (50 nM) - AzaR inverse agonist were used to evaluate AdoR and AxaR
participation on GUO cytotoxic effect. c. DPCPX (100 nM) was used to evaluate AiR participation on
GUO effect. DPCPX (100 nM) + ZM241385 (50 nM) were co-incubated to study A:R - AzaR interaction
in GUO cytotoxic effect. d. DPCPX (100 nM) + CGS 21680 (30 nM) were co-incubated to study A;R
inactivation and AzaR activation, and receptors interaction in GUO cytotoxic effect. Data expressed as a
percentage related to the control group that was considered as 100% and expressed as a dotted line. n=6
of independent experiments for a, b, ¢, and d separately. *p<0.05 compared to the control group and

#p<0.05 compared to GUO group

Fig. 9 Schematic overview of GUO and GUO plus TMZ association effects on A172 glioma cells. GUO
shows cytotoxic effect to glioma cells via adenosine receptors (AR and AzaR) interaction, but its
cytotoxic effect does not depend on glutamate receptors (GIuR) or glutamate (excitatory amino acids)
transporters (EAAT) interaction. GUO plus TMZ treatment promoted a decreased mitochondrial
membrane potential (A¥m) and increased apoptosis. TMZ induces an increase in glutamate release, an
effect that is prevented by co-treatment with GUO. Additional mechanisms of GUO plus TMZ cytotoxic
effects on glioma cells remain to be identified. This figure was produced using Servier Medical Art

(http:/lwww.servier.com)
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6. DISCUSSAO

Os gliomas compreendem 70 a 80% dos tumores cerebrais
malignos, dependendo da localizagcdo e mesmo com todos os estudos
acerca de tratamentos para o cancer, pacientes acometidos por gliomas
tém uma sobrevida entre 12 a 15 meses apos o diagnostico (Ostrom et
al., 2014). O tratamento apds diagnostico ocorre, principalmente, com
cirurgia de resseccdo, radioterapia e quimioterapia. Atualmente, a TMZ
esta entre os medicamentos mais utilizados no tratamento de gliomas. A
escolha do quimioterapico e a possivel associa¢do com a radioterapia é
dependente do grau de malignidade, sendo que a TMZ aliada a
radioterapia é aplicada nos casos de maior malignidade (Stupp et al.,
2014). Mesmo que a associacdo de radioterapia e do quimioterapico
TMZ resulte em melhora do quadro, esta ainda ndo ¢ satisfatoria, ja que
0 aumento da sobrevida do paciente vai de 12,1 meses - somente com
TMZ - para 14,6 meses — com TMZ aliada a radioterapia. Nesse
aspecto, estudos sobre os mecanismos celulares e sobre o efeito de
compostos potencialmente adjuvantes é de grande interesse para a
compreensdo e melhor tratamento da doenca.

As estatinas tém demonstrado diversos efeitos benéficos dentre
seus efeitos pleiotrdpicos. Estudos relatam a acdo de estatinas em
células de glioma humanos. A lovastatina inibe a proliferagdo de células
de linhagens de glioma humano, de maneira dose dependente, por
inducdo de apoptose (Jones et al., 1994; Bouterfa et al., 2000; Jiang et
al., 2004). Ainda, a cerivastatina é capaz de inibir a migracdo celular de
linhagens de gliomas humanos (Obara et al., 2002). De maneira similar,

a simvastatina é capaz de inibir o crescimento, a migracdo celular e
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ativar cascatas apoptéticas em modelos de glioma in vitro (Gliemroth et
al., 2003; Wu et al., 2009).

Em relagdo a guanosina, apesar de todas as fungGes protetoras e
tréficas j& descritas, pouco se tem descrito sobre sua acdo em células
cancerosas. Sabe-se que a guanosina induz diferenciagdo, aumenta a
melanogénese e diminui a motilidade em modelo murino de melanoma
(Naliwaiko et al., 2008). Além disso, a associagdo de guanosina com a
acriflavina melhora o efeito antitumoral da acriflavina por meio do
blogueio de transporte de nutrientes e desequilibrio na produgéo de ATP
in vivo (Kim et al., 1997).

Com respeito ao céncer, é de suma importancia o
direcionamento do estudo para caracteristicas que conferem malignidade
a doenca. Essencialmente, células de cancer possuem alteracBes que
acarretam no desbalango de processos fisiologicos. Tais processos sdo
alteracGes na viabilidade celular, a migracéo, a proliferacédo, os tipos de
morte celular e vias de sinalizacdo envolvidas na sobrevivéncia. Dessa
maneira, faz-se necessario o0 estudo mais especifico de alteracGes nesses
processos causadas por compostos, para compreensdo tanto do efeito do

composto, quanto do mecanismo pelo qual o tumor se desenvolve.

6.1. CITOTOXICIDADE E MORTE CELULAR
PROGRAMADA

Diversas estatinas ja demonstraram efeito citotoxico em células
de glioma in vitro, como por exemplo, a metavastatina, fluvastatina,
simvastatina, lovastatina e a atorvastatina (Yanae et al., 2011; Jiang et

al., 2014; Stawinska-Brych et al., 2014). A combinacdo de estatinas
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com anti-inflamatérios e ainda, com inibidores da topoisomerase
demonstrou eficAcia em reduzir a viabilidade celular de gliomas
(Mercurio et al.,, 2013; Jiang et al., 2014). Neste trabalho, a
Atorvastatina demonstrou potencial citotoxico em células de glioma
humano Al172, reduzindo a viabilidade celular a niveis similares aos
observados com a aplicagdo da temozolomida, em uma concentracdo 50
vezes menor do que a utilizada com o quimioterdpico (Oliveira et al.,
2017).

No que diz respeito ao efeito antitumoral da guanosina, foi
demonstrada uma diminuicdo do peso tumoral em modelo in vivo de
carcinoma (Kim et al., 1997). O tratamento de cultivo celular de
melanoma com guanosina por 48 horas foi capaz de reduzir o
crescimento celular e acarretar um processo de diferenciacéo, alterando
o perfil de malignidade das células (Naliwaiko et al., 2008). A
guanosina também demonstrou potencial citotoxico em células de
glioma humano em concentrages de 500 a 1000 mM (Capitulo I,
anexo A, Figura 1), sendo que estas concentragBes ndo apresentam
toxicidade ao tecido cerebral nativo (Molz et al., 2009). A associac¢do da
guanosina com acriflavina demonstrou melhora do potencial antitumoral
desta, em modelo murino de carcinoma (Kim et al., 1997). Ainda, a
associacdo de guanosina a 5’-deoxi’5-fluoridina também foi capaz de
melhorar o efeito antitumoral do quimioterépico, tanto em modelo de
leucemia quanto em modelo de mastocitoma (ligo et al., 1987). Nesse
aspecto, a combinacdo de guanosina com TMZ foi testada em células de
glioma, entretanto ndo foi observado nenhum efeito decorrente desta
combinagdo na capacidade redutora destas células, que é utilizada como

uma medida indireta de viabilidade. Tanto a guanosina quanto a TMZ
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apresentaram significativa reducdo da viabilidade celular, em niveis
similares. Contudo, foi observado um efeito potenciado pela
combinacdo destes compostos na andlise de morte celular apoptética
(Capitulo 11, anexo A, Figura 5). Assim, foi demonstrado que tanto a
atorvastatina quanto a guanosina sdo capazes de reduzir a viabilidade

celular de células de glioma humano A172.

Outro processo chave no desenvolvimento tumoral é a apoptose.
Alteracdes na sinalizacdo celular que regula este processo e um
consequente desbalanco pode gerar um crescimento celular
descontrolado, originando tumores. Ja foi descrito o potencial das
estatinas em regular o processo apoptético. Isso pode ocorrer através da
supressdo da ativacdo de vias de sobrevivéncia, como ERK1/2, e
aumento da ativacdo de vias responsaveis pela ativacdo da apoptose,
como PI3K/Akt/caspase-3 (Bababeygy et al., 2009; Wu et al., 2009;
Tapia-Pérez et al., 2011; Yanae et al., 2011). Nossos resultados
demonstraram que a atorvastatina per se é capaz de aumentar os niveis
de apoptose. Ainda, a co-incubagdo com TMZ causou um efeito
potenciado nos niveis de apoptose (Oliveira et al., 2017). Tal efeito pode
sugerir a capacidade da atorvastatina de sensibilizar as células de glioma
aos efeitos toxicos do quimioterdpico, elevando assim o ndmero de
células que entram no processo apoptético. Contudo, estudos mais
especificos acerca da interacdo entre o0s farmacos permanecem
necessarios para elucidar os mecanismos pelos quais exercem este

efeito.

Poucos estudos descrevem o efeito da guanosina na ativacéo de

apoptose. A sulfinosina, um analogo de purina, induz apoptose por
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meio da ativacdo de caspase-3 em carcinoma pulmonar e glioblastoma
(Dacevi¢ et al., 2013). Ainda, a guanosina aumentou ativacdo de
caspase-3 e clivagem da PARP (poli ADP ribose polimerase),
engatilhando os processos apoptéticos em modelo de leucemia, sendo
que tal mecanismo depende de ativacdo intracelular pela guanosina
(Flanagan et al., 2007). Entretanto, o tratamento de células de melanoma
com guanosina ndo alterou a apoptose (Naliwaiko et al., 2008). Em
modelo de hepatoma humano, a guanosina também ndo alterou a
atividade da caspase-3 ou o contetdo de Fas, indicando uma auséncia de
efeito deste nucleosideo neste modelo (Yang et al., 2005). Em nosso
trabalho, o tratamento das células A172 de glioma humano com
guanosina nao apresentou efeito significativo no nimero de células
apoptoticas. Um aumento nos niveis de apoptose foi observado com a
co-incubacdo de guanosina e TMZ, demonstrando um efeito de
sinérgico para ativacdo deste tipo de morte celular. Além disso, o
tratamento combinado de guanosina e TMZ também foi capaz de
provocar a diminuicdo do potencial de membrana mitocondrial nestas
células (Capitulo Il, anexo A, Figura 5). Tais observagdes sugerem que a
associacdo destes compostos pode alterar a atividade mitocondrial e

favorecer a ativacdo da apoptose (Ly et al., 2003).

A TMZ, assim como a guanosina, também ndo alterou os niveis
de apoptose. Existem proteinas responsaveis pelo reparo de danos ao
DNA as quais sdo usualmente expressas a fim de evitar a expressao de
proteinas danificadas e ainda a ativacdo de cascatas de morte celular. A
O°-metilguanina-DNA metiltransferase (MGMT) é uma das principais

proteinas responsaveis por reparar danos ao DNA causados pela TMZ,
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dessa maneira, sua expressdo é uma das causas de mecanismos de
resisténcia a TMZ (Kondo et al., 2010; Knizhnik et al., 2013).
Entretanto, ja é sabido que células A172 apresentam baixa expressao de
MGMT sendo, dessa maneira, classificadas como sensiveis & TMZ. Em
nosso trabalho, a TMZ sozinha ndo acarretou em um aumento de dano
ao DNA em células A172. Um aumento nos niveis de dano ao DNA foi
observado quando houve a combinacdo de TMZ e guanosina (Capitulo
I, anexo B, Figura 1). Assim sendo, estes resultados corroboram aos
niveis de apoptose e ao potencial de membrana mitocondrial alterados
com o tratamento combinado de guanosina e TMZ. Nesse sentido,
observamos que a atorvastatina é capaz de aumentar os niveis de
apoptose, enquanto que guanosina per se ndo apresentou efeito. Em
contra-partida, a combinacdo de guanosina com TMZ diminuiu o
potencial de membrana mitocondrial e aumentou a presenca de

apoptose.

Outro mecanismo que pode ativar um mecanismo alternativo de
morte celular programada é a autofagia. A autofagia € um processo
natural, normalmente associado a capacidade de autorrenovacdo e
remogao de proteinas ou organelas danificadas pela acdo de lisossomos.
A autofagia pode ocorrer de maneira combinada a apoptose, dependendo
da sinalizacdo upstream ativada nesse processo (Maiuri et al., 2007;
Dacevi¢ et al.,, 2013). Estudos tém demonstrado a capacidade de
estatinas de ativar morte celular associada a autofagia por meio da
regulacdo da via da mTOR (Yang et al., 2010; Misirkic et al., 2012). A
morte celular associada a autofagia ndo & o principal tipo de morte

observado pelo efeito de quimioterapicos, no entanto, células de glioma
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tratadas com TMZ podem sofrer esse tipo de morte celular por
alteracbes na via da proteina cinase ativada por monofosfato de
adenosina (AMPK) (Zou et al., 2014; Zhang et al., 2015). A presenga de
organelas vesiculares acidas (AVOs) é utilizada como um indicativo da
presenca de autofagia. Em nosso estudo, observamos um aumento na
autofagia desencadeada pelo tratamento com TMZ, assim como pelo
tratamento com atorvastatina (Oliveira et al., 2017). Tais resultados
podem sugerir que a atorvastatina, mesmo em uma concentracdo 50
vezes mais baixa que a do quimioterapico, pode causar um prejuizo

equivalente na viabilidade das células de glioma A172.

A guanosina ndo alterou os niveis de AVOs em células de glioma
Al72, sugerindo que sua toxicidade ndo é dependente deste processo.
Ainda, a combinacgdo de guanosina com TMZ teve efeito similar ao do
tratamento somente com TMZ, demonstrando somente o efeito do

quimioterapico (Capitulo 11, anexo A, Figura 4).

6.2. MIGRACAO E PROLIFERAGCAO CELULAR

A migracdo celular é uma caracteristica altamente desenvolvida
em canceres e esta diretamente relacionada a malignidade e capacidade
metastatica (Friedl e Wolf, 2003). Estatinas demonstraram habilidade de
alterar processos migratorios em células de glioma (Obara et al., 2002;
Gliemroth et al., 2003; Wu et al., 2009). A reducdo do nivel de
mevalonato pela simvastatina suprime a migracdo em células de glioma

(Wu et al., 2009). Ainda, a lovastatina afeta a regulacdo do mevalonato
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e da ativagdo de uma das vias que regulam a migracéo, a Ras-Raf-MEK-
ERK, inibindo a migracdo e a invasdo por células de glioma (Afshordel
et al., 2015). A reducdo na expressdo de metaloproteinases também &
um mecanismo pelo qual estatinas podem diminuir a migracdo de
células de glioma (Yongjun et al., 2013). Nesse aspecto, a atorvastatina
também se mostrou capaz de diminuir a migragdo em células de glioma
humano A172 nos mesmos niveis que a TMZ. No entanto, a
combinacdo dos dois farmacos apresentou 0 mesmo efeito que elas
sozinhas e ndo um efeito somatorio (Oliveira, et al., 2017). A analise de
migracdo celular foi feita pelos ensaios de wound healing e de transwell
(ThinCert™), sendo que para o tempo de 48 horas de tratamento o
resultado do transwell corrobora os resultado do wound healing. Os
mecanismos pelos quais a atorvastatina altera a migragdo nestas células

ainda estdo por ser estudados.

Existem poucas evidéncias sobre o efeito da guanosina sobre a
migracdo celular. Naliwaiko e colaboradores (Naliwaiko et al., 2008)
demonstraram diminuigdo da motilidade de células de melanoma como
efeito do tratamento com guanosina. Em nosso estudo, a guanosina
também demonstrou eficacia em diminuir a migracdo em células de
glioma Al172 (Capitulo I, anexo B, Figura 2), entretanto, o efeito da
guanosina per se s foi observado apo6s 48 horas de tratamento e com a
utilizacdo do ensaio de transwell (Capitulo Il, anexo B, Figura 2),
método mais sensivel para analise da migracdo celular, uma vez que, no
ensaio de wound healing so6 foi observado efeito potenciado com o uso
da temozolomida (Capitulo 11, anexo A, Figura 3). Essa diferenca entre

os resultados se da pela inespecificidade do ensaio de wound healing
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que pode representar concomitantemente alteracbes de migragdo e
proliferacdo. Assim sendo, além da utilizacdo de um ensaio especifico
para migragdo, foi também realizado ensaio de imunocitoquimica para
marcacdo do Ki-67, uma proteina nuclear que é expressa em todas as
fases ativas do ciclo celular, intrinsecamente relacionada a proliferacéo
celular (Scholzen e Gerdes, 2000). Logo, demonstramos que tanto a
atorvastatina quanto a guanosina reduzem a migracdo de células de

glioma humano A172.

A proliferacéo celular é um processo normal no desenvolvimento
e manutencdo dos organismos, entretanto, um deshalanco na
proliferacdo é uma caracteristica muito importante e proeminente em
canceres. No tocante ao efeito da guanosina na proliferacdo de células
tumorais, ndo havia estudos sobre esse efeito. No entanto, nosso
trabalho demonstrou pela primeira vez a guanosina reduzindo a
proliferacdo celular em células de glioma (Capitulo I1, anexo B, Figura
3). Esse efeito foi prevenido quando da co-incubagdo com TMZ, porém,
mais estudos acerca desse efeito necessitam ser realizados para melhor
compreender este mecanismo. Nesse sentido, o efeito da atorvastatina na
proliferacdo também foi analisado. A atorvastatina foi capaz de diminuir
a proliferagdo das células de glioma, enquanto que a TMZ ou a
combinagdo dos dois farmacos ndo apresentou esse efeito (Oliveira et
al., 2017). A reducédo da proliferacdo celular como efeito induzido por
estatinas ja € descrito e em gliomas parece estar relacionado ao bloqueio
da sinalizacdo Ras-MAPK (Jones et al., 1994; Bouterfa et al., 2000; Wu

et al., 2009). Assim sendo, demonstramos que atorvastatina e guanosina
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reduzem a proliferacdo celular, sendo que com a co-incubagdo com a

TMZ esse efeito ndo foi observado.

6.3. SISTEMA GLUTAMATERGICO

Gliomas apresentam alteragbes proeminentes no sistema
glutamatérgico, seja no transporte ou na sinalizacdo induzida pelo
glutamato. Uma relacéo entre estas alteracGes no sistema glutamatérgico
e o0 desenvolvimento de gliomas vem sendo considerada como um
marcador para a malignidade. Gliomas apresentam uma diminuicdo na
expressdo e/ou atividade de transportadores dependentes de sodio, 0 que
pode originar um ambiente excitotoxico para células sadias. Tal
mecanismo esta diretamente relacionado com processos de proliferagéo
e migracdo das células tumorais (Ye e Sontheimer, 1999; De Groot et
al., 2005; De Groot e Sontheimer, 2011). Sabendo-se disso, além do
potencial antitumoral da guanosina e da atorvastatina, nosso estudo
também analizou a capacidade destes compostos em alterar parametros
glutamatérgicos. Foram analizadas a liberacdo de glutamato e a
metabolizacdo deste a glutamina, através da atividade da glutamina
sintetase (GS). Em estudos anteriores do nosso grupo, a atorvastatina
demonstrou capacidade de prevenir o aumento da liberacdo de
glutamato e da atividade da GS induzidas pela privacdo de glicose e
oxigénio em fatias hipocampais (Vandresen-Filho et al., 2013). Porém, a
atorvastatina ndo alterou a atividade da GS, nem mesmo a TMZ, ou
ainda o tratamento combinado dos dois farmacos em células de glioma
Al72. Com relacdo ao transporte de glutamato, a atorvastatina ndo
alterou a captacdo ou a liberacdo do aminoacido. A TMZ provocou

aumento na liberacdo de glutamato, evento este que pode estar
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relacionado aos processos de resisténcia a droga, entretanto, mais
estudos acerca deste mecanismo sdo necessarios (Capitulo I, Anexo A,

Figura 7).

Estudos vém demonstrando que o efeito neuroprotetor da
guanosina é dependente da modulacdo do sistema glutamatérgico, pelo
aumento da captacéo de glutamato ou diminuicdo da liberacdo que pode
acarretar em aumento da atividade da GS (Moretto et al., 2005; Molz et
al., 2011; Dal-Cim et al., 2013). Contudo, o efeito antitumoral da
guanosina ndo parece estar relacionado ao transporte de glutamato ou
ainda a metabolizacdo do mesmo a glutamina, visto que 0 mesmo
tratamento que apresentou citotoxicidade as células de glioma A172,
ndo acarretou em alteracBes nos pardmetros supracitados (Capitulo II,
Anexo A, Figura 6). Foi observado que o aumento na liberacdo de
glutamato causado pela TMZ foi prevenido pelo tratamento com
guanosina, demonstrando assim o potencial modulatério pelo

nucleosideo sobre o sistema glutamatérgico.

Analisando em mais detalhe a participagdo do sistema
glutamatérgico nos efeitos da guanosina e da atorvastatina, utilizamos
uma abordagem farmacol6gica para analisar o envolvimento de
transportadores de glutamato no efeito citotoxico das substancias. As
células de glioma foram pré-incubadas com um inibidor ndo-seletivo de
transportadores de aminoécidos excitatérios (EAATS) e um inibidor do
trocador cistina-glutamato. A inibicdo de EAATS ou do trocador cistina-
glutamato ndo apresentou alteracdo no efeito citotoxico da guanosina
(Capitulo 11, anexo A, Figura 7) e nem da atorvastatina (Oliveira et al.,
2017).
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Uma vez que foram estudados os mecanismos de transporte do
glutamato no efeito dos farmacos, uma analise da possivel interacéo
com receptores de glutamato foi realizada. No que concerne a ativagdo
de receptores de glutamato, jA se sabe que esta pode estimular a
proliferacdo e a migracdo em tumores, uma vez que o bloqueio de
NMDAR, AMPAR e KAR inibem estes processos (Rzeski et al., 2001;
Walczak et al., 2014). A estimulagdo do influxo de célcio, pela ativacao
de AMPAR, pode desencadear a fosforilacdo de Akt e estimular o
crescimento e migracgdo celular de gliomas (Ishiuchi et al., 2007; Lyons
et al.,, 2007). Vem sendo sugerida uma possivel correlagdo entre a
expressdo/ativacdo de receptores de glutamato e a malignidade do
tumor. Ja& foi demonstrado que o antagonismo de receptores NMDA em
gliomas leva a reducdo da viabilidade e proliferacdo celular pela
diminuicdo da fosforilagdo de ERK1/2 (Stepulak et al., 2005). A
estimulacdo de receptor AMPA também ¢é capaz de regular o
crescimento de cancer pulmonar e pancreatico, atravéz da modulagao da
via MAPK (Stepulak et al., 2007; Herner et al., 2011).

Em geral, os estudos tratam sobre as vias de sinalizacdo ativadas
por estatinas em células de cancer, mas ndo existem evidéncias sobre o0s
alvos de interacdo das mesmas na membrana celular. Em condic¢bes
patoldgicas, as estatinas podem exercer seu efeito neuroprotetor por
meio da modulacdo da transmissdo glutamatérgica (Zacco et al., 2003;
Gutierrez-Vargas et al., 2014). Em nosso estudo, foi observado que o
blogueio de receptores AMPA, KA, NMDA e ainda receptores
metabotropicos, previne parcialmente o efeito citotoxico da atorvastatina

em células de glioma A172 (Oliveira et al., 2017). Dessa maneira, €
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possivel que receptores de glutamato sejam alvos da citotoxicidade da

atorvastatina em células de glioma.

Apesar de evidéncias que demonstram a capacidade da guanosina
de modular o sistema glutamatérgico, em nossos estudos o blogueio de
receptores de glutamato (AMPA, KA, NMDA, mGLU) com
antagonistas farmacoldgicos seletivos, ndo alterou o efeito citotoxico da

guanosina as células de glioma A172 (Capitulo II, Anexo A, Figura 7).

Em resumo, a atorvatatina ndo altera a atividade da GS e o
transporte de glutamato, entretanto seu efeito citotdxico é parcialmente
prevenido pelo bloqueio de receptores de glutamato. Com relacdo a
guanosina, 0 composto ndo altera a atividade da GS e nem o transporte
de glutamato, mas é capaz de prevenir o aumento na liberagdo de
glutamato causado pela TMZ. Ainda, o efeito citotoxico da guanosina
ndo parece estar relacionado ao transporte e/ou ativagdo dos receptores

de glutamato.

6.4. SISTEMA ADENOSINERGICO

Ja foi relatado que alteracGes glutamatérgicas ndo podem, per se,
explicar a complexidade do desenvolvimento do glioma, assim vem
sendo sugerido o envolvimento do sistema purinérgico na progressao da
doenca (Braganhol et al., 2013). A ativacdo de receptores de adenosina
promove a apoptose em células de céncer colorretal, carcinoma e

osteosarcoma (Antonioli et al., 2013). Diversos efeitos neuroprotores
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exercidos pela guanosina tem demonstrado relagdo com a ativagéo de
receptores de adenosina (Ciruela, 2013; Dal-Cim et al., 2013). Em nosso
estudo, tanto o blogueio de A;R ou AR quanto a ativacdo de A,aR
intefere parciamente no efeito citotoxico exercido pela guanosina em
células de glioma. O bloqueio de A;R e A;aR concomitantemente
diminuiu a viabilidade das células, enquanto que o bloqueio de A;R e
ativacdo de A aR ndo apresentou esse efeito (Capitulo Il, Anexo A,
Figura 8). A ativacdo de receptores de adenosina em cancer tem
demonstrado efeito dual em cascatas de sobrevivéncia e morte. A
ativacdo de receptores A; de adenosina inibe a proliferacdo em
linhagem metastatica (Ceruti e Abbracchio, 2013). Além disso, a
ativacdo de A,aR ativa a morte celular em células de melanoma
(Merighi et al., 2003). Dessa maneira, a interacdo existente entre a
guanosina e receptores de adenosina em células de glioma e os possiveis

mecanismos de acdo ativados ainda necessitam ser melhor investigados.

Entretanto, a ativacdo de receptores de adenosina pode afetar as
células de gliomas com relagdo ao efeito citotoxico de quimioterapicos
(Daniele et al., 2014; D'alimonte et al., 2015). Ainda, a ativacdo destes
receptores pode ativar cascatas apoptdticas, com aumento de BAX e
BAD, alteracdo do potencial de membrana mitocondrial e aumento do
efluxo de citocromo C (Antonioli et al., 2013). Nesse aspecto, € possivel
que a provavel ativacdo de receptores de adenosina exercida pela
guanosina em células de glioma possa sensibilizar tais células a acdo da
TMZ. Contudo, sdo necessarios mais estudos sobre a interacdo entre

estes compostos e seus possiveis efeitos.
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6.5. SINALIZAGCAO INTRACELULAR

O passo seguinte do trabalho foi analisar as possiveis cascatas
intracelulares ativadas pela atorvastatina e guanosina, relacionadas aos
efeitos citotdxicos exercidos em células de glioma. As duas principais
vias envolvidas no processo de proliferacdo celular em gliomas sdo a da
PI3K/Akt/mTOR e Ras/MEK/MAPK. O aumento da PI3K leva a um
aumento da ativacdo de Akt, que por sua vez ativa mTOR e esta regula
diversas cascatas de sinalizacdo envolvidas na proliferacdo e apoptose.
Crescimento e proliferagdo celular descontrolados podem estar
relacionados a elevacdo da fosforilagcdo de MEK e MAPK (Akhavan et
al., 2010; Nakada et al., 2011; Mao et al., 2012). Estudos anteriores
demonstraram que a guanosina apresentou potencial em modular tais
cascatas, exercendo seus efeitos neuroprotetores e neurotroficos
(Lanznaster et al., 2016). Entretanto, apesar de em nosso estudo a
guanosina diminuir a proliferacdo celular, ndo foi observada alteracdo
do efeito citotoxico da guanosina com a inibigdo da MEK (Capitulo 11,
Anexo B, Figura 4). Todavia, mais estudos sdo necessarios para
investigar MAP/ERK. No que diz respeito a atorvastatina, ja foi
demonstrado que a inibicdo da via MEK/ERK ¢ capaz de reverter a
neuroprotecdo exercida pela estatina, contra a neurotoxicidade induzida
por &cido quinolinico (Vandresen-Filho et al., 2016). Contudo, o efeito
antitumoral da atorvastatina ndo tem relacdo com a ativacdo de MEK,
visto que sua inibicdo ndo alterou o efeito da atorvastatina na viabilidade

celular (Capitulo I, Figura 11a),
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Estudos anteriores do nosso grupo comprovam que os efeitos
neuroprotetores da guanosina estdo diretamente relacionados a ativacdo
da via PI3K/Akt/mTOR e MAPK/ERK, por meio da possivel interacdo
com receptores de adenosina (Molz et al., 2011; Dal-Cim et al., 2012;
Dal-Cim et al., 2013; Lanznaster et al., 2016). Visto que observamos
alteracdo do efeito citotoxico da guanosina pelo antagonismo de
receptores de adenosina, foi analisado o envolvimento de vias acionadas
em decorréncia da ativacdo destes receptores. Foi observado que a
inibicdo da PI3K e mTOR ndo previnem o efeito citotoxico da
guanosina, mas sim o potenciam. Tais resultados podem sugerir que
células tratadas com guanosina dependem da ativacdo da PI3K e mTOR
para manutencdo da sobrevivéncia e a inibigdo dessa via potencia o

efeito citotoxico da guanosina (Capitulo 1I, Anexo B, Figuras 6).

Relativamente a atorvastatina e a regulacdo da via PI3K e mTOR,
ja foi demonstrado que a inibi¢&o destas é capaz de prevenir o efeito tipo
antidepressivo induzido pela atorvastatina (Ludka et al., 2016). Ainda, a
atorvastatina é capaz de induzir neuritogénese via ativacdo da via
PI3K/Akt/mTOR em cultivo de neurbnios corticais (Jin et al., 2012).
Apesar destas evidéncias, em nosso estudo a inibicdo da PI3K e mTOR
ndo alterou o efeito citotoxico da atorvastina (Capitulo I, Figura 11b),
sugerindo que seu efeito antitumoral se da pela regulagdo destas vias.
Estes dados corroboram com os resultados obtidos por Lee et al.(Lee et
al., 2009), que descrevem que a inibicdo da mTOR e co-tratamento com
atorvastatina ndo alteram o volume tumoral e taxa de sobrevivéncia em

modelo murino de esclerose tuberosa. Por consequéncia, ainda sdo
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necessarios mais estudos acerca das vias de sinalizagdo intracelulares

relacionadas a citotoxicidade da atorvastatina a células de glioma.

Finalizamos este trabalho ressaltando a importancia dos
resultados obtidos, visto que ampliam os conhecimentos relativos aos
efeitos da guanosina e da atorvastatina. Identificamos uma acéo
citotoxica sobre células tumorais, mais especificamente células oriundas
de glioma humano, e iniciamos o estudo dos mecanismos envolvidos
neste efeito citotoxico da Atorvastatina e Guanosina (Figura 11). Desta
forma, além da acgdo neuroprotetora ja elucidada, descrevemos uma nova
proposta de efeito para cada um dos compostos. O entendimento destes
mecanismos é de grande valia, visto que se trata de compostos nédo
toxicos e que apresentam poucos e bem tolerados efeitos colaterais. O
desenvolvimento desta tese de Doutorado, iniciando o processo de
elucidacdo dos efeitos citotoxicos da atorvastatina e guanosina sobre
células de glioma, almeja contribuir para a identificagdo de novas

abordagens para o tratamento desta doenca.
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Figura 1: Esquema representando os efeitos da atorvastatina e da
guanosina em células de glioma A172. As células foram tratadas com
Atorvastatina (ATOR), ou Guanosina (GUO), ou Temozolamida (TMZ),
ou GUO+TMZ por 48 horas e parametros carateristicos de tumores foram
avaliados. A atorvastatina reduziu a viabilidade celular, perdendo
parcialmente este efeito com o bloqueio de receptores de glutamato.
Ainda, reduziu a proliferacdo e a migracdo e induziu a apoptose e
autofagia. A guanosina também reduziu a viabilidade celular, cujo efeito
foi parcialmente perdido pelo bloqueio dos receptores de adenosina A; e
Aa. Ainda, diminuiu a migracdo e proliferacdo e combinada a TMZ
induziu diminuicdo do potencial de membrana mitocondrial, dano ao
DNA e apoptose.
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CONCLUSOES

e A atorvastatina apresenta efeito citotoxico contra células de
glioma humano Al72, entretanto a concentracdo de
atorvastatina que causa toxicidade ao glioma ndo altera a
viabilidade celular de astrdcitos;

e A atorvastatina reduz a migracdo e proliferacdo celular em
células de glioma A172;

¢ A atorvastatina induz a apoptose em gliomas A172 e esse efeito
é aumentado pela co-incubag¢do com temolozomida;

¢ A atorvastatina desencadeia 0 aumento de organelas vesiculares
acidas, indicando um aumento na autofagia;

e A efeito citotdxico da atorvastatina é parcialmente prevenido
pelo blogueio de AMPAR, NMDAR, KAR e mGIuR,
indicando o envolvimento destes receptores nos eventos que
desencadeiam a redugéo da viabilidade pela atorvastatina;

e A atorvastatina ndo acarreta dano ao DNA, entretanto causa
uma diminuigdo do potencial de membrana mitocondrial;

e As proteinas de sinalizacdo de sobrevivéncia celular, PKA,
CaMKIl, MEK, PKC, PI3K e mTOR parecem ndo estar
envolvidas no potencial citotdxico da atorvastatina;

e A guanosina também apresenta potencial citotoxico em células
de glioma humano A172;

e A guanosina é capaz de reduzir a migragdo e proliferacdo em
células de glioma humano, bem como o aumento na

autofagia;
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e O tratamento combinado de guanosina e temozolomida
desencadeia uma diminuicdo do potencial de membrana
mitocondrial, bem como um aumento no dano ao DNA e nos
niveis de apoptose;

e A guanosina é capaz de prevenir o aumento da liberacdo de
glutamato desencadeado pela temozolomida;

o A inibicdo dos receptores A; e A,a de adenosina é capaz de
prevenir parcialmente o efeito citotoxico da guanosina.

o A inibicdo concomitante dos receptores A; e Aya reduz a
viabilidade das células de glioma. Entretanto a inibicdo do
receptor A; e a ativacdo do receptor A,n ndo altera a
viabilidade e ndo protege as células de glioma do efeito
citotdxico da guanosina.

¢ A inibicdo da mTOR e da PI3K potenciou o efeito citotdxico da

guanosina.



167

8. PERSPECTIVAS

e Ampliar o estudar das vias de sinalizacdo intracelulares
envolvidas no efeito citotdxico da atorvastatina;

e Auvaliar o efeito do tratamento atorvastatina em co-
cultivo de células de glioma e astrocitos corticais;

o Avaliar o efeito da atorvastatina em outras linhagens
tumorais e em modelo de implantagdo xenogréafica de
gliomas in vivo;

e Ampliar o estudo das vias de sinalizagdo envolvidas no
efeito citotoxico da guanosina;

e Estudar receptores e vias de sinalizacdo envolvidas no
efeito do tratamento combinado de guanosina e
temozolomida;

e Avaliar o efeito do tratamento com guanosina e
temozolomida em modelo in vivo.
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