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RESUMO

VASCONCELOS, Alana. Sintese e atividade antiglioblastoma in vitro e in
vivo de 2,4-tiazolidinedionas, 2020. Programa de Pés-Graduacdo em
Bioquimica e Bioprospeccéao, Universidade Federal de Pelotas, Pelotas, 2020.

As tiazolidinedionas (TZDs) representam uma classe importante de compostos
heterociclicos que possuem atividades biolégicas versateis, incluindo acao
anticancer. No presente estudo, dezessete 2,4-tiazolidinedionas foram
sintetizadas, identificadas, caracterizadas e analisadas quanto a atividade
antiglioblastoma. A sintese dos compostos foi realizada através de reacdes de
Knoevenagel e de N-alquilagdo em uma metodologia one-pot utilizando um
aparelho de micro-ondas proéprio para laboratério em 40 minutos. As estruturas
quimicas foram identificadas e caracterizadas por cromatografia gasosa
acoplada a espectrdmetro de massas (CG-EM) e por ressonancia magnética
nuclear de hidrogénio e carbono (RMN de 'H e *C). A atividade antiglioma foi
avaliada in vitro pelo ensaio colorimétrico do MTT e apds, foi realizado um
estudo in vivo por meio da implantacao intracerebroventricular de células C6 de
glioblastoma em ratos Wistar. Os parametros comportamentais (teste de
reconhecimento de objetos e campo aberto) e bioquimicos séricos foram
determinados no modelo pré-clinico. Todos 0s compostos sintetizados
reduziram a viabilidade celular em linhagem celular de glioblastoma de ratos
C6 e quinze compostos foram citotéxicos em linhagem de camundongos
GL261. Nenhum dos compostos demonstrou toxicidade em cultura primaria de
astrocitos, evidenciando assim seletividade para as células tumorais. Os
compostos 4Cl ICsp = 28,51 UM e 4Dl ICsp = 54,26 uM, ambos com R?= 4-F,
apresentaram os melhores resultados, supéem-se, portanto, que o atomo de
flior na posicdo quatro do anel B seja importante para a atividade
antiglioblastoma. O composto 4CIl, com o menor ICsg, foi selecionado para a
analise in vivo, na qual se constatou que o tratamento por 15 dias com a dose
de 10 mg/kg administrada pela via intragastrica foi capaz de reduzir
qualitativamente o volume tumoral e normalizar os niveis glicémicos. Na&o
houve alteracdo no perfil lipidico e conteddo proteico, assim como n&o
ocorreram modificagcbes nos marcadores bioquimicos de dano renal apos o
tratamento. Os niveis da aspartato aminotransferase ndo foram alterados em
nenhum dos grupos experimentais, entretanto foi verificado um aumento da
alanina aminotransferase, ambas as enzimas utilizadas para avaliar dano
hepético. O composto 4Cl reverteu a hipolocomoc¢do encontrada nos animais
nao tratados, bem como a reducdo do ganho de peso induzida pelo
glioblastoma. De acordo com os resultados obtidos nos testes in vitro, todos os
compostos foram promissores para a atividade antiglioblastoma, principalmente
o0 4Cl, que obteve a maior reducdo da viabilidade de células C6 e também
baixa toxicidade em cultivo de astrécitos. O 4Cl também demonstrou atividade
antiglioblastoma in vivo, sendo assim um potencial candidato para estudos pré-
clinicos em outros modelos animais.

Palavras-Chave: 2,4-tiazolidinediona; Antiglioma, Antitumoral, Reacdo one-pot;
N-alquilacdo e Knoevenagel.



ABSTRACT

VASCONCELQOS, Alana. Synthesis and in vitro and in vivo anti-
glioblastoma activity of 2,4-thiazolidinediones, 2020. Doctoral thesis,
Graduate Program in Biochemistry and Bioprospecting, Federal University of
Pelotas, Pelotas, 2020.

Thiazolidinediones (TZDs) are an important class of heterocyclic compounds
that have versatile biological activities, including anticancer action. In the
present study, seventeen 2,4-thiazolidinediones were synthesized, identified,
characterized and analyzed for anti-glioblastoma activity. The synthesis of the
compounds was performed through Knoevenagel and N-alkylation reactions in
a one-pot methodology using a microwave oven suitable for the laboratory in 40
minutes. The chemical structures were identified and characterized by gas
chromatography coupled to mass spectrometer (GC-MS) and by nuclear
magnetic resonance of hydrogen and carbon (*H and *C NMR). The anti-
glioma activity was evaluated in vitro by the MTT colorimetric assay and
afterwards, an in vivo study was carried out by intracerebroventricular
implantation of glioblastoma C6 cells in Wistar rats. The behavioral (object
recognition and open field tasks) and serum biochemical parameters were
determined in the preclinical model. All the synthesized compounds reduced
cell viability in the C6 glioblastoma cell line and fifteen compounds were
cytotoxic in the GL261 mouse line. None of the compounds showed toxicity in
primary astrocyte culture, thus showing selectivity for tumor cells. The
compounds 4Cl ICsq = 28.51 pM and 4DI ICsq = 54.26 pM, both with R? = 4-F,
showed the best results, therefore, it was assumed that the fluorine atom in
position four of ring B is important for anti-glioblastoma activity. Compound 4Cl,
with the lowest ICsg, was selected for the in vivo analysis, in which it was found
that the treatment for 15 days with the dose of 10 mg/kg administered by
intragastric route was able to qualitatively reduce the tumor volume and
normalize the glycemic levels. There was no change in the serum lipid profile
and protein content, as well as no changes in the biochemical markers of renal
damage. As regards liver damage markers, it was observed that aspartate
aminotransferase levels were not altered in any of the experimental groups;
however, an increase was detected in alanine aminotransferase caused by
treatment. The 4Cl compound reverted the hypolocomotion found in untreated
animals, as well as the reduction in weight gain induced by glioblastoma.
According to the results obtained in the in vitro tests, all compounds were
promising for anti-glioblastoma activity, mainly 4ClI, which obtained the greatest
reduction in the viability of C6 cells and also low toxicity in astrocyte culture. 4Cl
also demonstrated anti-glioblastoma activity in vivo, thus being a potential
candidate for preclinical studies in other animal models.

Key words: 2,4-thiazolidinedione; Anti-glioma; Antitumoral; One-pot reaction;
N-alkylation and Knoevenagel.
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1. INTRODUCAO

O glioma sdo tumores cerebrais primarios (FERLAY, J. et al. 2010;
OSTROM, Q.T. et al. 2014), representando 81% dos tumores malignos do
cérebro (OSTROM, Q.T. et al. 2014). A classificacdo atualizada da
Organizacdo Mundial da Saude (OMS) de 2016 recomenda o diagndstico
molecular dos gliomas de acordo com o status mutacional da enzima isocitrato

desidrogenase (IDH).

O glioblastoma é o tipo de glioma mais comum (OSTROM, Q.T. et al.,
2019) que apresenta uma sobrevida baixa, geralmente inferior a dois anos
(STUPP, R. et al.,, 2005; CECCARELLI, M. et al. 2016). A resposta do
glioblastoma a radioterapia e quimioterapia é limitada. Nesse contexto, o
estudo realizado por STUPP, R. et al. 2005 demonstrou que pacientes tratados
com radioterapia tiveram uma sobrevida de 12,1 meses, enquanto que
pacientes tratados com radioterapia mais temozolamida (TMZ) tiveram uma
sobrevida de 14,6 meses, ou seja, a utilizacdo de TMZ aumentou a sobrevida
em apenas dois meses e meio. Outros medicamentos, dentre eles alguns
anticorpos monoclonais, foram testados com o intuito de estabelecer novos
protocolos terapéuticos, entretanto nenhuma intervencdo farmacolégica
demonstrou alterar o curso da doenca (RHUN, E.L. et al. 2019). Essas
informacdes evidenciam a necessidade de medicamentos mais eficazes para o
tratamento do glioblastoma. Diversos estudos demonstram a atividade
anticancer de agonistas de receptores ativados por proliferadores de
peroxissomo (PPARs) (WU, K. et al. 2016; PESTEREVA, E. et al. 2012;
YOUSEFNIA, S. et al. 2018), uma vez que os agonistas de um dos subtipos de
PPAR, o PPARy, possuam papeis-chave na proliferacdo, metastase,
angiogénese, apoptose e imunomodulacédo através da ativacdo de vias de
sinalizacdo em diferentes células cancerigenas, bem como em células-tronco
cancerigenas (YOUSEFNIA, S. et al. 2018).

As TZDs séo agonistas do PPARy e vém demostrando acdo antitumoral
em diferentes linhagens celulares (YOUSEFNIA, S. et al. 2018). A pioglitazona
e a rosiglitazona séo exemplos de TZDs, a primeira é comercializada no Brasil

como agente hipoglicémico e a segunda teve seu registro cancelado devido a
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efeitos adversos cardiovasculares, conforme informado pela Agencia Nacional
de Vigilancia Sanitaria. Esses medicamentos, bem como vérios derivados da
TZD, foram testados em diferentes linhagens celulares, entre elas, linhagens
de glioma (METWALLY, K. et al. 2017; REGO, M.J.B.M. et al. 2014). Nesse
sentido, a pioglitazona ja demonstrou efeito antiglioma em um modelo de
xenoenxerto (GROMMES, C. et al. 2013), assim como em um estudo de fase I,
no qual um novo regime foi moderadamente ativo e bem tolerado em pacientes

com gliomas de alto grau (HAU, P. et al. 2007).

Em virtude da baixa sobrevida proporcionada pelo principal
medicamento utilizado na terapia do glioblastoma, assim como pelas tentativas
frustradas em estabelecer novos protocolos para esse tipo de tumor cerebral,
observa-se a necessidade de estudos bioquimicos e quimicos para a sintese e
analise da atividade antiglioblastoma de novos compostos tendo como

precursor o heterociclo TZD.

Y

O Laboratorio de Quimica Aplicada a Bioativos (LaQuiABio) vem
estudando a sintese e a atividade antiglioma de compostos contendo o
heterociclico 4-tiazolidinona, um heterociclo analogo da TZD (SILVA, D.S. et
al., 2016; SILVEIRA, E.F. et al. 2017). A diferenca entre a TZD e a 4-
tiazolidinona é que a primeira possui duas carbonilas, uma na posi¢cdo 2 e a
outra na posicdo 4 do anel, enquanto a segunda apresenta apenas uma
carbonila na posicédo 4, mantendo o nucleo central das estruturas semelhantes.
Tendo em vista os trabalhos da literatura bem como os resultados promissores
obtidos até o momento pelo nosso grupo de pesquisa, nessa tese focamos no
efeito antiglioma in vitro e in vivo de compostos derivados do heterociclo TZD.

18



2. OBJETIVOS
2.1. OBJETIVO GERAL

O presente estudo tem como objetivo a sintese, caracterizacdo e
avaliacdo do potencial antiglioblastoma in vitro e in vivo de derivados da 2,4-
tiazolidinediona, com o intuito de desenvolver moléculas simples e que possam
se tornar uma alternativa vidvel e com menores efeitos colaterais, quando
comparadas com os farmacos ja conhecidos e em testes para o tratamento do

glioblastoma.
2.2. OBJETIVOS ESPECIFICOS 1

Sintetizar uma série de 2,4-tiazolidinedionas funcionalizadas na posicéo
3 através da N-alquilacdo com cloretos de benzila substituidos e na posicédo 5
através da condensacdao aldélica (Knoevenagel) com benzaldeidos substituidos

(Esquema 1).
Caracterizar as estruturas por CG-EM e RMN de *H e **C.

Avaliar, in vitro, a citotoxicidade dos derivados da 2,4-tiazolidinediona em

linhagens celulares de glioblastoma de rato (C6) e de camundongo (GL261).

Avaliar, in vitro, a citotoxicidade dos derivados da 2,4-tiazolidinediona em

cultura primaria de astroécitos.

o 8 ‘%;o

2,4-tiazolidinediona
TZD TZDs

R'=CI, F, OCH3, H e Br
R2= 3-Cl, 4-Cl, 4-OCHj e 4-F

Esquema 1. Rota sintética para a obtencao das TZDs.
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2.3. OBJETIVOS ESPECIFICOS 2

Avaliar a atividade antiglioma in vivo através da implantacédo de células
de glioblastoma C6 em ratos Wistar e posterior tratamento com o(s) melhor(es)
composto(s) do estudo in vitro.

Avaliacdo da funcao renal e hepatica, bem como do perfil lipidico e

conteudo proteico no modelo pré-clinico de glioblastoma.

Avaliagdo comportamental no modelo pré-clinico de glioblastoma.

20



3. REVISAO DA LITERATURA
3.1 GLIOMA

Gliomas sdo tumores cerebrais primarios que se acredita derivarem do
tronco neuroglial ou células progenitoras (WELLER, M. et al. 2015). Os gliomas
foram classificados de acordo com a Organizacao Mundial da Saude de 2007,
em uma escala ascendente de | a IV e nomeados de acordo com as células
progenitoras (SAMUDRA, N. et al. 2019): (I) astrocitoma de células ciliadas; (Il)
astrocitoma difuso; (Ill) astrocitoma anaplasico, oligodendroglioma anaplasico e

astrocitoma anaplasico; e (IV) glioblastoma (LIU, L. and LI, X. 2018).

A classificacdo atualizada da Organizacdo Mundial da Saude de 2016
recomenda o diagndstico molecular do status mutacional da isocitrato
desidrogenase (IDH). Os gliomas com IDH mutantes manifestam o fenétipo
metilador da ilha de citosina-fosfato-guanina (CpG) (G-CIMP) (MALTA, T.M. et
al., 2017). A classificagdo baseada na metilagdo do DNA, feita apds uma
grande andlise gendmica, refinou subgrupos anteriores de glioma com base na
mutacdo da IDH e no status de codelecdo 1p / 19g. Os subgrupos foram
direcionados principalmente pelo status da mutacdo IDH 1 / 2 e classificados
como: IDH-tipo selvagem e IDH-mutantes (CECCARELLI, M. et al. 2016)
(Figura 1).

Os tumores IDH-tipo selvagem foram subdivididos nos tipos classico,
mesenquimal, LGm6-GBM e astrocitoma pilocitico. Os IDH-mutantes foram
agrupados como codificadores e néo codificadores de 1p / 19q e refinados em
2 subgrupos distintos, com base na extensdo da metilagcdo do DNA em G-CIMP
baixo e G-CIMP alto, fornecendo um aprimoramento na classificacdo do
glioma, independente do grau e da histologia (CECCARELLI, M. et al. 2016).
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Figura 1. Critérios para classificacdo de gliomas (Adaptado de MALTA et al.
2017).

Mutacéo da enzima IDH, codelecéo de 1p/19q, metilagdo do promotor da
enzima O6-metilguanina-DNA metiltransferase (MGMT) e G-CIMP+ séo
biomarcadores progndsticos favoraveis independentes, ou seja, essas

alteracdes sao benéficas para os pacientes (MUR, P, 2015).

Cirurgia, radioterapia e quimioterapia com agentes alquilantes ainda séao
a base do tratamento, afetando enormemente a qualidade de vida dos
pacientes. A cirurgia pode estar associada a déficits funcionais agudos, a
radioterapia representa um grande risco de comprometimento neurocognitivo e
a quimioterapia pode causar toxicidade hematologica e outras toxicidades
(WELLER, M. et al. 2015).

Além do tratamento do proprio tumor, muitos pacientes requerem
tratamento dos sintomas neuroldgicos associados, incluindo alteracdes
cognitivas e comportamentais, fadiga e convulsdes, os quais também afetam a
gualidade de vida dos pacientes (SAMUDRA, N. et al 2019).
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3.1.1 MUTACAO IDH 1/2

A enzima IDH1 é responsével pela reacdo que transforma o isocitrato e
o NADP+ em a-cetoglutarato (a-KG) e NADPH, essa reag&o ocorre no citosol
da célula. Mutacdes nessa enzima levam a formacdo do acido 2-
hidroxipentérico (2-HG) a partir de a-cetoglutarato (a-KG) (Figura 3), reduzindo
os niveis do a-KG e aumentando os de 2-HG, resultando na inibicdo das
enzimas de desmetilagdo de histona JHDM1, JMJD2 e 5 mC hidroxilase, que é
da familia das enzimas de translocacdo de dez-onze metilcitosina dioxigenase
(TET). A inibicdo dessas enzimas causa hipermetilacdo de histonas. A enzima
5-metilpirimidina  hidroxilase  (5MPH) também €& inibida, causando
hipermetilagdo do DNA. Assim, a mutacédo da IDH pode afetar os padrdes de
metilacdo do DNA alterando a expressao de oncogenes, genes supressores de
tumores ou outros componentes criticos e metabdlicos da via (LIU, L. 2018)
(Figura 2).

i

@Como
substrato
n

(DH 1 mutants Acumulo de ROS
M

SMPH | 4 z-HG :
1 Hipermetilacdo glioblastoma

L1 do DNA
! Enzima
PHD HIF-1a Express3odo gene
¢ . HIF-1
\M

Figura 2. Mutacéo da IDH e sua relacdo com o ciclo do acido tricarboxilico e

vias que levam a tumorigénese apés a mutacdo (Adaptado de LIU, L., 2018).
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A figura 3 exemplifica uma das inibicbes enzimaticas citadas acima, o
acumulo de 2-HG inibe a enzima TET, desta forma ndo ocorre a desmetilacdo
da 5-metilcitosina (5mC) e a 5-hidroximetilcitosina (5hmC) nédo é formada, ou
seja, 0 DNA permanece metilado (Figura 3) (WU, H. 2011).

| 1IDH1 ‘ | IDH1 [
1SOCITIAt0 —— -KG — 2-HG
Tipo Alteracdo

selvagem no R132H |
hm

® : E :

5-mC S5-hmcC

Figura 3. Inibicdo da enzima TET (Adaptado de WEISENBERGER, D.J. 2014).

O 2-HG também inibe a enzima prolil hidroxilase (PHD) a qual catalisa
muitas reacdes, como o reparo do DNA alquilado, deteccdo de niveis de
oxigénio e resposta a hipoxia (LIU, L. 2018). Os niveis aumentados de 2-HG
também podem levar a ativacdo do fator induzivel por hipoxia-1 (HIF-1), o qual
estd envolvido na regulacdo da expressdo génica no ambiente hipoxico,
angiogénese, sobrevivéncia celular, metabolismo da glicose e transcricdo de
genes invasivos (ZHAO, S. et al. 2009). Além disso, as semelhancas
estruturais entre 2-HG e glutamato indicam que o 2-HG pode ativar os
receptores de glutamato nos neurénios, interferindo na homeostase intracelular
do célcio e na producdo de espécies reativas de oxigénio (EROs) (LIU, L.
2018).

3.1.2 CODELECAO 1p/19q

A codelecao 1p/19qg provavelmente ocorre apds uma translocacdo nao
equilibrada entre os bracos dos cromossomas 1 e 19, levando a uma perda
combinada de material genético (JENKINS, R.B. et al., 2006).

3.1.3 G-CIMP

O status de metilacdo do DNA resulta da acdo das enzimas metilantes e/
ou desmetilantes. A metilacdo do DNA é a transferéncia do grupo metil para a

posicdo 5' do anel da citosina através da acdo de uma enzima metilante,
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levando a formacdo da 5mC (Figura 4), isso ocorre principalmente nos
dinucleotideos - CpG (GOLL, M.G. et al. 2005). Os CpGs dispersos por todo o
genoma sao geralmente metilados, a ilha de CpGs, localizada nas regides
promotoras, geralmente ndo é metilada (Figura 5). Em condic¢des fisioldgicas, a
metilacdo da ilha de CpGs geralmente ocorre como um mecanismo de

repressao genética em regides especificas (DE CARVALHO, D.D. et al. 2010).

DNMT TET
Enzima Me Enzima hm

metilante desmetilante
IR, —> m&\ Ea— g/ A/ AN
Citosina 5-mC 5-hmC

Nao metilada

Figura 4. Metiltransferases de DNA (DNMTSs) catalisando a transferéncia do
grupo metil para a 5 citosina e desmetilagdo de 5mC pela enzima TET
(Adaptado de WEISENBERGER, D.J. 2014).

No cancer, a metilagdo do DNA se torna aberrante e é caracterizada
principalmente por hipermetilacdo em torno dos promotores dos genes e
corpos génicos e hipometilacdo entre elementos ndo promotores (Figura 5). A
hipermetilagdo do promotor € um importante mecanismo de silenciamento

epigenético dos genes supressores de tumores (MALTA, T.M. et al. 2017).

Com base na extensédo da metilacdo global do DNA, descobriu-se dois
subconjuntos de gliomas IDH-mutantes/G-CIMP+: um que apresenta baixo
grau de metilacdo do DNA e pior resultado (G-CIMP-baixo); e outro que
descreve alta metilagdo do DNA e melhores resultados (G-CIMP-alto) (Figura
1). Essa classificacdo reflete um refinamento do diagnoéstico de tumores,
integrando as caracteristicas genotipicas e fenotipicas e estreitando o0s
subgrupos definidos. Esse esquema pode ser Util para prever o resultado do
paciente e tornar as estratégias terapéuticas mais eficazes e adaptadas a cada
paciente (MALTA, T.M. et al., 2017).
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Figura 5. Alteragbes aberrantes da metilagdo do DNA em locais gendmicos
especificos em células tumorais (Adaptado de MALTA et al. 2017).

3.2 METILACAO DO PROMOTOR DA 06-METILGUANINA-DNA
METILTRANSFERASE (MGMT)

A MGMT é uma enzima de reparo de DNA que interfere na acdo da
TMZ. Essa enzima atua transferindo o grupo metil da posicdo O6 da guanina
do DNA para a sua prépria cisteina, o que repara os danos letais ao DNA
induzido pela TMZ, permitindo que a célula tumoral sobreviva (Figura 6A)
(JIAPAER et al. 2018).

Os niveis de expressao da MGMT correlacionam-se diretamente com o
status da metilacdo da ilha CpG do promotor do gene da MGMT, ou seja,
quando o promotor estd metilado ocorre diminuicdo da expressdo da MGMT e

quando ele ndo esta metilado e enzima é expressa normalmente.
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Casos de glioblastoma com o promotor da MGMT metilado (Figura 6B)
mostraram sobrevida prolongada em comparagcédo a casos em que 0 promotor
ndo estava metilado. Portanto, a enzima MGMT contribui para a resisténcia a
TMZ (JIAPAER, S. et al. 2018)

A T™MZ B T™MZ
Dano aoc DNA G Dano ao DNA
C

/ Promotor

“‘0-——-” Promotor metilado
n3o metilado
Nao ocorre a transcricac e a
enzima MGMT nao é produzida
\“\f;f-t-/
G

Dna reparado

C

Dna ndo reparado

Inativa °
G
C

Sobrevivéncias da

. Aarte da relnla
célula cancerigena Morte da celula

Cancerigena

Resisténcia a droga

Figura 6. A) Desmetilacdo do DNA causada pela enzima MGMT e resisténcia a
TMZ. B) Metilacdo do promotor do gene da enzima MGMT contribuindo para a
acado da TMZ (Adaptado de JIAPAER et al. 2018).

3.3 MECANISMOS DE ACAO DE FARMACOS ANTIGLIOBLASTOMA

A maioria dos ensaios clinicos aborda a sinalizagdo oncogénica via
receptores de tirosina cinases, controle do ciclo celular e suscetibilidade a
inducdo de apoptose. Na revisdo publicada por RHUN et al. 2019, varios
farmacos que foram testados em estudos de fase Il e que atuam nas vias
celulares frequentemente alteradas no glioblastoma, como a PISK/AKT/mTOR,
a proteina de tumor (p53) e a do receptor do fator de crescimento epidérmico
(EGFR) falharam na melhora dos resultados terapéuticos (RHUN, E.L. et al.
2019).
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Com excecao do fator de crescimento endotelial vascular (VEGF) -
bevacizumabe, que prolongou a sobrevida sem progressdao, mas ndo a
sobrevida global, nenhuma intervencdo farmacol6gica demonstrou alterar o
curso da doenca, e a quimioterapia com TMZ é ainda considerada o tratamento
padréao de glioblastoma desde 2005 (RHUN et al. 2019).

O mecanismo de ac¢éo de farmacos que atuam no EGFR e no VEGF séo
ilustrados na figura 7. A ativacdo do EGFR leva a proliferagéo, invasao e
resisténcia a inducdo de apoptose. O farmaco EGFR TKI inibe esse receptor,
impedindo a ativacdo da proliferacdo (Figura 7A). O depatuxizumabe
mafodotin, um anticorpo monoclonal associado a uma toxina, atua de outra
forma, apds a sua ligacdo ao EGFR, ocorre a internalizacdo do anticorpo com
posterior liberacdo da toxina, levando também a uma inibicdo da proliferacédo
celular (Figura 7A) (BRENNAN, C.W. et al. 2013; FELSBERG, J. et al. 2017;
RHUN et al. 2019).

A figura 7B ilustra o mecanismo de agdo dos medicamentos
bevacizumabe e cediranibe. O anticorpo monoclonal bevacizumabe se liga ao
VEGF enquanto o farmaco cediranibe atua inibindo o receptor do VEGF
(VEGFR), nos dois casos as vias intracelulares que levam a proliferacédo e
angiogénese ndo séo ativadas (PLATE, K.H. et al. 1994; SZABO, E. et al.
2016; RHUN et al. 2019).
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Figura 7. A) Mecanismo de a¢do dos farmacos EGFR TKI e depatuxizumabe
mafodotin B) Mecanismo de acdo dos farmacos bevacizumabe e cediranibe
(Adaptado de RHUN et al. 2019).
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3.4 POSSIVEIS MECANISMOS DE ACAO ANTITUMORAL DAS TZDs

Em virtude dos resultados clinicos ndo satisfatorios citados acima e da
baixa sobrevida global proporcionada pelo principal medicamento
antiglioblastoma - TMZ, estudos in vitro tem sido realizados com o intuito de
analisar compostos mais eficazes e com diferentes mecanismos de acéo,
como, por exemplo, as TZDs. Esses compostos podem atuar de diferentes
maneiras, como, por exemplo, através da ativagdo do receptor PPARYy
(ZANDER, et al. 2002), aumento da expresséo do transportador excitatorio de
aminoacidos 2 (EAAT2) (CHING, J. et al. 2015), inibicdo do receptor de IGF-1
(IGF -1R) (LIU, X. et al. 2010), entre outros (YOUSEFNIA, S. et al, 2018).

Os PPARs sao receptores nucleares (FERRE, P. et. al. 2004), o subtipo
PPARy é expresso em varios tipos celulares neuronais, incluindo microglia,
astrocitos, oligodendrécitos e neurdnios (CHING, J. et al. 2015). Esse receptor
€ distribuido em uma variedade de células cancerigenas, dentre elas o
glioblastoma (MOROSETTI, R. et al. 2004), possuindo agonistas naturais e
sintéticos como por exemplo as TZDs, pioglitazona, rosiglitazona, troglitazona e
ciglitazona (YOUSEFNIA, S. et al, 2018).

ApOs a ativagdo por ligantes, o PPARy forma um heterodimero com o
receptor retinoide-X (RXR), e esse complexo liga-se ao elemento de resposta
do proliferador de peroxissoma (PPRE) dos genes alvo para induzir a
transativacdo do sinal (Figura 8). Esse receptor regula o metabolismo da
gordura, a homeostase energética, a proliferacdo e a inflamacao
(MOROSETTI, R. et. al. 2004).
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Figura 8. Ativacdo de genes via PPARy (Adaptado de GROMMES, C. et al.
2004).

O estudo realizado por ZANDER, et al. 2002 demonstrou que células C6
de glioblastoma incubadas com 30 yM de ciglitazona aumentam a expressao
das proteinas pré-apoptoticas BAX e BAD, portanto um possivel mecanismo de
acdo antiglioblastoma das glitazonas seria o aumento da expressdo de
proteinas pro-apoptoticas através da ativacao do PPARYy. As proteinas BAX e
BAD sdo expressas quando ocorre ativacdo dos seus respectivos genes. A
inducdo da apoptose causada pelo PPARy também pode ocorrer através da
diminuicdo da atividade de p-p85, p-Akt, reducdo da expressao de Bcl2 ou
supressédo da via PI3K/Akt (YOUSEFNIA, S. et al, 2018).

Em geral, o envolvimento de ligantes do PPARy na tumorigénese sugere
gue eles possuem potencial terapéutico isoladamente ou em combinacdo com
outros medicamentos anticancer (YOUSEFNIA, S. et al. 2018). Nesse
contexto, GROMMES, C. et al. 2010 mostraram que pacientes diabéticos com
glioblastoma que foram tratados com agonistas do PPARy exibiram uma
sobrevida média aumentada de 19 meses em comparagdo com pacientes que
receberam o tratamento padrdo para glioblastoma, para os quais a sobrevida

mediana foi de 6 meses.
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Outro mecanismo de acéao antiglioblastoma estudado é o aumento da
expressdo do EAAT2 em células que possuem uma reducdo desse
transportador, como nas células US7MG de glioblastoma (CHING et al. 2015).
O EAAT2 é responsavel por até 90% da captacdo extracelular de glutamato
para o interior das células gliais. ApGs o glutamato ser transportado para o
interior dessa célula esse é trocado, através do trocador Xc, por cisteina
extracelular (YE, Z.C., 1999). A captacéo intracelular de cisteina via sistema Xc
permite a sobrevivéncia das células do glioma através da formacédo da
glutationa, a qual protege a célula contra as espécies reativas endogenas de
oxigénio (CHUNG, W.J., 2005) (Figura 9)

As linhagens celulares de glioblastoma, assim como outras linhagens de
glioma, expressam baixos niveis do EAAT2. O numero reduzido desse
transportador resulta em concentracfes extracelulares anormalmente altas de
glutamato, gerando excitotoxicidade, que causa necrose do parénquima
adjacente e contribui para a proliferagédo (CHING, J. et al., 2015).
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Figura 9. A) Trocador Xc e captacdo de glutamato extracelular através do
EAAT2. B) Reducdo da expressao do EAAT2 e consequente aumento de

glutamato extracelular e suas implicacdes (Adaptado de CHING et al. 2015).

O estudo realizado por CHING et al. 2015 verificou que a pioglitazona
aumenta a expressdao do EAAT2 em células U87 e reduz os niveis
extracelulares de glutamato, possuindo, portanto, um efeito antiproliferativo.

Além disso, o antagonista do PPARy GW9662 inibiu o efeito da pioglitazona
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nos niveis extracelulares de glutamato, indicando dependéncia do receptor
PPARYy. A pioglitazona também reduziu significativamente a viabilidade celular
das células U87MG (30-100 uM) e U251MG (100 uM). O efeito na viabilidade
foi parcialmente dependente da ativacdo do PPARy nas células U87MG, mas
nao nas células U251MG (CHING, J. et al., 2015).

Além desse mecanismo de acdo antiproliferativo, proposto para a
pioglitazona, estudos demonstram que agonistas do PPARy podem aumentar
ou diminuir a proliferacdo de células cancerigenas de diferentes linhagens
através da regulacdo da expressdo de fatores proliferativos como: o fator
nuclear Kappa 3, a p38MAPK, a ciclina D, o receptor para produtos de glicacéo
avangcada e os inibidores das cinase dependente de ciclina ou cinase 4
dependente de ciclina (YOUSEFNIA, S. et al, 2018).

Derivados da TZD também demonstraram a capacidade de inibir os
receptores do fator de crescimento tipo insulina (IGF-1R) (LIU, X. et al. 2010;
MUGHAL, A. et al. 2015), os quais sdo importantes para a captacao de glicose
em astrécitos (FERNANDEZ, A.M. et al. 2017) e desempenham um papel
central nas vias de sinalizacdo que envolvem crescimento celular, proliferacéo
e apoptose (LIU, X. et al. 2010). O IGF-1R possui uma forte atividade anti-
apoptoética e a regulacdo negativa desse receptor leva a apoptose macica de
células cancerigenas (BASERGA, R. et al. 2003).

IGF-1R é altamente relacionado ao receptor de insulina (IR), uma vez
gue quando ocorre a ligacado simulténea da insulina ao seu receptor e do fator
de crescimento tipo insulina (IGF-1) ao seu receptor, ha um aumento da
captacao de glicose em astrocitos (FERNANDEZ, A.M. et al. 2017). Nas células
tumorais ha uma alta expressdo dos IGF-1R (LIU, X. et al. 2010), o que
possibilita 0 aumento da captacdo de glicose e reducédo do dano oxidativo. As
células tumorais captam mais glicose do que as células normais porque
realizam mais a glicélise anaerdbica do que a aerdbica, isso ocorre para que
haja uma redugcdo dos niveis de espécies reativas produzidas durante a
fosforilacdo oxidativa da glicolise aerdbica (LIU, X. et al. 2010; MOVAHEDA,

Z.G. et al. 2019), logo, supbéem-se que inibidores dos IGF-1R reduzam a
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captacdo de glicose pela célula tumoral as deixando mais suscetiveis ao dano

oxidativo.
3.5 TIAZOLIDINEDIONAS

A TZD é um anel heterociclico de cinco membros com dois grupos
carbonila nas posi¢cdes dois e quatro (NAPOLEON, 2016). O anel pode ser
funcionalizado nas posi¢des cinco e trés por meio de reacdes de condensagéo
alddlica e reacdes de N-alquilacédo, respectivamente (Figura 10), permitindo o
desenho e sintese de inameros derivados com potencial acéo biologica (RADI,
M. et al. 2010).

Condensagéo o N-alquilagéo
alddlica s /

Figura 10. Estrutura da 2,4-tiazolidinediona e posi¢des de funcionalizacao.

Em relacdo a atividade antitumoral, pesquisas sugerem que a acado das
TZDs, também denominadas glitazonas, é altamente complexa, envolvendo
uma variedade de efeitos gendmicos e ndo gendmicos, sendo que VAarios
efeitos antitumorais ocorrem independentemente do PPARy (FROHLICH, E.
2015). Por exemplo, a ciglitazona (Figura 11A) medeia a apoptose das células
do glioma independentemente do PPARYy através da reducédo de Akt e inducao
da perda de potencial da membrana mitocondrial (LEE, M.W. et al., 2012) e a
pioglitazona (Figura 11B) reduz a expresséo da -catenina independentemente
do PPARy. (WAN, Z. et al., 2011). Os efeitos séo especificos para espécies e
células e dependem da dose (FROHLICH, E. 2015).
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Figura 11. A) Estrutura quimica da ciglitazona. B) Estrutura quimica da

pioglitazona.
3.5.1 SINTESE DAS TZDs

As reacbes de condensacdo aldolica e N-alquilagdo que levam a
producdo de derivados da TZD podem ser realizadas em apenas uma etapa
(RADI, et al. 2010) ou em varias etapas (PUROHIT, S.S. et al. 2012) e através
de diferentes metodologias (PRASHANTHA KUMAR, et al. 2006; PUROHIT,
S.S. et al. 2012). A seguir serdo descritas diferentes metodologias de sintese
de TZDs.

Radi e colaboradores (RADI, et al. 2010) para sintetizar o composto 3-
benzil-5-benzilidenotiazolidina-2,4-diona seguiram um protocolo j& estabelecido
por PRASHANTHA KUMAR, et al. 2006, no qual as TZDs séo sintetizadas de
maneira one-pot em micro-ondas (Esquema 2). Conforme o protocolo, para
0,171 mmol da tiazolidina-2,4-diona deve-se adicionar 0,5 mL de
dimetilformamida (DMF), 0,342 mmol de trietilamina (EtsN), 0,205 mmol de
cloreto de benzila e 0,342 mmol do benzaldeido, a mistura resultante é
aguecida a 120°C em micro-ondas por 20 minutos (Esquema 2). Segundo os
autores, o produto desejado foi obtido com rendimento de 70%. Esse
procedimento obteve resultados comparaveis aos relatados por YANG, et al.
2003 em termos de rendimento e tempo reacional (20 minutos).
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Esquema 2. Sintese de 3-benzil-5-benzilidenotiazolidina-2,4-diona de maneira

one-pot em micro-ondas (RADI, et al. 2010).

Outra metodologia que pode ser empregada é a metodologia por
aquecimento térmico convencional. Os autores sintetizaram uma série de TZDs
através de trés etapas reacionais (Esquema 3) (PUROHIT, S.S. et al. 2012). Na
primeira etapa foi sintetizada a TZD através da reacdo entre o acido
cloroacético, a tioureia e HCl em refluxo de agua. Na segunda etapa foi
sintetizado os intermediérios 5-arilidenotiazolidin-2,4-dionas em uma reac¢ao de
Knoevenagel de diferentes aldeidos e da TZD em refluxo de etanol. Por fim, na
terceira etapa foram obtidas as TZDs pela N-alquilagdo dos intermediarios com
cloretos de benzila substituidos em refluxo de etanol. O rendimento obtido para

os produtos finais foi em média de 70%.

O
HCI / N
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+
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Esquema 3. Sintese de uma série de TZDs realizada em trés etapas pelo

método de aquecimento térmico convencional (PUROHIT, S.S. et al. 2012).
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De acordo com o descrito acima se constata que ambas as
metodologias proporcionaram praticamente os mesmos rendimentos. Além
disto, a metodologia one-pot em micro-ondas, realizada por RADI, et al. 2010,
possibilita uma sintese mais rapida e com menos trabalho laboratorial,
entretanto a purificacdo dos compostos utiliza hexano, o qual é toxico para o
organismo. Em contrapartida, a metodologia realizada por PUROHIT, S.S. et al.
2012 requer varias horas de trabalho e utiliza solventes toxicos como o tolueno
e o0 acido cloridrico, o qual também €& corrosivo, entretanto o processo de
purificacdo € mais simples e rapido e utiliza o alcool etilico como solvente, que
€ menos toxico que o hexano. Ambas as metodologias possuem vantagens e
desvantagens sendo importantes bases para construcdo de protocolos mais

rapidos, eficazes e menos téxicos.
3.6 DERIVADOS DA TZD COM ATIVIDADE ANTIGLIOBLASTOMA

No estudo realizado por REGO et al., 2014, foi analisada a citotoxicidade
de trés derivados de TZD (Figura 12). A estrutura LPSF/SF-13 demonstrou ser
seletivamente citotéxica contra a linhagem de (glioblastoma NG97
(ICso = 73,73 UM no ensaio do MTT) sem ser toxica para as células
mononucleares obtidas do sangue periférico de individuos saudaveis. A
presenca do grupo 3-Br pode ter contribuido para a citotoxicidade. Os autores
relataram que a apoptose foi a principal processo de morte celular induzido por
esse composto, embora também induzisse a necrose. Além disto, o estudo de
modelagem molecular mostrou que o LPSF/SF-13 teve boa afinidade pelo
PPARy e que o substituinte 4-NO, é capaz de interagir com um hidrogénio do

receptor PPARYy, o que pode estar relacionado a sua atividade antitumoral.

Br W :@/\(K
LPSF/SF-13 LPSF/SF-15 LPSF/SF- 17
ICsp = 73,73 uM

Figura 12. TZDs avaliadas no estudo de REGO et al. 2014.
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3.7 COMPOSTOS CONTENDO O HETEROCICLO 4-TIAZOLIDINONA
COM ATIVIDADE ANTIGLIOBLASTOMA

Nosso grupo de pesquisa vem estudando compostos com atividade
antiglioblastoma, especificamente estudos com compostos chamados 4-

tiazolidinonas, os quais séo analogos das TZDs.

O estudo realizado por SILVA et al., 2016 avaliou o potencial biol6gico
de quatorze tiazolidin-4-onas. Neste trabalho seis compostos mostraram efeito
significativo na reducédo da viabilidade celular em comparacdo com a droga
padrdao TMZ, na concentracdo de 100 uM em linhagem celular de ratos C6.
Nenhum dos compostos mostrou toxicidade nas células primérias de astrécitos,

demonstrando seletividade para as células tumorais.

SILVEIRA et al. 2017, também investigaram dezesseis estruturas
sintéticas 2-aril-3-((piperidin-1-il)etil)tiazolidin-4-onas. Treze dessas moléculas
reduziram a viabilidade das células de glioma (C6) em 30-65% na
concentracdo de 100 pM, no ensaio do MTT. Os quatro compostos mais
promissores promoveram uma reducao na viabilidade das células C6 superior a
50% e induziram a morte celular principalmente por mecanismos de necrose e
apoptose tardios. Nenhum dos compostos foi citotoxico para os astrécitos,
indicando seletividade para as células de glioma. Trés desses foram testados in
vivo, da seguinte forma: as células de glioma foram implantadas por injecao
intracraniana em ratos Wistar adultos, os animais foram tratados com os
compostos na dose de 5 mg/kg/dia por 15 dias e os tratamentos reduziram o
volume tumoral em 45-73%, quando comparados ao controle. E importante
ressaltar que 0s compostos ndo causaram mortalidade ou toxicidade nos

animais.
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4. RESULTADOS

Em virtude dos achados de REGO et al., 2014 e dos trabalhos anteriores
do nosso grupo de pesquisa (SILVA, D.S. et al., 2016 e SILVEIRA, E.F. et al.
2017) verificamos que o nucleo da 2,4-tiazolidinediona possui potencial para a
acao antiglioblastoma. Sendo assim, uma série de derivados da TZD foi

planejada, sintetizada, caracterizada e testada in vitro e in vivo.

Os resultados dessa Tese estdo apresentados na forma de um artigo e
um manuscrito cientifico: 1) O primeiro artigo (aceito para publicacéo)
apresenta a sintese e a caracterizacdo de 17 compostos, bem como 0s
resultados do ensaio do MTT em células de glioblastoma de ratos, de
camundongos e cultivo primario de astrocitos; 2) O segundo manuscrito
(submetido) apresenta os testes in vivo de reducdo do volume tumoral do
composto mais promissor em um modelo pré-clinico de glioblastoma em ratos
Wistar, apresenta a toxicidade renal e hepatica e a influéncia do composto na

locomocao e memoria dos ratos.

As secOes materiais e métodos, resultados, discussdo e referéncias

encontram-se nos proprios artigos e representam a integra desse estudo.

O artigo e 0 manuscrito estao estruturados de acordo com as revistas as

quais foram publicados ou submetidos.
4.1 ARTIGO

2,4-Thiazolidinedione as precursor to the synthesis of compounds with

anti-glioma activities in C6 and GL261 cells
Publicado no periodico Medicinal Chemistry
https://doi.org/10.2174/1573406416666200403075826

A aprovacdo junto ao comité de ética em experimentagcdo animal (CEEA)
autorizando a realizacdo da pesquisa desenvolvida neste manuscrito encontra-
se em anexo a esta tese (ANEXO A). O comprovante de publicacéo na revista
pode ser conferido no ANEXO B.
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2,4-Thiazolidinedione as precursor to the synthesis of compounds with
anti-glioma activities in C6 and GL261 cells

Alana de Vasconcelos®; Ana Jalia Zulian Boeira®; Bruna Bento Drawanz®; Nathalia
Stark Pedra®; Natalia Pontes Bona®; Francieli Moro Stefanello® Wilson Cunico®*

& Laboratério de Quimica Aplicada a Bioativos (LaQuiABio), Centro de Ciéncias
Quimicas, Farmacéuticas e de Alimentos, Universidade Federal de Pelotas, Campus
Universitario s/n, Capéo do Ledo, RS, Brazil, CEP: 96010-900.
® Laboratério de Neuroquimica, inflamacdo e Cancer (Neurocan) Centro de Ciéncias
Quimicas, Farmacéuticas e de Alimentos, Universidade Federal de Pelotas, Campus
Universitario s/n, Capédo do Ledo, RS, Brazil, CEP: 96010-900.

Background: Thiazolidinediones (TZDs) represent an important class of heterocyclic
compounds that have versatile biological activities, including anticancer activity.
Glioma is one of the most common primary brain tumors and it is responsible for most
of the deaths caused by primary brain tumors. In the present work, 24-
thiazolidinediones were synthesized via a multi-component microwave one-pot
procedure. The cytotoxicity of compounds was analyzed in vitro using rat (C6) and

mouse (GL261) glioblastoma cell lines and primary cultures of astrocytes.

Objective: This study aims to synthesize and characterize 2,4-thiazolidinediones and

evaluate their antitumor activity.

Method: TZDs were synthesized from three components: 2,4-thiazolidinedione, arene-
aldehydes, and aryl chlorides. The reactions were carried out inside a microwave and
monitored using thin-layer chromatography (TLC). Compounds were identified and
characterized using gas chromatography coupled to mass spectrometry (GC-MS) and
hydrogen (*H-NMR) and carbon nuclear magnetic resonance spectroscopy (C-NMR).
The antitumor activity was analyzed using the 3-(4,5-dimethyl)-2,5-diphenyltetrazolium
bromide (MTT) reduction test, in which cell viability was verified in the primary
cultures of astrocytes and in rat and mouse glioblastoma cells exposed to the
synthesized compounds. The cytotoxicity of all derivatives was analyzed at the 100 uM
concentration, both in astrocytes and in the mouse and rat glioblastoma cell lines. The
compounds that showed the best results, 4Cl and 4DI, were also tested at

concentrations 25, 50, 100, 175, and 250 uM to obtain the ICx.
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Results: Seventeen TZD derivatives were easily obtained through one-pot reactions in
40 minutes with yields ranging from 12% to 49%. All compounds were cytotoxic to
both glioblastoma cell lines without being toxic to the astrocyte primary cell line at 100
uM, thus demonstrating a selective activity. Compounds 4Cl and 4DI showed the best
results in the C6 cells: ICso of 28.51 uM and 54.26 uM, respectively.

Conclusion: The compounds were not cytotoxic in astrocyte culture, demonstrating
selectivity for malignant cells. Changes in both rings are important for anti-glioma
activity in the cell lines tested. The structure 4CI had the best anti-glioma activity.

Keywords: Thiazolidinedione, anti-glioma, astrocyte, one-pot reaction, Knoevenagel,

microwave synthesis.

1. INTRODUCTION

Glioma is one of the most common primary brain tumors [1], originally derived from
progenitor cells or neuroglial stem. It is responsible for most of the deaths caused by
primary brain tumors and is characterized by high morbidity and mortality [2]. Less

than 3% of patients with glioma survive more than 5 years after diagnosis [3].

Surgery, radiotherapy, and chemotherapy with the alkylating agent is still the bases of
treatment, which profoundly affects patients' quality of life: surgery may be associated
with acute functional deficits; radiotherapy represents a great risk of neurocognitive
impairment, and chemotherapy may cause hematological toxicity and other acute

toxicities [2].

2,4-Thiazolidinedione (TZD) is a five-membered heterocyclic ring with two carbonyl
groups at two and four positions [4]. The ring can be functionalized at positions five and
three through aldolic condensation and N-alkylation reactions, respectively, enabling the

synthesis of various derivatives [5].

TZDs are synthetic high-affinity ligands for peroxisome proliferator-activated receptor
(PPARY) and are studied for a wide variety of biological activities [6], including
antitumor activity [7]. Some compounds of this pharmacological class, i.e., glitazones,
are marketed in Brazil as hypoglycemic agents, such as pioglitazone, troglitazone, and
rosiglitazone. The latter had its registration canceled due to liver toxicity. These drugs,

as well as various TZD derivatives, have been tested in several types of cancers, such as
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gliomas, using different cell lines. Some glitazones, such as pioglitazone, have been

tested in humans [8].

Regarding antitumor activity, research suggests that the action of TZDs is highly
complex, involving a variety of genomic and non-genomic effects, and several
antitumor effects occur independently of PPARy. The effects are cell, species, and

compound-specific and dose-dependent [8a, 9].

The antitumoral activities of some substituted TZDs have been described in the
literature. However, only a few studies analyze the relationship between the structure
and anti-glioma activity of TZD derivatives. Tests with drugs bearing a TZD nucleus
are more related to the study of the mechanism of action of these molecules. In a study
by Wang et al. [10], rosiglitazone suppressed the growth of the human glioma cell lines
U87 and U251, and it was verified that this specific glitazone induces interruption of the
cell cycle and apoptosis and suppressed the expression of TGF-p and its TGF-R2
receptor. The ability of TZDs to result in cell death via apoptosis is already well
reported by other studies [11]. According to Grommes et al. [12], pioglitazone reduced
viability, induced cell death of LN-229 in vitro, and reduced the tumor volume,
invasion, and proliferation in the glioma xenograft model in mice. In addition, a clinical
phase Il study was conducted to evaluate the activity of pioglitazone and rofecoxib;
these drugs were given in combination with low dose chemotherapy (capecitabine or
temozolomide) in patients with high-grade glioma, where the stabilization of the disease
was observed in 4 of the 14 patients (29%), for more than 3 months. Thus, the study
demonstrated that this regimen is moderately active and well-tolerated in patients with
high-grade glioma [9].

Thus, the synthesis of new compounds is necessary to identify the modifications
resulting in more effective bioactive compounds and fewer adverse effects. The aim of
this study is the synthesis, identification, and characterization of TZDs and the
evaluation of their cytotoxic activities against rat (C6) and mouse (GL261) glioma cell

lines and astrocyte cells.
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2. MATERIAL AND METHODS

2.1 Chemistry

The synthesis of 2,4-thiazolidinedione derivatives was performed according to the
procedure described by Radi et al. [5] with some modifications (Scheme 1). The
procedure was performed in a microwave (Discover CEM 300 W) according to the one-
pot protocol. 15 mL of dimethylformamide (DMF), 3 mmol of 2,4-thiazolidinedione
(1), 4.2 mmol of substituted benzaldehyde (2A-E), 4.2 mmol of substituted benzyl
chloride (3F-1), and 6 mmol of triethylamine were mixed at 120 °C for 40 minutes,
washed with distilled water, and extracted with ethyl acetate. The organic phase was
washed with saturated sodium chloride, dried with magnesium sulfate (MgSO,), and
filtered. The solvent was removed using the rotary evaporator, and purification was

done by recrystallization from ethyl alcohol.
2.2 Mass Spectrometer

Gas chromatograph coupled to the mass spectrometer, model: QP2010 SE; automatic
injector. Column: L.D. 0.25 nm; length 30 m, pressure 14 psi. Model: System AOC-20i.
Brand name: Shimadzu®. Using as heating program: initial temperature = 50 °C, 2 min;
injector temperature = 250 °C; final temperature = 250 °C, 10 min (16 °C/min); detector

temperature = 270 °C.
2.3 Nuclear Magnetic Resonance Spectrometers

'H- and *C-NMR spectra were obtained by a Bruker Advance 111 600 Spectrometer
(600.13 MHz for *H and 150.62 MHz for **C) and a Bruker Ascend 400 MHz (400
MHz for *H and 100 MHz for **C) in DMSO-ds with TMS as the internal parameter.

2.4 Single-crystal X-ray diffraction (SC-XRD)

Single crystal of the compound 4AH was obtained by slow evaporation of ethanol at 25
°C. Diffraction measurement was performed using a Bruker D8 VENTURE
diffractometer using Mo Ka radiation (A = 0.71073A) with a KAPPA four-circle
goniometer equipped with a PHOTON Il CPAD area detector. Anisotropic
displacement parameters for non-hydrogen atoms were applied. The structure was

solved by SHELXL program and refined based on the full-matrix least-squares method
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using the SHELXL program [13]. The ORTEP projection of the molecular structure was
generated using the ORTEP-3 program [14]. Crystallographic information file (CIF) is
deposited at the Cambridge Crystallographic Data Centre (CCDC) under identification
number 1877438.

2.5 Melting points

The melting points were determined on a Fisatom model 430, 230 V, 60 Hz, 50 W
apparatus using a thermometer with a capacity of up to 360 °C.

2.6 General cell culture procedures
2.6.1 Glioma cultures

Rat C6 and mouse GL261 glioblastoma cell lines were obtained from American Type
Cell Collection (Rockville, Maryland, USA). Cells were grown in culture flasks and
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (pH 7.4) containing 1%
DMEM (Gibco BRL), 8.4 mM HEPES, 23.8 mM NaHCOj3, 0.1% fungizone, 0.5 U/mL
penicillin/streptomycin and supplemented with 10% FBS.

2.6.2 Primary astrocyte cultures

Astrocyte cultures were prepared as previously described by [15]. Briefly, the cortex of
newborn Wistar rats (1-3 days old) was removed and dissociated mechanically in Ca*?
and Mg*?-free balanced salt solution (CMF) (pH 7.4) containing 137 mM NaCl, 5.36
mM KCI, 0.27 mM Na,HPO,4, 1.1 mM KH,PO,4, and 6.1 mM glucose. Dissociated
tissue was subjected to centrifugation at 1,000 g for 5 min. Thereafter, the pellet was
suspended in DMEM (pH 7.6) supplemented with 10% FBS. Then, cells (5x10%) were
seeded in poly-L-lysine-coated 96-well plates. Cultures could grow to confluence by
15-20 days and the medium was replaced every 5 days. All procedures used in the
present study followed the “Principles of Laboratory Animal Care” of the National
Institutes of Health (NIH) and were approved by the Ethical Committee of UFPel
(CEEA 9219).
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2.7 In vitro cell culture treatment

Seventeen 2,4-thiazolidinedione derivatives (4AF-4Al — 4DF-4D1 and 4EH) were first
dissolved in 10 mM stock DMSO (stock solution) and then diluted in DMEM with 10%
FBS to obtain 100 uM in the wells. For the calculation of ICs, the final concentration in
the wells of compounds CI and DI was 25, 50, 100, 175 and 250 uM. Glioblastoma cell
lines C6 and GL261 were seeded at 5 x 10° cells (96-well plates) for cytotoxicity
experiments and allowed to grow for 24 h. Astrocyte cultures were prepared as
described above. Cell cultures were treated with 2,4-thiazolidinedione derivatives 4AF-
4Al — 4DF-4DI1 and 4EH (100 uM) for 72 h and compounds 4Cl and 4Dl, at
concentrations of 25, 50, 100, 175 and 250 uM. Cells exposed to DMSO (final

concentration of 0.05%) were considered control.
2.8 Cell viability assay

Dehydrogenases-dependent 3-(4,5-dimethyl)-2,5-diphenyltetrazolium bromide (MTT)
reduction was used to estimate the viability of glioma and astrocyte cell cultures as
described by Mosmman [16]. This method is based on the ability of viable cells to
reduce MTT to form a blue formazan product. MTT solution was added to the
incubation medium in the wells at a final concentration of 0.5 mg/mL. The cells were
left for 90 min at 37°C in a humidified 5% CO, atmosphere. The medium was then
removed and the precipitate was eluted with DMSO. The optical density of each well
was measured at 492 nm in a microplate reader (SpectraMAX 190). Results were

expressed as a percentage of control.

2.9 Statistical analysis
Results are expressed as means * standard errors of the means. Statistical analyses were
performed using one-way analysis of variance (ANOVA) followed by the Tukey post-

hoc test. Differences were considered significant when associated with P values <0.05.

3. RESULTS AND DISCUSSION:

3.1. Chemistry
Recently, we reported the synthesis of 5-arylidene-2,4-thiazolidinediones via
Knoevenagel reaction in a non-conventional sonochemistry method and obtained yields

of 25-81% in 10-30 min reaction time [17]. Here, we employed the microwave method
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to the multicomponent synthesis in a one-step procedure by two reactions: Knoevenagel

and N-alkylation (Scheme 1).

o _O cl
I//< N X
NH  + 1 + 2
L IR 2
S\< | = | = /B\/\R
O [—
1 2A-E 3F-1 4AF-AI - 4DF-DI, 4EH
. A B C D E
=MW 40min; DME;EGN - pi_y.c1 4F 4-0CH; 4-H 4-Br
F G H I

R?=3-Cl 4-Cl 4-OCH; 4-F
Scheme 1. One-pot synthesis of the desired 2,4-thiazolidinediones 4.

The progress of the reactions was monitored by thin-layer chromatography (TLC) and
higher reaction time was necessary to complete consumption of TZD (40 min.) than
reported by Radi et. al. [5]. Although it was necessary to double the time, the use of the
microwave and the one-pot methodology makes the procedure much faster as the

conventional methods require (up to 72 hours) [18].

The purification process was also modified: Radi et. al. [5] performed by column,
whereas, we employed recrystallization in ethanol. However, our yields ranged from
12-49%, which are less than that of Radi et. al. The change in the purification method
used and the structural differences of the synthesized molecules may account for the

lower yields.

In aldolic condensation, methylene at position five of the TZD ring reacts with the
carbonyl of the substituted benzaldehydes (2A-E). In the N-alkylation reaction, the
electron pairs of nitrogen attack the partially positive carbon of the substituted benzyl
chloride (3F-1) in a classic SN, reaction. These reactions occur simultaneously in a

multi-component microwave one-pot procedure (MO), as shown in Scheme 2.
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Scheme 2. Pathway to the synthesis of TZDs.

The synthesized compounds were identified using gas chromatography (GC-MS), *H-
NMR, and *C-NMR. The molecular structure for compound 4AH was obtained by
Single Crystal X-Ray Diffraction (SC-XRD) as it presents a monoclinic system and
P2,/c space group. The Ortep diagram for this structure is shown in Figure 1.

\.» | \ /C’ [ . [C« . ,l CS’Z‘/ ) \; Lr\ln
/‘u\ - () s \ ¢ I G Cf-"-"r . ¢34 7 /
/ ™ . = \ 3

Figure 1. ORTEP diagram of 4AH. Displacement ellipsoids are drawn at 50%

probability level (green: chloro; yellow: sulfur; red: oxygen; blue: nitrogen).

Two cleavage patterns, i.e., splitting of the nitrogen atom, were observed: from the
benzyl group (Figure 2a, pattern 1) and from the fragment of the TZD ring (Figure 2b,
pattern 2). The first pattern occurs due to the methoxy and fluoro substituents in the
para position that stabilizes the benzylic carbocation B by resonance. The chlorine atom

at this position also provides this stabilization in all structures except for 4DG. The
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chlorine substituent at the meta position on ring B does not stabilize the benzyl
carbocation, and thus, another pattern cleavage was observed.
a) b) [~ |
(AR i

Y Y
~_S Y

'S/V/O

..N

Figure 2. Structure fragmentation: (a) nitrogen of the TZD and methylene (pattern 1:
AG, AH, Al, BG, BH, BI, CH, DH, DI, and EH), and (b) TZD ring fragmentation
(pattern 2: AF, BF, CF, CG, CI, DF, and DG).

In the **C-NMR spectra, the carbonyl signals appear in the range of 164.9-167.5 ppm,
the vinylic carbons between 131.9 and 133.5 ppm, and the methylenic carbons in the
range of 43.8-44.8 ppm. In the *"H-NMR spectra, the vinyl hydrogen appears as a
singlet in the range of 7.91-7.97 ppm, and the methylenic hydrogens (CH,) also appear
as a singlet in the range of 4.75-4.86 ppm. Additionally, the signals for aromatic
carbons and hydrogen appeared in their characteristic regions in both NMR spectra,

confirming the formation of desired compounds.

Eight of the 17 compounds synthesized are unpublished, namely, 4AF, 4AH, 4BF,
4BH, 4CH, 4DF, 4DH and 4EH; whereas, others are published, such as 4AG, 4BG,
and 4DG [19]; 4Al and 4Bl [20]; 4CF [21]; 4CG [22]; 4CI [23]; and 4Dl [24].

However, no anti-glioma studies were performed for the published compounds.
3-(3-chlorobenzyl)-5-(4-chlorobenzylidene)thiazolidine-2,4-dione; 4AF
C17H11CI,NO,S. Yield: 38%. Mp: 164-166 °C.

MS (70 eV): m/z (%): 363,05 (M", 18), 168 (100), 89 (46), 125 (44).

'H-NMR (600 MHz, DMSO-dg) & 4.85 (s, 2H, H11), 7.27 (d, J = 6.9 Hz, 1H, aryl B),
7.37-7.39 (m, 3H, aryl B), 7.61 (d, J = 8.6 Hz, 2H, aryl A), 7.65 (d, J = 8.6 Hz, 2H aryl,
A), 7.96 (s, 1H, H7).
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BC-NMR (150 MHz, DMSO-dg) & 44.0 (CH2, C11), 121.9 (C), 126.2 (CH, aryl B),
127.5 (CH, aryl B), 127.7 (CH, aryl B), 129.3 (2 CH, aryl A), 130.4 (CH, aryl B), 131.6
(2 CH, aryl A), 131.7 (C), 132.1 (CH, C7), 133.1 (C), 135.2 (C), 137.6 (C), 165.2
(C=0), 167.0 (C=0).

3-(4-chlorobenzyl)-5-(4-chlorobenzylidene)thiazolidine-2,4-dione; 4AG [19]
C17H11CILNO,S. Yield: 38%. Mp: 183-186°C.

MS (70 eV): m/z (%): 363 (M, 20), 125 (100), 168 (65), 89 (30).

5-(4-chlorobenzylidene)-3-(4-methoxybenzyl)thiazolidine-2,4-dione; 4AH
Ci1gH14CINO3S. Yield: 26%. Mp: 154-156 °C.
MS (70 eV): m/z (%): 359 (M", 6), 121 (100), 77 (5), 168 (5).

'H-NMR (600 MHz, DMSO-dg) & 3.73 (s, 3H, OCHa), 4.77 (s, 2H, H11), 6.90 (d, J =
8.7 Hz, 2H, aryl B), 7.26 (d, J = 8.6 Hz, 2H, aryl B), 7.60 (d, J = 8.6 Hz, 2H, aryl A),
7.64 (d, J =8.6 Hz, 2H, aryl A), 7.94 (s, 1H, H7).

B3C-NMR (150 MHz, DMSO-ds) & 44.2 (CH,, C11), 55.0 (OCHs, C18), 113.9 (2 CH),
121.9 (C), 127.3 (C), 129.2 (2 CH), 129.3 (2 CH), 131.6 (2 CH), 131.7 (C), 131.9 (CH,
C7), 135.2 (C), 158.9 (C), 165.2 (C=0), 166.8 (C=0).

5-(4-chlorobenzylidene)-3-(4-fluorobenzyl)thiazolidine-2,4-dione; 4Al [20]
C17H11CIFNO,S. Yield: 31%. Mp: 176-178 °C.

MS (70 eV): m/z (%): 347 (M", 20), 109 (100), 168 (35), 89 (10).
3-(3-chlorobenzyl)-5-(4-fluorobenzylidene)thiazolidine-2,4-dione; 4BF
C17H11CIFNO,S. Yield: 12%. Mp: 137-140 °C.

MS (70 eV): miz (%): 347 (M", 25), 152 (100), 125 (25), 89 (10).

'H-NMR (600 MHz, DMSO-dg) & 4.86 (s, 2H, H11), 7.28 (d, J = 7.0 Hz, 1H, aryl B),
7.37-7.40 (m, 5H, aryl A and aryl B), 7.70 (dd, J = 8.7, 5.4 Hz, 2H, aryl A), 7.97 (s, 1H,
H7).

49



B3C-NMR (150 MHz, DMSO-dg) & (ppm, Jc..= Hz) 44.0 (CH,, C11), 116.4 (d, % =
22.1, 2CH, C2 e C6), 120.8 (d, J = 2.2, C, C8), 126.2 (CH, aryl B), 127.5 (CH, aryl B),
127.7 (CH do aryl B), 129.5 (d, J = 3.1, C, C4), 130.4 (CH, aryl B), 132.3 (CH, C7),
1325 (d, % = 8.9, 2CH, C3 e C5), 133.1 (C), 137.6 (C), 162.9 (d, XJ = 251.1, C, C1),
165.3 (C=0), 167.1 (C=0).

3-(4-chlorobenzyl)-5-(4-fluorobenzylidene)thiazolidine-2,4-dione; 4BG [19]
C17H11CIFNO,S. Yield: 20%. Mp: 159-162 °C.

MS (70 eV): m/z (%): 347 (M", 34), 125 (100), 152 (90), 89 (15).
5-(4-fluorobenzylidene)-3-(4-methoxybenzyl)thiazolidine-2,4-dione; 4BH
C18H14FNO3S. Yield: 16%. Mp: 128-132 °C.

MS (70 eV): m/z (%): 343 (M*,7), 121 (100), 152 (10), 77 (6).

'H-NMR (600 MHz, DMSO-ds) & 3.72 (s, 3H, OCH3), 4.75 (s, 2H, H11), 6.90 (d, J =
8.7 Hz, 2H, aryl B), 7.25 (d, J = 8.6 Hz, 2H, aryl B), 7.37 (d, J = 8.8 Hz, 1H aryl A),
7.39 (d, J=8.8 Hz, 1H, aryl A), 7.69 (dd, J = 8.6, 5.5 Hz, 2H, aryl A), 7.95 (s, 1H, H7).

B3C-NMR (150 MHz, DMSO-dg) & (ppm, Jo..= Hz) 44.3 (CH,, C11), 55.2 (OCHg, C18),
114.1 (2CH, aryl B), 116.6 (d, 2J = 22.0 , 2 CH, C2 e C6 ), 120.9 (d, J = 2.2, C, C8),
127.5 (C), 129.5 (2CH, aryl B), 129.6 (d, J = 3.1, C, C4), 132.4 (CH, C7), 132.73 (d, J
=8.9, 2CH, C3 e C5), 159.0 (C), 163.1 (d, X = 251.0, C1), 165.5 (C=0), 167.2 (C=0).

3-(4-fluorobenzyl)-5-(4-fluorobenzylidene)thiazolidine-2,4-dione; 4B1 [20]
C17H11F2NO,S. Yield: 38%. Mp:152-154 °C.

MS (70 eV): m/z (%): 331 (M", 27), 109 (100), 152 (50), 83 (10).
3-(3-chlorobenzyl)-5-(4-methoxybenzylidene)thiazolidine-2,4-dione; 4CF [21]
Ci18H14CINO5S. Yield: 42%. Mp: 147-150 °C.

MS (70 eV): m/z (%): 359 (M", 28), 164 (100), 149 (30), 121 (10).

BC-NMR (150 MHz, DMSO-ds) & 43.9 (CH,, C11), 55.4 (OCH3, C19), 114.9 (2 CH,

aryl A), 117.7 (C), 125.3 (C, C4), 126.1 (CH, aryl B), 127.4 (CH, aryl B), 127.6 (CH,
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aryl B), 130.4 (CH, aryl B), 132.1 (2 CH, aryl A), 133.1 (C, C12), 133.5 (CH, C7),
137.8 (C, C14), 161.2 (C, C1), 165.4 (C=0), 167.2 (C=0).

3-(4-chlorobenzyl)-5-(4-methoxybenzylidene)thiazolidine-2,4-dione; 4CG [22]
C18H14CINO3S. Yield: 24%. Mp: 159-161 °C.

MS (70 eV): m/z (%): 359 (M", 34), 164 (100), 125 (40), 149 (35).
3-(4-methoxybenzyl)-5-(4-methoxybenzylidene) thiazolidine- 2,4-dione; 4CH
Ci19H17NO,S. Yield: 12%. Mp: 142-145 °C.

MS (70 eV): m/z (%): 355 (M*,13),121 (100), 149 (7), 77 (7).

'H-NMR (400 MHz, DMSO-dg) 5 3.72 (s, 3H, OCHg), 3.83 (s, 3H, OCHs3), 4.75 (s, 2H,
H11), 6.90 (d, J = 8.7 Hz, 2H, aryl B), 7.11 (d, J = 8.8 Hz, 2H, aryl A), 7.25 (d, J = 8.7
Hz, 2H, aryl B), 7.60 (d, J = 8.9 Hz, 2H, aryl A), 7.91 (s, 1H, H7).

B3C-NMR (100 MHz, DMSO-ds) & 44.1 (CH,, C11), 55.1 (OCHg), 55.5 (OCHs), 114.0
(CH), 115.0 (CH), 117.8 (C), 125.4 (C), 129.4 (CH), 127.1 (C), 132.3 (CH), 133.4 (CH,
C7), 158.9 (C), 161.3 (C), 165.6 (C=0), 167.3 (C=0).

3-(4-fluorobenzyl)-5-(4-methoxybenzylidene)thiazolidine-2,4-dione; 4Cl [23]
C1sH14FNO3S. Yield: 49 %. Mp: 127-130 °C.

MS (70 eV): m/z (%): 343 (M", 51), 164 (100), 109 (75), 149 (35).
5-benzylidene-3-(3-chlorobenzyl)thiazolidine-2,4-dione; 4DF

C17H12CINO,S. Yield: 39%. Mp: 143-146 °C.

MS (70 eV): m/z (%): 329 (M", 24), 134 (100), 89 (15), 70 (6).

'H-NMR (600 MHz, DMSO-ds) & 4.85 (s, 2H, H11), 7.28 (d, J = 7.0 Hz, 1H, aryl B),
7.37-7.40 (m, 3H, aryl B), 7.50 (t, J = 7.3 Hz, 1H, aryl A), 7.55 (t, J = 7.4 Hz, 2H, aryl
A), 7.63 (d, J = 8.5 Hz, 2H, aryl A), 7.96 (s, 1H, H7).

BC-NMR (150 MHz, DMSO-dg) & 44.0 (CH,, C11), 121.1 (C), 126.2 (CH, aryl B),
127.5 (CH, aryl B), 127.7 (CH, aryl B), 129.2 (2 CH, aryl A), 130.0 (2 CH, aryl A),
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130.4 (CH, aryl B), 130.6 (CH, aryl A), 132.8 (C), 133.1 (C), 133.4 (CH, C7), 137.7
(C), 165.3 (C=0), 167.2 (C=0).

5-benzylidene-3-(4-chlorobenzyl)thiazolidine-2,4-dione; 4DG [19]
C17H12CINO,S. Yield: 27 %. Mp: 159-162 °C.

MS (70 eV): m/z (%): 329 (M", 35), 134 (100), 125 (88), 89 (25).
5-benzylidene-3-(4-methoxybenzyl)thiazolidine-2,4-dione; 4DH
Ci1sH1sNOsS. Yield: 13%. Mp: 128-131 °C

MS (70 eV): m/z (%): 325 (M, 10), 121 (100), 134 (10), 77 (8).

'H-NMR (600 MHz, DMSO-dg) & 7.93 (s, 1H, H7), 3.71 (s, 3H, OCHs), 4.75 (s, 2H,
H11), 6.90 (d, J = 8.7 Hz, 2H, aryl B), 7.25 (d, J = 8.7 Hz, 2H, aryl B), 7.49 (t, J = 7.3
Hz, 1H, aryl A), 7.53 (t, J = 7.4 Hz, 2H, aryl A), 7.61 (d, J = 7.3 Hz, 2H, aryl A).

B3C-NMR (150 MHz, DMSO-dg) & 44.3 (CH,, C11), 55.2 (OCHs, C18), 114.1 (2CH,
aryl B), 121.2 (C), 127.5 (C), 129.4 (2CH, aryl A), 129.5 (2CH, aryl B), 130.2 (2 CH,
aryl A), 130.8 (CH, aryl A), 132.9 (C), 133.4 (CH, C7), 159.0 (C), 165.5 (C=0), 167.3
(C=0).

5-benzylidene-3-(4-fluorobenzyl)thiazolidine-2,4-dione; 4DI [24]
C17H12,FNO,S. Yield: 33 %. Mp: 129-132 °C.

MS (70 eV): m/z (%): 313 (M", 38), 109 (100), 134 (65), 83 (10).
5-(4-bromobenzylidene)-3-(4-methoxybenzyl) thiazolidine-2,4-dione; 4EH
C18H14BrNOsS. Yield: 23%. Mp: 169-172 °C

MS (70 eV): m/z (%): 403 (M", 5), 121 (100), 89 (6).

'H-NMR (400 MHz, DMSO-dg) & 3,72 (s, 3H, OCH3), 4.76 (s, 2H, H11), 6.90 (d, J =
8.6 Hz, 2H, aryl B), 7.26 (d, J = 8.5 Hz, 2H, aryl B), 7.57 (d, J = 8.4 Hz, 2H, aryl A),
7.75 (d, J = 8.4 Hz, 2H, aryl A), 7.93 (s, 1H, H7).
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3C-NMR (100 MHz, DMSO-ds) 5 44.8 (CH,, C11), 55.6 (OCHs, C18), 114.5 (CH),
122.5 (C), 124.7 (C), 127.9 (C), 132.4 (CH), 129.9 (CH), 132.5 (C), 132.6 (C7), 132.9
(CH), 159.4 (C), 165.9 (C=0), 167.5 (C=0).

3.2 Cytotoxicity

Firstly, the cell viability of primary astrocyte cultures of rats against TZDs 4AF-I -
4ADF-1 and 4EH was evaluated. Cells were treated with compounds at a concentration of
100 uM for 72 h, and then cell viability was verified by the MTT assay. No significant
differences were observed compared with the control, demonstrating that TZDs were
not cytotoxic in astrocyte cells (Figure 3).

Astrocytes (rat cell culture) - TZDs 4

150+
100+

504

Cell viability (%)

0- T T T T T T T T T T T T T T T T T
C AF AG AH Al BF BG BH BI CF CG CH CI DF DG DH DI EH

Treatment (100 uM)
Figure 3. Effect of thiazolidinediones on primary astrocyte cultures of rats. Values are
expressed as mean + standard error from at least three independent experiments
performed in triplicate. Data were analyzed using one-way analysis of variance
(ANOVA) and Tukey’s test.

Then, we determine the cytotoxicity of the synthesized compounds in mouse (GL261)
and rat (C6) glioblastoma cell lines. All compounds were significantly more cytotoxic
than the control DMSO, except for 4CG and 4CH in mouse cell lines GL261 (Figure
4A). These compounds have the same group R* = 4-OCHs, and R? = 4-Cl for compound
4CG and R? = 4-OCHjs for 4CH. The presence of the same groups in both rings reduces
the antitumor activity in mouse cell lines (4AG, 4BI, 4CH).
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In rat glioma cell lines C6, all TZDs showed significant statistical difference at 100 uM,
and the best results were found for compounds 4CI1 and 4Dl (Figure 4B). These two

compounds have the fluorine atom at the para position of ring B.

A GL261 (mouse glioma cells) - TZDs 4

1504
1004

504

Cell viability (%)

0=
C AF AG AH Al BF BG BH BI CF CG CH CI DF DG DH DI EH

Treatment (100 M)

B C6 (rat glioma cells) - TZDs 4

1501

1004

S04

Cell viability (%)

BF BG BH BlI CF CG CH (1
Treatment (100 pM)

Figure 4. (A) Antitumor effect of TZDs on GL261 mice glioblastoma cells. (B)
Antitumor effect of TZDs on C6 rat glioblastoma cells. VValues are expressed as mean +
standard error from at least three independent experiments performed in triplicate. Data
were analyzed using one-way analysis of variance (ANOVA) and Tukey’s test.
Differences between the mean values were considered significant when *P< 0.05, **P
<0.01, and *** P < 0.001.
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Therefore, compounds 4CI and 4DI were selected for testing at 25, 50, 100, 175, and
250 uM concentrations in the C6 rat cell line assay. Their ICso values were 28.51 uM

and 54.26 uM, respectively (Figure 5).

ICx,: 28.51 uM

1504 J
=1 N >

? \ \ S ."I' ‘,'
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=
o e e
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Control 25 50 100 175 250

Treatment (uM)

ICxy: 54.26 uM
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S e . . 0 =
= 1004 f
= 4DI
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2 504 = hww
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0= =Nt T B

T -T
Contrel 25 50 100 178 250

Treatment (uM)

Figure 5. Antitumor effect of compound (A) 4CI1 and (B) 4Dl on C6 rat glioblastoma
cells. Values were expressed as mean + standard error from at least three independent
experiments performed in triplicate. Data were analyzed using a one-way analysis of
variance and Tukey’s test. Differences between the mean values were considered

significant when *P< 0.05, **P < 0.01, and *** P < 0.001.
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Recently, we studied some thiazolidinones against glioma C6 and found that the 72
hours is important for anti-glioma activity. Those compounds also showed selectivity to
glioma cells once no cytotoxic activity in astrocytes was observed at same concentration
of 100 uM [25].

The study performed by Metwally et al. [8b] revealed that 5-(4-methoxybenzylidene)-3-
[(3-phenyl-3,4-dihydro-4-oxoquinazolin-2yl)methyl]thiazolidine-2,4-dione was
cytotoxic in three cell lines: PC-3 (prostate adenocarcinoma), MDA-MB-231 (breast
adenocarcinoma), and HT-1080 (fibrosarcoma), with 1Cso values of 79.6 uM, 32 uM,
and 47.8 uM, respectively. The said compound and 4CI have a methoxy substituent at
the para position of the benzylidene ring (ring A), demonstrating that this group at this
position may be important for antitumor activity in different cell lines.

In the study by Rego et al. [8c], the cytotoxicities of three structures against human
glioblastoma cell lines (NG97) were analyzed. The compounds have 4-NO, and 3-Br
(LPSF/SF-13) substituents on ring B and 3-Br, 4-OCHj3 (LPSF/SF-15), and 3,4,5-OCHjs
(LPSF/SF-17 R) substituents on ring A. The presence of the 3-Br group on ring A may
have contributed to its cytotoxicity against the lineage NG97 because the best results
were obtained for the molecule LPSF/SF-13 (ICso of 73.73 uM) in the MTT assay.
Although the glioblastoma cell line used in our study is different, the results we found
were better (ICso = 28 uM) than that of Rego et. al. (ICsp =73.73 uM), demonstrating
that the presence of only one 4-OMe group can be important for antitumor activity. In
addition, Rego et al. [8c] found, through molecular modeling study, that the 4-NO,
substituent on ring B is capable of hydrogen bonding with the PPARYy receptor, which
may be related to the antitumor activity of TZDs. Similar to LPSF/SF-13R, the
structures of 4CI and 4DI have a substituent capable of hydrogen bonding on ring B (4-
F). Additionally, changes in ring B substituents can significantly alter the cytotoxicity in
mouse (GL261) and rat (C6) glioblastoma cell lines; therefore, the presence of both 4-
OMe in ring A and 4-F in ring B appears to contribute to anti-glioma activity.

Both rosiglitazone and pioglitazone have structural differences, such as the benzyl ring
instead of benzylidene and the substituents attached to ring A. However, they are also
similar in the —OR substituents in the para position of ring A, specifically at the
pioglitazone R=2,5-diethylpyridine, and rosiglitazone R=N-ethyl-N-methylpyridin-2-
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amine. This contributes to the knowledge that substituents at this position are associated

with antitumor activity.

Accordingly, the presence of only one OR substituent at the para-position of ring and
substituents that can perform hydrogen bonding at the para-position of ring B appear to
contribute to the antitumor activity of TZDs. The exact mechanism of antitumor action
of glitazones is yet to be understood. We speculate that it occurs via PPARY, and thus,
structures capable of activating this receptor are promising. Pre-clinical and clinical
studies have obtained satisfactory results regarding the antitumor activity of TZDs.
However, only a few studies have correlated structure and the anti-glioma activity.
Therefore, further studies are needed to better understand this relationship, allowing the
design of structures with greater effectiveness and safety.

4. CONCLUSION

The seventeen compounds were significantly more cytotoxic with respect to the control
in the glioblastoma C6 cell line, and most of these TZDs were also cytotoxic in the
GL261 cell line. The compounds were not cytotoxic in astrocyte culture, demonstrating
selectivity for malignant cells. Presumably, changes in both rings are important for anti-
glioma activity in the cell lines tested. The structure 4CI, which has a fluorine atom at
position 4 of ring B and a methoxy at position 4 of ring A, obtained the best result with
an ICsp value of 28.51 uM. This compound is recommended to be studied in future in

vivo experiments as a continuation of our research program.
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4.2 MANUSCRITO

O manuscrito foi submetido & revista Archives of Physiology and

Biochemistry.

A aprovacdao junto ao comité de ética em experimentacdo animal (CEEA)
autorizando a realizacdo da pesquisa desenvolvida neste manuscrito encontra-
se em anexo a esta tese (ANEXO A). O comprovante de submissédo pode ser
conferido no ANEXO C.
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Abstract

The aim of the present study was to evaluate the anti-glioma activity of 3-(4-
fluorobenzyl)-5-(4-methoxybenzylidene)thiazolidine-2,4-dione (AV23) in a preclinical
model of glioblastoma, as well as behavioral parameters and toxicological profile. The
implantation of C6 cells in the left striatum of male Wistar rats was performed by
stereotaxic surgery. After recovery, animals were treated with vehicle (canola oil) or
AV23 (10 mg/kg/day) intragastrically for 15 days. It was found that AV23 reduced the
density of tumoral cells in brain. Serum biochemical parameters such as triglycerides,
cholesterol, HDL-cholesterol, LDL-cholesterol, albumin, aspartate aminotransferase,
urea, creatinine and total proteins were not changed; however, there was a slight
increase in alanine aminotransferase. The compound AV23 reverted the hypoglycemia
and the reduction in body weight caused by glioblastoma. Additionally, AV23 was able
to revert the reduction of locomotion caused by the tumor implantation. Therefore, the
compound AV23 can be considered a promising candidate in the treatment of

glioblastoma.

Keywords: glioblastoma; thiazolidine-2,4-dione; behavioral parameters; toxicity
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1. Introduction

Thiazolidinedione (TZD) is a five-membered heterocyclic ring with two
carbonyls at positions 2 and 4 (Napoleon et al., 2016), which can be functionalized at
positions 5 and 3 by aldolic condensation reaction and N-alkylation reaction,
respectively (Radi et al., 2010), these two reactions allow obtaining a large number of
2,4-thiazolidinedione derivatives with various biological activities described in the
literature, including: anticancer, anti-inflammatory, antidiabetic, antimicrobial, antiviral,
antioxidant, neuroprotective, among others (Naim et al., 2017; Albers et al., 2014).
These compounds can act as agonists of Peroxisome Proliferator-Activated Receptor
Gamma (PPARYy) (Yousefnia et al., 2018; Barros et al., 2010), whose activation seems
to be important for the antiproliferative, antiangiogenic and apoptotic activity of these
compounds, in different cancer cells (Yousefnia et al., 2018). The literature suggests
that the antitumor action of TZDs is highly complex, involving a variety of genomic and

non-genomic effects that can occur independently of PPARy (Frohlich and Wahl, 2015).

Synthetic TZD derivatives and medications, such as pioglitazone and ciglitazone
(Lee et al., 2012; Régo et al., 2014; Frohlich and Wahl, 2015; Ching et al. 2015;
Yousefnia et al., 2018), have activity anti-glioma in vitro. Ching et al. 2015 found that
pioglitazone has antiproliferative action by increasing the expression of EAAT2
glutamate transporters in U87MG glioblastoma cells, the increase in EAAT2 leads to a
reduction in extracellular glutamate, which is important for the antiproliferative action.
Ciglitazone mediates cell apoptosis by reducing Akt activity and inducing loss of
mitochondrial membrane potential in T98G glioma cells (Lee et al., 2012). The anti-
glioma action of TZDs may or may not be related to PPARYy activation (Lee et al., 2012;
Ching et al. 2015; Frohlich and Wahl, 2015).

According to the above, TZD derivatives are potential drugs against
glioblastoma. This tumor is the most aggressive and common type of glioma and,
although there are many advanced therapies, the response of glioblastoma to
radiotherapy and chemotherapy is limited, leading to poor prognosis and low survival
(about 13 to 15 months). Temozolomide (TMZ), a representative anti-cancer drug in the
treatment of glioblastoma, increased the patient's average survival by only 2 months
(Stupp et al., 2005). Other drugs, including some monoclonal antibodies, have been
tested to establish new therapeutic protocols; however, no pharmacological intervention
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has been shown to alter the course of the disease (Rhun et al., 2019).

Due to the low survival rate provided by the main medication used in
glioblastoma therapy - TMZ, as well as the unsuccessful attempts to establish new
protocols for this type of brain tumor (Rhun et al., 2019), synthesis and analysis are
necessary the anti-glioblastoma activity of compounds from other pharmacological
classes, including those derived from TZD, as these have already shown promising
results as anti-glioblastoma agents (Ching et al., 2015; Yousefnia et al., 2018; Grommes
etal., 2013; Hau et al., 2007; Régo et al., 2014).

In addition, compounds that have a central core similar to that of TZD have
already demonstrated anti-glioblastoma activity in vitro and in vivo. In this context, our
research group has studied the synthesis and anti-glioma activity of compounds
containing the 4-thiazolidinone analogue (Silva, et al., 2016; Silveira, et al., 2017) and,
recently, heterocycle TZD (Vasconcelos et al., 2020). Recently, we have demonstrated
the anti-glioblastoma activity in C6 and GL261 cell lines of a synthetic series of TZDs,
in which the compound 3- (4-fluorobenzyl) -5- (4-methoxybenzylidene) thiazolidine-
2,4-dione stood out (4Cl, named AV23), which obtained the 1Cso = 28.51 uM in the
MTT assay and did not affect normal astrocyte cell lines (Vasconcelos et al., 2020).
Therefore, the present study focused on the assessment of anti-glioblastoma activity,
toxicity and behavioral changes after treatment with AV23 in a preclinical model of

glioblastoma.
2. Materials and Methods
2.1. Animals

Thirty male Wistar rats with 60 days of age (250 - 300g) were kept under
constant temperature, humidity and illumination, with food and water ad libitum. All
experimental protocol was approved by the Animal Experimentation Ethics Committee
on Animal Experimentation of institution, under protocol number CEEA 9219. The use
of the animals is in accordance with the Brazilian Guidelines for the Care and Use of
Research Animals in Sciences (DBCA) and according to the National Council for
Animal Control and Experimentation (CONCEA)
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2.2 Glioma implantation

For implantation of the glioma in the animals, C6 cells were grown under
standard cell culture conditions. After reaching 90% confluence, C6 cells were
resuspended in 3 uL of DMEM in a proportion of 1x10°. Animals were previously
anesthetized with ketamine and xylazine through intraperitoneal administration (i.p.)
and later the animals underwent stereotactic surgery, where C6 cells were infused in the
left striatum. Animals at a rate of 0.5 pL / min (coordinates with respect to bregma, 3.0

mm lateral, 0.5 later and 6 mm deep).

2.3. Treatment of animals

After surgery, the animals went through a 5-day recovery period. They were
divided into 3 groups: (1) Sham (DMEM + Vehicle), (2) Control (Glioblastoma +
Vehicle), (3) Treated (Glioblastoma + AV23 10 mg/kg/day dissolved in canola oil), and
treated for 15 days intragastrically. The animals were weighed every 3 days and body
weight gain was calculated. The animals were euthanized 21 days after the implantation
of the tumor and had the brain and blood collected for further analysis (Figure 1A).

2.4. Behavioral Tests

2.4.1 Open Field Test

The open field test measures the animals' ability to move around. The apparatus
comprises a wooden box, which presents the floor divided into 16 equal quadrants. The
animals are placed individually in the apparatus always in the same place, the number of
times the animal crosses each quadrant during 5 min is counted (Walsh and Cummins

1976). The apparatus was cleaned with 40% ethanol before the entry of each animal.
2.4.2 Object Recognition

After the open field test, the animals were subjected to the object recognition test
using the same apparatus. The test aims to evaluate the animals' learning ability and
short-term memory (Dere et al. 2005), based on the rodent's ability to investigate a new
object. During the training phase, two identical objects in symmetrical positions are
placed in the apparatus and the animals are free to explore for 5 min. After 3 hours, the

test phase is carried out, where the animals are replaced in the apparatus with two

68



objects, one equal to the training phase (A), that is, a familiar object and a new object
(B). Animals explore objects for 5 min, and exploration is understood when animals
smell or touch objects such as nose and / or forelegs. The objects available have similar
colors and textures, but differ in shape. An exploratory preference (%) is calculated
using the ratio (TB X 100) / TA + TB. The apparatus and objects were cleaned with
40% ethanol before each animal entered.

2.5. Serum Biochemical Parameters

Blood was collected without anticoagulant and immediately centrifuged at
2500x%g for 15 min. The clot was removed and the resulting serum was stored at — 80 °C
for further biochemical determination. Hepatic and renal functions were evaluated using
the following assays alanine aminotransferase (ALT), aspartate aminotransferase (AST),
creatinine, urea, albumine and total proteins. Levels of glucose, tryglicerides, total
cholesterol and fractions were also measured. These analyses were performed using a
commercial kit (LABTEST, Diagnostica S.A., Minas Gerais, Brazil).

2.6. Statistical analysis

Data were expressed as means * standard error. Statistical analyzes were
performed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc
test. The differences were considered significant when associated with values of
P<0.05.

3. Results

To verify the anti-glioma potential of AV23, we performed tumor implantation
in rats (Figure 1). According to Figure 1B, it was possible to observe that the animals
treated with 10 mg/kg/day of AV23 showed a reduction in tumoral density when
compared to the control. As regards body weight (Figure 2), the compound AV23
reverted the reduction of body weight gain induced by glioma implantation (F,1s) =
34.46; P<0.001).

In addition, as shown in Table 1, there was a significant difference in glucose
levels demonstrating a decrease in the levels of animals with glioblastoma when
compared to sham and that treatment with AV23 reduced this effect caused by glioma

(F15) = 9.12; P<0.01). We did not observe a significant difference in the levels of total
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cholesterol, HDL, LDL, triglycerides, AST, urea, creatinine, aloumin and total proteins
(P>0.05). However, there was a significant increase in ALT levels in animals treated

with AV23 (F 21 = 13.80; P<0.001).

Figure 3 shows the effect of AV23 treatment on behavioral parameters in the
open field and object recognition tasks. In the open field test, it can be observed that the
animals in the control group significantly decreased their locomotor activity when
compared to the sham group, whereas AV23 was able to revert this behavior (F,20) =
18.20; P<0.001). We did not observe a significant difference in the numbers of
groomings and rearings (data not shown) (P>0.05). In object recognition task, we
observed a reduction in the recognition index of a new object only in the control
animals, demonstrating an alteration of short-term memory caused by glioma

implantation (F 26 = 4.88; P<0.05).
4. Discussion

Considering the promising results obtained in vitro (Vasconcelos et al., 2020), in
the present study we evaluated in vivo the anti-glioblastoma activity of 3-(4-
fluorobenzyl)-5-(4-methoxybenzylidene)thiazolidine-2,4-dione (AV23), as well as the
toxicological profile and behavioral parameters in rats. The AV23 reduced the tumor
volume qualitatively and normalized the glucose levels in the treated rats. There was no
change in the lipid and protein profile, as well as in the serum markers of renal damage.
AST levels did not change; however, there was an increase in ALT, both used to
analyze liver damage. The AV23 compound reverted the locomotor damage and the
reduction of weight gain caused by glioblastoma.

In our previous study (Vasconcelos et al., 2020), the compound AV23 obtained
an ICsp = 28.51 pM, in the MTT assay, in C6 rat glioblastoma cell line. This value was
lower than that found for the 5-(3-bromobenzylidene)-3-(4-nitrobenzyl) thiazolidine-
2,4-dione (LPSF / SF-13), analyzed by the author Régo et al., 2014, which obtained an
ICso= 73.73 uM, in the glioblastoma cell line NG97. In addition, temozolamide, in C6
cell line, obtained an ICs= 993.5 uM (Azambuja et al., 2018). These data demonstrate
the great anti-glioblatoma potential of AV23.

The qualitative reduction in tumor volume after the administration of AV23 in

70



the preclinical model of glioblastoma corroborates with the results found in the in vitro
analysis and is in accordance with the findings of Grommes et al., 2013, who also found
that derivatives of TZD have anti-glioblastoma activity in vivo. These authors
demonstrated that pioglitazone reduces tumor volume in a model of glioma xenograft in
mice. Pioglitazone was also effective in a phase Il clinical study that evaluated the
activity of pioglitazone and rofecoxib administered continuously, combined with
chemotherapy (capecitabine or TMZ) in patients with high-grade gliomas (glioblastoma
or anaplastic glioma) (Hau et al., 2007). Disease stabilization lasting more than three
months was observed in 4 of 14 patients (29%). Thus, the study demonstrated that this
regimen is moderately active and well tolerated in patients with high-grade glioma (Hau
et al., 2007). This information demonstrates the importance of preclinical and clinical
studies with different TZD derivatives, as well as the effectiveness of the tested

compounds.

We also observed that AV23 reverted the reduction in glucose levels caused by
glioblastoma and normalized blood glucose levels. The reduction in blood glucose in
control rats may be due to the Warburg effect (Figure 4), in which an excessive
conversion of glucose into lactate occurs, even in the presence of sufficient oxygen, the
effect is a metabolic characteristic of most cancer cells. Aerobic glycolysis, which
generates about 32/30 moles of ATP per mole of glucose, is negatively regulated in
cancer cells in favor of fermentation, which produces only two moles of ATP per mole
of glucose, therefore, with the objective of producing a sufficient amount of ATP the
tumor cells increase their glucose uptake (Movaheda et al., 2019). Since AV23 reduced
the number of viable C6 cells (Vasconcelos et al., 2020), there is a smaller number of
tumor cells, therefore, less glucose uptake by the tumor, which probably results in the

normalization of blood glucose levels in treated rats.

There was also a reversal of the reduction in weight gain caused by
glioblastoma. These data can be explained by the fact that tumor cells can cause insulin
resistance in normal cells (Yoshikawa et al., 1994; Klement, 2019), which would make
glucose uptake in normal cells more difficult, leading to a reduction in weight gain in
control rats and normalization in treated rats, due to the decreased viability of C6 cells
caused by AV23 (Vasconcelos et al., 2020).

The treatment also reverted the locomotor damage caused by glioblastoma. It is

71



possible to speculate that this effect is occurring due to some anti-inflammatory and / or
analgesic action of AV23, since other TZD derivatives have already shown anti-
inflammatory action in some studies (Barros et al., 2010; Wu et al., 2012; Unangst et
al., 1994; Ali et al., 2007; Mckinnon et al. (2012). There was also an impairment of
short-term memory in glioma-implanted rats and AV23 treatment was not able to

restore this deficit.

There was no change in the lipid and protein profile of the treated rats, as well as
no changes in the markers of renal damage after treatment. AST levels did not change;
however, there was an increase in ALT, both enzymes used to verify liver damage. The
alteration observed in ALT would not prevent new studies or even the
commercialization of AV23, as some drugs, widely used in the clinic, such as, for
example, valproic acid are able to alter ALT (Neves et al., 2006 ) in percentages much
higher than those of AV23.

Based on the following findings: a) Tumor cells suffer the Warburg effect
(Movaheda et al., 2019), that is, they need to capture more glucose. b) Several glucose
transporters, including GLUTL, are positively regulated for the cell membrane of
glioblastoma cells (Labak et al., 2016). ¢) The simultaneous presence of insulin and
insulin-like growth factor (IGF-1) in astrocytes significantly increases the translocation
of GLUT1 to the membrane (Fernandez et al., 2017). d) IGF-1 signaling is aberrant in
several cancers (Pollak, 2012). e) Tumor cells can cause insulin resistance in normal
cells (Yoshikawa et al., 1994; Klement, 2019). f) TZD analogs have been identified as
potent inhibitors of IGF-1 receptors (Liu et al., 2010, Mughal et al., 2015). g) TZD
analogs reduce insulin resistance and increase glucose uptake in normal cells (Bansal et
al., 2020); figure 4 was prepared assuming a flow of glucose in the presence of
glioblastoma cells and in the presence of TZDs + glioblastoma cells, an anti-tumor

mechanism of action for AV23 was also presumed - inhibition of the IGF-1 receptor.
5. Conclusion

The compound AV23 was able to reduce tumor mass (qualitatively) in a preclinical
model of glioblastoma. In addition, it reverted hypolocomotion and the reduction of
glucose levels caused by tumor implantation. Serum analyzes performed after treatment

with AV23 in rats showed that the biochemical parameters of glucose, triglycerides,
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cholesterol and kidney damage did not change; however, a slight increase in the enzyme

ALT was observed.

Due to the low survival rate provided by the main drug used in glioblastoma
therapy - TMZ (Stupp et al., 2005), as well as the unsuccessful attempts to establish
new protocols for this brain tumor (Rhun et al., 2019), and studies demonstrating that
TZD analogs have potential anti-glioblastoma action, it is important to investigate new
molecules using preclinical and clinical studies. In this sense, complementary analyzes

of AV23 should be performed to include this compound in clinical studies.
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Table 1. Serum biochemical parameters in

sham, glioma-implanted rats and treated

with AV23a

Sham Control AV23
Glucose (mg/dL) 114.8+4.81 89.8+7.99%* 107.5+4.76™
Cholesterol (mg/dL) 70.2+8.38 69.0£3.76 79.2+4.54
HDL (mg/dL) 28.6+£1.40 25.2+1.30 33.0£3.25
LDL (mg/dL) 27.6+7.47 30.7+3.31 31.4+2.70
Triglycerides (mg/dL) 71.046.69 69.2+2.79 80.3+8.22
ALT (U/L) 53.2+4.46 50.943.87** 76.7+3.21%
AST (U/L) 192.2+23.73 237.8+7.86 205.9+23.04
Urea (mg/dL) 47.2+£3.06 51.2+4.35 50.3+£2.33
Creatinine (mg/dL) 0.5+0.04 0.5+0.03 0.4£0.03
Albumine (g/dL) 3.4+0.11 3.3+0.09 3.5+0.17
Total Proteins (g/dL) 6.2+0.19 6.0+0.17 6.6+0.29

& After the rats recovery period, they were divided into three groups: sham, control and

AV23 for 15 days. Values are the means + standard errors (5-10 animals per group).

The data were analyzed by one-way ANOVA followed by the Tukey test. **P<0.01

when compared to the sham group. *P<0.01 when compared to the control group.
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Figure 1. (A) C6 glioma cells were implanted intracerebroventricularly in adult rats and
treatment was started 5 days later and was given for 15 days. On the 22nd day the
animals were euthanized and the brain was collected. (B) Picture of some of the brains

used for the qualitative assessment of tumor volume reduction.
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Figure 2. Body weight gain in sham, glioma-implanted rats and treated with AV23.
Values represent the mean £ SEM (n = 7 animals per group). Data were analyzed by
one-way ANOVA followed by post-hoc comparisons (Tukey's test). ***P<0.001 when
compared with the sham group. **P<0.001 when compared with the control group.
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Figure 3. Effect of treatment with AV23 (10 mg/kg/day) in glioma-implanted rats on behavioral
parameters. The evaluation of locomotor activity was performed in the open field test (A).
Short-term memory was determined using the object recognition test (B). Values are the means
+ standard errors (n = 7 — 10 animals per group). Data were analyzed by one-way ANOVA
followed by the Tukey test. *P<0.05 when compared with the sham group. ***P<0.001 when

compared with the sham group. **P<0.001 when compared with the control group.
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Figure 4. (A) Activation of IGF-1 and insulin receptors simultaneously and obtaining GLUT-1
translocation to the membrane, Warburg effect, increased glucose uptake in tumor cells and
resistance to insulin caused by tumor cells. (B) Inhibition of the IGF-1 receptor by AV23 and
consequent reduction in the uptake of glucose in tumor cells, reduction of insulin resistance and
increase in uptake of glucose caused by the AV23 reversal of glucose flow.
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5. CONCLUSAO

Diante dos objetivos propostos para essa Tese, foi possivel sintetizar e
caracterizar 17 derivados de tiazolidinedionas com rendimentos de 12 a 49%. A
metodologia de sintese one-pot em micro-ondas reduziu o tempo de reacgdo
comparado com a metodologia utilizada atualmente no laboratorio. A
purificacdo foi realizada utilizando reagentes ndo toxicos o que contribui com
uma quimica verde. Os resultados do CG-EM e do RMN de 'H e *C

comprovaram a formagéo correta das estruturas.

Os resultados in vitro demonstraram que todos os compostos foram
citotoxicos na linhagem celular de glioblastoma de rato (C6) e que 15 TZDs
reduziram a viabilidade celular na linhagem celular de glioblastoma de
camundongo (GL261). Nenhum dos compostos foi citotdxico no cultivo primario
de astrocitos, demonstrando seletividade para as células tumorais. Os
melhores resultados foram obtidos para as estruturas 4ClI (ICs 28,51 uM) e 4Dl
(ICso 54,26 M), as quais possuem R?= 4F, portanto, a presenca do atomo de
flior na posicdo para do anel B parece ser importante para a acao

antiglioblastoma dessa classe de compostos.

Nos testes posteriores verificou-se que o composto 3-(4-fluorobenzil)-5-
(4-metoxibenzilideno)tiazolidina-2,4-diona 4Cl: reduziu qualitativamente a
massa tumoral dos ratos Wistar no modelo pré-clinico de glioblastoma
multiforme; ndo alterou os seguintes parametros bioquimicos séricos nos ratos
tratados: AST, HDL, LDL, colesterol total, triglicerideos, proteinas totais,
albumina, ureia e creatinina); aumentou os indices sorolégicos da enzima ALT,;
reverteu o dano locomotor, a reducdo do ganho de peso e a reducdo da

glicemia causados pelo glioblastoma.

O composto 4Cl, portanto, possui atividade antiglioblastoma in vivo e o
resultado obtido na ALT ndo impedira a sua comercializacdo caso a atividade
antiglioblastoma em humanos seja significativa e haja um aumento na
sobrevida global dos pacientes. E importante mencionar que medicamentos
capazes de alterar a ALT, em porcentagens bem maiores que o composto 4Cl,

sdo amplamente comercializados, como, por exemplo, o acido valpraico.
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A reversdo do dano locomotor causada pelo composto 4CI € um indicio
de que esse apresenta alguma acdo anti-inflamatéria e/ou analgésica e as
normalizacbes do peso corporal e da glicemia podem estar relacionadas a
reducdo do numero de células tumorais viaveis. Em conjunto esses resultados

demonstram uma melhora no estado geral dos animais tratados.

Em concluséo, o composto 4Cl demonstrou ser um potencial candidato a
farmaco para uso clinico contra o glioblastoma, uma vez que nos testes in vitro
reduziu a viabilidade celular das células C6 de maneira seletiva e no tratamento
monoterapico verificou-se uma reducao da massa tumoral e uma melhora geral
dos ratos tratados. Além disto, esse composto poderia ser explorado em
estudos de associacdo com outros medicamentos citostaticos e/ou em estudos
com protocolos terapéuticos ja definidos, objetivando a melhora da qualidade
de vida dos pacientes e/ou potencializacdo da acdo antitumoral dos farmacos

utilizados atualmente na terapia do glioblastoma.
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7. ANEXOS
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