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RESUMO

O céncer é uma das principais causas de morte no mundo e recebe crescentes
investimentos em pesquisa oriundos dos setores publico e privado. Mais da metade de
todos os casos de cincer ocorrem na América do Sul e na Asia. A busca de novos
medicamentos para o tratamento do cancer tem sido intensa. O Laboratorio de
Planejamento e Sintese de Farmacos (LPSF) da Universidade Federal de Pernambuco tem
envidado esforgos em pesquisas, desenvolvimento e inovacgao para a concepgdo de novos
farmacos anticancer. Entre as classes quimicas bioativas exploradas pelo LPSF estdo as
tiazacridinas intercaladoras de DNA, compostos resultantes da hibridizacdo molecular dos
heterociclicos tiazolidina e acridina. Neste sentido, com a finalidade de minimizar o
impacto dessa doenca global, foram sintetizadas dezesseis moléculas inéditas
potencialmente ativas para o tratamento do cancer. Os compostos codificados LPSF AA-
10, LPSF AA-13, LPSF AA-16, LPSF AA-17, LPSF AA-19 e LPSF AA-23 tiveram suas
bioatividades avaliadas in vitro na linhagem celular maligna de Linfoma de Burkitt (RAJI)
e 0s compostos LPSF AA-14, LPSF AA-15, LPSF AA-18 e LPSF AA-19 foram avaliados
na linhagem celular maligna de Leucemia Aguda de Células T (JUKART). Para a
realizacdo das sinteses, foram aplicadas reacdes de N-alquilacdo, condensacdo, ciclizacédo e
adicdo de Michael. As moléculas obtidas foram comprovadas atraveés de métodos
espectroscopicos no infravermelho e ressonancia magnética nuclear de hidrogénio. Os
resultados revelam que na linhagem de células RAJI o composto LPSF AA-17 (3,4,5-
OCHpg) foi 0 mais ativo, enquanto na linhagem de céulas JUKART o LPSF AA-19 (2,4-Cl)
foi o mais ativo. Em trabalhos realizados anteriormente no LPSF, tiazacridinas diferentes
das apresentadas nesta tese foram testadas nas linhagens neoplésicas de células SF-295
(Sistema Nervoso Central), MDA-MB435 (melanoma) e HCT-8 (carcinoma de colon). Os
resultados revelam que os compostos LPSF AA-2 (bis-acridina), LPSF AA-3 (4-OCH3) e
LPSF AA-6 (4-Br) destacaram-se entre os mais ativos da série, pois apresentaram,
respectivamente, 92,4%, 86,7% e 96,6% de inibicdo da proliferacdo celular contra a
linhagem HCT-8; enquanto que a doxorrubicina, farmaco de referéncia, apresentou 95,2%
de inibicdo contra a mesma linhagem de celulas. Estes resultados confirmam a importancia

de derivados tiazacridinicos no combate do cancer.

Palavras-chave: Acridina. Tiazolidina. Cancer. Intercaladores de DNA.



ABSTRACT

Cancer is the main cause of death in the world and receives increasing research investment
from the public and private sectors. More than half of all cancer cases occur in South
America and Asia. The search for new drugs for the treatment of cancer has been intense.
The Laboratory of Planning and Drug Synthesis (LPSF) in Federal University of
Pernambuco has worked in research, development and radical innovation for the design of
new anticancer drugs. Among the chemical classes operated by the LPSF are tiazacridines
DNA intercalators compounds resulting from hybridization of molecular thiazolidine
heterocyclic and acridine. In this sense, in order to minimize the overall impact of this
disease, we synthesized new potentially active molecules for the treatment of cancer. The
molecules codified LPSF AA-10, LPSF AA-13, LPSF AA-16, LPSF AA-17, LPSF AA-19
and LPSF AA-23 had their bioactivity evaluated in vitro in the malignant cell lines
Burkitt's Lymphoma (RAJI) and the compounds LPSF AA-14, LPSF AA-15, LPSF AA-18
e LPSF AA-19 were evaluated in T-cell acute leukemia (JUKART). The syntheses were
carried out with N-alkylation, condensation, cyclization and Michael addition reactions.
The obtained molecules were analysed by spectroscopic methods, such as infrared and
nuclear magnetic resonance of hydrogen. The results indicate that in cancer cell line RAJI
the compound LPSF AA-17 (3,4,5-OCH3) was the most active, while in cancer cell line
JURKAT the compound LPSF AA-19 (4-NO,) was the most active. On previously work
done in LPSF, different thiazacridines of the ones presented in this thesis were tested in
cancer cell lines HL-60 (promyelocytic leukemia), MDA-MB435 (breast carcinoma) and
HCT-8 (colon carcinoma). The compounds LPSF AA-2 (bis-acridine), LPSF AA-3 (4-
OCH3) and LPSF AA-6 (4-Br) were the most active of the series, and presented,
respectively, 92.4%, 86.7% and 96.6% of inhibition of cell proliferation against HCT-8,
whereas doxorubicin, the reference drug, presented 95.2% of inhibition against same cell

line. These results confirm the importance of thiazacridine derivatives in combat of cancer.

Keywords: Acridine. Thiazolidine. Cancer. DNA intercalators.
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Introducao

Dentre todas as patologias que acometem os humanos, o cancer é uma das mais
devastadoras, estando atras apenas das doencas cardiovasculares (WHO, 2012). Apesar
do avanco cientifico, varios tipos de canceres ainda ndo tém cura, ou ainda, as células
tumorais se tornam resistentes aos farmacos disponiveis na clinica. Dessa forma, o
tratamento para o cancer continua sendo um desafio em todo o0 mundo.

Os avancos cientificos possibilitaram demonstrar diferencas moleculares
significantes entre as linhagens celulares malignas e as normais. Em funcdo dessas
diferencas, novas tecnologias tém permitido a identificacdo de caracteristicas genéticas
Unicas em tumores especificos que podem ser usadas como ferramentas de diagnostico,
prevencdo e tratamento, marcadores de prognostico e preditores de resposta a terapia,
como a detec¢do de mutacdo no gene KRAS (GOETSCH, 2011).

A busca de novos medicamentos para o tratamento do cancer tem se mostrado
intensa. O Laborat6rio de Planejamento e Sintese de Farmacos da Universidade Federal
de Pernambuco (LPSF) vem investigando novos farmacos para o tratamento do cancer.
Uma das classes quimicas exploradas pelo LPSF pertence a série tiazacridina, que tém
como caracteristica principal a presenca dos nucleos tiazolidinico e acridinico em uma
mesma molécula. A combinacéo de ndcleos farmacoféricos distintos em uma entidade
quimica, o que denominamos hibridizacdo molecular, constiui uma das importantes
estratégias utilizadas pela Quimica Medicinal para obtengdo de medicamentos mais
potentes, eficazes, seguros e confiaveis.

No decorrer do desenvolvimento desta tese foram elaborados trés artigos e uma
patente, 0s quais se encontram nos anexos. Estas publicagdes descreveram as sinteses e
as propriedades anticancer de tiazacridinas. O primeiro artigo, publicado neste ano,
intitulado “Synthesis and cytotoxic activity of new acridine-thiazolidine derivatives” foi

um trabalho realizado em colaboracédo com a Universidade Federal do Ceara e apresenta
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moléculas obtidas anteriormente no LPSF, semelhantes em estrutura aos compostos
obtidos nesta tese. O segundo artigo, submetido no mestrado e aceito para publicagdo no
doutorado “Synthesis and in vitro anticancer activity of novel thiazacridine derivatives”,
e a patente “Tiazacridinas utilizadas na terapia anticancer”, contém tiazacridinas
sintetizadas durante a dissertacdo de mestrado: “Novos agentes anticancer e
tiazacridinicos substituidos: Sintese, estrutura e efeitos biologicos” (PITTA, 2010). Um
trabalho que gerou bons resultados de atividade citotdxica e que justificou a continua
busca de agentes anticancer mais potentes, eficazes, seguros e confiaveis. O terceiro
artigo € uma revisdo da literatura intitulada “Niche for Acridine Derivatives in
Anticancer Therapy”. Este trabalho descreve propriedades quimicas ¢ biologica de
acridinas e detalha 13 classes de acridinas sintéticas e naturais.

Nesse sentido, os objetivos deste trabalho foram desenhar e sintetizar novos
derivados tiazacridinicos, otimizar a sintese de tiazacridinas, determinar propriedades e
caracterizar estruturalmente as tiazacridinas e avaliar a atividade anticancer in vitro de
tiazacridinas nas linhagens de células neoplasicas RAJI (Linfoma de Burkitt) e
JUKART (Leucemia Aguda de Células T).
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2 Objetivos

2.1 Geral

Desenvolver novas alternativas terapéuticas para o tratamento do cancer através
da sintese organica e avaliacdo da atividade biologica in vitro de moléculas

tiazacridinicas intercaladoras de DNA.

2.2 Especificos

Desenhar e sintetizar novos derivados tiazacridinicos;
Otimizar a sintese de tiazacridinas;

Determinar propriedades e caracterizar estruturalmente as tiazacridinas;

D N N NN

Avaliar a atividade anticancer in vitro de tiazacridinas nas linhagens de células
neoplasicas RAJI (Linfoma de Burkitt) e JUKART (Leucemia Aguda de Células
T).
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3 Revisao da Literatura

3.1 Génese do cancer

O cancer é definido pela Organizagdo Mundial da Saiude (WHO, 2012) como
crescimento e propagacdo descontrolado de células. O cancer pode afetar qualquer parte
do corpo, e o crescimento pode invadir tecidos adjacentes e metastizar para locais
distantes do ponto focal. Muitos tipos de cancer, aproximadamente 40% deles, podem
ser evitados pela supressdo a exposicdo aos fatores de risco comuns, tais como o
tabagismo, e cerca de 70% ocorrem em paises em desenvolvimento, o que demonstra a
necessidade de adocdo de medidas sistematicas de saude publica (WHO, 2007).

O céncer surge a partir de uma unica célula normal que sofre uma
transformacdo. Essa transformacdo se da através de mdaltiplos estagios, consistindo
basicamente na progressdo de uma lesdo pré-cancerosa para tumores malignos. Essas
modificacdes sdo o resultado da interacdo de fatores genéticos com agentes externos,

tais como (INCA, O que é o cancer? 2012):

» Radiagdo ultravioleta e ionizante; agentes quimicos, como amianto, &lcool,
substancias toxicas presentes no tabaco, aflotoxinas (contaminante de
alimentos), arsénio (contaminante de agua);

= Agentes biologicos, como virus da hepatite B (HBV) e da hepatite C (HCV),
papiloma virus humano (HPV), bactérias e parasitas;

» Estilo de vida, como a falta de atividade fisica, alimentacéo precéria, obesidade,

poluigdo urbana entre outros.
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O envelhecimento é outro fator importante para o desenvolvimento dessa
doenga. A incidéncia do cancer aumenta drasticamente com a idade, provavelmente
devido a elevacdo dos riscos de cancer especificos associada a menor eficicia dos
mecanismos de reparacdo celular (INCA, O que ¢é o cancer? 2012).

A maioria dos canceres humanos surge a partir de tecidos epiteliais cujas células
sdo submetidas a replicagdo continua para manutencdo de uma camada protetora de
células que estdo em contato com o ambiente. Exemplos incluem s estruturas normais
que se renovam constantemente, como a medula dssea, os pélos e a mucosa do tubo
digestivo (INCA, Quimioterapia, 2012).

Uma mudanga essencial necessaria para o desenvolvimento de todos os canceres
¢ a mutacdo em genes apropriados. Normalmente, existem varias alteracGes genéticas
que envolvem, por exemplo, proto-oncogenes, genes supressores de tumor e genes que
regulam eventos de ciclo celular. Uma vez que, uma célula perdeu o controle do seu
crescimento e divisdo, ela se expande e se multiplica para formar o tumor primario
inicial. Nesta fase, o tumor é alimentado por difusdo a partir de vasos sanguineos
préximos, no entanto, como as células tumorais aumentam em numero, eventualmente
tornam-se carentes de nutrientes, tais como oxigénio e glicose (BERGERS, 2003).

A anélise minuciosa do perfil e das caracteristicas de um tumor para predizer o
progndstico e tratamento ideal tem sido o objetivo principal da oncologia. Pesquisas
cientificas estdo focadas na mecéanica de controle de células a nivel molecular e
genético. Proteinas, os produtos finais da expressao génica, estdo frequentemente
alteradas em células malignas. A presenca, auséncia ou abundancia relativa de certas
proteinas representam informac6es de progndstico que podem ajudar no tratamento.
Genes que codificam para tais proteinas podem estar com defeitos ou sua expressdo
pode estar desregulada (silenciado, “up-regulado”, ou modulada) por outros fatores
geneéticos e epigenéticos (GOETSCH, 2011).

3.2 Epidemiologia do cancer

O céancer é um dos lideres mundiais em causas de morte, contando com 7,6
milhdes de mortes (13% do total), em 2008. Mais da metade de todos os casos de cancer

ocorrem na América do Sul e na Asia.
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O numero de mortes provocado por cancer no mundo deve aumentar 45% entre
0s anos de 2007 e 2030, passando de 7,9 para 11 milhdes. Esse fato esté principalmente
relacionado com o crescimento e envelhecimento da populacdo. Ainda, estima-se que 0s
novos casos de cancer saltem, no mesmo periodo, de 11,3 para 15,5 milhdes (WHO,
2012).

Na maioria dos paises, o cadncer ocupa o segundo lugar em mortalidade, estando
atrds das doencas cardiovasculares. O cancer de pulmdo é o que acomete o maior
numero de pessoas, responsavel por 1.8 milhdes de mortes por ano, uma tendéncia que
deve ser reduzida com a intensificacdo de campanhas para o controle do tabagismo
(WHO, 2012). A Figura 1 apresenta dados da Organizacdo Mundial de Salde que
indicam os principais tipos de cancer que acometem a populacdo mundial, em 2008.

Figura 1 - Prevaléncia dos principais tipos de cancer no mundo, em 2008

Principais tipos de cancer
Cervical 275.000
Mama 458.000
Colo-retal 608.000
Figado 695.000
Estdmago 736.000
Pulmao ] 1.037.000 )

Fonte: Adaptado de WHO, 2012

O céancer de mama é o segundo tipo mais frequente no mundo, € € 0 mais
comum entre as mulheres, respondendo por 22% dos casos novos a cada ano. Se
diagnosticado e tratado oportunamente, o prognostico é relativamente bom. No Brasil,
as taxas de mortalidade por cancer de mama continuam elevadas, muito provavelmente
porgue a doenca ainda é diagnosticada em estadios avancados. Na populacdo mundial, a
sobrevida média apds cinco anos é de 61%. Relativamente raro antes dos 35 anos, acima

desta faixa etaria sua incidéncia cresce rapida e progressivamente. Estatisticas indicam
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aumento da incidéncia do cancer de mama tanto nos paises desenvolvidos quanto nos

em desenvolvimento (INCA, Mama, 2012).

= Estimativa de novos casos de cancer de mama em 2012: 52.680
= Numero de mortes provocado pelo cancer de mama em 2010: 12.852, sendo 147

homens e 12.705 mulheres

O mapa ilustrado na Figura 2 mostra os paises mais afetados pela doenca no ano
de 2008, por 100.000 homens. O Brasil registrou uma média de 136 Obitos do sexo
masculino a cada 100.000 habitantes provocados pelo cancer e ocupou a posi¢éo n° 119
de 193 dos paises que participaram do estudo (WHO, 2011).

Figura 2 - Representacdo espacial das taxas de mortalidade por cancer no mundo, por 100.000 homens,
em 2008

Taxas de mortalidade
por 100.000 homens

g
[ ] 76100
P 101125
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|:| Dados ndo disponiveis
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Fonte: WHO, 2011

Em relacdo ao sexo feminino, obteve-se uma propor¢do de 95 oObitos a cada
100.000 habitantes, e o Brasil ocupou a posi¢éo n° 95 (Figura 3) (WHO, 2011).
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Figura 3 - Representag8o espacial das taxas de mortalidade por cadncer no mundo, por 100.000 mulheres,

em 2008
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Fonte: WHO, 2011

O cancer infantil ndo pode ser considerado uma simples doenca, mas sim como
uma gama de diferentes malignidades. Este tipo de cancer varia de acordo com o tipo
histoldgico, localizacdo primaria do tumor, etnia, sexo e idade (INCA, 2008).

O cancer infanto-juvenil deve ser estudado separadamente do cancer do adulto
por apresentar diferencas nos locais primarios, diferentes origens histologicas e
diferentes comportamentos clinicos. Tende a apresentar menores periodos de laténcia,
costuma crescer rapidamente e torna-se bastante invasivo, porém responde melhor a
quimioterapia. A maioria dos tumores pediatricos apresenta achados histolégicos que se
assemelham a tecidos fetais nos diferentes estagios de desenvolvimento, sendo
considerados embrionarios. Essa semelhanca a estruturas embrionarias gera grande
diversidade morfologica resultante das constantes transformacdes celulares, podendo
haver um grau variado de diferenciagéo celular (INCA, 2008).

Diversos fatores podem interferir na probabilidade de sobrevida no céancer
pediatrico. Um dos principais ¢ o atraso do diagndstico. A demora na procura de
cuidados médicos pode ser consequéncia da precariedade dos servicos de saude, falta de
percepcao da possibilidade de cura tanto do leigo como da classe medica e até mesmo
barreiras religiosas. Os sinais e sintomas sdo muito inespecificos, confundindo-se com
moléstias frequentes da infancia (INCA, 2008).

Para uma visdo panoramica, a Figura 4 mostra a distribuicdo percentual da

mortalidade pelos principais tipos de tumores malignos, por idade, para ambos 0s sexos.

Revisdo da Literatura

Novos Agentes Tiazacridinicos com Propriedades Anticancer
Marina G R Pitta



28

Percebe-se que para os tumores linfaticos, as maiores ocorréncias de Obitos foram
observadas nas faixas etarias iniciais (1-4 anos) e finais (15-18 anos). Nas leucemias, o
predominio foi observado na faixa etéria de 5-9 anos. Os 0Obitos para 0s tumores de
SNC, a excecdo dos menores de um ano, distribuiram-se de forma semelhante (INCA,
2008).

Figura 4 - Distribuicdo percentual da mortalidade por tipo de cancer e faixa etaria no Brasil, 2001-2005

Tumores Linfaticos 18,5_% 29,9
SNC 0/9,d0 7l ZENS b 289y 2.2

Leucemia |5;323,6 30 112

Outros % 24,8 25,1
| | | | |

0 10 20 30 40 50 60 70 80 90 100

W<lano Wla4 W5a9 wi10al4 <“15a18

Fontes: Adaptado de dados do MS/SVS/DASIS/CGIAE/Sistema de Informacéo sobre Mortalidade
(SIM), MP/Fundagdo Instituto Brasileiro de Geografia e Estatistica (IBGE),
MS/INCA/Conprev/Diviséo de Informacéao

A Tabela 1 apresenta dados sobre a mortalidade por cancer relacionados a faixa
etaria no Brasil, no periodo entre 2000 e 2010. A taxa especifica de mortalidade (TEM)
se refere ao risco de morte em cada grupo etario. E, na referida Tabela 1, o valor da
TEM aumenta com o avancar da idade, nos homens e nas mulheres. A faixa etaria
responsavel pelo maior nimero des obitos nos homens e nas mulheres foi a de 70 a 79
anos, contando com 221.326 e 163.872, respectivamente, obitos por 100.000 habitantes.
A TEM nas mulheres € menor quando comparado os homens em praticamente todas as
idades, com excessdo a faixa de 30 a 49 anos. O cancer de mama é um fator importante
a ser considerando para explicar esse fato, pois, além de ser o tipo de cancer mais
comum nas mulheres, prevalesce principalmente nessa faixa etaria (INCA, Atlas de
Mortalidade por Cancer, 2012).
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Tabela 1 - Mortalidade por cancer, brutas e ajustadas por idade, pelas popula¢Ges mundial e brasileira, por
100.000 homens e mulheres, Brasil, 2000-2010

Homens Mulheres

Taxa Especifica Taxa Especifica

Faixa Etaria  Numero de Obitos Ndmero de Obitos

de Mortalidade de Mortalidade

00a 04 4.358,00 4,70 3.657,00 4,09

05a09 3.950,00 4,15 3.053,00 3,32

10a14 3.880,00 3,95 3.143,00 3,29

15a19 5.789,00 5,76 4.011,00 4,05

20a29 13.606,00 7,61 12.916,00 7,13

30a39 23.248,00 15,84 35.157,00 22,82

40 a 49 72.445,00 63,05 85.102,00 69,26

50a59 152.221,00 198,09 132.980,00 158,35

60 a 69 212.326,00 449,83 158.498,00 290,07

70a79 221.326,00 885,23 163.872,00 516,89

80 ou mais 137.640,00 1.421,36 123.019,00 844,47

Idade Ignorada 446,00 - 272,00 -

Total 851.004,00 - 725.680,00 -

Taxa Bruta - 86,32 - 71,21

Taxa Padrao - 102,62 - 72,18
Mundial (1)

Taxa Padrao - 87,90 - 62,52

Brasil (2)

Fonte: Adaptado de dados do INCA, 2012

3.3 Controle e diagndstico

A deteccdo precoce de células cancerosas no organismo é crucial para ter um
inicio répido de tratamento e, consequentemente, aumento das chances de cura e
sobrevida do paciente. O tratamento do cancer requer uma ou mais intervencdes, tais
como cirurgia, radioterapia, hormonoterapia e quimioterapia. O conhecimento do
mecanismo molecular da doenga e das formas de intervengdo que a previnem e
controlam é essencial para a identificacao de estratégias de controle e diagndstico.

O objetivo do tratamento é curar ou prolongar a sobrevida, com melhoria na
qualidade de vida do paciente. Os casos de cancer podem ser reduzidos através de
campanhas e da implementacdo de estratégias de prevencdo, deteccdo precoce e
tratamento, como por exemplo: diminuicdo da exposicao a fatores de risco; vacinacao
contra o virus HPV, HBV e HCV; controle de riscos ocupacionais; reducdo da

exposicao a luz solar.
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3.4 Abordagens terapéuticas para o tratamento do cancer

A quimioterapia e radioterapia sdo as terapias mais utilizadas para os casos de
cancer sem indicacdo de intervencdo cirdrgica. Mesmo com 0S recentes avangos e
aumento da sobrevida dos pacientes resultantes do desenvolvimento de agentes
citotoxicos, o progndéstico geral de pacientes portadores de tipos comuns de cancer
continua aquém do desejavel. Além disso, a escassez na melhoria das terapias
convencionais impulsiona a busca de novas abordagens terapéuticas para o tratamento
do céncer (BICKNEL, 2005).

As abordagens terapéuticas tém evoluido a partir de uma maior compreensdo das
vias que regulam a proliferacdo celular e metéstase. Estes estudos identificaram alvos
novos de farmacos e possibilitaram o desenvolvimento de terapéuticas especificas. A
grande maioria dos medicamentos utilizados na clinica envolve moduladores da
autofagia, como o0 bevacizumab, um anticorpo monoclonal se liga e neutraliza
seletivamente a atividade bioldgica do fator de crescimento do endotélio vascular
humano - VEGF; os moduladores da angiogénese, como o tamoxifeno, um
antiestrogénio (Tabela 2); e o0s agentes anticancer classicos, como 0s agentes
intercalantes de DNA, agentes tubulo-afins, antimetabdlitos, alquilantes, inibidores da
topoisomerase | e Il, agentes cinidores de DNA e analogos da purina e pirimidina
(BICKNEL, 2005).

Tabela 2 - Medicamentos moduladores da autofagia e da angiogénese utilizados na terapia contra o cancer

Farmaco Efeito bioldgico Mecanismo de acdo IndicacGes
Bevacizumab Inibicio da Cancer colorretal metastatico, cancer
: 1GaC Anti-VEGF de pulmao, cancer metastatico de
(Avastint®) angiogénese . n
rim, cancer de mama
. Inducdo da Blogueio dos
Tamoxifeno . A A
autofagia e da receptores estrogénicos  Cancer de mama
(Nolvadex®)
apoptose (RE)

Fonte: Autora, 2012

3.4.1 Moduladores da autofagia

O ambiente tumoral é caracterizado por uma reducao nos niveis de oxigénio e

nutrientes. Isso sugere que as células cancerosas, além do aumento da glicolise
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(MORENO-SANCHE?Z et al., 2007), induzem o processo autofagico para a producéo de
energia.

A autofagia € uma via catabdlica lisossomal pela qual as células reciclam
macromoléculas e organelas. A capacidade de autofagia melhora a sobrevivéncia das
células tanto pela capacidade de manter o metabolismo celular em condicdes de hipdxia
ou de privacdo de nutrientes, quanto pelo fato de remover organelas danificadas sob
condicdes de estresse (HOYER-HANSEN, JAATTELA, 2008).

No cancer, o processo de autofagia estd geralmente alterado nos niveis de
regulacdo, inducdo e degradacdo lisossomal, e talvez seja uma via alternativa para a
identificacdo de novos alvos terapéuticos para o tratamento do cancer pelos seguintes
fatores: 1) no ambiente tumoral os baixos niveis de oxigénio e nutrientes melhoram a
sinalizacdo de autofagia em tecidos cancerigenos (MATHEW et al., 2007), 2) varios
tumores estdo associadosa alteracGes genéticas em genes que regulam autofagia, como o
‘Alvo da Rapacimina’ Complexo 1 de Mamiferos (MTORC1), através da inducdo da
mesma (MATHEW et al., 2007; GOZUACIK, KIMCHI, 2004), e por fim, 3) o término
do processo de autofagia requer lisossomas cuja atividade esta muito alterada durante a
tumorigénese (KROEMER, JAATTELA, 2005).

Nas células tumorais com defeitos na apoptose, a autofagia permite
sobrevivéncia prolongada. Paradoxalmente, defeitos no processo autofagico estdo
associados com aumento da tumorigénese. A perda monoalélica do gene essencial da
autofagia Beclinl causa susceptibilidade ao estresse metabdlico e também promove a
tumorigénese. No entanto, 0 mecanismo envolvido ainda ndo foi determinado.
Evidéncias recentes sugerem que a autofagia fornece uma funcéo protetora para limitar
necrose tumoral e inflamacdo, e para atenuar os danos do genoma nas células tumorais
em resposta ao estresse metabdlico (MATHEW, KARANTZA-WADSWORTH,
WHITE, 2007). Por outro lado, mesmo que a autofagia atue como uma resposta de pro-
sobrevivéncia na homeostase de células normais, ela pode ser capaz de sinalizar a morte
celular nas células tumorais. No entanto, varias questdes importantes relativas as
consequéncias da modulacdo da autofagia in vivo permanecem sem resposta, e ainda é
especulativo se autofagia € um alvo adequado para tratamento do cancer.

A questdo de induzir ou inibir a autofagia no tratamento do cancer néo é simples
e a resposta e dificil de prever antes de serem testados moduladores de autofagia

especificos em ensaios clinicos. No entanto, varios compostos, inclusive alguns
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desenvolvidos para outros fins, podem contribuir com importantes informacdes sobre o

emprego de moduladores de autofagia no tratamento do cancer (Tabela 3).

Tabela 3 - Farmacos relevantes que modulam a autofagia

Nivel de .
. Alvo ~ Efeito na — A
Farmaco modulac¢éo da - Indicacdo Referéncias
molecular ) autofagia
autofagia
Receptor de GO SLE
Tamoxifeno ptor Inducéo Aumento Céncer de mama  MALERVA
estrogénio
etal., 2012
Kringle 5 A
(inibidor de Rec_eptpr de Inducéo Aumento Qqncere_s de NGUYEN et
N angiogénese varias origens al., 2007
angiogénese)
_Ir_na}tmlb Tirosina x Leucemia ERTMER et
(inibidor de . Inducdo Aumento s A
o - quinase miel6ide cronica al., 2007
tirosina quinase)
Temozolomida Ensaios clinicos
(agente DNA Inducéo Aumento fase I, NCT051*10259
alquilante) glioblastoma
Agente Maléaria
. . _ Agente . . Ensaiosclinicos NCT0129240
Hidrocloroguina  lisossomotro- Inibicdo Diminuicao fase 11 g*
pico 2 ’
cancer de mama
Omeprazol Bomba de DeFlrjng/éo Diminuicio  Ulcerapéptica ~ CDELNOW
P prétons gradag ¢ pep etal., 2011

Fonte: Adaptado de HOYER-HANSEN, 2008

'A inducdo da autofagia pode promover morte celular (morte autofagica), e sua inibicio pode levar a
apoptose, resultando em um maior grau de morte de células de cancer do que é possivel com terapias
atualmente disponiveis

*Namero de identificacdo no Clinicaltrials.gov

3.4.2 Inibidores da angiogénese

Os grandes avangos ocorridos na area da biologia molecular tém possibilitado
uma melhor compreensdo dos mecanismos de carcinogénese. Dentre estes, destaca-se a
angiogénese como o processo através do qual as células tumorais estimulam a formagéo
de novos vasos sanguineos necessarios para o fornecimento dos nutrientes essenciais
para seu crescimento acelerado. Sabe-se hoje que a angiogénese resulta da liberagdo
local pelo tumor de algumas proteinas com agdo estimuladora para o desenvolvimento
vascular, como o fator de crescimento fibroblastico basico (bFGF), a ciclo-oxigenase 2
(COX-2) e o fator de crescimento endotelial vascular (VEGF). Sucessivos estudos tém

demonstrado uma significativa correlacdo entre os niveis séricos e teciduais destas
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proteinas e as caracteristicas clinico-patoldgicas de diversos tumores, incluindo o cancer
colorretal. Como consequiéncia direta destes achados, a terapia anti-angiogéncia,
baseada na inibicdo destas moléculas, representa hoje uma promissora linha de estudo
em oncologia (PINHO, 2005).

A ativacdo da angiogénise no microambiente tumoral em desenvolvimento
ocorre quando o saldo de inibidores de angiogénsese enddgenos e os ativadores de
angiogénese mudam em favor do processo angiogénico. Embora existam evidéncias de
que essa mudanca possa envolver alteracdes irreversiveis na célula do carcinoma, um
fator importante € a resposta da célula a caréncia de oxigénio (hipdxia) e outros
nutrientes. Por exemplo, muitas células normais, assim como as células neoplasicas,
irdo liberar o Fator de Crescimento do Endotélio Vascular Humano (VEGF) e outros
fatores pro-angiogénicos quando expostas a hipdxia. Uma vez que um ambiente pro-
angiogénico é alcancado, novos vasos sanguineos no tumor emergem e sustentam o
crescimento e desenvolvimento do tumor. Além disso, as caracteristicas desorganizadas
e imaturas da neovascularizacdo tumoral fornecem pontos de saida de facil acesso para
a propagacdo das células cancerosas pelo sangue, aumentando as chances de metastase
(BICKNEL, 2005).

A maioria dos medicamentos inibidores de angiogénese aprovados ou em fase de
avaliacdo clinica pode ser classificada em duas categorias principais: anticorpos
monoclonais e inibidores da tirosina kinase (TK) (Figura 5) (Tabela 4). A terapia com
anticorpos monoclonais neutraliza os ligantes ou receptores que Sa0 super expressos em
certos tipos de cancer (HARRIS, 2004). O bevacizumabe, por exemplo, € um anticorpo
monoclonal humanizado recombinante que reduz a vascularizagdo de tumores através
da inibicdo do VEGF, reduzindo assim a velocidade de crescimento de ceélulas
neoplasicas de cancer de mama (Bula do Avastint®, 2012).

Receptores transmembranares com atividade TK intrinseca foram identificados

como reguladores de tumor ou crescimento de vasos tumorais (DREVS et al., 2003).
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Figura 5 - Inibidores da enzima tirosina quinase

O 2y

B
N
X N/CH3
N
Vatalanib Imatinib

Fonte: Autora, 2012

Tabela 4 - Anticorpos monoclonais e inibidores da enzima tirosina quinase utilizados no tratamento do

cancer

Farmaco

Alvo molecular

Indicacdes

Reagdes adversas

Anticorpos
monoclonais

Bevacizumab (Avastint®)

Trastuzumab
(Herceptin®)

Cetuximab (Erbitux®)

Inibidores da tirosina
quinase

Vatalanib (PTK787)

Imatinib (Gefitinib®)

VEGF

Fator de crescimento
epidermal humano tipo

2 (HER-2)

Receptor do factor de

crescimento

epidérmico (EGFR)

Enzima tirosina
quinase

Enzima tirosina
quinase

Cancer colorretal
metastatico,
cancer de mama
metastatico,
cancer de pulmao,
cancer de células
renais metastatico

Céncer de mama
metastatico

Cancer colorretal
metastatico

Cancer colorretal

Leucemia
mieléide cronica

Perfuracdes intestinais,
aumento da pressdo
arterial, problemas de
cicatrizagdo de feridas e de
cortes cirurgicos, derrame
cerebral e infarto agudo do
miocéardio, hemorragias
entre outras

Dispnéia, hipotenséo,
sibilancia, broncoespasmo,
taquicardia estre outras

Doencgas respiratorias,
reacOes cutaneas,
perturbacdes eletroliticas,
neutropenia entre outras

Aumento da pressdo
arterial, desarranjos
intestinais (diarréia,
nauseas e vomito),

cansago, tontura entre

outras

Nauseas leves, vomitos,
diarréia, mialgia, cdibras
musculares, rash (erupcéao

cuténea), edemas
superficiais entre outras

Fonte: Adaptado de Bicknell, 2005
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Os agentes citotoxicos classicos podem ser subdivididos de acordo com o

mecanismo de acdo: agentes intercalantes de DNA, agentes tubulo-afins, agentes

antimetabolitos, agentes alquilantes, agentes inibidores da topoisomerase | e 1l, agentes

cinidores de DNA e analogos da purina e pirimidina. Alguns exemplos de

medicamentos que agem de acordo com estes mecanismos de acdo encontram-se na

Tabela 5.

Tabela 5 - Agentes citotdxicos convencionais subdivididos de acordo com o mecanismo de a¢do

Agente intercalador de DNA

O‘O‘ oH ko
/ OH O\q

Cloridrato de doxorrubicina

Inibe a sintese de acidos nucléicos

Agente tabulo-afim
9 O>\._.o O OH
0 °NH O ;(%o
©)\(U\O HO O 0740
OH 0?3
Paclitaxel

Estabiliza microtubulos

Agente Antimetabdlito

ﬂ@§

Metotrexato

\Y

Inibe a biossintese da enzima diidrofolato
redutase

Agentes alquilantes
Cl
O\\ /N\/\CI

P~

0) NH

Ciclofosfamida

Formaligagdes covalentes com o DNA

HsN._ _ClI
3 ,P<
H;N ClI
Cisplatina

Forma complexo inorganico de Pt™ com o DNA
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Agente inibidor da topoisomerase 11

Agente inibidor da topoisomerase | H3C
Q
Q
X
7 N HO

N \ /

9 HO
CoHs
OH O

Camptotecina

Etoposida

Inibe a enzima topoisomerase |
Inibe a enzima topoisomerase 11

Anélogo da purina
Analogos de Pirimidina

NH,
XN H
)N|\ S Oy N._O
_ Y
cr” °N7_N
0 HN.__~ E
HOH,C
HO Fluoracil
Cladriblina Inibe a timidilato sintase
Andlogo clorado do nucleotideo purinico adenina
Agente cinidor
MN o
T H\.FiH‘ t\r
Py oM, QN Ne ” R
HNT Y . Ono”] ‘rl‘x HO —:; » ..
cHy NI A, Bleomicina
| ™
Ay
Ho_ :77"5 Lo N g Provoca fragmentacéo dos filamentos de DNA
I8 Do—._oH apos a formacéo de radicais livres

Fonte: Autora, 2012
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3.5 Alvos moleculares selecionados de tiazolidinas e acridinas e seus inibidores
anticancer

As tiazolidinas (TZDs) possuem propriedades antidiabética, anticancer,
antibacteriana (BONDE, GAIKWAD, 2004), antifingica (CESUR et al., 1994),
antiviral (RAO et al., 2003) e antituberculose (SAMADHIYA et al., 2012).

As TZDs sao ligantes sintéticos do Receptor Ativador da Proliferacdo de
Peroxissomos y (PPARY) e agem como agonistas do PPARy (Figura 5). Sua descoberta
durante a Ultima década revelou novas vias envolvidas no controle da diferenciacéo
celular, proliferacdo e apoptose, que tém sido implicadas na regulacdo de processos
bioldgicos importantes, tais como inflamacdo, remodelacdo do tecido e biologia
vascular (ELANGBAM et al., 2001).

Figura 6 - FArmacos derivados de tiazolidinas

O (0]
N\ H3C\ NJ/
= NZ

CH
3 X HO

Pioglitazona Rosiglitazona Troglitazona

Fonte: Autora, 2012

Os derivados da acridina foram inicialmente desenvolvidos como pigmentos e
corantes no final do Século IXX e, durante a Primeira Guerra Mundial, suas
propriedades farmacoldgicas foram avaliadas. O pioneiro interesse medicinal desses
compostos data de 1888, mas apenas em 1913 comecaram a ser usados na pratica
médica quando Browning descobriu a agdo bactericida da proflavina e da acriflavina
(Tabela 6) (DEMEUNYNCK et al.,, 2001). Em 1930, a mepacrina (Tabela 6) foi
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descoberta, o primeiro antimalarico sintético concorrente da quinina em atividade, fato
que impulsionou o ritmo das investigacGes cientificas (Tabela 6) (DENNY, 2001).

Os derivados acridinicos sdo conhecidos por apresentarem um amplo espectro de
atividades bioldgicas, como, além da atividade anticancer, atividades antimicrobiana,
antimalarica, antialzheimer, antitripanossémica (BONSE et al., 1999), leishmanicida
(GIRAULT et al., 2000).

A atividade anticancer das acridinas foi considerada pela primeira vez em 1920.
A partir de entdo, varios compostos, alcaldides naturais ou moléculas sintéticas, foram
testados como agentes antitumorais (DEMEUNYNCK et al., 2001).

A amsacrina (Tabela 6) é um derivado da aminoacridina. E um potente agente
intercalante antineoplésico, é efetiva no tratamento de leucemia aguda e de linfomas

malignos, mas é pouco ativa contra tumores solidos (GRAZIANO et al., 1996).

Tabela 6 - Derivados da acridina

Atividade antibacteriana Atividade anticancer Atividade antimaléarica

' )\/\/K
AN NO, HN N N
| HN ~
— AN
o " e O / O \ o
N P>
N

cl
Proflavina Nitracrina Mepacrina
[l OH
HN—ﬁ—CHg
o} N N
1 ¥ ./
7
H,CO
H,N N NH, 3 NH
| NH N OCH
R 8
X
N
— Cl N
N
Acriflavina Amsacrina Pironaridina

Fonte: Autora, 2012

O mecanismo de acdo de derivados de acridina envolve ligagcdo ao DNA pela
insercdo do esqueleto da molécula entre bases nitrogenadas, causando o desenrolamento
da hélice e, finalmente, resultando na interrupcdo da funcdo do DNA (CHOW et al.,

2009). Outros mecanismos de agao incluem:
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= Inibig&o das enzimas topoisometase | e Il (topo | e 11);
» Inibig&o da enzima telomerase;

» Regulacdo da proteina p53.

3.5.1 Receptor ativador da proliferagéo de peroxissomos - PPAR

O PPAR é membro de uma familia de receptores nucleares estereoidais. Trés
isétopos codificados por genes distintos foram identificados até o presente: PPARa,
PPARB e PPARy. Os PPARs sdo fatores de transcrigdo ligante-dependentes que
regulam a expressdo do gene-alvo pela ligacdo a especificos PPREs (Elementos
Responsivos aos Proliferadores de Peroxissoma) situados em sitios regulatérios de cada
gene. O PPAR liga-se ao PPRE como um heterodimero, juntamente com um fator
protéico adicional, o receptor do &cido 9-cis retindico (RXR). Assim como os PPARS,
foram identificadas trés isoformas distintas de RXR: RXRa, B e vy, apresentando
distribuicdo distinta nos tecidos. O RXR pode ser ativado pelo &cido 9-cis retindico e
por ligantes sintéticos (BERGER, MOLLER, 2002).

Sob atuacdo de agonistas naturais ou sintéticos, a conformacdo do PPAR é
alterada e estabilizada, criando um sitio de ligacdo, com posterior recrutamento de
coativadores transcricionais, resultando em aumento na transcri¢do génica. Um exemplo
de co-ativador é o SRC-1 (Co-ativador 1 do Receptor de Esterdides). Ele possui
atividade histona acetilase e pode remodelar a estrutura da cromatina, deixando-a mais
frouxa e facilitando a atividade transcricional (Esquema 1). Por sua vez, o co-repressor
N-CoR (Co-repressor Nucleo Receptor) € uma proteina que interage com o receptor
nuclear livre, mediando um sinal repressivo para o promotor no qual o complexo esta
ligado (TAVARES et al., 2007).

Derivados de acidos graxos e eicosandides sdo ligantes naturais do PPARYy. Eles
se ligam e ativam o PPARy em concentracbes micromolares. Exemplos de &cidos
graxos que ativam o PPARy sdo: &cido linoléico, acido araquidénico e 4cido
eicosapentaenodico. Os seus niveis de concentracdo intracelular sdo desconhecidos
(BERGER, MOLLER, 2002).
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As tiazolidinadionas sdo ligantes sintéticos e agonistas do PPARy. Além destes
potentes ligantes, um grupo de antiinflamatérios ndo estereoidais (AINES) apresentam
fraca atividade com o PPARy e¢ PPARa: indometacina, fenoprofeno e ibuprofeno
(BERGER, MOLLER, 2002).

Esquema 1 - Mecanismo de ativacdo transcricional pelo PPAR: Requer a liberacdo do complexo co-
repressor (atividade Histona Deacetilase), feito por um ligante, e o recrutamento de complexo co-ativador
(atividade acetiltransferase). O complexo PPAR:RXR ativado liga-se ao PPRE, produzindo alteracdo na
estrutura da cromatina, originando uma estrutura transcricionalmente competente

Ligantes
v
v ¥ 0 Co-repressores
v 9-cisRA [H ctado
\ 3 Inativo
Fatores basais f TRANSCRICAO
da transcrigdo GENICA

Y
& —3 T
GENE ALVO

Sitio inicial da
transcrigao

Fonte: Adaptado de TAVARES et al., 2007

O PPARYy est4 envolvido com o metabolismo dos lipideos, com a sensibilizagao
de células periféricas a insulina, com a inflamacéo e com a diferenciacéo e proliferagédo
de ceélulas tumorais (SUH et al., 1999). As TZDs sdo utilizadas no tratamento de
diabetes mellitus tipo 1l dado seu efeito de sensibiliza¢do a insulina.

Trés drogas pertencentes ao grupo das tiazolidinas, pioglitazona, rosiglitazona e
troglitazona, sdo potentes e altamente seletivas para o PPARy (Figura 6). Elas tém sido

utilizadas na pratica clinica, embora o emprego da rosiglitazona e da troglitazona tenha
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sido descontinuado, haja vista o aparecimento de casos de toxicidade cardiovascular e
de hepatotoxicidade (TAVARES et al., 2007).

O efeito das TZDs no crescimento de células tumorais vem sendo estudado
extensivamente. As TZDs inibem a proliferacdo celular e intensificam a apoptose
(PANIGRAHY et al., 2003). Esse efeito ¢ dependente do nivel de expressdo de PPARy.
A troglitazona, por exemplo, mostrou inibir a proliferacdo celular por meio da interacéo
com inibidores de ciclinas e quinases dependente de ciclinas, tais como p2lwafl e
p27kipl, induzindo a parada do ciclo celular e diferenciacdo terminal (KOGA et al.,
2001, 2003). A troglitazona também induziu a apoptose em linhagens de células de
cancer de figado in vitro via ativagdo da caspase 3 (TOYODA, 2002).

A pioglitazona, outro derivado das TZDs, foi capaz de reduzir a sobrevivéncia e
proliferacdo de células pré-neoplasicas in vitro e em modelos animais in vivo
(KAWAGUCHI et al., 2002). Além disso, a pioglitazona preveniu a sintese de colageno
e a ativacdo de células estreladas hepaticas em modelos de fibrose hepéatica em animais,
sugerindo um beneficio adicional de agonistas de PPARy no tratamento de cirrose
hepéatica (GALLI et al., 2002). Esse fato pode ter um efeito indireto sobre a prevencao

de cancer de figado primario.

3.5.2 Acido desoxiribonucléico - DNA

A descoberta de novos compostos com atividade antitumoral tornou-se um dos
objetivos mais importantes da quimica medicinal. Um interessante grupo de agentes
quimioterapicos utilizados no tratamento do cancer compreende moléculas que
interagem com o DNA. Investigacdo nesta area tem revelado uma série de moléculas
que reconhecem o DNA e que atuam como agentes antitumorais, incluindo ligantes do
tipo “groove”, agentes alquilantes e intercalantes. Os intercalantes de DNA (moléculas
que se intercalam entre os pares de base) (Esquema 2) tém atraido uma atencdo
particular devido a sua atividade antitumoral. Por exemplo, derivados de acridina e de
antraciclina séo excelentes intercaladores de DNA que estdo agora no mercado como
agentes quimioterapéuticos. Os derivados de acridinas e antraciclina disponiveis na
clinica tém sido amplamente estudados a partir de uma variedade de pontos de vista, tais

como as propriedades fisico-quimicas, caracteristicas estruturais, sintese e atividade
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bioldgica. No entanto, a aplicacdo clinica destes compostos, e de outros da mesma
classe, apresentou certas dificuldades, tais como a resisténcia a multiplas drogas (MDR)
e efeitos secundarios e/ou colaterais. Estas dificuldades tém motivado a pesquisa
direcionada a busca de novos compostos para substituir os existentes ou para serem
usados como terapia adjuvante (MARTINEZ, CHACON-GARCIA, 2005).

Esquema 2 - Representacdo esquematica do mecanismo citotéxico de um intercalador de DNA

Intercalador de DNA

Niicleo Topoisomerase

—a=——gm, Dano
genético

Apoptose
Morte celular

Fonte: Adaptado de MARTINEZ, CHACON-GARCIA, 2005

O DNA tem uma forte afinidade para varios compostos aromaticos
heterociclicos tais como acridina e seus derivados. Lerman em 1961 propds pela
primeira vez a intercalagdo como fonte desta afinidade e, desde entdo, esse modo de
interacdo foi alvo de bastante estudo. No modelo proposto, moléculas aromaticas
planares possuindo 2 ou 3 anéis de 6 membros sdo inseridas entre os pares de bases
adjacentes da dupla fita do DNA. O cromoforo aromatico intercalado se orienta
paralelamente aos pares de bases nucleotidicos e perpendicularmente ao eixo da dupla
hélice formando um complexo que € entdo estabilizado por ligagdes ndo covalentes,
como interagcOes hidrofobicas, ligacGes de van der Waals e por ligagdes de hidrogénio.
Estas interagOes séo consideradas as mais importantes na intercalagdo. A intercalagdo

gera deformac6es estruturais e alteracdes das caracteristicas fisico-quimicas dos acidos
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nucléicos. A dupla hélice se torna rigida e se estica, fazendo com que haja perda de
funcionalidade do DNA (LERMAN, 1961, 1963).
Intercaladores organicos podem inibir a sintese de &cidos nucléicos in vivo, e sdo

agora farmacos anticancer comuns aplicados na terapia clinica (LIU, SADLER, 2011).

3.5.3 Enzimas topoisomerase | e 11

A maioria das moléculas de DNA de ocorréncia natural tem super-hélices
negativas. A super-hélice negativa surge de desenrolamento ou subelicoidizacdo do
DNA. Em esséncia, a super-hélice negativa prepara 0 DNA para processos que resultam
na separacdo dos filamentos de DNA, tais como a replicacdo. A super-hélice positiva
condensa o0 DNA com eficiéncia, mas dificulta a separagé@o dos filamentos (BERG et al.,
2008).

A presencga de super hélices na area imediata & deselicoidizacdo dificultaria,
entretanto, o desenrolamento do DNA. Portanto, as super-hélices negativas tém de ser
continuamente removidas, e 0 DNA relaxado, a medida que a dupla hélice se desenrola
(BERG et al., 2008).

Enzimas especificas, chamadas topoisomerases, introduzem ou eliminam as
super-hélices. A topoisomerase tipo 1 catalisa o relaxamento do DNA em super-hélice,
um processo termodinamicamente favoravel. A topoisomerase tipo Il usa energia livre
de hidrélise de ATP para adicionar super-hélices negativas ao DNA (BERG et al.,
2008).

Estas enzimas alteram o nimero de ligacdo do DNA, catalizando um processo de
trés etapas: (1) a clivagem de um ou ambos os filamentos do DNA, (2) a passagem de
um segmento do DNA por esta quebra, e (3) a ressoldagem da quebra do DNA. Os dois
tipos de enzimas tém varias caracteristicas comuns, incluindo o uso de tirosinas
importantes para formar ligagdes covalentes no arcabouco polinucleotidico que é
temporiariamente quebrado (BERG et al., 2008).

As estruturas tridimensionais de varios tipos de topo | ja foram determinadas
(Figura 7). Estas estruturas revelam muitas caracteristicas do mecanismo de acdo. A
topo | humana compreende quatro dominios, que sdo dispostos ao redor de uma

cavidade central que tem o tamanho correto para acomodar uma molécula bifilamentar
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de DNA. Essa cavidade tembém contém uma tirosina (Tir 723), que atua como um

nucledfilo, cortando o arcabougo de DNA no curso da catélise (BERG et al., 2008).

Figura 7 - Topoisomerase | humana complexada com o DNA

Fonte: PDB 1EJ9.pdb

Pelas analises destas estruturas e por resultados de outros estudos, sabe-se que 0
relaxamento das moléculas de DNA em super-hélice negativa ocorre do seguinte modo
(Figura 8). Primeiro, a molécula de DNA liga-se dentro da cavidade da topo. A
hidroxila da tirosina 723 ataca um fosfato em um dos filamentos do DNA, cortando-o e
liberando uma hidroxila 5’ (BERG et al., 2008).
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Figura 8 - Clivagem do DNA (rosa) via topoisomerase (preta)

base base

O base
Q QP Q QAP HO
o P< o /po/ base O/P\ o
. 5

;Mg DI

Tir 723

Fonte: Adaptado de BERG et al., 2008

A topo | humana altera o nimero de ligacdes através da quebra de uma fita da
dupla hélice do DNA, seguida da liberacdo da fita quebrada. Ja enzima topo Il humana
(formas a e B) altera o nimero de ligagdes através da quebra das duas fitas do DNA
(OPPEGARD, 2009).

As enzimas DNA topo séo responsaveis pelo controle das formas topol6gicas do
DNA e desempenham papéis cruciais no metabolismo do DNA. Suas fungdes séo
essenciais, e desempenham um papel critico em células ativas replicantes, gerando
mudancas na topologia do DNA e assim permitindo a replicacdo, transcrigdo,
recombinacdo e remodelacdo da cromatina através da quebra temporéria de uma ou duas
fitas do DNA. As enzimas topoisomerase a tipo | e tipo Il quebram e ligam as cadeias
de DNA através da formacdo de ligacdo covalente entre a enzima e o DNA no local da
quebra das hélices. Além disso, elas regulam o nivel de enovelamento do DNA, tanto
para facilitar a interagdo do DNA com proteinas, quanto para impedir o super
enovelamento do DNA, que é deletério (CHAMPOUX, 2001). Se o equilibrio ¢
deslocado por um inibidor de topo, para estimular a clivagem ou inibir a ligacdo das
fitas, o complexo de clivagem pode persistir no DNA, como se a enzima estivesse presa
em um complexo terciario topo-farmaco-DNA (OPPEGARD, 2009).

A maioria dos derivados de acridina que atuam como farmacos anticancer agem

inibindo a enzima topo Il, incluindo etoposida, amsacrina e doxorrubicina (Figura 9).
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Figura 9 - Inibidores de topo Il
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Fonte: Autora, 2012

Os atuais inibidores de topo Il séo classificados como inibidores de topo Il ou
venenos cataliticos de topo |1, sendo a maioria dos inibidores atuais venenos cataliticos.
Os venenos de topo Il agem estabilizando o complexo clivavel, resultando na formagéo
de uma ligacdo covalente entre a enzima e 0 DNA, levando a quebra irreversivel de
filamentos do DNA. Os inibidores cataliticos agem em qualquer estagio do ciclo
catalitico de sete etapas, sendo a associagdo enzima/DNA a primeira etapa (GOODEL et
al., 2008).

Estudos anteriores indicaram que os venenos de topo Il podem causar danos
irreversiveis durante a fase S (quando os niveis de topo Ila estdo altos), levando a um
acumulo de células na fase G2 (LARSEN et al., 2003).

A citotoxicidade dos “venenos” de topo esta associada com a inibigdo da
replicacdo do DNA e geracdo de quebras das fitas do DNA, o que leva a geracdo de
rearranjos cromossomicos (AZAROVA et al., 2007). Assim, inibidores de topo Il sdo
inerentemente citotoxicos e mutagénicos. Os inibidores de topo Il humana agem tanto
nas formas a ¢ p (CORNAROTTI et al., 1996). No entanto, ambas as subformas séo
reguladas de modos diferentes. Os niveis da subforma a de topo Il sdo maiores em
tecidos em que se replicam rapidamente, como a medula 6ssea e 0 bago, em células de
cancer de pulmdo, linfomas e uma variedade de leucemias (CAPRANICO et al., 1992;
GOODEL, 2008).
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3.5.4 Enzima telomerase

Os teldmeros consistem em repeticdes das bases TTAGGG que protegem as
extremidades dos cromossomos previnindo a degradagdo do DNA, fusdo das
extremidades, rearranjos e perda de cromossomos. Os teldmeros perdem cerca de 50-
200 pares de bases a cada divisdo celular, resultado da incompleta replicagdo do DNA
ou de outros eventos que ocorrem na Ultima etapa da replicacdo. Entretanto, esta
reducdo pode ser superada pela super expressdo da enzima telomerase (SHAY,
WRIGHT, 2002).

Os teldmeros das células cancerosas apresentam um comportamento diferente,
seu comprimento é extritamente regulado. Eles ndo diminuem de comprimento durante
a replicacéo. As extremidades dos cromossomos sdao mantidas no decurso de sucessivas
replicacbes do DNA. A explicagcdo para essas observacOes veio em 1994, com a
descoberta de uma enzima que alonga telémeros, ativada apenas por células neoplésicas
(NEIDLE, PARKINSON, 2002). A enzima telomerase ¢ uma enzima transcriptase
reversa e um complexo ribonucleoprotéico que é ativa em 80-90% de todas as células
tumorais humanas (Figura 9) (ZAMBRE, 2009).

Figura 10 - Reativagdo da telomerase e inibicdo de células cancerosas

Reativagio da Telomerase
em células cancerigenas

I )

Inibigio da Telomerase

Manuntegio Diminui¢do
dos telomeros progressiva dos Telomeros
Aumento da Inibigdo do ciclo celular
capacidade de replicagio Apoptose das células tumorais

Fonte: Adaptado de Gellert, 2005

Essa atividade altamente seletiva sugere sua aplicagdo como marcador molecular
para o diagnostico de cancer, visto que em células somaticas normais ndo ha atividade

mensuravel da telomerase. Os niveis de telomerase foram correlacionados com a
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progressdo e estados metastaticos de uma grande variedade de cancer, tais como cancer
de proéstata, cancer cervical, cancer de mama e gliomas (NEIDLE, PARKINSON,
2002).

A ativacdo da telomerase € o evento genético chave que conduz a imortalidade
das células tumorais. Logo, as substancias que agem inibindo esta enzima, como a

diamidoacridina e a BRACO19 (Figura 11) sdo promissores farmacos anticancer.

Figura 11 - Acridinas dissubstituidas inibidoras de telomerase sintetizadas por HARRISON (1999) e FU
(2009)
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Fonte: Autora, 2012

3.5.5 Gene supressor tumoral p53

O p53 é um gene supressor tumoral, que codifica uma fosfoproteina nuclear que
desempenha um papel importante no controle do ciclo celular, no reparo do DNA e na
inducdo da apoptose. Em condicdes de stress, particularmente por indugdo de dano no
DNA, a proteina p53 bloqueiao ciclo celular, permitindo dessa forma o reparo do DNA
ou promovendo a apoptose. Estas fung¢des sdo efetuadas pela capacidade transcricional
da proteina p53 que ativa uma série de genes envolvidos na regulagéo do ciclo celular.
A forma mutada da p53 é incapaz de controlar a proliferacdo celular, resultando em

reparo ineficiente do DNA e na emergéncia de células geneticamente instaveis. As
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alteracdes mais comuns nas neoplasias sdo mutacdes pontuais dentro das seqiiéncias
codificantes deste gene (CAVALCANTI JUNIOR et al., 2002).

No caso de lesdo no DNA por agentes fisicos tais como radiagdo ultravioleta,
raios gama ou ainda, por produtos quimicos mutagénicos, o gene p53 é ativado, levando
a transcricdo da proteina p53. O acumulo dessa proteina no nucleo da célula inibe o
ciclo mitético no inicio da fase G1 e ativa a transcricdo de genes de reparo do DNA,
impedindo desta forma a propagacéo do erro genético para as células filhas. No entanto,
se o reparo do DNA néo for efetuado de forma satisfatdria, a proteina p53 dispara o
mecanismo de morte celular programada denominada apoptose. A capacidade
regulatoria da transcricdo de genes envolvidos na apoptose pode resultar na ativacdo do
gene bax cujo produto de transcricdo, a proteina bax, ird inibir a acdo antiapoptética do
gene bcl-2 (CAVALCANTI JUNIOR et al., 2002).

A proteina supressora de tumor p53 tem um papel importante na tumorigénese e
na terapia do cancer. Dados epidemioldgicos indicaram que em mais da metade dos
casos de cancer o gene da proteina p53 sofreu mutacdo. Na outra metade dos casos,
apesar do gene p53 selvagem estar expresso, o bloqueio do ciclo celular ou o
mecanismo de apoptose estdo ineficazes devido a infeccdo por virus, super expressdo do
Minuto Duplo Murino 2 (MDM 2, um protooncogene, que quando amplificado ou
superexpresso, pode inativar funcbes da p53, iniciando e conduzindo a progressao
tumoral), deficiéncia de “Frame” de Leitura Alternativo (ARF) ou Ataxia Telangiectasia
Mutada (ATM, mutacdes no gene ATM produzem grande instabilidade cromossémica e
impedem a expressao de p53). Na clinca, houve relacdo entre o estado funcional do p53
e 0 prognéstico, progressdo e resposta terapéutica de tumores. Todas estas
caracteristicas fazem do p53 um importante alvo molecular para a supressdo de tumores
e o desenvolvimento de farmacos (WANG et al., 2005).

As acridinas ativam o gene p53. A 9-aminoacridna, amsacrina, quinacrina e
laranja de acridina (Figura 12) induzem a atividade transcripcional do gene p53. Estes
derivados estabilizam a proteina p53 através do bloqueio de sua ubiquitina¢do, ndo
permitindo que haja fosforilacdo da serl5 e da ser20 do p53. Além disso, as acridinas
induzem a morte celular por um caminho dependente da proteina p53 (WANG et al.,
2005).
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Figura 12 - Indutores da atividade transcripcional do gene p53
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Fonte: Autora, 2012
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4 Obtencao de Derivados
Tiazacridinicos

Diversas substancias sintéticas sdo obtidas a partir de derivacdes de anéis
heterociclicos, dentre as quais, destaca-se a acridina (Figura 13) devido a sua
potencialidade como protétipo para o desenvolvimento de novos farmacos. A
reatividade de acridinas foi revisada por Albert (1966), Acheson (1973) e Chiron
(2004).

O nitrogénio do anel central da acridina € a posicdo mais nucleofilica da
molécula, o que facilita as reacdes de N-alquilacdo. A N-alquilagdo mais descrita é a N-
metilacdo, que pode ser realizada por varios agentes metilantes, como iodeto de metila e
dimetilsulfato, resultando nos sais N-metilados correspondentes. Outros derivados
halogenoalquilados também alquilam os derivados de acridina em seu nitrogénio. Além
disso, a acridina é uma base fraca (pKa 5,74 a 25 °C) podendo ser facilmente protonada
resultando no sal acridinium em meio extremamente &cido (CHIRON, 2004).

Skonieczny, em 1977, observou que a posicdo 9 da acridina é particularmente
eletrofilica devido & presenca do nitrogénio na posi¢do para do anel central. Dessa
forma, agentes nucleofilicos reagem facilmente nesta posicdo, conduzindo a formagéo
da acridana ou a rearomatizagédo da acridina dependendo da estabilidade da acridana e

das condigOes experimentais

Figura 13 - Acridina e tiazolidina
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Fonte: Autora, 2012
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A tiazolidina 2,4-diona se comporta de forma caracteristica na presenca de
determinados reagentes. O nitrogénio do anel tiazolidinico (Figura 13) age como um
acido fraco em meio bésico, e isto facilita a ocorréncia de reagfes de N-alquilagdo com
cloretos ou brometos de alquila. Além disso, a tiazolidina também pode reagir na
posicdo 5 com ésteres de Cope substituidos em reacao de adicdo de Michael.

As metodologias de sintese da tiazolina-2,4-diona, de ésteres de Cope, da
tiazolina-2,4-diona N-alquilada e de tiazacridinas encontram-se descritas na se¢éo 4.2.

4.1 Material

A cromatografia em camada delgada foi realizada em placas Merck silicagel 60
F254, de 0,25 mm de espessura, reveladas em luz ultravioleta (254 ou 366 nm) e a
cromatografia “flash” (sob pressdo) em silica gel 60 Merck (230-400 Mesh). Todos os
reagentes e solventes que foram utilizados na sintese dos compostos e para suas analises
pertencem as marcas Sigma/Aldrich, Acros, Merck, Vetec ou Quimis.

Os reagentes, solventes e intermediarios utilizados para a realizacdo das etapas
de sintese foram: morfolina, tiouréia, acido monocloroacético, dgua destilada, hidroxido
de sodio, alcool etilico, 9-bromo-metil-acridina, 2-ciano-3-(2-metoxi-5-bromo-fenil)-
acrilato de etila (LPSF IP-23), 2-ciano-3-(4-fenil-fenil)-acrilato de etila (LPSF IP-48),
2-ciano-3-(3,5-dimetoxi-fenil)-acrilato de etila (LPSF IP-67), 2-ciano-3-(2,3-dicloro-
fenil)-acrilato de etila (LPSF IP-64), 2-ciano-3-(3-bromo-fenil)-acrilato de etila (LPSF
IP-25), 2-ciano-3-(indol-3il-fenil)-acrilato de etila (LPSF IP-19), 2-ciano-3-(3-fltor-
fenil)-acrilato de etila (LPSF IP-24), 2-ciano-3-(3,4,5-trimetoxi-fenil)-acrilato de etila
(LPSF 1P-26), 2-ciano-3-(3,4-dicloro-fenil)-acrilato de etila (LPSF IP-27), 2-ciano-3-
(2,4-dicloro-fenil)-acrilato de etila (LPSF 1P-28), 2-ciano-3-(2-cloro-5-nitro-fenil)-
acrilato de etila (LPSF 1P-66), 2-ciano-3-(4-benziloxi-fenil)-acrilato de etila (LPSF IP-
20), 2-ciano-3-(4-nitro-fenil)-acrilato de etila (LPSF 1P-13), 2-ciano-3-(fluoreno-2il-
fenil)-acrilato de etila (LPSF IP-54), 2-ciano-3-(3-cloro-fenil)-acrilato de etila (LPSF
IP-10), 2-ciano-3-(4-hidroxi-fenil)-acrilato de etila (LPSF IP-11).
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4.2 Metodologias de sintese

4.2.1 Tiazolidina-2,4-diona

o)

o

ST 0
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Em baldo de fundo redondo foram adicionadas quantidades equimolares de

tiouréia e acido monocloroacético, previamente dissolvidos em 16 mL de &gua

destilada. A mistura reacional foi aquecida e mantida sob refluxo a uma temperatura de

80°C por 18 horas e, em seguida, mantida sob refrigeracdo durante 24h. Os cristais

formados foram isolados por filtracdo e purificados através de lavagens sucessivas com

agua destilada.

4.2.2 Esteres de Cope (LPSF IPs)

Tabela 7 - Esteres de Cope sintetizados

X X
// CN

o ™

R Cédigo LPSF R Cédigo LPSF
5-Br,2-OCHj, AA-10 3,4-Cl AA-18
4-bifenil AA-11 2,4-Cl AA-19
3,5-OCH3; AA-12 2-Cl,5-NO, AA-20
2,3-Cl AA-13 4-OCH,Cg¢Hs5 AA-22
3-Br AA-14 4-NO, AA-23
1_H-|nc_jol-3- AA-15 9I_—|-f|u_oren- AA-26
ilmetileno 3ilmetileno
4-F AA-16 3-Cl AA-30
3,4,5-OCH;, AA-17 4-OH AA-31

Fonte: Autora, 2012

Em baldo de fundo redondo foram adicionadas quantidades equimolares de

aldeido aromatico substituido e de cianoacetato de etila na presenca de morfolina como

catalisador e benzeno como solvente. A mistura reacional foi aquecida e mantida sob

refluxo a uma temperatura de 110°C por 4 horas. Passado esse tempo, o produto

precipitado foi lavado com agua destilada, filtrado e purificado por cristalizagdo com

alcool etilico.
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4.2.3 3-Acridin-9-il-metil-tiazolidina-2,4-diona (LPSF AA-1A)

Em baldo de fundo redondo foram adicionadas a tiazolidina-2,4-diona e
hidroxido de sddio previamente dissolvido em alcool etilico. A mistura reacional foi
agitada durante 10 minutos. Passado esse tempo, foi adicionado a 9-bromo-metil-
acridina em quantidades equimolares e a mistura foi aquecida e mantida sob refluxo a
uma temperatura de 60°C durante 7 horas. O produto foi lavado com agua destilada e,

depois, purificado com alcool etilico.

4.2.4 Derivados tiazacridinicos (LPSF AAs)

Tabela 8 - Tiazacridinas sintetizadas

R Cddigo R Cédigo

LPSF LPSF

5-Br,2-OCH; AA-10 3,4-Cl AA-18

4-bifenil AA-11 2,4-Cl AA-19

— 3,5-OCHgj AA-12 2-Cl,5-NO, AA-20

0 NN 2.3-Cl AA-13 | 4OCH,CHs | AA22

R@\fN 4 3-Br AA-14 4-NO, AA-23
1H-indol-3- 9H-fluoren-

X = S/go O ilmetileno AATS 3ilmetileno AA-26

4-F AA-16 3-Cl AA-30

3,4,5-OCHj; AA-17 4-OH AA-31

Fonte: Autora, 2012

Em baldo de fundo redondoforam adicionadas quantidades equimolares de 3-
acridin-9-il-metil-tiazolidina-2,4-diona (LPSF AA-1A) e de derivados 2-ciano-3-fenil-
acrilatos de etila (série LPSF IP) substituidos previamente dissolvidos em alcool etilico,
na presenca de morfolina como catalisador. A mistura reacional foi aquecida e mantida
sob refluxo a 50°C por 4 horas levando a formacao dos novos derivados tiazacrinicos. A
purificacdo ocorreu através de sucessivas lavagens com agua destilada e,

posteriormente, alcool etilico.
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4.3 Rotas de sintese

Os derivados tiazacrididicos foram obtidos através de 4 etapas reacionais. A
primeira reacdo consistiu em uma reacdo de ciclizag¢do partindo da tiouréia com o acido
monocloroacético para a obtencdo do anel da tiazolidina-2,4-diona. Na segunda etapa, a
tiazolidina-2,4-diona foi N-alquilada na presenca de 9-bromo-metil-acridina dando
origem ao intermediario 3-acridin-9-il-metil-tiazolidina-2,4-diono (LPSF AA-1A). Na
terceira etapa houve a formacéo do éster cianoacetato de etila, que na etapa final reage
para formar os compostos finais através de uma reacdo de adicdo de Michael (Esquema
3) (PCT/BR2012/000421).
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Esquema 3 - Rota geral de sintese de tiazacridinas

12 Etapa
Q
18h
2% Etapa
o @
@) \
IO O
o AT s
N PN
LPSF AA-1A
3% Etapa 0
\)(l + | = CHO AN O/\
NG o S Morfolina <~ CN
R 4n LPSF IPs
Etapa Final
72 LPSF IPs —
0] » Q N
\]\ N ) < Morfolina = | N >
4h R—
A O A, )
LPSF AA-1A LPSF AAs
Fonte: Autora, 2012
R Cédigo LPSF R Codigo LPSF
5-Br,2-OCH; AA-10 3,4-Cl AA-18
4-bifenil AA-11 2,4-Cl AA-19
3,5-OCHgj AA-12 2-Cl,5-NO, AA-20
2,3-Cl AA-13 4-OCH,CgHs AA-22
3-Br AA-14 4-NO, AA-23
1H-indol-3-ilmetileno AA-15 9H-fluoren-3ilmetileno AA-26
4-F AA-16 3-Cl AA-30
3,4,5-OCH; AA-17 4-OH AA-31

Fonte: Autora, 2012
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4.4 Mecanismos reacionais

O ndcleo tiazolidinico foi obtido através da reagdo da tiouréia com o acido o-
cloroacético em meio acido (LIBERMANN, 1948). No Esquema 4 detalhamos o

hipotético mecanismo da reagéo de ciclizacdo anteriormente descrita.

Esquema 4 - Mecanismo da reacdo hipotético de ciclizacdo para obtencéo de tiazolidina-2,4-diona

A

m co HO O-Hrw

5 . O S~ N

H\@*JLNW?O%H o e L
H

r\H+ 0 0] \H \H
NH
HOJOH - . H )
/'\
\t'\g 10 A — [ oy —= [ /f—)OH

STXNH S S
NH H NH, H*
s NH HzO\) N4 )

Fonte: Autora, 2012

A reacdo se inicia quando o atomo de enxofre da tiouréia ataca o carbono a do
acido monocloroacético, liberando um préton e o anion cloreto, através de uma reagéo
de substituicdo nucleofilica de segunda ordem (SN,). Em seguida, o par de elétrons livre
do nitrogénio da amina primaria ataca o carbono parcialmente positivo da carbonila
(ataque intramolecular) levando a ciclizag&o do anel, que para se estabilizar, transfere o
préton do nitrogénio carregado positivamente para 0 oxigénio com carga negativa,
formando uma hidroxila. O meio acido facilita que o oxigénio da hidroxila seja
protonado levando a perda de uma molécula de agua e a formagdo de uma carbonila na

posicdo 4. A posicdo 2 tiazolidina reage com uma molécula de &gua e através de um
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rearranjo molecular uma molécula de amonia é liberada. A formacéo da tiazolidina-2,4-
diona se da quando a base CICH,COO" desprotona o oxigénio positivo da posigao 2.

A tiazolidina-2,4-diona comporta-se como um &cido fraco quando ndo apresenta
substituicdes no atomo de nitrogénio e reage com haletos de alquila, substituidos ou
ndo, em solucdes alcalinas conduzindo a formacdo de sais.

As reacdes de N-alquilacdo ocorrem através de SN, onde o hidrogénio ligado ao
atomo de nitrogénio é suficientemente &cido para ser suprimido por acdo de uma base,
conduzindo a formacdo de um sal. O sal obtido atua como um agente nucleofilico
atacando o haleto de alquila para formar a tiazolidina-2,4-diona substituida em posi¢édo

3 (Esquema 5).

Esquema 5 - Mecanismo reacional hipotético de N-alquilacdo da tiazolidina-2,4-diona

Q m 0
N + Etanol NK*
AN rwon - —— K
SENe S "0

NK* S, /)R N C\ 7
e Xy —
s o 5 8" _q/gn

Fonte: Autora, 2012

Derivados de aldeidos aromaticos, tais como os ésteres de Cope, sdo obtidos
através da reacdo de condensacdo do tipo Knoevenagel entre aldeidos aromaticos
substituidos e cianoacetato de etila, em presenca de uma base, normalmente a
morfolina. O éster cianocindmico atua como um intermediario para as reacdes de adigdo
de Michael em posicéo 5 da tiazolidina-2,4-diona N-alquilada (Esquema 6).

No Esquema 7 encontra-se o hipotético mecanismo da reacdo de adicdo de
Michael para obtencdo dederivados tiazolidinicos utilizando-se morfolina como

catalizador.

Obtencéo de derivados tiazacridinicos

Novos Agentes Tiazacridinicos com Propriedades Anticancer
Marina G R Pitta



59

Esquema 6 - Mecanismo da reacdo hipotético de condensacdo de Knovenagel para obtencdo dos
intermediérios LPSF IPs

H
()
N
0 o) OG\I_\ Hz
e 2O — Ny
Hv H O
o
C O~ — - T
> - H,0 Z o

Fonte: Autora, 2012

Esquema 7 - Mecanismo da reagdo hipotético de adicdo de Michael para obtencdo de derivados
tiazacridinicos

Fonte: Autora, 2012
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O grupo metilénico da posicdo 5 da tiazolidina-2,4-diona apresenta uma

reatividade caracteristica frente a varios reagentes. Este carbono metilénico comporta-se

como um nucleofilo, e as reagdes ocorrem normalmente em presenca de uma base, onde

a tiazolidina-2,4-diona comporta-se como um anion. A formacéo do anion da tiazolidina

é facilitada pela presenca dos grupamentos carbonilicos nas posicoes 2 e 4, que através

da ressonéncia deixa o intermediario mais estavel.

A formacéo da dupla exociclica no ndcleo tiazolidinbnico a partir do éster de

Cope ocorre através da seguinte forma: observa-se a formacdo de um carbanion na

posicdo 5 da tiazolidina-2,4-diona N-alquilada e subsequente ataque ao carbono o do

éster cianocinamico através de uma reacao de adi¢do de Michael, conduzindo aos novos

derivados tiazacridinicos substituidos.

4.5 Caracteristicas fisico-quimicas & identificacao estrutural

As caracteristicas fisico-quimicas da tiazolidina-2,4-diona e dos derivados

tiazacridinicos sintetizados no LPSF encontram-se listados na Tabela 9.

Tabela 9 - Caracteristicas fisico-quimicas de tiazacridinas sintetizadas no LPSF

Produto F.M. P.M. Rdt. (%) P.F.(°C) Rf

Tiazolidina C3H;NO,S 117,00 84,0 121-122 0,51 (Triclorometano/MeOH 96:4
LPSFAA-1A | Cy7H1oN,0,S 308,06 51,0 196-197 0,24 (n-Hexano/AcOEt 7:3)
LPSF AA-10 | CysH17BrN,03S 504,01 68,3 120 0,63 (n-Hexano/AcOEt 7:3)
LPSF AA-11 | CgHyN,0,S 472,12 78,0 240 0,48 (n-Hexano/AcOEt 7:3)
LPSF AA-12 | CysHyN,0,S 456,11 34,0 188-89 0,70 (n-Hexano/AcOEt 7:3)
LPSF AA-13 | C»H14CI,N,0,S 464,02 85,4 213 0,53 (n-Hexano/AcOEt 7:3)
LPSF AA-14 | CyHsBrN,O,S 474,00 52,0 214-15 0,40 (n-Hexano/AcOEt 7:3)
LPSF AA-15 | CysHy7N30,S 435,10 14,6 270 0,34 (n-Hexano/AcOEt 7:3)
LPSF AA-16 | CyH15FN,O,S 414,08 74,0 245 0,56 (n-Hexano/AcOEt 7:3)
LPSF AA-17 | Cy7H»,N,05S 486,12 76,0 220 0,46 (n-Hexano/AcOEt 7:3)
LPSF AA-18 | CyyH14CILN,O,S 464,02 50,0 210 0,47 (n-Hexano/AcOEt 7:3)
LPSF AA-19 | CyyH14CILN,O,S 464,02 50,0 246-48 0,59 (n-Hexano/AcOEt 7:3)
LPSF AA-20 | CyH14CIN3O,S 475,04 49,0 218-20 0,45 (n-Hexano/AcOEt 7:3)
LPSF AA-22 | C3H5,N,03S 502,14 20,3 221-23 0,60 (n-Hexano/AcOEt 7:3)
LPSF AA-23 | CyyH15N50,S 441,08 41,0 255 0,67 (n-Hexano/AcOEt 7:3)
LPSF AA-26 | C3HyN,0,S 484,12 63,8 247-50 0,67 (n-Hexano/AcOEt 7:3)
LPSF AA-30 | CyH15CIN,O,S 430,05 50,0 210-13 0,68 (n-Hexano/AcOEt 7:3)
LPSF AA-31 | CyyH1gN,03S 412,09 36,6 270 0,2 (n-Hexano/AcOEt 7:3)

Fonte: Autora, 2012
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Os compostos sintetizados tiveram suas estruturas comprovadas atraves da técnica
espectroscopica de ressonancia magnética nuclear de hidrogénio (NMR'H) e
espectrofotometria de absorcéo no IR.

= Espectrometria de NMRH: espectrometro Varian Modelo Plus 300 MHz e 400

MHz. O solvente utilizado para analise foi o DMSO a temperatura ambiente. Os
principais picos de absorcdo encontrados nos espectros foram oriundos de
hidrogénios de alcanos, alcenos e de anéis aromaticos.

= Espectrofotometria de Absorcdo no Infravermelho: aparelhno FTIR Bruker

Modelo IFS 66. Para andlise, foram utilizadas pastilhas de KBr a 1%. As

principais bandas observadas foram: C=0, C=C, C-N e C-H de aromaticos.

4.5.1 Ressonancia magnética nuclear de hidrogénio

Para a realizacdo da espectrometria de NMR'H o composto de referéncia
utilizado foi o tetrametil-silano (TMS). Este padrdo tem a vantagem de ser
qguimicamente inerte, simétrico, volatil (ponto de ebulicdo 27°C) e solGvel na maior
parte dos solventes organicos. O composto possui um Unico sinal de absorc¢do, agudo e
intenso, e seus hidrogénios sdo mais “blindados” do que quase todos os hidrogénios dos
compostos organicos. O pico de TMS € colocado no extremo direito do espectro e
corresponde a zero na escala em Hz ou 6 (SILVERSTEIN, 2010).

No espectro, valores positivos em Hz ou 6 aumentam para a esquerda, valores
negativo aumentam para a direita. O termo “blindado” significa para a direita, e o termo
“desblindado” significa para a esquerda da escala. Isso significa que os hidrogénios
fortemente desblindados do dimetil-éter, por exemplo, estdo mais expostos do que o0s do
TMS em relacdo ao campo aplicado, e a ressonancia ocorre em frequéncia mais alta,
isto é, a esquerda, da ressonancia dos hidrogénios de TMS. Assim, tanto a escala em Hz
como a escala em o refletem o aumento da frequéncia aplicada, em campo constante,
para a esquerda e a diminui¢do da frequéncia aplicada para a direita da frequéncia de
ressonancia do TMS (SILVERSTEIN, 2010).

Os deslocamentos quimicos foram reportados em ppm; as constantes de

acoplamento foram indicadas em Hz e as multiplicidades dos sinais foram designadas

Obtencéo de derivados tiazacridinicos

Novos Agentes Tiazacridinicos com Propriedades Anticancer
Marina G R Pitta



62

da seguinte forma: s - singleto, d - dubleto, dd - duplo dubleto, t - tripleto, m -
multipleto.

O singlete do grupo CH, ligado ao atomo de Nitrogénio da tiazolidina foi
detectado no espectro em 5,7 ppm no intermediario LPSF AA-1A e na faixa de 5,9 ppm
para os produtos finais LPSF AAs.

No espectro do LPSF AA-1A, pudemos observar um singlete na faixa de 4,2
ppm com 2 hidrogénios representando os hidrogénios da posicdo 5 do anel da
tiazolidina. Este singlete ndo apareceu em nenhum dos espectros dos compostos finais,
0 que comprovou que a Ultima etapa reacional (adicdo de Michael) aconteceu.

Alguns picos foram caracteristicos de todos os espectros de NMR'H, como os
hidrogénios arométicos e os hidrogénios do anel benzilideno. Com relacdo ao anel
acridinico, os hidrogénios da posicdo c (tripleto de 2H na faixa de 7,6 - 7,7 ppm) sao 0s
mais blindados. Em campo mais baixo, na sequéncia, encontramos os H' da posicéo
“d”, “a” e “b” (Figura 14). Os H* da posicdo b (dubleto de 2H na faixa de 8,5 - 8,4 ppm)
foram encontrados em campo mais alto provavelmente devido a proximidade do
nitrogénio do anel central da acridina. Os hidrogénios da posigdo “a” (dubleto de 2H na
faixa de 8,1- 8,2 ppm) também estéo mais desprotegidos que os H' da posicéo “c” ¢ , e
este fato pode ser explicado pela presenca da carbonila que se aproxima do H* gracas a
livre rotagdo da ligagéo entre o anel da tiazolidina e da acridina.

Figura 14 - Nucleos da tiazolidina-2,4-diona e da acridina

O 4 3 a
IO O®
> sJ?O d N"

1 b

Fonte: Autora, 2012

Nos produtos finais (LPSFAA-10 o LPSF AA-31) um singlete de intensidade
moderada foi encontrado na regido dos H' acridinicos, na faixa de 7,9-7,8 ppm
representando o hidrogénio vinilico —-HC=. Alguns picos também foram encontrados
provenientes de substituicdes no anel benzilico, como os H* do grupo metoxila (singleto
de 3H na faixa de 4,0 - 3,7 ppm), metila (singleto de 3H na faixa de 2,34 ppm) e

metanosulfonila (singleto de 3H na faixa de 3,25 ppm).
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Os prétons do anel benzilico ndo foram detectados em faixas especificas por
causa da influéncia das diferentes substitui¢gdes no anel, variando de 8,0 a 6,3 ppm.

No composto LPSF AA-20, os H! do anel benzilico foram encontrados em
campo mais baixo do que o habitual. 1sso pode ser explicado pela presenca dos
substituintes Cloro e Nitro no anel benzilico. O Cl e o0 NO; séo substituintes que
exercem um efeito indutivo negativo (I") forte. O grupo nitro, por sua vez, é um grupo

desativante forte, pois além do efeito I, ele € um sacador de elétrons via ressonancia

(Esquema 8).
Esquema 8 - Possiveis estruturas do nitro-benzeno
O -0 oo . oL .0 o, Lo ‘0. .0
| | I | \
‘)
® ) (
> <> > -
©)

Fonte: Adaptado de McMURRY, 2006

4.5.2 Espectrofotometria de absorgéo no infravermelho

As duas regifes mais importantes para o exame preliminar dos espectros de IV
sd0 as regides de 4000 a 1300 cm™ e de 900 a 650 cm™. A regido de mais alta
frequéncia é chamada regido dos grupos funcionais. Nessa regidao, ocorrem as absorcoes
que correspondem aos grupos funcionais mais importantes, como O-H, N-H e C=0
(SILVERSTEIN, 2010).

A maioria das bandas de absor¢do caracteristicas no IR ndo muda de um
composto para outro, por exemplo, a absor¢do C=C de um alceno esta sempre na faixa
de 1640 a 1680 cm™. A presenca da carbonila é evidenciada na regido de 1850 a 1540
cm™. As aminas secundérias (Ex. LPSF AA-15) mostram uma Unica banda, fraca, entre
3350 cm™ e 3310 cm™. Bandas fortes caracteristicas de do esqueleto aromatico e de
heteroaromaticos aparecem na regido de 1600 a 1300 cm™ (SILVERSTEIN, 2010).

As bandas dos anéis aromaticos sdo encontradas na regido de 900 a 650 cm™.

Nessa regido, 0s compostos aromaticos e heteroaromaticos produzem bandas intensas,
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originadas nas deformac6es angulares fora do plano de C-H e dos anéis, que podem ser

correlacionadas com o modo se substituicdo do anel aromatico (SILVERSTEIN, 2010).

No espectro de IR dos produtos finais LPSF AAs, encontramos bandas

representativas do estiramento C=C, o que comprovou a reacdo de adicdo de

Michaelentre o intermediario LPSF AA-1A e os ésteres de Cope.

A Tabela 10 lista as bandas de IR caracteristicas dos principais grupos

funcionais encontrados nos espectros deste trabalho.

Tabela 10 - Absorc¢es caracteristicas no IR de alguns grupos funcionais caracteristicos das tiazacridinas

Classe dos grupos funcionais

Posicdo da banda (cm™)

Intensidade de absorc¢ao

Alcanos, grupos alquilas
C-H

Alcenos

=C-H

C=C

Haletos de alquila
C-Cl

C-Br

Arométicos

C-H

-C=C-

Compostos carbonilicos
C=0

2850 — 2960

3020 - 3100
1640 — 1680

600 — 800
500 - 600

3030
1660 — 2000
1450 — 1600

1540 — 1850

Médio a forte

Médio
Médio
Forte
Forte

Fraco
Fraco
Médio

Forte

Fontes: MCMURRY, 2006; SILVERSTEIN, 2010
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4.5.3 3-Acridin-9-il-metil-tiazolidina-2,4-diona (LPSF AA-1A)

FM: C17H12Nzozs

O PM: 308,06

— PF: 196-7°C
S N WA Rdt: 51,0%
\]%/g O Rf: 0,24 (n-Hexano/AcOEt 7:3)
S © Cor: Amarela

NMR'H

NMR*H (400 MHz, DMSO-d6): & 4,22 (s, 2H, -CH,-S) (f), 5,75 (s, 2H, -CH)) (e), 7,67
(t, 2H, J=19,6 Hz, j=9,2 Hz, AcrH) (c), 7,85 (t, 2H, J=19,6 Hz, j=9,2 Hz, AcrH) (d),
8,17 (d, 2H, J=8,4 Hz, AcrH) (a), 8,42 (d, 2H, J=8,7 Hz, AcrH) (b).

IR
IR (KBr, cm™) 2889, 1750, 1694, 750.
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4.5.4 3-Acridin-9-ilmetil-5-(5-bromo-2-metoxi-benzilideno)-tiazolidina-2,4-diona

(LPSF AA-10)
O FM: CosH17BrN,O3S

PM: 504,01

PF: 120°C
/\S 0 O Rdt: 68,3%
Rf: 0,63 (n-Hexano/AcOEt 7:3)

| Cor: Amarela

NMR'H (400 MHz, & ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): & 3,85 (s, 3H, -OCHs) (j), 5,90 (s, 2H, -CH,) (e), 7,09
(d, 1H, J=8,4 Hz, ArH) (h), 7,46 (d, 1H, J=2,4 Hz, ArH) (g), 7,61 (dd, 1H, J=9,2 Hz, j=
2,4 Hz, ArH) (i), 7,68 (t, 2H, J=15,2 Hz, j=8,0 Hz, AcrH) (c), 7,85 (t, 2H, J=15,2 Hz e
j=8,0 Hz, AcrH) (d), 7,89 (s, 1H, =CH) (f), 8,18 (d, 2H, J=8,4 Hz, AcrH) (a), 8,45 (d,
2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1744, 1689, 1599, 1480, 1375, 1312, 1258, 1149, 751, 494,
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455 3-Acridin-9-ilmetil-5-bifenil-4-ilmetileno-tiazolidina-2,4-diona (LPSF AA-11)

O FM: CgonoNzOzS

— PM: 472,12
PF: 240°C

. 0
PN AO O Rdlt: 78,0%

Rf: 0,48 (n-Hexano/AcOEt 7:3)

O Cor: Bege claro

NMR'H (400 MHz, & ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): & 5,95 (s, 2H, -CH,) (e), 7,92-7,47 (m, 13H, ArH,
AcrH) (d,c,g,h,i,j,k), 7,97 (s,1H, =CHy) (f), 8,18 (d, 2H, AcrH) (a), 8,45 (d, 2H, J=16
Hz, AcrH) (b).

IR
IR (KBr, cm™): 1739, 1682, 1593, 1382, 1327, 1149, 1079, 755, 504.
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4.5.6 3-Acridin-9-ilmetil-5-(3,5-dimetoxi-benzilideno)-tiazolidina-2,4-diona (LPSF
AA-12)

O FM: Ca6H20N204S
PM: 456,11
Q A PF: 188-89°C
PN /go O Rdt: 34,0%
Rf: 0,70 (n-Hexano/AcOEt 7:3)

Cor: Bege
H;CO OCHj,

NMR'H (400 MHz,  ppm, DMSO-d6)

NMR*H (400 MHz, DMSO-d6): & 3,77 (s, 6H, -CHs3) (i), 5,92 (s, 2H, -CH)) (e), 6,62 (s,
1H, ArH) (h), 6,70 (s, 1H, ArH) (g), 7,68 (t, 2H, J=16,8 Hz, j=8,0 Hz, AcrH) (c), 7,87-
7,83 (m, 3H, =CH, AcrH) (d,f), 8,18 (d, 2H, J=8,8 Hz, AcrH) (a), 8,46 (d, 2H, J=8,8 Hz,
AcrH) (b).

IR
IR (KBr, cm™): 1738, 1685, 1606, 1579, 1372, 1300, 754, 497.
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Novos Agentes Tiazacridinicos com Propriedades Anticancer
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4.5.7 3-Acridin-9-ilmetil-5-(2,3-dicloro-benzilideno)-tiazolidina-2,4-diona (LPSF

AA-13)
O FM: Cy4H14CLN,0,S
— PM: 464,02
Q N PF: 213°C
. 0
LA () s
Rf: 0,53 (n-Hexano/AcOEt 7:3)
Cl
Cor: Marrom
Cl

NMR'H (400 MHz,  ppm, DMSO-d6)

NMRH (400 MHz, DMSO-d6): & 5,92 (s, 2H, -CH,) (e), 7,52-7,47 (m, 2H, ArH) (g,h),
7,74-7,67 (m, 3H, AcrH e ArH) (c,i), 7,86 (t, 2H, J=16,4 Hz, j=7,6 Hz, AcrH) (d), 7,98
(s, 1H, =CH) (f), 8,19 (d, 2H, J=8,8 Hz, AcrH) (a), 8,46 (d, 2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1748, 1693, 1604, 1449, 1407, 1374, 1325, 1149, 1080, 746, 597, 537,
505.

Obtencéo de derivados tiazacridinicos

Novos Agentes Tiazacridinicos com Propriedades Anticancer
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4.5.8 3-Acridin-9-ilmetil-5-(3-bromo-benzilideno)-tiazolidina-2,4-diona (LPSF AA-

14)
O FM: Co4H15BrN,0O,S
0 \ /N PM: 474,00
N PF: 214-15°C

Z s/go ' Rdt: 52,0%
Rf: 0,40 (n-Hexano/AcOEt 7:3)
Cor: Bege claro

Br

NMR'H (400 MHz, & ppm, DMSO-d6)

NMRH (400 MHz, DMSO-d6): & 5,93 (s, 2H, -CH,) (e), 7,47 (t, 1H, J=16,0 Hz, j=8,0
Hz, ArH) (i), 7,55 (d, 1H, J=7,6 Hz, ArH) (j) 7,70-7,65 (m, 3H, ArH e AcrH) (h,c), 7,78
(s, 1H,ArH) (g), 7,85 (t, 2H, J=15,6 Hz, j=6,8 Hz, AcrH) (d), 7,90 (s, 1H, =CH) (f), 8,19
(d, 2H, J=8,0 Hz, AcrH) (a), 8,46 (d, 2H, J=8,4 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1746, 1689, 1609, 1556, 1518, 1446, 1374, 1128, 1076, 752, 678.

Obtencéo de derivados tiazacridinicos
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4.5.9 3-Acridin-9-ilmetil-5-(1H-indol-3-ilmetileno)-tiazolidina-2,4-diona (LPSF AA-

15)
O FM: CosH17N30,S
o PM: 435,10
O \ \ /N
/& PF: 270°C
— Rf: 0,34 (n-Hexano/AcOEt 7:3)
HN

Cor: Bege

NMR'H (400 MHz, & ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): & 5,92 (s, 2H, -CH,) (), 7,26-7,16 (m, 2H, ArH) (j,k),
7,48 (d, 1H, J=8,0 Hz, ArH) (i), 7,68 (t, 2H, J=16,4 Hz, j=8,8 Hz, AcrH) (c), 7,77 (s,
1H, ArH) (g), 7,85 (t, 2H, J=13,2 Hz, j=8,4 Hz, AcrH) (d), 7,89 (s, 1H, =CH) (f), 8,20-
8,17 (m, 3H, AcrH, ArH) (a,l), 8,50 (d, 2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™): 3376, 1728, 1598, 1519, 1444, 1376, 1310, 1226, 1134, 739, 502.

Obtencéo de derivados tiazacridinicos
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4.5.10 3-Acridin-9-ilmetil-5-(4-fluoro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-
16)

O FM: Co4H15FN5O5S

Q \ N PM: 414,08
/g O PF: 245°C
~ 787 70 Rdt: 74,0%
Rf: 0,56 (n-Hexano/AcOEt 7:3)

Cor: Amarela

NMR'H (400 MHz, & ppm, DMSO-d6)

NMR*H (400 MHz, DMSO-d6): § 5,93 (s, 2H, -CH>) (e), 7,37 (t, 2H, J=7,37, ArH) (q),
7,71-7,64 (m, 4H, ArH e AcrH) (h,c), 7,86 (t, 2H, J=14,8 Hz, j=6,8 Hz, AcrH) (d), 7,95
(s, LH, =CH) (f), 8,18 (d, 2H, J=8,4 Hz, AcrH) (a), 8,46 (d, 2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1733, 1676, 1596, 1510, 1380, 1338, 1237, 1146, 831, 766, 486.

Obtencéo de derivados tiazacridinicos
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Marina G R Pitta



73

4.5.11 3-Acridin-9-ilmetil-5-(3,4,5-trimetoxi-benzilideno)-tiazolidina-2,4-diona (LPSF

AA-17)
FM: Cy7H22N205S
QO NER\ N PM: 486,12
PN O PF: 220°C
S @)
Rdt: 76,0%
Rf: 0,46 (n-Hexano/AcOEt 7:3)
H,CO OCHj,4 Cor: Bege
OCHs,

NMR'H (400 MHz, & ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): & 3,71 (s, 3H, -CHs) (i), 3,79 (s, 6H, -CH3) (h), 5,93
(s, 2H, -CH,) (e), 6,89 (s, 2H, ArH) (g), 7,68 (t, 2H, J=14,4 Hz, j=7,2 Hz, AcrH)
(c),7,86 (t, 2H, J=14,8 Hz, j=7,2 Hz, AcrH) (d), 7,89 (s, 1H, =CH) (f), 8,19 (d, 2H,
J=8,8 Hz, AcrH) (), 8,45 (d, 2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1738, 1687, 1605, 1574, 1502, 1452, 1419, 1376, 1324, 1241, 1130,
1000, 754, 504.

Obtencéo de derivados tiazacridinicos
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4.5.12 3-Acridin-9-ilmetil-5-(3,4-dicloro-benzilideno)-tiazolidina-2,4-diona (LPSF
AA-18)

O FM: C24H14C|2N2028

PM: 464,02
/g O PF: 210°C
Z 78" 70 Rdt: 50,0%
Rf: 0,47 (n-Hexano/AcOEt 7:3)

Cl Cor: Bege
Cl

NMR'H (400 MHz,  ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): § 5,93 (s, 2H, -CH) (e), 7,52 (d, 1H, J=5,1 Hz, ArH)
(9), 7,69 (t, 2H, J=11,1 Hz, j=5,7 Hz, AcrH) (c), 7,77 (d, 1H, J=6,3 Hz, ArH) (h), 7,87-
7,84 (m, 3H, ArH e AcrH) (d, i), 7,92 (s, 1H, =CH) (f), 8,19 (d, 2H, J=6,6 Hz, AcrH)
(a), 8,45 (d, 2H, J=6,9 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1744, 1687, 1611, 1470, 1380, 1329, 1131, 756, 546.

Obtencéo de derivados tiazacridinicos
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4.5.13 3-Acridin-9-ilmetil-5-(2,4-dicloro-benzilideno)-tiazolidina-2,4-diona (LPSF

AA-19)
O FM: C24H14C|2N2028
o) \ /N PM: 464,02
/I\L PF: 246-48°C

N O Rdt: 50,0%

Cl Rf: 0,59 (n-Hexano/AcOEt 7:3)
Cor: Bege escuro
Cl

NMR'H (300 MHz,  ppm, DMSO-d6)

NMR*H (400 MHz, DMSO-d6): & 5,93 (s, 2H, -CH,) (e), 7,59-7,54 (m, 2H, ArH) (g,h),
7,70 (t, 2H, J=14,4 Hz e j=7,6 Hz, AcrH) (c), 7,89-7,83 (m, 3H, AcrH e ArH) (d,i), 7,93
(s, 1H, =CH) (), 8,19 (d, 2H, J=8,4 Hz, AcrH) (a), 8,45 (d, 2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™):1742, 1689, 1606, 1577, 1446, 1375, 1331, 1305, 1129, 1047, 759, 510.

Obtencéo de derivados tiazacridinicos
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4.5.14 3-Acridin-9-ilmetil-5-(2-cloro-5-nitro-benzilideno)-tiazolidina-2,4-diona (LPSF
AA-20)

O FM: C24H14C|N304S

o) \ N PM: 475,04
N % o
/g PF: 218-20°C
Z e O Rdt: 49,0%
Cl Rf: 0,45 (n-Hexano/AcOEt 7:3)
Cor: Amarela
NO,

NMR'H (400 MHz,  ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): & 5,94 (s, 2H, -CHy) (), 7,71 (t, 2H, J=15,2 Hz e j=7,2
Hz, AcrH) (c), 7,87 (t, 2H, J=15,2 Hz e j=7,6 Hz, AcrH) (d), 7,91 (d, 1H, J=6,4 Hz,
ArH) (g), 7,94 (s, 1H, =CH) (f), 8,20 (d, 2H, J=8,4 Hz, AcrH) (a), 8,29-8,27 (m, 2H,
ArH) (i,h), 8,46 (d, 2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1748, 1683, 1606, 1523, 1445, 1378, 1345, 1266, 1148, 1127 1076,
765, 539, 503.

Obtencéo de derivados tiazacridinicos
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4.5.15 3-Acridin-9-ilmetil-5-(4-benziloxi-benzilideno)-tiazolidina-2,4-diona (LPSF
AA-22)

O FM: C31H22N2038

0 NN PM: 502,14
/g O PF: 221-23°C
7787 70 Rdt: 20,3%

Rf: 0,60 (n-Hexano/AcOEt 7:3)

Cor: Bege claro
@)

NMR'H (400 MHz, & ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): & 5,18 (s, 2H, -OCH,-) (i), 5,92 (s, 2H, -CH)) (€), 7,16
(d, 2H, J=9,20 Hz, ArH) (h), 7,48-7,33 (m, 5H, ArH) (j, k, 1), 7,54 (d, 2H, J=8,40 Hz,
ArH) (g), 7,68 (t, 2H, J=15,60 Hz, j=7,60 Hz, AcrH) (c), 7,85 (t, 2H, J=15,20 Hz,
j=7,20 Hz, AcrH) (d), 7,88 (s, 1H, =CH) (f), 8,18 (d, 2H, J=8,80 Hz, AcrH) (a), 8,47 (d,
2H, J=8,80 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1737, 1676, 1593, 1512, 1378, 1260, 1182, 1129, 1022, 830, 749, 496.

Obtencéo de derivados tiazacridinicos
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4.5.16 3-Acridin-9-ilmetil-5-(4-nitro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-23)

O FM: Co4H15N304S

PM: 441,08
/g PF: 255°C
ZZS e} O Rdt: 41,0%
Rf: 0,67 (n-Hexano/AcOEt 7:3)

Cor: Amarela

NO,

NMR'H (400 MHz, & ppm, DMSO-d6)

NMR'H (400 MHz, DMSO-d6): & 5,94 (s, 2H, -CH,) (e), 7,69 (t, 2H, J=15,20 Hz,
j=8,80 Hz, AcrH) (c), 7,84 (t, 2H, J=18,40 Hz, j=8,80 Hz, AcrH) (d), 7,87 (d, 2H,
J=6,80 Hz, ArH) (g), 8,02 (s, 1H, =CH,) (f), 8,19 (d, 2H, J=8,40 Hz, AcrH) (a), 8,31 (d,
2H, J=8,80 Hz, AcrH) (h), 8,46 (d, 2H, J=8,80 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1741, 1685, 1613, 1519, 1446, 1383, 1345, 1153, 1081, 848, 764, 526,

506.

Obtencéo de derivados tiazacridinicos
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4.5.17 3-Acridin-9-ilmetil-5-(9H-fluoren-3-ilmetileno)-tiazolidina-2,4-diona (LPSF

AA-26)
0 N
N W FM: C31H»oN,0,S
_ s/go O PM: 484,12

PF: 247-50°C

O Rdt: 63,8%
‘ Rf: 0,67 (n-Hexano/AcOEt 7:3)
‘ Cor: Amarela

NMR'H (400 MHz, & ppm, DMSO-d6)
NMR'H (400 MHz, DMSO-d6): & 4,05 (s, 2H, -CHy) (j), 5,95 (s, 2H, -CH>) (e), 8,12 (s,
1H, =CHy) (), 8,49-7,44 (m, 15H, H Aromaticos).

IR

IR (KBr, cm™): 1740, 1684, 1593, 1518, 1458, 1382, 1323, 1151, 1127, 1083, 754, 591,
548, 494.

Obtencéo de derivados tiazacridinicos
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4.5.18 3-Acridin-9-ilmetil-5-(3-cloro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-30)

O FM: C24H15C|N2028

o) \ N PM: 430,05
N PF: 210-13°C
ZdNe! O Rdt: 50,0%
= Rf: 0,68 (n-Hexano/AcOEt 7:3)
\ | Cor: Branca

NMR'H (400 MHz, & ppm, DMSO-d6)

NMRH (400 MHz, DMSO-d6): & 5,93 (s, 2H, -CH,) (e), 7,54 (s, 3H, ArH) (h, i, j),
7,65 (s, 2H, ArH) (g), 7,69 (t, 2H, J=15,2 Hz, j=8,0 Hz, AcrH) (c), 7,86 (t, 2H, J=15,2
Hz, j=7,6 Hz, AcrH) (d), 7,92 (s, 1H, =CH) (), 8,19 (d, 2H, J=8,4 Hz, AcrH) (a), 8,46
(d, 2H, J=8,4 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1744, 1693, 1608, 1449, 1378, 1316, 1129, 783, 753, 675, 532, 504.

Obtencéo de derivados tiazacridinicos
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4.5.19 3-Acridin-9-ilmetil-5-(4-hidroxi-benzilideno)-tiazolidina-2,4-diona (LPSF AA-
31)

. O\ N FM: Ca4H16N205S
_ s/go ' PM: 412,09

PF: 270°C

Rdt: 36,6%

Rf: 0,2 (n-Hexano/AcOEt 7:3)
OH Cor: Amarelo claro

NMR'H (400 MHz, & ppm, DMSO-d6)

NMRH (400 MHz, DMSO-d6): & 5,92 (s, 2H, -CH,) (), 6,89 (d, 2H, J=8,0 Hz, ArH)
(h), 7,44 (d, 2H, J=8,4 Hz, ArH) (g), 7,68 (t, 2H, J=15,6 Hz, j=8,0 Hz, AcrH) (c), 7,83
(s, 1H, =CH,) (f), 7,85 (t, 2H, J=16,0 Hz, j=8,4 Hz, AcrH) (d), 8,18 (d, 2H, J=8,4 Hz,
AcrH) (a), 8,47 (d, 2H, J=8,8 Hz, AcrH) (b).

IR
IR (KBr, cm™): 1732, 1673, 1579, 1516, 1440, 1294, 1238, 1172, 1132, 1084, 756.

Obtencéo de derivados tiazacridinicos

Novos Agentes Tiazacridinicos com Propriedades Anticancer
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Nos ultimos anos, 0 nosso laboratério, o Laboratdrio de Planejamento e Sintese

de Farmacos, vem sintetizando derivados tiazacridinicos em que o grupo acridinico esta

N-alquilado na posicdo 3 da tiazolidina e o grupo benzila esta na posicdo 3. Varios

derivados foram sintetizados com as seguintes substituicdes no anel benzilidénico:
acridina, 4-OCHgs, 4-CHg, 4-Cl, 4-Br, 4-SO,CHj3, 3-Br,4-OCHj. Estes foram diluidos em

DMSO na concentracdo de 5mg/mL e foram testados na Universidade Federal do Ceara

nas seguintes linhagens: SF-295 (cancer do SNC); HCT-8 (carcinoma de célon) e

MDA-MB435 (melanoma). Os resultados da atividade citotoxica estdo apresentados na

Tabela 11 (GALDINO-PITTA, 2012).

Tabela 11 - Inibicdo da proliferacéo (%) realizado em duplicata pelo método do MTT para as células SF-
295 (SNC), HCT-8 (carcinoma de cdlon) e MDA-MB435 (melanoma); doxorrubicina foi usada como

controle positivo

Composto SF-295 HCT-8 MDA-MB435
Acridina 76,7 (MO) 92,4 (MA) 95,9 (MA)
4-OCHjs 59,5 (MO) 86,7 (MA) 84,2 (MO)

4-CH,3 29,9 (SA) 51,3 (PA) 31,2 (SA)
4-Cl 31,3 (PA) 37,8 (SA) 0,0 (SA)
4-Br 62,2 (PA) 96,6 (MA) 85,3 (MO)
4-SO,CH3 44,3 (PA) 64,3 (MO) 12,9 (SA)
4-OCHg; 48,0 (PA) 72,5 (MO) 53,0 (PA)
Doxorrubicina 91,1 (MA) 95,2 (MA) 93,6 (MA)

0 - 35% (SA) - Sem Atividade; 36 - 55% (PA) - Pouca Atividade; 56 - 85% (MO) - Moderada Atividade;

86 - 100% (MA) - Muita Atividade
Fonte: GALDINO-PITTA et al., 2012

Os compostos com as substituicbes no anel benzilidénico 4-OCHjs, 4-Br e

acridina foram selecionados para a determinacdo do ICs, (tabela 12), pois apresentaram
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percentual de inibicdo do crescimento tumoral maior que 80% nas linhagens celulares
utilizadas.

Como podemos observar na Tabela 12, dos 3 compostos mais potentes, o bis-
acridinico apresentou os melhores valores de I1Cso: 4,4 pg/mL para MDA-MB435, 4,45
pg/mL para HCT-8, 7,01 ug/mL para SF-295 e valores maiores que 25 pug/mL para HL-
60 e CEM, mas ainda assim estes valores estdo muito altos quando comparados a

doxorrubicona.

Tabela 12 - Valores de ICs (concentracdo inibitéria de 50%) e intervalo de confianga de 95% (1C 95%)
realizado pelo método do MTT para as células HL-60 (leucemia promielocitica), CEM (leucemia
linfocitica), MDA-MB435 (melanoma), HCT-8 (carcinoma de co6lon) e SF-295 (SNC) obtidos por
regressao ndo-linear através do programa GraphPad Prism

Composto HL-60 CEM MDA-MB435  HCT-8 SF-295
ICy (ng/mL)  ICs (ng/mL)  ICs (ng/mL)  ICs (ng/mL)  ICs, (ng/mL)
AA2 4,44 4,45 7,01
- >25 >25
(Acridina) 337-585  357-555  550-802
AA-3 19,26
> > > >
(4-OCH3) 25 25 25 15,11-24,53 25
AA-6 19,49 20,63
(4-Br) 14,21 - 26,73 >25 >25 18,24-23 34 >25
Soxormubicina 0,02 0,02 0,48 0,01 0,24
001-002  002-003  034-066  001-002  0,17-0,36

Fonte: GALDINO-PITTA et al., 2012

A molécula bis-acridinica foi a molécula mais ativa para as trés linhagens de
células neoplasicas testadas, SF-295, HCT-8 e MDA-MB435. Todos 0s compostos
mostram um potencial citotoxico seletivo para a linhagem de células HCT-8, tendo o
composto com a substituicdo 4-Br apresentado o maior potencial citotoxico para esta
linhagem (GALDINO-PITTA, 2012). Estes promissores resultados estimularam a busca
de novos derivados tiazacridinicos mais eficazes, potentes, seguros e confidveis e
justificam a execucdo deste trabalho de tese.

A avaliagdo da atividade biologica in vitro dos derivados tiazacridinicos
sintetizados nesta tese foi realizada no Laboratério de Imunomodulagdo e Novas
Abordagens Terapéuticas (LINAT) da Universidade Federal de Pernambuco e
conduzido pela Profa. Dr. Maira Galdino da Rocha Pitta.

Os derivados de tiazacridinas foram dissolvidos em DMSO (Sigma Chemical) a

20mg/mL e armazenados na concentragdo estoque de 10 mM/mL e 50 mM/mL. As
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diluicbes mais baixas, com as quais os compostos foram testados (1, 10, 25, 50 e
100uM), foram realizadas diretamente no meio de cultura. A concentracdo final de
DMSO, em todos os testes incluindo os controles, foi de 0,25%.

5.1 Linhagens de células neoplasicas

O estudo da atividade antitumoral foi realizado nas linhagens de ceélulas
neoplésicas humanas RAJI e JUKART (Tabela 13), originadas do Banco de Células do

Rio de Janeiro.

Tabela 13 - Linhagens de células neoplasicas humanas utilizadas

Linhagem Doenca Tipo Celular
RAJI Linfoma de Burkitt Linfdcitos B
JUKART Leucemia Aguda de Células T Linfocitos T

Fonte: ATCC, 2012

O linfoma de Burkitt (BL) é um cancer do sistema linfatico (em particular, de
linfocitos B). E um linfoma altamente agressivo, que geralmente é encontrado em sitios
extranodais ou se apresentam como uma leucemia aguda. O virus responsavel pela
doenca de BL ¢ o Epstein-Barr (EBV). O genoma do EBV ¢ encontrado na maioria das
células neoplasicas de BL. As anomalias genéticas (translocacdo do gene c-myc)
desempenham um papel fundamental na patogénese do BL (Clinical Flow Wiki, 2012).

As ceélulas do linfoma de Burkitt s&o de tamanho meédio, semelhantes em
tamanho e morfologia, possuem altas atividades proliferativa e apoptotica. A aparéncia
de “céu estrelado” vista a baixa poténcia ¢ devida a presenca de substancias tingidas
carregadas por macrofagos (macréfagos contendo residuos de células apoptéticas
tumorais) (Figura 15). As celulas tumorais apresentam uma pequena quantidade de
citoplasma basofilo (Clinical Flow Wiki, 2012).
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Figura 15 - Células de linfoma de Burkitt, com destaque a presenca de vacuolos lipidicos e paracromatina
clara

Fonte: Clinical Flow Wiki, 2012

As células de leucemia de células T sdo predominantemente de médio a grande
porte e sdo caracterizadas por um acentuado pleomorfismo celular (ocorréncia de duas
ou mais formas estruturais durante o ciclo de vida), irregularidades nucleares e
condensacdo da cromatina nuclear variavel. O citoplasma é freqlientemente escasso € 0
nacleo irregular pode apresentar esbogcos de nucléolos. As células grandes sédo
semelhantes a imunoblasto com citoplasma basofilico e cromatina nuclear delicada,

com nucléolos proeminentes e aberrantes (Figuras 16 e 17) (SILVA et al., 2002).

Figura 16 - Células da linhagem JUKART, nimero ATCC: TIB-152

WAL, 4

Escala = 100 uM

Fonte: ATCC, 2012
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Figura 17 - Aspectos morfoldgicos de células de leucemia de células T. Imagens de células em mitose
podem estar presentes

Fonte: Clinical Flow Wiki, 2012

5.2 Manutencao das células neoplasicas em cultura

As linhagens foram cultivadas em garrafa de cultura de células (75cm?®, volume
250 mL) em meio RPMI 1640 (Gibco) suplementado com L-Glutamina, 10% de soro
fetal bovino (Lonza), 10 mM de HEPES (4acido 4-(2-hidroxietil)-1-
piperazinaetanosulfonico) (Gibco) e 200U/mL de penicilina/estreptomicina (Gibco).
Estas células foram cultivadas em estuda de CO, 5% a 37 °C. O crescimento celular foi
acompanhado diariamente com a utilizagdo de microscopio invertido com contraste de
fase e 0 meio de cultura trocado sempre que o crescimento atingia confluéncia

necessaria para a renovacao dos nutrientes.

5.3 Ensaio de citotoxicidade em células neopléasicas

O teste de citotoxicidade foi realizado in vitro nas células neoplasicas listadas na
Tabela 13, com diferentes concentracbes dos derivados tiazoacridinicos. A
citotoxicidade celular foi quantificada pelo método 3-(4,5-dimetil-2-tiazol)-2,5-difenil-
2-H-brometo de tetrazolium (MTT).

Descrita por Mosmann, em 1983, a analise de citotoxicidade pelo método do

MTT, vem sendo utilizada no programa de screening do National Cancer Institute
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(NCI) dos Estados Unidos, que testa mais de 10.000 amostras a cada ano. E um método
rapido, sensivel e barato que tem a capacidade de analisar a viabilidade e o estado
metabolico da célula. E uma analise colorimétrica baseada na conversdo do sal 3-(4,5-
dimetil-2-tiazol)-2,5-difenil-2-H-brometo de tetrazolium (MTT) em azul de formazan, a
partir de enzimas mitocondriais presentes somente nas células metabolicamente ativas
(Esquema 9). O estudo citotoxico pelo método do MTT permite definir facilmente a
citotoxicidade, mas ndo o mecanismo de acdo (BERRIDGE et al., 1996).

Esquema 9 - Representacdo do método MTT
Br Succinato
deS|drogenase
N N
|l|+ ©)\
// V V

3-(4,5-dimetil-2-tiazol)-2,5- Cristal de formazan
difenil-2-H-brometo de tetrazolium

Fonte: Adaptado de MOSMANN, 1983

As células foram plaqueadas na concentracdo de 1 x 10* céls./100 mL e,
posteriormente, as placas foram incubadas por 24 horas a 37°C em estufa Umida e 5%
de CO,. Apos esse periodo, os compostos foram acrescidos em diferentes concentracdes
(1, 10, 25, 50 e 100 uM) e as placas, novamente incubadas por 72 horas. Em seguida,
adicionou-se 20pL da solugdo de MTT (sal de tetrazolium) e as placas foram incubadas
por 3h. Passado esse tempo, foram adicionados 130 pL de SDS 20% para dissolugédo do
precipitado. A absorbancia foi lida apds 24h em espectrofotdmetro de placa a 570 nm.
No estudo, as amostras foram testadas em triplicata e a amsacrina foi utilizada como

controle positivo (Esquema 10).
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Esquema 10 - Metodologia utilizada no estudo para ensaio de citotoxicidade em células neoplésicas

17 Dia

Incubagédo por 24h
37‘Ccmenuﬁﬂnﬁdac5%de00,

~ Incubagdo por 72h
‘ 37°C em estufa imida e 5% de CO,

3 Dia IERUOSBEARY

Incubagdo por 3h
‘ 37‘Cunemﬁﬁmidnc$’6decu,
‘ Solubilizagiio dos cristais

o11 4° Dia ICHUR(STONGY

Fonte: Adaptado de MOURA, 2012

5.4 Analise de dados

O percentual de morte celular foi determinado de maneira relativa ao controle
negativo e os dados foram analisados a partir da média de 3 experimentos
independentes utilizando o software estatistico GraphPad Prism versdo 5.
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5.5 Resultados

5.5.1 Avaliacdo da atividade citotoxica na linhagem de células neoplésicas RAJI

O composto LPSF AA-19 foi testado nas concentragdes de 1, 10, 25, 50 e 100
UM e a sua atividade citotoxica foi avaliada nas células neoplasicas RAJI. A amsacrina
foi utilizada como controle positivo e o percentual de viabilidade das células foi
determinado ap6s o tratamento com o controle (Figura 18).

O percentual de viabilidade das células RAJI, apo6s o tratamento com o LPSF

AA-19, em relacdo as doses utilizadas pode ser observado na Tabela 14.

Figura 18 - LPSF AA-19 e controle positivo

i
O

0 —

H3CO

Cl

Amsacrina Cl LPSFAA-19
Fonte: Autora, 2012

Tabela 14 - LPSF AA-19 e Amsacrina: viabilidade celular (%) da linhagem RAJI em fun¢do da dose

Composto  Dose (UM)  Exp. 1 (%) Exp. 2 (%) Exp. 3 (%) Média (%) DP
1 100,00 100,00 100 100,00 0,00

LPSF 10 100,00 100,00 99,53 99,84 0,27
AA-19 25 100,00 100,00 93,97 97,99 3,48
50 100,00 100,00 100,00 100,00 0,00

100 100,00 100,00 94,99 98,33 2,89

1 81,62 66,13 65,76 71,17 9,05

10 25,40 18,92 16,39 20,23 4,65

Amsacrina 25 7,64 1,87 2,80 4,10 3,10
50 5,81 0,00 0,00 1,94 3,35

100 0,00 0,00 0,00 0,00 0,00

Experimento realizado em triplicata
Fonte: LINAT/UFPE

Atividade Anticancer

Novos Agentes Tiazacridinicos com Propriedades Anticancer
Marina G R Pitta



90

A Figura 19 apresenta o percentual de viabilidade das células neoplasicas da

linhagem RAJI, ap6s o tratamento com o LPSF AA-19, em relacdo as cinco doses

utilizadas.

Figura 19 - Viabilidade celular (%) da linhagem RAJI, em funcéo da dose do LPSF AA-19, e da

120

100

80

60

40

20

amsacrina
F —. ‘=.=— f q
\ =l AA-19
\ —&— Amsacrina
T T T T ’ 1
1 10 25 50 100

Fonte: Autora, 2012

A amsacrina teve uma resposta dose dependente na linhagem de células RAJI,

apresentando um percentual de viabilidade celular de 0,00 % na dose de 100 uM. No

entanto, o LPSF AA-19 foi muito pouco efetivo na mesma linhagem de células.
O composto LPSF AA-10 foi testado nas concentracdes de 1, 5, 10, 25, 50 e 100

MM e os compostos LPSF AA-13 e LPSF AA-23 foram testados nas concentracdes de 1,

10, 25, 50 e 75 uM (Figura 20) nas mesmas linhagens de células neoplasicas RAJI

(Tabela 15). O percentual de viabilidade das células RAJI, apos o tratamento com o
LPSF AA-10, LPSF AA-13 e LPSF AA-23 foi de 100% em todas as doses utilizadas.
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Figura 20 - Tiazacridinas testadas na linhagem de células neoplasicas RAJI

\ / \ / \ / N ;\ /E
H,CO OCH,
OCH,

LPSF AA-10 LPSF AA-13 LPSF AA-16 LPSF AA-17 LPSF AA-23
Fonte: Autora, 2012

Tabela 15 - Viabilidade celular (%) da linhagem RAJI em funcéo da dose do LPSF AA-10, LPSF AA-13,
LPSF AA-16, LPSF AA-17, LPSF AA-23 e Amsacrina

Composto a‘,’\je) Exp.1(%) Exp.1(%) Exp.2(%) Exp.3(%) Média(%) DP
1 - 100,00 100,00 100,00 100,00 0,00

5 - 100,00 100,00 100,00 100,00 0,00

LPSF 10 - 100,00 100,00 100,00 100,00 0,00
AA-10 25 - 100,00 100,00 100,00 100,00 0,00
50 - 100,00 100,00 100,00 100,00 0,00

100 - 100,00 100,00 100,00 100,00 0,00

1 - 100,00 100,00 100,00 100,00 0,00

Lpsr 10 - 100,00 100,00 100,00 100,00 0,00
vl 25 - 100,00 100,00 100,00 100,00 0,00
50 - 100,00 100,00 100,00 100,00 0,00

75 - 100,00 100,00 100,00 100,00 0,00
1 100,00 75,85 85,29 100,00 90,28 11,86
Lpsr 5 - 100,00 95,94 72,67 89,53 14,75
A 10 100,00 59,33 70,97 73,96 76,06 17,16
25 - 100,00 100,00 87,05 95,68 7,47
50 100,00 100,00 100 66,47 91,62 16,76

1 - 67,24 74,17 54,73 65,38 9,85
LpsE 10 - 50,80 73,09 79,69 67,86 15,14
A7 50 - 72,89 100,00 61,11 78,00 19,94
100 - 72,89 101,26 61,11 78,42 20,64

250 - 76,68 83,59 90,62 83,63 6,97

1 - 100,00 100,00 100,00 100,00 0,00

Lpsr 10 - 100,00 100,00 100,00 100,00 0,00
Py 25 - 100,00 100,00 100,00 100,00 0,00
50 - 100,00 100,00 100,00 100,00 0,00

75 - 100,00 100,00 100,00 100,00 0,00
1 - 65,62 47,14 0,00 37,58 33,84
Amsacring - 37,30 23,38 0,00 20,23 18,85
10 - 30,91 14,46 0,00 15,12 15,46

25 - - 9,03 0,00 4,51 6,38

Experimento realizado em triplicata
Fonte: LINAT/UFPE
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Por sua vez, o composto LPSF AA-16 foi testado nas concentracfes de 1, 5, 10,
25 e 50 uM e o composto LPSF AA-17 foi testado nas concentragdes de 1, 10, 25,50 e
75 pM. Estas duas tiazacridinas, com as substituicbes 4-F e 3,4,5-OCHj;
respectivamente, foram mais ativas frente a linhagem de células RAJI, quando
comparamos com 0s outros derivados testados. O LPSF AA-16 teve um menor
percentual de viabilidade celular na dose de 10 uM (76,06 %) e o LPSF AA-17 foi mais
ativo nas doses de 1 uM (65,38 %) e 10 uM (67,86 %) (Figura 21).

O derivado tiazacridinico com trés grupamentos metdxi no anel benzilidénico, o
LPSF AA-17, foi o mais ativo de todos os compostos testados na linhagem de células
RAIJI (Figura 21).

Figura 21 - Viabilidade celular (%) da linhagem RAJI, em fung¢do das doses do LPSF AA-16, do LPSF
AA-17 e da amsacrina

120

80 ‘Y =
—l—AA-16

60
&= Amsacrina

40 AA-17

20 \ A\

0 \/ \ . . .
1 5 10 50 100

250

Fonte: Autora, 2012

A determinacdo da ICsp (concentracdo capaz de inibir 50% do crescimento
celular) ndo pdde ser efetuada, pois os compostos testados LPSF AA-10, LPSF AA-13,
LPSF AA-16, LPSF AA-17, LPSF AA-19 e LPSF AA-23 néo apresentaram atividade

capaz de inibir 50 % do crescimento celular nas duas linhagens de células testadas.
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5.5.2 Avaliacdo da atividade citotoxica na linhagem de células neoplasicas JUKART

O percentual de viabilidade das células neoplasicas da linhagem Jukart foi
obtido apds o tratamento dessas células com os derivados LPSF AA-14, LPSF AA-15,
LPSF AA-18 e LPSF AA-19 (Figura 22) nas concentracdes de 1, 10, 25, 50 e 100 pM.

A amsacrina foi utilizada como controle positivo (Tabela 16).

Figura 22 - Tiazacridinas testadas na linhagem de células neoplasicas JUKART

PRI

LPSF AA-14 LPSF AA-15 LPSF AA-18 LPSF AA-19

Fonte: Autora, 2012
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Tabela 16 - Viabilidade celular (%) da linhagem JUKART, em fun¢do da dose do LPSF AA-19, e da
amsacrina

Composto  Dose (M)  Exp. 1 (%) Exp. 2 (%) Exp.3(%) Média (%) DP
1 97,29 89,43 94,91 93,87 4,03

LPSF 10 100,00 100,00 93,02 97,67 4,03
AA-14 25 93,02 100,00 100,00 97,67 4,03
50 91,33 100,00 94,91 95,41 4,35

100 82,75 79,95 97,68 86,79 9,53

1 98,69 100,00 100,00 99,56 0,75

LPSF 10 99,95 100,00 100,00 99,98 0,02
AAS 25 100,00 100,00 100,00 100,00 0,00
50 90,49 90,46 99,87 93,61 5,42

100 88,56 99,69 100,00 96,08 6,51

1 99,08 97,28 98,55 98,30 0,92

LPSF 10 100,00 100,00 100,00 100,00 0,00
AA-18 25 85,56 94,75 100,00 93,44 7,30
50 90,75 89,80 94,67 91,74 2,58

100 92,36 92,02 98,07 94,15 3,39

1 100,00 100,00 88,61 96,20 6,57

LPSE 10 86,00 96,48 84,07 88,85 6,67
AA-19 25 87,26 96,78 91,55 91,86 4,76
50 71,91 78,37 81,43 77,24 4,86
100 90,85 92,58 71,35 84,93 11,79

1 3,05 2,62 1,85 2,50 0,60

10 1,24 0,62 1,69 1,18 0,53

Amsacrina 25 0,00 0,00 3,54 1,18 2,04
50 0,00 0,00 4,09 1,36 2,36

100 0,00 0,00 6,28 2,09 3,62

Experimento realizado em triplicata
Fonte: LINAT/UFPE

A Figura 23 apresenta o percentual de viabilidade das células neoplésicas da
linhagem JUKART, apés o tratamento com o LPSF AA-19, em relacdo as doses

utilizadas.
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Figura 23 - Viabilidade celular (%) da linhagem JUKART, em funcéo da dose dos LPSF AA-14, LPSF
AA-15, LPSF AA-18, LPSF AA-19, e amsacrina

120
80 D vl —l— Amsacrina
== AA-19
60
== AA-15
40 —0—AA-18
—— AA-14
20
0 __ﬁ.#.ﬁ_\
1 10 25 50 100

Fonte: Autora, 2012

Na linhagem de células JUKART, o controle positivo, a amsacrina, foi bastante
efetiva ja na concentracdo de 1 uM. O LPSF AA-19 foi o mais ativo das tiazacridinas
testadas nesta linhagem de células. Ele apresentou o menor percentual de viabilidade
celular na dose de 50 uM (77,24 %), e foi mais ativo nessa linhagem de células do que
na linhagem celular maligna de Linfoma de Burkitt. Mas, mesmo assim, o percentual de
inibicdo das células neoplasicas foi aguém do desejavel.

A determinacdo da ICsy (concentragdo capaz de inibir 50% do crescimento
celular) ndo p6de ser efetuada, pois os compostos LPSF AA-14, LPSF AA-15, LPSF
AA-18 e LPSF AA-19 testado ndo apresentaram atividade capaz de inibir 50 % do

crescimento celular nas duas linhagens de células testadas.
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4 Conclusoes

Considerando a vasta gama de efeitos adversos e o possivel desenvolvimento de
resisténcia aos farmacos anticancer disponiveis atualmente na clinica, neste trabalho foi
realizada a sintese de 16 novos compostos da série 3-(Acridin-9-il-metil)-tiazolidina-
2,4-diona. Entre os compostos sintetizados, foi avaliada a ativida anticancer in vitro
pelo método 3-(4,5-dimetil-2-tiazol)-2,5-difenil-2-H-brometo de tetrazolium nas
linhagens de células neoplasicas JUKART (derivados LPSF AA-14, LPSF AA-15,
LPSF AA-18, LPSF AA-19) e RAJI (derivados LPSF AA-10, LPSF AA-13, LPSF AA-
16 e LPSF AA-17).

Todas as 16 substancias e seus respectivos intermediarios tiveram suas estruturas
confirmadas pelas técnicas de Ressonancia Magnética Nuclear de Hidrogénio e
Infravermelho. As metodologias de sintese organica mostraram ser eficientes e eficazes
e levaram a rendimentos satisfatorios.

Os resultados revelam que na linhagem de células RAJI o composto LPSF AA-
17, derivado com as substitui¢es 3,4,5-OCHg3 no anel benzilidénico, foi o mais ativo,
enquanto na linhagem de céulas JUKART o LPSF AA-19, dissubstituido com o cloro

nas posicdes 2 e 4 do anel benzilidénico, foi 0 mais ativo.
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5 Perspectivas

AR NERN

Realizar o ensaio de atividade anticancer in vitro pelo método MTT dos demais
compostos sintetizados nas linhagens de células neoplasicas RAJI e JUKART;
Testar as tiazacridinas em outras linhagens de células neoplésicas;

Formular nanoparticulas lipossomais com acridinas;

Determinar o didametro e o potencial zeta dos sistemas lipossoma-acridina;
Caracterizar estrutural e morfologicamente os sistemas lipossoma-acridina
utilizando-se microscopia eletronica de varredura, microscopia eletronica de
transmissdo e microscopia de forca atdmica;

Caracterizar as estruturas quimicas através de espectrometria de massas;

Realizar o ensaio de atividade anticAncer em combinacdo com outros agentes

quimioterapicos.

Perspectivas
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Although their exact role in controlling tumour growth and apoptosis [n humans remaing undefined, acri-
dine and thiazolidine compounds have been shown to act as tumour suppressors in most cancers, Based
on this finding, a serles of novel hybrid S<acridin-9-ylmethylene-3-benzyl-thiazolidine-2 4-diones were
synthesised via N-alkylation and Michael reaction, The cell viability was analysed using a 3-(4.5-dimeth-
ylthiazol-2-y1}-2 S-diphenyltetrazolium bromide (MTT) assay, and DNA Interaction assays were per-
formed using electrochemical techniques.

02012 Blsevier Lrd, Al rights reserved,

1. Introduction

Acridine dervatives have been used for commercial purposes for
more than a century. They are capable of interacting with nuclear
DNA in a sequence-specific manner and with biological targets,
such as topoisomerase | and Il (topo L and 1) and telomerase. These
compounds play an important role in a variety of diseases, and they
have been used clinically in past decades as antiviral,'" antiprion,’
antiprotozoal,* anti-inflammatory, antineoplasic® and as analgesic
compounds.”

The biological activity of acridines has been attributed to the
planarity of these aromatic structures, which can intercalate with-
in double-stranded DNA, thus interfering with cellular functions,”
Indeed, the mode of action of acridines has been the focus of con-
tinuous and exciting research.” In cancer chemotherapy, the bio-
logical targets of acridines include DNA topoisomerases | andjor
11, telomerase/telomeres and protein-kinases,” '

Amsacrine is the best-known acridine, and it exhibits potent
cytotoxic activity and has been found to be clinically useful, It
was also one of the first DNA-intercalating agents to be considered
as a topoisomerase |l inhibitor, Amsacrine Is active in the treatment

* Corresponding authors,
E-maoil address: mofg@quiufalbr (MOF. Goulart)

09680896/ - see front matter © 2012 Elsevier Ltd. All rights reserved.
hetp://dx.dotorng/ 101016/, bme. 2012.04,007

of acute leukaemias and lymphomas but is ineffective in solid tu-
mours. Widespread clinical use of this compound has been limited
by problems, such as side effects, drug resistance and poar bloavail-
ability, which have encouraged the further structural modification
of this compound.'”

In contrast, thiazohdine compounds have emerged as antineo-
plastic agents with a broad spectrum of antitumour activity against
many human cancer cells,"”#* These malecules are agonists of per-
oxisome proliferator-activated receptor v (PPARY), which is ex-
pressed in many human tumours, including lung, breast, colon,
prostate and bladder,”* and they modulate the proliferation and
apoptosis of many cancer cell types, Arylidene-thiazolidine-2.4-
diones were also synthesised and screened as anti-inflammatory
compounds, showing considerable biological efficacy, when com-
pared to rosiglitazone, agonist of PPARY and used as a reference
drug.* As cytotoxic compounds, they were shown to be moderately
active ina range higher than 30 pM.** Troglitazone and derivatives
were assayed as anticancer against 'C-3 and androgen dependent
LNCaP cells. The respective 1Cs, values for troglitazone and ity
A2-dehydro derivative were 3042 and 202 2 M In PC-3 cells
and 22 + 3 and 14 £ 1 pM in LNCaP cells.”’

Considering these facts, our strategy was to couple acridine and
thiazolidine nucleus to obtain a new class of compounds, the thiaz-
acridine derivatives, By assaying their biological activities using di-
verse techniques based on various mechanisms of action, we found
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these derivatives to be a new class of drugs that are effective in
cancer therapy.

It is clearly of fundamental importance to explore the factors
that determine the affinity and selectivity of DNA-binding com-
pounds to ascertain the nature and potency of such molecules,
particularly with respect to their potential to cause DNA damage.
In this context, the need for stable, low cost, and readily adaptable
analytical tools for the detection of DNA damage has been the driv-
ing force in the development of DNA-biosensor technology.***? An
electrochemical DNA-biosensor is a receptor-transducer that em-
ploys double-stranded DNA (dsDNA) immaobilised onto the surface
of an electrochemical transducer as a molecular recognition ele-
ment through which specific DNA-binding processes may be as-
sessed.”™* The interaction of an analyte (i.e., a drug, pro-drug or
in situ-generated intermediate) with dsDNA may lead to the rup-
ture of hydrogen bonds and the consequential opening of the dou-
ble helix, resulting in increased accessibility to the constituent
bases. The extent of DNA damage may be determined by monitor-
ing the oxidation of the exposed bases by voltammetric methods.
The electrochemical characteristics of such dsDNA-biosensors have
been evaluated, and it is clear that this approach can provide a
greater understanding of the mechanism of interaction between
drugs and DNA and can offer new insights in rational drug
dcsignllﬁ_}l

Herein, we describe the synthesis of the following acridine-
thiazolidine derivatives: 5-(acridin-9-yimethylene)-3-(4-methyl-
benzyl)-thiazolidine-2 4-dione  (9). 5-(acridin-9-yimethylene)-
3-(4-bromo-benzyl)-thiazolidine-2 4-dione (10), 5-(acridin-9-
yimethylene }-3-(4-chloro-benzyl)-thiazolidine-2.4-dione (11),
and  5-(acridin-9-ylmethylene)-3-(4-fluore-benzyl)-thiazolidine-
24-dione (12). Moreover, the cytotoxic properties of these
dernivatives and of some of their precursors were examined in differ-
ent histotype cancer cell lines, and they were also tested for DNA
interaction, using electrochemical methods and DNA biosensors.

2. Results and discussion
2.1. Chemistry

The thiazacridine denvatives 9-12 were synthesised by the
nucleophilic addition of substituted 3-benzyl-thiazolidine-diones
5-8 on 3-acridin-9-yl-2-cyano-acrylic acid ethyl ester 3 (Scheme
1). Indeed, the direct condensation of 9-acridinaldehyde 2, with
the substituted thiazolidines 5-8, did not lead to the expected
acridinylidene-thiazolidines. 9-Methyl-acridine 1 was prepared

from diphenylamine with zinc dichloride in acetic acid according
to Tsuge et al. (1963).>% Subsequently, the oxidation of 1 with
pyridinium chlorochromate, according to Mosher and Natale
(1995)*% gave the 9-acridinaldehyde 2. The synthetic pathways
are illustrated in Scheme 1.

The acridinylidene-thiazolidine 9 was isolated as a single isomer,
X-ray crystallographic studies and “C NMR have demonstrated a
preferred Z configuration for 5-benzylidene-thiazolidinones and
5-benzylidene-imidazolinones.*** The *Jo-coupling constant va-
lue between the ethylene hydrogen and the carbon atom located
at the 4-position of the heterocyclic ring is of special interest in this
structural elucidation.*® In contrast, compounds 10and 12 were iso-
lated as isomeric mixtures. The Z isomer was the major stereoiso-
mer formed, and the isomers were readily identified by 'H NMR,
as the ethylene hydrogen is more deshielded in the Z isomer than
it is in the E isomer. The Z isomer was isolated for the derivative 11.

2.2, Biological assays

22.1. Cytotoxicity assay

The cytotoxicity of the acridine-thiazolidine derivatives and of
some of the precursors: 3 (3-acridin-9-yl-2-cyano-acrylic acid ethyl
ester), 5 (3-(4-methyl-benzyl )-thiazolidine-2,4-dione) and 6 (3-(4-
bromo-benzyl)-thiazolidine-2.4-dione) was evaluated against tu-
mour cell lines of different histotypes using a previously described
MTT assay.”” Amsacrine was used as a positive control. Table 1
summarises the ICsp data for cytotoxic activity. The results indi-
cated thar the precursor thiazolidine-2,4-diones 5 and 6 were
inactive (ICsy>25 pg/mL) (not shown in Table 1) and that the
3-acridin-9-yl derivative was significantly active against HL-GO
(4.07 pM). The thiazacridines exhibit relatively high cytotoxicity
against colon carcinoma and glioblastoma tumour cell lines, pos-
sessing 1C;, values in the range of 7.4-46.4, 72-35.5, 58-29.0,
and 5.6-58.0 uM for (9, 10, 11) and (12), respectively. However,
amsacrine was most active showing ICsq values ranging from 0.08
o 3.3 pM,

The cytotoxicity of the quimeric thiazacridines was also evalu-
ated against normal cells (PBMC and V79). The results presented
in Table 1 show that the cytotoxic effects of these acridine-thiazol-
idine derivatives were less pronounced in normal cells, with a
selectivity index (SI) for glioblastoma (SF-295) of 3.7, 3.1, 3.1 and
5.9 for 9-12, respectively. In addition, these compounds were not
found to be active in leukaemia, breast carcinoma or normal lym-
phoblast cells.

CH, HO _
o = Ny
NEF N7 s—&o
1 2 4

NCCH,COOCH,CH, l

9R=CH, 10R=Br 11R=Cl 12R=F

aget-leee
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3 5-8

Scheme 1, Synthetic route involved in the preparation of acridine-thiazolidine derivatives.
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The selectivity index of amsacrine to glioblastoma was of 11.6
showing a greater selectivity for tumour cells compared with
thiazacridines. The SI was calculated with the following formula:
S1 = [Cag( V79NIC 5o SF-295).

Although the thiazacridines were shown to be less active and less
selective than amsacrine, the selectivity for solid tumour cell lines is
interesting and deserves attention as a target for study. In fact, some
compounds, such as bisannulated acridines, have been shown to
have solid tumour-selective cytotoxicity,*® Some aminoderivatives
of azapyranoxanthenone have shown greater cytotoxic potential
against colon tumour cells than against leukaemia cells.™ However,
the basis for this solid tumour selectivity remains unclear,

None of the compounds described here were able to cause
haemolysis in mouse erythrocytes, even at the highest concentra-
tion {200 pg/mL) (data not shown), The absence of lytic effects sug-
gests that the cytotoxicity of these compounds is not related to
membrane disruption and is likely related to more specific cellular
pathways. The target could be DNA, as has been observed for acri-
dine compounds.*®*!

222, DNA interaction assay

Results from the dsDNA biosensor show positive interactions
for all of the acridines, as represented by the appearance of guano-
sine (E,=0.8V) and adenosine (E,=1.0V) peaks (Figs. 1A-4A),
This clearly demonstrates that damage from the compounds
caused a distortion of the double helix and exposure of the bases
to oxidation. In the experiments using ssDNA in solution, a de-
crease of the oxidation waves of the nucleobases, guanosine and
adenosine, with eventual anodic potential shifts (mainly for 11),
were observed, confirming the interaction with DNA (Figs. 1B-4B).

3. Conclusion

The acridine-thiazolidines derivatives herein investigated
showed promising cytotoxic activity. The synthesis of the quimeric
compounds is worthy once there was an increase of cytotoxic
activity compared to precursors. Although less active and selective
than the positive control amsacrine, all of them exhibited relatively
high cytotoxicity, predominantly on colon carcinoma and glioblas-
toma tumour cell lines, whereas no activity on leukaemia, breast
carcinoma, or normal lymphoblast cells was observed. Taking into
account the selectivity for cells of solid tumours, as well as, the po-
sitive interaction with the DNA shown in the electrochemical tests,
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we propose that the modified acridine-thiazolidines could be
promising key structures in anticancer drug development.

4. Experimental part
4.1. Chemistry

The melting points were measured in capillary tubes on a Buchi
(or Quimis) apparatus. Thin layer chromatography was performed
on silica gel plates from Merck (60p254). The infrared spectra of 1%
KBr pellets were recorded on a Bruker IFS66 spectrometer. 'H NMR
spectra were recorded on a Bruker AC 300 P spectrophotometer
using DMSO-d,; as the solvent, with tetramethylsilane as an inter-
nal standard. Electronic impact mass spectra were measured at
70 eV on a Finnigan GCQ Mart Quadrupole lon-Trap. The MS data
fully agreed with the proposed structures.

The chemical data on 5-acridin-9-ylmethylene-3-(4-methyl-
benzyl)-thiazolidine-24-dione 9, 5-acridin-9-ylmethylene-3-(4-
bromo-benzyl)-thiazolidine-2 4-dione 10" and 5-<{acridin-9-
yimethylene)-3-(4-fluoro-benzyl)-1,3-thiazolidine-2.4-dione 12+
are reported elsewhere, " Thiazolidine-2.4-dione was N-(3)-
alkylated in the presence of potassium hydroxide, which enabled
the thiazolidine potassium salt to react with substituted benzyl
halide in a hot alcohol medium,

4.1.1. (52)-5-(Acridin-9-yIlmethylene)-3- 4-chloro-benzyl)-1,3-
thiazolidine-24-dione 11

4-Chloro-benzylthiazolidine (0.9 mmol) and 3-acridin-9-yi-2-
cyano-acrylic acid ethyl ester (0.9 mmol} were dissolved in abso-
lute ethanol (8 mLL The solution was refluxed for 4 h in the
presence of a small amount of piperidine as a catalyst. The precip-
itate obtained was filtered and washed with water. Ca4H5CIN,O,S,
Yield 51%. Mp 204-206 “C, TLC R 0.73, (n-hexane/ethyl acetate 6:4).
IR cm™' (KBr) v 1748, 1695, 1624, 1379, 1334, 1149, and 760, 'H
NMR (4 ppm, DMSO-d,) 4.88 (s, CH, ) 7.46 (s, 4H benzyl), 7.69
(dt, 2H 2,7-acridin, /= 7.8 and 1.2 Hz), 7.92 (dt, 2H 3.6-acridin,
J=7.8 and 1.2 Hz), 8.15 (d, 2H 1 ,8-acridin, | =8.4 Hz), 8.24 (d, 2H
4,5-acridin, | = 8.4 Hz). 8.79 (s, 1H, ethylene). *C NMR (DMSO-dg,
DEPT): & 44(CH2), 122.3(2C) 1256 (2CH), 1269 (2CH), 128.5
(2CH), 129 (C), 129.7 (C), 1299 (2CH), 130.7 (2CH), 131.9 (C),
1325 (C), 134.2 (C), 138.0 (2C), 148 (2CH). 164 (CO), 166.8 (CO).
Ms El 70 eV, mjz (%) 430 (M~ 2.5), 305(20.3), 235(100), 234(75.1),
231(80.1), 203(16.8). 190(16.9), and 125(28.8),
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Figure 1, (A) Differential pulse voltammogram (DPV) at pH 4.5 for the oxidation of 9 attached to the surface of carbon paste electrode (CPE) in the presence of a ssDNA
solution (1.0 « 10*M). (B) Differential pulse voltammogram, at pH 4.5, of the dsDNA biosensor in the absence and in the presence of 9 in solution (1.0 « 107 M)

Equilibration time = 55, AE, » 2 mV, AEg, =50mV, v=5mV s
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Figure 2 (A) Differential pukse voltammogram at pH 4.5 for the oxidation of 10 attached to the surface of CPE In the presence of a ssDNA solution (1.0 « 107 *M). (B)
Differential pulse voltammogram at pH 4.5 of the dsDNA blosensor in the absence and in the presence of 10 in solution (1.0 « 107* M). Equilibration time = 55, AE, = 2mV,
Abup = 50mV, v=5mVs
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Figure 3. (A) Differential pulse voltammograms at pH 4.5 for the oxidation of 11 attached to the surface of CPE in the presence of a ssDNA solution (1.0 « 107*M) (B)
Differential pulse voltammogram at pH 4.5 of the dsDNA biosensor in the absence and in the presence of 11 solution (1.0 « 10°* M) Equilibration time = 55, AE, = 2mV,
ALy, =50mV, y=5mvVs '
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Figure 4. {A) Differential pulse voltammogram at pH 4.5 for the oxidation of 12 attached to the surface of CPE in the presence of a ssDNA solution (1.0 » 10 *M). (B)
Differential pulse voltammogram at pH 4.5 of the dsDNA biosensor in the absence and in the presence of 12 in solution (1.0 « 10-* M) Equilibration time = 55, AE, =2 mV,
Abgg, =50mV, v=5mVs'
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4.2. Biological

4.2.1. MTT assay

The cytotoxic effects of the synthesised compounds were eval-
uated against the following human cancer cell lines, all obtained
from the National Cancer Institute, Bethesda, MD, USA: HL-60 (pro-
myelocytic leukaemia), K-562 (myeloblastoid leukaemia) CEM
(lymphaoblastic leukaemia), HCT-8 (colon carcinoma), HCT-15 (co-
lon carcinoma), SW-620 (colon carcinoma), COLO-205 (colon carci-
noma), MDA-MB-231 (breast carcinoma) HS-578-T (breast
carcinoma), MX-1 (breast carcinoma), PC-3 (prostate carcinoma),
DU-145 (prostate carcinoma), SF-295 (glioblastoma), OVCAR-8
(ovarian carcinoma), UACC-62 (melanoma), and MDA-MB-435
(melanoma). Chinese hamster lung fibroblasts (V79 - normal
cells), kindly provided by Dr. JAP. Henriques (Federal University
of Rio Grande do Sul, Porto Alegre, Brazil), were also used. The cell
lines were maintained in RPMI-1640 medium (cancer cells) or
MEM with Earle's salts (V79 cells) supplemented with 10% foetal
bovine serum, 2 mM glutamine, 100 U/mL penicillin and 100 pg/
ml streptomycin at 37 °C with 5% CO,.

Cell growth was quantified by the ability of living cells to reduce
a yellow dye, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT), to a purple formazan product.*” For all of
the experiments, the cells were seeded in 9G-well plates
(0.7 « 10° cellsjwell for adherent cells and 0.3 » 10° celis/mL for
suspended cells), After 24 h, the compounds (0.048-25 pg/mL),
dissolved in DMSO, were added to each well (using an HTS
(high-throughput screening) Biomek 3000, Beckman Coulter, Inc.
Fullerton, California, USA) and incubated for 72 h. Amsacrine (Sig-
ma Aldrich Co,, St. Louis, MO, USA) was used as a positive control,
At the end of the incubation, the plates were centrifuged, and the
medium was replaced by fresh medium (150 pl) containing
0.5 mg/mL MTT. After 3 h, the formazan product was dissolved in
150 L. DMSO, and the absorbance was measured using a multi-
plate reader (DTX 880 Multimode Detector, Beckman Coulter,
Inc,, Fullerton, California, USA). The substance effect was quantified
as the percentage of the control absorbance at 595 nm.

422, Alamar blue assay

The cytotoxic effects of the synthesised compounds were eval-
uvated against PBMC (peripheral blood mononuclear cells) from
healthy donors using the Alamar blue assay.** Heparinised blood
(from healthy, non-smoker donors who had not taken any drug
for at least 15 days prior to sampling) was collected, and the PBMC
were isolated by a standard method of density-gradient centrifuga-
tion using Ficoll-Hypaque. PBMC were cultivated in RPMI-1640
medium supplemented with 20% foetal bovine serum, 2 mM gluta-
mine, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37 °C
with 5% CO,, Phytohaemagglutinin (2%) was added at the begin-
ning of the culture period.

Briefly, the PBMC were plated in 96-well plates(3 x 107 cells/mL
in 100 mL of medium). After 24 h, the compounds (0.048-25 pg/
mL), dissolved in DMSO, were added to each well (using an HTS
Biomek 3000, Beckman Coulter, Inc., Fullerton, California, USA)
and incubated for 72 h. Amsacrine (Sigma Aldrich Co,, St. Louis,
MO, USA) was used as a positive control. At 24 h before the end of
the incubation, 10 mL of a stock solution (0.312 mg/mL) of Alamar
blue (resazurin, Sigma Aldrich Co,, St. Louis, MO, USA) was added to
each well. The absorbance was measured using a multiplate reader
(DTX 880 Multimode Detector, Beckman Coulter, Inc., Fullerton,
California, USA), and the effect of the drug was quantified as the
percentage of the control absorbance at 570 and 595 nm.

4.2.3. Haemolysis assay
The test was performed in 96-well plates using a 2% mouse er-
ythrocyte suspension in 0.85% NaCl containing 10 mM Ca(l; fol-

lowing the method described by Costa-Lotufo et al. (2002).** The
diluted compounds were tested at concentrations ranging from
1.5 to 200 mg/mL. Triton X-100 (1%) was used as a positive control.
After incubation at room temperature for 30 min followed by cen-
trifugation, the supernatant was removed, and the liberated hae-
moglobin was measured spectrophotometrically at 540 nm.

4.3. DNA interaction assay

4.3.1. Electrochemical approaches

The following experiments were conducted to evaluate the inter-
action of acridine-thiazolidine derivatives with DNA by electroche-
mical methods. Electrochemical experiments including differential
pulse voltammetry (DPV) were performed using an Autolab (Echo-
Chemie, Utrecht, Nethertands) PGSTAT 20 or PGSTAT-30. The work-
ing electrodes were a BAS (Bioanalytical Systems, West. Lafayette,
IN, USA) GC electrode of 3-mm diameter or a carbon paste electrode
and a carbon paste electrode modified with acridine-thiazolidine
derivatives. The counter electrode was a platinum coil, and the re-
ference electrode was Ag|AgCl C1- (0.1 M); all electrodes were con-
tained in a single-compartment electrochemical cell with a 10 mL
capacity. The optimised differential pulse voltammetry parameters
were as follows: pulse amplitude (AE,,,) of 50 mV, pulse width of
70 ms and a scan rate of 5mV s~' (using a step potential |AE,] of
2mV). The glassy carbon electrode was polished with alumina on
a polishing felt (BAS polishing kit). After mechanical cleaning, the
electrochemical pretreatment of the glassy carbon electrode in-
volved a sequence of five cyclic potential scans fromOto+14 Vin
acetate buffer at pH 4.5. All of the experiments were carried out at
room temperature (25 + | “C).

4.3.1.1. Preparation of the dsDNA-GC biosensor and its interac-
tion with acridine-thiazolidine derivatives. The electroche-
mical procedure for the investigation of the acridine-thiazolidine
derivatives and dsDNA interaction involved three steps: prepara-
tion of the electrode surface, immobilisation of the dsDNA gel
and voltammetric transduction. The GC electrode was first po-
lished with alumina, using a Metrohm felt-polishing pad, until
the surface displayed a mirror-like appearance. The electrode
was then electrochemically pretreated with a sequence of five cyc-
lic potential scans from 0 to +1.4 V versus Ag|AgCL ClI° (0.1 M) in
acetate huffer,”® washed thoroughly with distilled /deionised
water, dried and placed in an upright position in the cell.

To immobilise the dsDNA (calf thymus, type 1), the surface of
the electrode was coated with 10 pL of calf thymus DNA solution
(containing 12.0mg of dsDNA in 1.0 mL of acetate buffer). The
quantity (0.36 mg) of dsDNA employed was estimated to be suffi-
cient to cover the entire surface of the GC electrode.*® The dsDNA
was allowed to dry at room temperature under a stream of nitro-
gen. Immediately after drying, 20 puL of an ethanolic solution of
the acridine-thiazolidine derivatives (10 * M) was added with se-
quential drying. The prepared biosensor was then put into the ap-
propriate cell, covered with 5 mL of aqueous acetate buffer and
analysed at E = 0 to 1.4 V.** For each series of experiments, an iden-
tical dsDNA-GC electrode was prepared as a reference blank as a
control; this electrode was not treated with substrate but received
the same pre- and post-treatments as the test electrode.

The procedure produced a thick-layer dsDNA-modified elec-
trode. Because uniform coverage of the electrode surface had been
achieved. any new peaks observed in the presence of the additive
were due solely to the interaction of the analyte with the DNA film
not from the diffusion process in solution.*”

4.3.1.2. Preparation of the carbon paste electrode modified

with acridine-thiazolidine derivatives. Analyses of the
interaction between test substances and ssDNA are generally
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performed in solution. Due to the insolubility of acridines in aqu-
eous solution, it was necessary to adapt a methodology to analyse
them. This one consisted of incorporating acridine-thiazolidine
derivatives in carbon paste,*® Activated graphite (45 mg) was
mixed with 1 mL of an ethanol solution of the acridine-thiazoli-
dine samples (10 *molL') and stirred for approximately
20 min until the solvent was completely evaporated. To ensure
complete evaporation, the mixture was subjected to a nitrogen
atmosphere. Next, 20 pL of commercial mineral oil was added
and mixed strongly to achieve a uniform texture. In this case, a
blank (control) was also produced by the addition of ethanol only
(no substance) to graphite and a subsequent mixture with miner-
al oil,

4.3.1.3. Preparation of ssDNA and its interaction with acridine-
thiazolidine derivatives. Single-stranded DNA (ssDNA) was
prepared by dissolving 3.0 mg of dsDNA in 1.0 mL of hydrochloric
acid (1 M) and heating for 1 h until complete dissolution. This
treatment was followed by neutralising the solution with 1.0 mL
of sodium hydroxide (1 M) and 9 mL of acetate buffer was then
added.*®*?

Freshly prepared ssDNA solution was added to the cell, and sin-
gle-scan DPV experiments were conducted in the range of 0 to
+1.4 V versus AglAgCL €™ (0.1 M). Two peaks corresponding to
the oxidation of the guanosine and adenosine bases appeared at
potentials of +0.815 and +1.131 V, respectively. To ensure reprodu-
cibility, this assay format was repeated at least three times, and the
oxidation current and potential of the bases were very similar (rsd
of 5%), After this process, the carbon paste electrode modified with
acridine-thiazolidine derivatives was inserted into the ssDNA
solution, and the DPV experiment was performed, An unmodified
carbon paste electrode was also employed in the DPV experiments
involving the ssDNA solution and was used for comparison.

4.3.1.4. Statistical analysis. The 1Csq values and their 95%
confidence intervals (C1 95%) were obtained by nonlinear regres-
sion using the GRAPHPAD program (Intuitive Software for Science,
San Diego, CA, USA).
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Abstract: During the last 4 decades, mtensive research has focussed on the effect of small organic molecules with
antimmour acavity that are able to intercalate mto DNA and inhibit topoisomerase and telomerase enzymes. In this
review, we describe some of the chemical and biological properties of acnidine, which 1s a chemotherapeutc agent that
has been used for cancer treatment since 1970. In addition, we summarise the progress that has been made in the
development of anticancer agents based on the clinical iz vive/m virro studies that have been conducted for 13 classes of

namral and synthetic acridines.

Keywords: Acridine. Anficancer, Antifumour, Chemotherapy, DNA intercalation. Topoisomerases.

INTRODUCTION

Cancer is considered one of the most challenging
diseases to ftreat, because despite advancements m our
undentandmgofﬂxedxsease several types still have no cure,
and some tumour cells have become resistant to the drugs
currently available in clinics. Thus, cancer therapy remains a
challenge for all health sectors worldwide.

The likelihood of an early diagnosis m developed
countries 15 much higher than in less developed or
developing countries. which is owing to the population’s
general lack of access to health services. Often. a diagnosis
1s only made during the later stages of the cancer’s
progression, when the probability of a complete recovery is
much lower [1].

Worldwide. cancer has the second highest mortality rate
(after cardiovascular disease); however, it 1s one of the most
preventable non communicable chronic diseases. In 2008,
7.6 million people died due to cancer. and three-quarters of
them were from low- or middle-income countries. By 2015,
this number is expected to rise to 9 million and increase
further to 11.5 million in 2030 [2]. However, these mumbers
could be minmised if the govemment and health
professionals were to collaborate to enable the development
of new and better strategies for the prevention, control, and
early detection of cancer.

With the aim to develop more potent and less toxic
anficancer drugs. several research groups have focussed on
acnidine derivatives for cancer freatment, owing to their wide
range of biological activity and to their ability to interact
with several biological targets [3.4]. Fig. (1) shows the firsts
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acnidine derivatives. which were developed as antibactenal
(proflavine) and anti malarial (mepacrine) compounds.

Although medical interest regarding the use of acndines
as ftreatment compounds dates from 1888, it was not
until1913, after Browning discovered the bactericidal action
of proflavine and acriflavine, that they began to be used in
medical practice [3-8]. In 1930.mepacrine was discovered.
which is the first synthetic anti malarial drug that is
comparable to quinine m activity (Fig. 1).

The anticancer properties of acndines were first
considered in the 1920s. Since then, several compounds
(natural alkaloids or synthetic molecules) have been tested as
anti tumour agents [3]. Currently, acridine agents are used in
the clinic to treat bacterial and protozoan infections [9-12].
malaria [13-18], leishmaniasis [17. 19, 20]. virus infection
[21-25], Chagas disease [17, 18. 26, 27], Parkinson’s disease
[28. 29], Alzheimer’s disease [30, 31]. lupus erythematosus
[32]. and cancer [3. 33-36]. In Table 1 we summarnze
acndme derivatives used for the treatment of cancer that
show some clinical or prechinical benefits.

Acndme denivatives have strong activity owmlg to ther
ability to infercalate into DNA befween base pairs, leading to
cell cycle arrest and apoptosis [47]. In addmon. they disrupt
the cell cycle by inhibiting the enzymes essential for this
process. (1.e., to poisomerase II [Topo II] and telomerase.
Topo II is critical for cell replication because it affects the
structural changes of DNA. enabling replication
transcription. and decatenation [48]. However, quinacrine- a
drug that is used for the treatment of rheumatic arthritis.
lupus erythrematosus, malaria, tapeworm infections, Chagas
disease, and epilepsy -mhubits the generation of the toxic
1soform of the prionprotein i an nfoxicated cell culture
[49].

In 2011, Zawada ef al used quantum chemical modeling
to enhance the future development of other biologically
functional derivatives, as well as to understand the function
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Fig. (1). Proflavine, mepacrine, and quinine.
Tablel. <Class of Componnd, Phase of Stmdy, and Original Approval of some Acridine Derivatives.
Class Compound Fhase ::;ﬁ::;:;zmaﬁ“ Reference
9-Aminoacridine Amsacrine, Amsidine" Clinical studies - Phase ITT 1111172005 [37]
Tacrine, Tacrinal® Clinical studies - Phase IT (2081093 [38]
Cumacrine, Atabrine® Cliniral studies - Phase IT 1930 [32.40)
Asulacrine Clinical smadies - Phase I [41]
Acridme-4-carboxamide | DACA Clinscal studies - Phase IT - [42]
Pyrazoloacridine (PZ4) | PZA + carboplatin Clinical studies - Phase LT [43]
Nanaral product Acronycine Preclinical smdies - [44]
Triazolpacridinone C-1305 Preclinical stdies [45]
Bisamidoacridine BEACO-19 Preclinical stodies - [46]

Sourca: 13 FDA-Appeeved Dmg Products, EMEA, Clindcal mizk. gov.

of this molecule on the atomuc level. The modeling of the
regctivity of acridine 1s relatively accurate, and confirms that
aromatic mucleophilic substitition is the most probable
reaction mechamsm for the bindmg of this molecule n
organmisms [30].

In this context, this review summarises the progress that
has been made in the development of anticancer agents based
on in vivedin vitre chinical stadies that have researched 13
classes of natural and synthetic acridines.

CANCER THERAFPIES

In addition to surgery, cancer treatment may inwvolve
procedures that are infended to kill the tumour or prevent
its growth, such as hormone therapy. radictherapy.
mmmmotherapy, biological therapies, autophagy, photodyname
therapy, or chemotherapy [2].

Deespite advances i the development of cancer therapies,
surgery, radiation, and chemotherapy remain the standard
treatment options. Chemotherapeutic approaches are often
used for metastasized or particularly aggressive cancers.
Cytocidal or cytostatic agents are most effective on cancers
with rapidly dividing cells [51].

Hormene therapy is an important component of medical
treatment and can result n the hormone environment bemg
altered commpletely. This form of therapyrequires the
endocrime system of patients with hormene-sensitive cancers

to be mamipulated through surgery, radiotherapy or, most
commoenty, hormone blockers [33

Eadiotherapy, potentially, has many benefits. It destroys
cancerous oells m the body, thereby preventing recurrence
and spread of the disease. In addition, this therapy can be
used to treat a range of cancers, including breast, skin, and
brain cancers. Approximately 32% of patients receive
radictherapy at least once during treatment. In addition to the
other freatment options, such as surgery and C]J.E‘Ilh}ﬂlﬂap‘.-
radioctherapy is an important mpdahn for 40%; of the patients
who are cured of camcer [32.53]. During radiotherapy.
malisnant fumer cells are expcused to significant but well-
localized doses of radiation, which dﬁtm‘i.! the cells. The
aim is to maximize the radiation dose at the tumor location
while minimizing exposure to the sureunding body tissue.
The damage mflicted by radiotherapy canses cancerous cells
to stop reproducing and, thus, the tumor shrmks. The
therapeutic effects are dependent on mbrmsic radio
sensitivity differences and the abilities of the normal and
malignant tissue to repair and repopulate [34].

Immunotherapy involves modulating the imnmme system.
to try and enhance the patient’s mmmmity [56]. I.mha]h the
immume system is able to recognise and kill pre-cancer and
cancer cells. However, surviving tumour cells are able to
evade immume surveillance after immmmo selection. Cancer
immmotherapy develops strategies to overcome this evasion
mechanism [37].
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Biclogical therapies have been explored as alternative
approaches to cancer treatment. owing to their potential to
specifically target and eradicate tumounr cells, whilst leaving
normal cells intact. By restricting cell death to malignant
cells only, many of the side effects that are associated with
standard therapies can be avoided TNF-related apoptosis-
mnducing ligand (TEAIL) is a biological therapy that has
shown great promise in pre-clinical studies owing to its
ability to induce apoptotic cell death preferentially in
transformed cells [38].

Autophagy is a dyoamic process of protein degradation
that is typically observed during nutrient deprivation
Becently, interest in aufophazy has been renewed among
oncologists, sinee after various anticancer therapies, different
cancer cells types undergoawtophagy. Autephagy has been
found to be inhibited (either pharmacologically or genetically)
in nmltiple studies, resulting in either cell survival or death.
depending on the specific context [38].

Both swgery and radiotherapy are essentially local
treatments directed at the primary tomowr and any loco-
regional disease. By confrast. chemotherapy is a systemic
treatment and can treat distant metastases. Chemotherapy is
the most frequently used anticancer treatment Common
chemotherapentic agents inchide polyfunctional alkylating
agents, antimetabolites. antibiotics. and mitotic inhibitors
which can be used in a monotherapy regimen. of in combination
with surgery and/or radiotherapy. In necadpvant chemotherapy,
drogs are administered before the mitiation of the definitive
treatment (swgery or radictherapy). It may simplify the
definitive procedure and is thought to reduce the risk of
micrometastatic  disease. Chemotherapy has been used
successfully for the management of sarcomas, i which
precperative chemotherapy mmproves the long-term prognosis
of the disease and. by shrinking the primary fumour, may
enable limb-sparing surgery. In addition, neocadjuvant
chennttﬁ‘apbhasbemmnslduadsﬁ‘ecm'eform&ﬁtmmlof
carcinoma of the cervix [54].

However, the effects of chemotherapy depend on several
factors, mehnding the intrinsic cytotoxicity of the dmg,
fumonr histology (type and cell differentiation), stage.
volume and locaton (vascularisation). Despite several
significant medical advancements that have been made
regardmg cancer in recent years, the advanced disease
remains difficult to treat, and standard therapies such as
chemotherapy and radictherapy, are often associated with
substantial toxicities, which can linuit their application in the
clime [58].

MODE OF ACTION OF ACRIDINE DERIVATIVES

Most of the biological effects of an acridine compound
can be attributed to its planar structure mteracting with a
DMNA fraction [59]. Several substances of chinical importance,
such as amsacrine, actinomycin D, and dannomycin, as well
as several dmgs used for the treatment of parasitic diseases,
such as quinacrine and chlorequine. have the ability to bind
to DINA by intercalation mhibiting further replication and/or
transcription, therefore interfering with metabolic processes
[3]-
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Lerman was the first researcher to propose a model for
drug intercalation into DINA after examination of acridine—
DNA mteractions. In this model, planar aromatic molecules
with 2 or 3 rings of 6 members each were inserted between
adjacent double-stranded DNA base pairs. The intercalated
aromatic chromophore was parallel to the mucleotide bases
and perpendicular to the double-helix axis. The complex
formed was then stabilised by noncovalent bonds. such as
hydrophobic interactions, van der Waals force, and hydrogen
bonds. These mteractions are considersd the most important
component of intercalation. The intercalation finally
generates structural deformations and changes m the physical
and chemical characteristics of the DNA. Specifically, the
double helix becomes rigid and stretched, causing a loss in
the functicnality of the DNA [60, 61].

However, the anticancer functions of acridines do not
only depend on their mode of DNA imtercalation; these
derivatives also perform spectfic interactions with other
muclear receptors such as Topo and telomerase enzymes [3].

Eukaryotic Topo I and II are muclear enzymes that are
invelved in numerons DINA processes, including replication
and transcription. These enzymes catalyse DNA supercoil
relaxation by cleavage (single- and double-strand breaks by
Tope I and Topo IL respectively) and re-ligate the cleaved
DNA via ATP-dirven mechanisms. Acridine denvatives are
able to convert the Topoenzyme into a cellular toxin, and the
formation of Topo-binding agent-DINA temnary complexes
are implicated by DNA scission and subsequent cell death
[62].

NEW ACRIDINES WITH ANTICANCER ACTIVITY

In 2004, Pitta et al syothesised thiazacridine and
imidazacridine derivatives condensated in position 5 and N-

allcylated in position 3 of the mmde or thiazolering (Fig. 1),
which proved to be effective m treating cancer [36].

R

W=5 N A=0:B=35 0;R=CLF, NO:. CH: Br

Fig. (1). General formula of tharacnidme and imdaracndine

denvatives.

The method vsed to obtain these synthetic compounds
started with the oxidation of O-methyl-acridine, prepared
from  diphenylamine, which produced acridine-9-
carboxaldehyde. The next stage was to obtain the ethyl ester
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of 2-cyano-acridin-9-ylacrylate from condensation in an
alkaline medium From an addition reaction with ethyl ester
in the presence of pipendine. the thiazolidinic and
imidazolidinic derivatives produced thiazacridines and
imidazacridines.

To evaluate the antitumor activity of the acridines.
Sarcoma 180 was implanted into mice to induce solid-
fumour growth. After 10-12 days of treatment with the
newly synthesised derivatives. the tumours were measured
and analysed morphologically. Following low-dose
administration of the compounds. fumour masses reduced
significantly.
9-Aminoacridines

The development of drugs derived from 9-aminoacridine
has sparked much interest among healthcare professionals
owing to their ability to treat several diseases. For example.
N4-(6-chloro-2-methoxy-9-acridinyl)-N1 Nl -diethyl-1.4-
pentanediamine (quinacrine [Fig. 3]) is ome of the most
important derivatives, as it is used for the treatment of upus
erythematosus, rheumatoid arthritis. chloroquine-resistant
malaria, and Chagas disease. Tacrine. 1.2.3 4-tetrahydro-9-
acridinamine, is used to ftreat patients with Alzheimer's
disease [63].

During the early 20 century, 9-aminoacridine derrvatives
were used initially to treat bacteria- and protozoa-related
diseases. Subsequently. they were used for the treatment of
cancer and viral and prion diseases [63]. Some of its disease-
targeting actions result from direct interactions (conjugation)
with biomolecules. such as peptides and proteins [3].

These derivatives were originally studied as treatment
agents because of their DNA intercalation ability and Topo
ihibition action Studies have showed that they can also
induce p33 and thus. generate cancer cell death by apoptosis

_ J{j
Feeodvee

Fig. (3). Quinacrme and tacnine.

Conjugation is the joining of 2 or more molecules. which
consequently share properties in the resulting compound.
Peptide conjugates of 9-aminoacridine are artificial
molecules that possess RINA-selective anticancer, antiviral.
and antimicrobial activity. Owing to their ability to interact
with DNA. these conjugated peptides may interfere with the
function of the enzyme peptidyl transferase. However. the
parameter that enables the peptide to distinguish between
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RNA and DNA and the substituents that are required for the
inhibition of peptidyl transferase remain unknown [65].

Conjugates of 2| urine (guanine group) with 9-
aminoacridine (Fig. 4) target DNA and are potent inhibitors
of L1210 and AS549 cell lines. In 2007, Sebestik et al
observed that the growth of the chain of these compounds
increased the intercalation ability and preferably alkylated
the nitrogenous base adenine [63. 66].

.
O /O
N

Fig. (4). Conjugate of 9-aminoacnidme.

Derivatives of hydrochloride methyl ester N-[4-(9-
acridinylamimno)phenyl]-cartbamic  acid (AMCA) and
hydrochloride methyl ester N-[4-(9-acridinylamino)-2-
methoxyphenyl]-carbamic acid (m-AMCA) are analogues of
amsacrine and inhibit Topollf. In 1999, Tumbull et al
demonstrated that a mutation in theGlu322 residue caused
the fumour to be resistant to these drugs. However. this
mutation may simmltaneously improve the anticancer
potential of other drugs. Therefore. nmilti-target therapy for
cancer treatment with this derivative may be beneficial [67].

N-[4-(9-acndinylamino)-3-methoxyphenyl]-
methanesulfonamide (m-AMSA) was the first synthetic drug
with intercalation ability to be used i the clinic (Fig. 5) [68,
69]. It was first commercialised in 1976 for the treatment of
acute leukaemia and malignant lymphoma [68. 70]. and
since then, many analogues have been synthesised [59. 71-
73]. In most cases, it is used in combination with cytarabine
for the treatment of refractory acute leukaemia in adults.

Crystallographic studies of amsacrine showed that the
phenyl ring has orthogonal orientation (~70°) in comparison
to the chromophore plane. Owing to its orientation. the
acridine chromophore can be accommodated parallel to a
DNA groove. inducing tumour cell apoptosis by inhibiting
Topo II [74].

However, asulacrine (ASL [Fig. 5]). another m-AMSA
derivative, is an effective agent for the treatment hung and
breast cancer [35, 40, 75]. In 1999. Su et al. synthesised 3-
(9-acridinylamino)-5-hydroxymethyl-aniline (AHMA [Fig. 5])
analogues and evalvated their antitumor activity [76. 77].
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Fig. (6). Ant-mflammatory agents.

They demonstrated that some of these derivatives
demonstrated potent cytotoxic action in human leukaemia

cells (HL-60).

In 2000. Ferlin and colleagues synthesised C9-
substitutedacridinesand azacridines (m-AMSA analogues).
Of these, some compounds were found to induce
cytotoxicity in human HI-60 and Hela cells that were
grown in culture. The DNA damage that occurred was
evaluated by DNA filter elution and protein precipitation
techniques. Catalytic studies with purified Toposconfirmed
that these compounds can inhibit Topoenzymes as well [78].

Chen and Sondhi demonstrated the anti-inflammatory
activity of acridine derivatives m 2009 [79.80]. In 7003
Chen et al synthesised 9-phenoxyacndine and 4-
phenoxyfuro[2.3-b] quinoline derivatives [81]. Of these
derivatives. 4were shown to be more potent than the
reference drug, mepacrine. for the inhibition of rat peritoneal
mast cell degranulation. with ICs; values of 4.7. 59, 6.1.
and13.5 mM (Fig. 6 A, B. C and D. respectively). These
results indicate that these anti-inflammatory effects are
controlled. at least in part. by the suppression of chemical
mediators released by mast cells. neutrophils. and
macrophages. Therefore, there is great potential for these
compounds to be used as novel anti-inflammatory agents
with no significant cytotoxicity.

In 2003. Giorgio et al. studied the in vifro activities of
7-substituted 9-chloro and 9-amino-2-methoxyacridines. as
well as their bis- and fefra-acridine complexes, against
Leishmania infantum. The results confirmed that several
derivatives of 2-methoxyacridine. together with their
corresponding dimeric and tetramericforms. had strong
antiparasiticaction in vifro. Anti-leishmanial activity was
dependent on the type of both 7- and 9-substituted groups in
monoacridines. while it varied according to the 9-substituted

‘ \‘
o
N

S
P \
N
CONHCH; N

Asulacnne

/©/CHO OCHO
(o) (o)

x OCH;
o O

N

group and the length of the linker in the bis- and tetra-
acridines [82].

The in vifro cytotoxic activity of several 9-amino-nitro-
acridine derivatives was performed in cell line cultures of
KB and Ehrlich carcinoma cells (Fig. 7) [83]. Correlations
between biological activity and chemical structure were
found; the authors noted that biological activity depends on
the position of the nitro group and the presence of the
dialkylamino chain at the 9-position of the acridine. In
addition, the introduction of new substituents, such as
methyl methoxy. and bromine in positions 4. 6, and 7 of 1-
nitro-acridine. did not significantly affect biological activity.
and the number of methylene groups does notaffect the drugs
anticancer activity.

Ry R
s 9
L
6 N7 3
5 4

R; = Amines: Ry =NO,
Fig. (7). General structure of 9-amino-nitro-acndime denvatives.

In 2005, Narayanan produced second-generation
1-nitroacridines that demonstrated anticancer actions in solid
tumours (Fig. 8). For instance. 1-nitro-9-hydroxyethylamino
acridine (C-857) presented great therapeutic efficacy against
prostate and colon cancer and sarcoma cells. However, its
clinical development was terminated owing to high systemic
toxicity. In order to minimise this toxicity, a C-857
derivative was produced containing substitutions in the C4
and/or esterified hydroxyl groups in C9. The introduction of
a methyl group on C4 led to the formation of 1-nitro-4-
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methyl-9-aminoetanolyl-acridine (C-1748). which presented
better anticancer activity (especially against prostate cancer).
and produced a drastic decrease in toxicity and mutagenic
potency [84].

Rz

C-857: Ry. Rs, Ry = H: Ry = (CH2),0H
C-1748: Ry. R = H: Ry = (CHy),0H; R; = CH;

Fig. (8). Substituted dentvatives of I-nitroacridmne.

Isoquinoacridines

In 2006. Yang et al. designed and synthesised DNA-
intercalating derivatives of isoquino[4.5-be] acridine (Fig. 9)
to investigate and develop molecules with antitomor. DNA-
binding. and photo-damaging properties [85]. A4 (R = O
[Fig. 9]) exhibited the highest antitumor activities against
both human lung cancer cells (A 549) and murine lenkaemia
cells (P388). All ds were shown to be more
cytotoxic against the P388 than A549 cell line.

N
R 0 J/ M
(LT
e
N O o
R=Cl: R=SCH,CH;: R=HN(CH,CH,).NCH;: R=H: R=0

Fig. (9). Isoquinoacridine dertvatives.

Acridine-4-carboxamides

Acridine-4-carboxamides are effective anticancer agents.
especially for the treatment of solid tumours and leukaemia.
The tricyclic  carboxamideN-[2-(dimethylamino)ethyl]
acridine-4-carboxamide (DACA [Fiz. 10]) i a DNA-
intercalating agent that inhibits both Topol and II [86].
DACA has a large spectrum of anticancer (solid tumour)
mechanisms m animals and is not affected significantly by
multidrug resistance (MDR) mediated by P-glycoprotein.
probably owing to its high lipophilicity. Spicer et al
synthesised analogues of DACA with methyl. methoxy. and
chlorine substitutes in the acridine ring Several of the
analogues demonstrated significant anticancer activity
against solid tumours in mice [87.89]. These studies suggest
that the properties of the substituent do not affect the
cytotoxicity of the DACA analogue. In fact. steric bulk
appears to have a greater effect on activity. with larger
groups diminishing anticancer efficiency. The 7-Ph compound
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and several of the 5-substituted derivatives (Fig. 10) were
more cytotoxic than DACA. but were less effective in JLy
and JLp cell lines (which had lower Topo II activity) than in
wild-type JL., suggesting their cytotoxicity is largely
mediated through interactions with Topo II [89].

OO0 OO
N? | N |
o N/\/N\ o ﬁ/\/};\
H

Fig. (10). DACA and its 7-chloro dermvative.

The anticancer properties of acridine-2-carboxamides.
acridine-3-carboxamides. and acridine-4-carboxanudes are
known to be significantly different. Parajuli ef al.. in 2007.
monitored the sequence-specific binding of these drugs from
the ntercalative binding of chromophores to DNA. In 2006.
they had also monitored the sequence-specific intercalation
of 9-substituted acridine-4-carboxamides in nucleic acids
[90. 91].

Pyrazoloacridines/Pyrazoloacridones

Previously. Sugaya ef al. synthesised 6H-pyrazolo-[4.5.1-
delacridin-6-one  derivatives  (Fig.  11),  named
pyrazoloacridones, a class of DNA-intercalating agents [92].
Biological studies conducted with pyrazoloacridones
revealed that they exert antiproliferative activity in vifro
against Hela S; cells and significant antitumor activity in
vivo agamst P388 leukaemia and sarcoma-180 tumours.
Regarding  the  structure—activity  relationship  of
pyrazoloacridones. the 7-hydroxy. (aminoalkyl)amino and
(hydroxyalkyl)amino side chains at C2 and C5 have a
significantly effect on the compounds’ biological activity.

Fig. (11). Pyrazoloacridone denvanves.

Dervatives of N-5.2-Di(m-aminoalkyl)-2.6-dihydropyrazolo
[3.4.5-K]acridine-5-carboxamides are DNA-binding agents
and potent cytotoxic compounds. Antonini ef al. synthesised
25 new derivatives of pyrazole [3.4.5-kl] acridine-3-
carboxamide in order to determine their cytotoxic activity,
the function of the pyrazole ringin DNA-binding potency,
and the importance of the nitro group (presence and position)
in the molecule [93]. Two of the compounds (Fig. 12)
possessed cytotoxic activity in the nanomolar range against
the human colon adenocarcinoma cell line HT29 and
therefore. are new potential anticancer agents.
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Fig. (12). Pyrazole[3 4.5-K]Jacndme-5-carboxamide.
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N N(CHs),

R=CHj;; X =CO0,CH,;CH;
Fig. (13). 9-methoxy denvative, acridine-4-carboxamde and pyrazole[3 4.5-klJacndme.

In an attempt to develop more potent drugs. Bu ef al.
designed derivative hybrids possessing both apyrazole ring
and 4-carboxamide chain [94]. Pyrazole[3.4.5-ki]-acridine
derivatives were assessed for their tumour growth inhibition
efficacy in Jurkat and P388 cell lines. and significant
cytotoxic activity was noticed. It is noteworthy that the
analogues that contained only a carboxamide group or amine
chain in N-1 exhibited similar cytotoxicity to the reference
compound DACA. while the hybrid compound had greater
antitumor activity.

Taking into account the cytotoxic activity of acridine-4-
carboxamide (Fig. 13) and pyrazole [3.4.5-kl]-acridine
derivatives, Antonioni ef al.. designed and synthesised? new
classes of potential bis intercalating compounds: the
bis(pynmidoacridines) and the  bis(pyrazoloacridine
carboxamides). Of these, 1.9-bis{2-[2-(dimethylamino)
ethyl]-2.6-dihydropyrazolo-[3.4.5-k]acridine-5-carbonyl}-3-
methyl-1.59-triazanonane-3HClhas a remarkable affinity
with DNA. as well as a broad spectrum of activity. excellent
cytotoxic potency, and potential preliminary in vivo activity.
Therefore. this compound is good candidate for preclinical
studies on anticancer drug [95].

In 2002, Bu ef al. obtained derivatives possessing both a
pyrazole ring and 4-carboxamide chain in an aftempt to
obtain demonstrate the enhanced anticancer activity of the
compound [94].

Natural-Product Derivatives

In addition to synthetic compounds. naturecan provide an
array of options to scientists. The biodiversity between
various natural derivatives is great; therefore. their treatment
potential should be evaluated for as many maladies as
possible. Acronycine (Fig. 14) is a natural cytotoxic alkaloid
from the bush Acromychiabaueri and has exhibited high
toxicity toward certain tumour cells in vitro. Since the 1970s.
several acronycine analogues have been synthesised and
evaluated for their antitumor properties [96-99]. Studies of
structure—activity relationship conducted by Costes ef al. led

to the development of acronycine derivatives with increased
potencies [97]. One of the analogues. S$23906-1.
demonstrated promising i vive activity against colon 38
adenocarcinoma in mice. Similarly, S23906-1 derived from
benzoacronycine was shown to be a potent inducer of
apoptosis in human promyelocytic leukaemia HI-60 and. to
a lesser extent, in murine B16 melanoma cells [99. 100].

Fig. (14). Acronycine and $23906-1.

Bioactive acridone alkaloids have been isolated from
Swingleaghitinosa Merr. (Rutaceae) and tested for
antiplasmodial activity (Fig. 15). They showed promusing
activity against strains of chloroquine-resistant Plasmodium
Salciparum [101. 102]. Furthermore, cytotoxicity tests were
performed using Hel a cells. All compounds tested exhibited
good antiplasmodial activity.

Fig. (15). Acndone alkaloids active
falciparum.

agamst Plasmodium
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Dihydroindolizino[7.6,3-klJacridinium chloride (Fig. 16)
is a water-soluble agent that has inhibitory activity exceeding
that of m-AMSA against breast tumour cell lines and the
adenosquamons NCI-H647, a non-small-cell lung cancer cell
line that is known to exhibit elevated levels of Topo Ila
[103]. The activity of this polycyclic compound is probably
linked to Topo II disruption. In addition. unlike m-AMSA.
this compound is not susceptible to P-glycoprotein-mediated
drug efflux and retains activity in lung cells with derived
resistance to etoposide, a Topo II mnhibitor.

Cr
+
NT
|

CLC

Fig. (16). Dihydromdolizino[7.6.5-K]acridmmm chloride.

In the last few decades. several compounds with many
pharmacological activities have been extracted from marine
organisms, including bryostatin, dolastatin, cryptophycin,
and ecteinascidin [104]. Many of these marine alkaloids are
based on the pyrido[2.3.4-ki]-acridine skeleton. and
ascididemin was one of the earliest discovered compounds.
Some ascididemin derivatives (Fig. 17) such as
bromoleptoclinidone, 11-hydroxiascididemin. and
neocalliactine have also been isolated from marine sources.
The National Cancer Institute (USA) tested ascididemin and
its natural analogues. and all exhibited anticancer activity in
vifro. In 2000. Alvarez et al. studied the activity of
analogues in P388D murine lymphoma cells and human lung
carcinoma A549 cells [105]. In 2000, Delfourne ef al.
prepared ascididemins with D-ring modifications, and their
in vifro results indicated that these compounds had good
cytotoxic activity: in fact. some were 100times more active
than the prototype [106].

Ascididemm: Ry, Ry, R:, Re, R=H
Bromoleptochinidone: Ry=Br; R, R3, Rs. Re=H
11-hydroxiascididemin: Rs=0OH: R;. R;. R;, Re=H
Neocalliactine: R3=0H:; R;. R;. Ry, Rs=H

Fig. (17). Ascididemin and dextvatives.

Amoamine Al and B2 were the first synthesised
pentacyclicpyridoacridine alkaloids that possessed a pvrrole
ring fused to the pyridoacridine ring system (Fig. 18). In
2000. Delfourne ef al first created this compoundsfrom4-
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chloro-8-methoxy-5-nitroquinoline [106]. The synthesis of
amoamine A and B can be accomplished in 67 steps. with
an overall yield of 13% and 4%. respectively. In 2006,
Radchenko ef al. used an effective 7-step synthetic pathway
that created to the compound ethyl 4-methoxy-1-metilpirido-
[4.3.2-mn] pyrrole [3.2,1-delacridine-2-carboxylate (Fig. 17).
with an overall yield of 41.5% [107].

Fig. (18). Amoamine Al (R=H) and B2 (R=CH3;) and an anzlogue.

Bisamidoacridines

Telomerase prevents damage a chromosome’s ends
during DNA replication, and it is over expressed in fumour
cells. The activation of telomerase is a crucial genetic event,
as it leads to the immortality of tumour cells [108-111]. An
alternative treatment approach mvolves the stabilization of
higher-order quadruplex structures. Single-stranded guanine-
rich telomeric DNA sequences can combine to form guanine
quadruplex structures. After the formation of these structures
by the telomere primer. the synthesis of further telomeric
repeats by telomerase is inhibited. Therefore. substances that
inhibit this enzyme (Fig. 19) might be promising anticancer
drugs [111-115].

Qualitative molecular modeling was used to design
BRACO-19. which is a 3.6.9-trisubstituted acridine ligand
(Fig. 19). under the assumption that the 3 substituents would
each occupy a groove in a quadruplex. BRACO-19 inhibits
telomerase enzymatic activity. resulting in the shortening of
telomere and also produces end-to-end chromosomal fusions
in cancer cells due to quadruplex disruption of the uncapping
of proteins associated with the single-strand overhang. It
shows significant 1 vivo anticancer activity m tumor
xenografts. which 1s associated with the uncapping of
telomere [116].

Thiazoloacridines

Taking into account the potent anticancer activity of
natural pyridothiazoloacridine alkaloids, Giorgio ef al
synthesised 16 dertvatives of thiazolo[5.4-aJacridine in an
attempt to develop molecules that bind to and break DNA
through optical activity [117]. They evaluvated cytotoxic
activities in Salmonella pphimurium and measured the
effects of optical activity during the intercalation process.
Only 1 compound had properties enabling DNA mtercalation
(Fig. 20), while 3 compounds required optical activation
before mtercalation into DNA could occur. The cytotoxic
activity of the derivatives was performed in human stem
cells from monocytic lenkaemia THP1.
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R =H. ammoalkyl: R, = amidoalkylsubstituents

Fig. (19). Telomerases inhibitors and BRACO-19.

L]

Fig. (20). Thiazolo[3 4-alacridine derivatives.

Triazoloacridinones

In previous studies, triazoloacridinones (Fig. 21) have
exhibited high cytotoxic activity against a broad spectrum of
tumour cell lines i vifro, as well as high antitumour activity
in mice against transplantable fumours. such as leukaemia
P388, melanoma B16. ascites colon 26 adenocarcinoma, and
colon 38 adenocarcinoma [118-120]. Research has
confirmed that triazoloacridinone derivatives inhibit the
DNA-Topo II complex. block the catalytic activity of Topo
I, and inhibit the G2 phase of the cell cycle, leading to
apoptosis.

H_ /
0 N—(CHjn—N

LI

N=—N
Fig. (21). Trnazoloacridinones derivatives.

The most promising triazoloacridinonederivate, C-1305
(Fig. 22). has been selected for extended preclinical trials
[45]. Studies have demonstrated that this compound is able
to inhibit the proliferation of cells involved with poly(ADP-
ribose) polymerase 1: this is of particular interest since these
cells are in usually resistant to Topo II inhibitors [121]. In
addition. C-1305 binds to DNA by intercalation and
possesses higher affinity for GC bases than AT bases [122].

seovh

However. it 15 known that the ability of triazoloacridinones
to bind to DNA by intercalation is not crucial for their
biological activity. Studies involving cell culture have
revealed that C-1305, after previous metabolic activation,
induces covalent crosslinks of DNA strands between some
tumour cells and fibroblast cells. This binding is considered
essential for the anticancer activity of C-1305.

OH

S

‘N—(CH:);—N(

L

=~

HO

Fig. (22). C-1305.

Thiadiazinoacridines

An acridine scaffold fused to a 5- or 6-membered
heterocyclic ring generates polycyclic DNA-intercalating
derivatives. Antonini ef al. synthesised 2 series of
DNA-intercalating agents in 2003. namely 3-[omega-
(alkylamino)alkyl]-6-nitro-thiadiazino[3.4,5-kf]acridines
(Fig. 23A) and 1.3-difomega-(alkylamino)alkyl]-6-nitro-
thiadiazino[3.4.5-K]acridines (Fig. 23B) [123]. Results
indicated  that  3-[2-(dimethylamino)ethyl]-6-nitro-2.7-
dihydro-3H-2A%[1,2 6]thiadiazino[3.4.5-kl]acridin-2-one
exhibited the most potent anti fumour activity in vivo
(Fig. 23C).
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X=H, OCH;, CH;; n=2, 3; R= N(CHs),, N(CH:CHy),. piperidino

Fig. (23). Rational dmg design of thiadiazine[3 4.5-dJacridines.

Polyacridines

In the absence of any significant steric or entropic
factors. the binding constant of a symmetrical bis-
intercalator should be approximately the squared binding
constant of the monomer. Since complete dissociation of the
ligand from the DNA requires both chromophores to
disengage. drug dissociation rates of pelyacridines are mmch
slower than those of monomer agents [124].

When the critical distance between 2 acridine groups is
reached, the compound becomes a bis-intercalator, and the
DNA infercalation copstant is increased (=10*-10° MY
[125]. However, in previous studies, it has been observed
that fHi-intercalator derivatives have a lower intercalating
capacity than acridine dimer compounds [64].

In 1975, Barbet af al. synthesised an acridine dimer (Fig.
24). They used aminoalkylated chains of spermine or
spermidine to connect the 2 aromatic rings to study the
dimer’s affinity to DNA [1246].

u.\

Fig. (24). Acridinedimmers.

. OCH;

\z’%

u,
P

The growth inhibition effects of di-acridines. putrescine,
spermidine. and spermine were evaluated in hmman cervical
cancer cells (HelLa) and lenkemic cells (L1210 and P-388) in
colture and compared with the action of 9-aminocacridine
[127. 128]. The results indicated that diacridines were more
active than 9-aminoacridine.

Previously. 4 classes of bis-acridines with varying chain
length, stiffness, and polarity variables at the 9-position were
evalnated for antitumor properties [124]. In this study, it was
found that bis-acridines connected by flexible chains of
variable polarity had low dissociation rates and were able to
make kinetics exchanges i DNA binding sites. These
exchanges were reduced drastically by the inclusion of
positive charges in the comnection chain, but the resulting
polycationic compounds were found to be inactive in vive,
possibly owing to their poor distribution in the human body.
However, bis-acridines connected by the ‘ideal’ pyrazolic
chain have strong DNA-binding affinity and good solubility
in water and are active in vivo.

The synthesis and cytotoxicity profiles of a large number
of acridine derivatives have been studied extensively [26, 88,
89, 95, 123, 129, 130]. Several derivatives of substituted
bis(acridine-4-carboxamide) (Fig. 15) connected by a -
(CH;)sN(Me)(CH;); chain were prepared [130]. These
dimeric analoguwes of DACA proved to have superior
antitumor  potencies compared with the corresponding
monemeric DACA analogues in a board of cell lines,
inchuding wild-type (JL;) and nmtant (JL, and JL 5) forms of
human Jurkat lenkaemia.

996 L
T e
N N
a Z]TMI;IMIF o
H CH; H

Fig. (15). Bis(acridine-4-carboxamide).

Bis(acridine-4-carboxamide) analogues contaming small
substituents at the acridine3-position (methyl and chloro)
had superior antitimor action, with an ICs, in the range of 2
oM against Lewis lung carcinoma and 11 oM against JL;
[130]. I_arger substituents at any position decreased potency,
probably owing te a low DNA-binding affinity caused by
steric hindrance. Moreover, the infroduction of methyl and
chlorine groups at positions 1 and 8, respectively, slightly
influenced bis-(5-methyl-DACA) activity. All compounds
were toxic agamst mtant and wild-type Jurkat stramns and
had higher selectivity for Topel

Sowrdon ef al in 2001 syothesised bis- and fetra-
acridines compounds linked by a short nitrogen chain, with
acridinemoieties located so the self-stacking of the aromatic
planes is avoided. Some derivatives showed goed in vifro
cytotoxic activity agamst murine cell lines. Antiproliferative
activity was performed against murine L1210 lenkaenua and
A549 cell lines. and the derivatives (Fig. 26) presented good
results agamst DINA reparation [131].

Several bis([(9-0x0-9.10-dihydroacridine-4-carbonyl)
aminoJalkyl) alkylamines (Fig. 17) were prepared and tested
against HT-29 celen cancer cell lines [132]. Experiments
snggested that the high activity of some of these compounds
might be related to their strong binding affinity to DNA.
Molecular dynamics simmlations have shown that these
compounds are able to form stable complexes with DNA
through bis-intercalation.
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e d

Fig. (26). Bis- and fefra-acridines derivatives.

Drugs containing platinom have been used against
malignant gliomas. but to date have shown poor response
rates. Im  2003. Augustus et al  prepared
bis(acridme)platinum(IT)complexes (Fig. 28) and evaluated
their biological activity in glioblastoma cells [133]. Cell
viability assays showed that the compounds bonded strongly
to double-stranded DNA and were cytotoxic in micromolar
concentrations in SNB19 brain tumour cells, possibly
through bis-mtercalation.

o} R R o}
) g—Y—g 0

R=H. C1.NO,,NH,

Fig. (27). Bis-(alkyl)amines derivatives.

Seslsee

W*‘NNH(
oh -l - ke

el BN

Fig. (28). Bis(acridine)platinum(II) complexes.

Antonini et al. m 2004 designed. synthesised. and
biologically evaluated bis(pyrimido[5.6.1-dejacridines) and
bis(pyrazolo[3.4.5-klJacridine-5-carboxamides) (Fig. 29).
The results indicated that these compounds are excellent
DNA ligands. In addition. the bis-derivative had a higher
binding affinity to DNA than the corresponding monomer.
and both compound derivatives bound preferentially to AT-
rich duplexes [95].

Currently. the main disadvantages of applying cancer
therapies are the resulting adverse side effects. To mininmise
their occurrence. photodynamic therapy (PDT) is receiving
increasing attention and is intended to be selective to
superficial cancer [134]. Treatment involves the
administration of a photosensitive drug, and the tumour is
then illuminated to activate drug action. The
photosensitisation that is induced by intercalating agents can
cause DNA damage by 3 mechanisms. First. the electron
transfer of nucleotide bases. especially guanine. to a
photochemical-excited intercalating agent alters the DNA
sequence. Second. the photogeneration of hydroxyl radicals
can occur, which are reactive intermedia test hat can absorb
the hydrogen atoms of the DNA sugar backbone. Last. an
oxygen molecule that is generated from the transferring

energy of an electronically excited photosensitiser
preferentially oxidises guanines.

Fernandez ef al. developed new acridine photonuclear
copper complexes [135]. One compound, 2.6-bis{[((6-
anuno-acridin-3-yl)methoxycarbonylamino)-
ethyl]jmethylaminomethyl}pyridine (Fig. 30). consisted of 2
acridinerings joined by pyridine connecting to copper. This
compound split DNA by photolysis and demonstrated
increased efficiency in the presence of copper II under
typical bodily conditions of pH and temperature. In addition,
it protects DNA through monofunctional intercalation and
preferably binds to guanine and cytosine.

The proteasome is a multimeric complex possessing three
endoproteolytic activities, named after their cleavage
specificities on peptides. trypsin-like. post-acidic (or
caspase-like, or peptidyl glutamyl peptide hydrolase). and
chymotrypsin-like. This multi-protein complex is responsible
for the degradation of many cell proteins. including those
that regulate the cell cycle and apoptosis. and therefore. it 1s
a potential target for treatment. Agents targeting the
proteasome have gained credibility as anticancer drugs.
resultingin their development and commercialisation: for
example. Velcade™ (bortezomib. PS-341. Millennium
Pharmaceuticals). which was approved in 2003 for the
treatment of multiple myeloma. The peptide boronic acid has
demonstrated antitumour activity by inhibiting chymotrypsin
[136].
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Fig. (29). Bis-pyrinudo and bis-pyrazoloacridines.
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Fig. (30). Photonuclease derived from bis-acridines.

Vispe et al. smdied the action mechanisms of several of
biz- and tefra-acridines (Table 1) [136]. These compounds
were cytotoxic against HL-60 and demonstrated similar
results when Topo IT activity was low. The HL-60/MX2 cell
line was resistant to mitoxantrone and amsacrine but was
sensitive to the derivatives tested. This indicated that Topo IT
is not the only target of these compounds. When tested
inproteasome targets i vifre, 4 of these compounds
demenstrated inhibitory properties. and at least 2 compounds
inhibited the entire proteasome complex.

CONCLUSION

Some 59 years have passed since Watson and Crick
elucidated the structure of DNA [137]. Since 1933, varied,
intensive studies have been conducted, with an objective to

discover compounds that will mteract with DNA and result
in the treatment of many diseases, including cancer.

Acnidines are attractive therapeutic agents since they
have a broad specttum of biological activities such as
antinuerobial,  antiviral  antimalarial,  antitrypanosomuc,
leishmanicidal.  antiparkinsomnian  and. In particular,
antinecplasic fonetions. They can alseinteract with DNA and

mhibit telomerase, Topoenzymes, and the proteasome
complex. Finally, acridines have enhanced selectivity and
can be unsed to treat multidmg-resistant tumours, which are
critical limitations of current therapies in the current
ireatment.

Tablel. Bis- and fefra-acridine derivatives

(L
-
A a
L) Acx r’u -
N-E I
N (]’nl
o

N MJ Ao AT=
L *

bis-acndine tefra-acridine
1.E=CN 3-0
1, B= 'CjH'.!
¢ o Substitments Bond position of
v 0 L o the acridine
E] H H 1 4
4 H H 3 4
5 H H 5 4
6 H H 7 4
7 NH: H 1 4
] Cl Br 3 4
o H H 7 2

In the last few decades, various acridine derivatives have
been developed m order to modulate cell cyfotoxicity, the
nature of the molecule’s activity, and biclogical targets.
Thiazacridines, imidazacrinines, S_aminoacridines,
isoquincacridines,  acridine-4-carboxamides. acridine-5-
carboxamides, pyrazoloacridines/pyrazoloacridones, natural-
product derivatives, bis-anudoacridines. thiazoloacridines,
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triazoloacridinones. thiadiazinoacridines. and polyacridinesare
several of the compounds that have been synthesised and
described in this review.

Initially, acridines were wused in the clinic as
antimicrobial agents (proflavine and acriflavine) and then
were used for the treatment of malaria (mepacrine).
Parkinson’s disease (tacrine). and cancer (amsacrine), among
others. Several acridines have been withdrawn from the
market; however. some acridines, such as asulacrine, N-(2-
[dimethylamino]ethyl)acridine-4-carboxamide (DACA), and
pyrazoloacridine, are under clinical trial while others. such
as C-1305 and acronycine, are undergoing preclinical study.
Although the results are promising to date, the possible side
effects are still a cause of concern To minimize these
concerns. a new and very important concept in drug design
and development is the production of compounds with
improved affinity and efficacy than those of the original
drugs. Molecular hybnidization should be considered during
drug development. This strategy enables the development of
compounds with a modified selectivity profile. different
and/or dual modes of action. and reduced adverse effects
based on the combination of pharmacophoric moieties of
different bioactive substances.
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Abstract Acridine derivatives represent a well-known
class of anticancer agents that generally interfere with
DNA synthesis and inhibit topoisomerase IL A series of
eight new 3-acridin-9-ylmethyl-thiazolidine-2 4-dione
and 3-acridin-9-ylmethyl-5-arylidene-thiazolidine-2,4-dione
derivatives were synthesized. All the compounds were
evaluated for their cell antiproliferation activity with the
3-(4,5-dimethyl-2-thiozolyl)-2,5-diphenyl-2H-tetrazolium

bromide, MTT assay. The antiproliferative effects of the
synthesized compounds were tested against several tumoral
cell lines, namely SF-295 (central nervous system), HCT-8
(colon carcinoma), and MDA-MB-435 (melanoma) cells
using doxorubicin as a positive control. Among the syn-
thesized compounds, 3-acridin-9-ylmethyl-5-acridin-9-yIm
ethylene-thiazolidine-2,4-dione,  3-acridin-9-ylmethyl-5-
(4-methoxy-benzylidene)-thiazolidine-2,4-dione, and 3-ac-
ridin-9-ylmethyl-5-(4-bromo-benzylidene)-thiazolidine-2,
4-dione exhibited the most potent anticancer activity
against the HCT-8 and MDA-MB-435 cell lines. After a
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detailed analysis of the structure of the thiazacridine mol-
ecules, we revealed the main possible interactions using the
compound 3-acridin-9-ylmethyl-5-acridin-9-ylmethylene-
thiazolidine-2,4-dione as an example. The benefits of these
compounds, regardless of the pharmacological target are
the presence of two aromatic rings (pi systems), significant
planarity (intercalating ability) and the presence of three
hydrogen-bond acceptors, two of which are stronger
(oxygen atoms) than the other (sulfur atom).

Keywords Thiazacridine MTT assay anticancer -
Molecular modeling

Introduction

Until the early 1980s, intense research of drug discovery
programs for cancer resulted in efficient medicinals, but
with high toxicity due to the lack of selectivity (Brana
et al., 2001; Demeunynck er al., 2001: Martinez and
Chacon-Garcia, 2005; Cummings and Smyth, 1993;
Georghiou, 1977). The design and synthesis of small
molecules that bind selectively to and cleave nucleic acids
are still major challenges in this field. These synthetic
nucleases have important applications as tools in molecular
biology and as potential therapeutic agents for the treat-
ment of cancer (Fernandez er al., 2007). Acridines and
their derivatives are well-known probes for nucleic acids as
well as being relevant in the field of drug development to
establish new chemotherapeutic agents (Ghosh et al,
2010). The acridine ring, one such nuclease, is a potential
anticancer chromophore, which has a long history of
treatment of human diseases, particularly parasitic infec-
tions, cancer and Alzheimer’s disease (Demeunynck et al.,
2001; Denny, 2002; Chatellier and Lacomblez, 1990).
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Most acridine derivatives interact with DNA as intercala-
tors. They represent a well-known class of multi-targeted
anticancer agents that generally interfere with DNA syn-
thesis, due to their ability to intercalate into DNA base pair
and leading to cell cycle amrest and apoptosis. Treatment of
human melanoma cell line (A375) with 9-phenyl acridine
derivatives led to lowering of mitochondrial potential,
upregulation of bax, release of cytochrome C, and activa-
tion of caspase 3 (Ghosh er al., 2012).

Some bis-acridines bind to DNA through intercalation
between consecutive nucleotides. The act of intercalation
induces local structural changes to the DNA, including the
unwinding of the double helix and lengthening of the DNA
strand (Ferguson and Denny, 2007: Ghosh er al., 2012;
Sondhi er al., 2010). Also, acridines are able to stabilize the
DNA-topoisomerase I and II cleavable complex, and form
the so-called ‘ternary complex’ which involves DNA, the
intercalated compound, and topoisomerase (Chilin er al.,
2009; Vispe et al., 2007). These enzymes can manipulate
DNA by changing the number of topological links between
two strands of the same or different DNA molecules
(Champoux, 2001) and are involved in many cellular
processes, such as replication, recombination, transcription,
and chromosome segregation (Corbett and Osheroff, 1993;
Wang, 1996; Nitiss, 1998).

The aim of this study was to evaluate the antiprolifer-
ative effect of eight novel thiazacridine derivatives against
tumor cell lines.

Results and discussion
Chemistry

Thiazacridine derivatives were prepared by the method
summarized in Scheme |. Initially compound 3 was
synthesized by the N-alkylation reaction of thiazolidine-
2,4-dione, compound 1, with 9-bromomethyl-acridine,
compound 2, in the presence of sodium hydroxide. The
Michael reaction of 3-acridin-9-ylmethyl-thiazolidine-2,
4-dione, compound 3, with different cyanoacrylates,
compounds 4 and 6a-f, was carried out in the presence of
piperidine, with ethanol as a solvent (Leite er al., 2007:
Mourao er al., 2005; Pitta er al., 2004, 2007: Pigatto
et al,, 2011; Uchoa et al., 2011). The presence of the
arylidene proton peak in the synthesized derivatives, 5
and 7a-f, in proton nuclear magnetic resonance ('H
NMR) confirms completion of the nucleophilic addition
reaction. It is also confirmed by MS data, which contains
ions at m/z 193 and 235 in positive ESI-MS2 spectrum
indicates the presence of the acridine and thiazolidine
moiety, respectively (Fig. 1).

@ Springer

Biological activity
MTT assay

Compounds 3, 5, and 7a—f were tested for anticancer
activity in a cell toxicity assay against three human cancer
cell lines consisting of central nervous system (SF-295),
colon carcinoma (HCT-8), and melanoma (MDA-MB-
435), which were obtained from the National Cancer
Institute (Bethesda, MD, USA).

The cells were maintained in RPMI 1640 medium sup-
plemented with 10 % fetal bovine serum, 2 mM glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin at
37 °C with 5 % CO;. The cells were grown in complete
medium | day before each experiment.

The cell survival were quantified by measuring the
ability of living cells to reduce the yellow dye 3-(4,
5-dimethyl-2-thiozolyl)-2,5-diphenyl-2 H-tetrazolium bro-
mide (MTT) to a purple formazan product (Uchoa er al.,
2011: Denizot and Lang, 1986: Mosmann, 1983). For the
experiments, cells were seeded in 96-well plates
(0.7 x 10" cells per well). After 24 h, when the cells
reached confluence, the thiazacridine compounds (final
concentration of 25 pg/mL) were dissolved in DMSO
(0.1 %) and added to each well and incubated for 72 h.
DMSO (0.1 %) and doxorubicin (0.3 pg/mL) were used as
negative and positive controls, respectively. Thereafter, the
plates were centrifuged, and the medium was replaced with
fresh medium (150 pL) containing 0.5 mg/mL MTT. Three
hours later, the formazan product was dissolved in 150 pL
DMSO, and the absorbance was measured using a multi-
plate reader (Spectra Count, Packard, Ontario, Canada) at
595 nm. The effect of the compounds was expressed as the
percentage of inhibition of cellular growth (%GI), obtained
from the absorbance of negative control (Anc) and cells
treated (Ay), according to the following fomula:
%Gl = 100 x (1 — Ad/AnQ).

The potential effects on cell viability of the thiazacridine
compounds are presented in Table 1. An activity scale was
utilized to rank the cytotoxic potential of the tested samples
against each of the cell lines: inactive samples (IS, 0-35 %
inhibition), samples with low activity (LA, 36-55 % inhi-
bition), moderate activity (MA, 56-85 % inhibition) and
high activity (HA, 86-100 % inhibition).

The experiments were analyzed using the GraphPad
Prism program, and the data are reported as the mean of
two assays completed in triplicate.

Determination of ICs

Drugs concentration that inhibited cell survival by 50 %
compared with control cells (ICsp) were determined using
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Scheme 1 Synthetic pathways
of thiazacridines
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Fig. 1 Specific fragmentation
in positive ESI-MS2 for
3-acridin-9-ylmethyl-5-
arylidene-thiazolidine-2,
4-diones
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Table 1 Evaluation of cytotoxicity towards tumor cells (% cell
inhibition) for the synthesized compounds 3, 5, and 7(a-f)

Compounds SF-295 HCT-8 MDA-MB-435
3 32.8(1S) 42.0 (LA) 0.00 (IS)

5 76.7 (MA) 92.4 (HA) 95.9 (HA)

Ta 59.5 (MA) 86.7 (HA) 84.2 (MA)

b 29.9 (IS) 513 (LA) 312(18)

Te 31.3(1S) 37.8 (LA) 0.00 (IS)

7d 62.2 (MA) 96.6 (HA) 85.3 (MA)

Te 443 (LA) 64.3 (MA) 129 (IS)

7 48.0 (LA) 72.5 (MA) 53.0 (LA)
Dox 91.1 (HA) 95.2 (HA) 93.6 (HA)

Date represent two experiments performed in triplicate. Doxorubicin
(dox) was used as a positive control

Inactive samples (IS, 0-35 %), low activity (LA, 36-55 %)
Moderate activity (MA, 5685 %) and high activity (HA, 86-100 %)

- +
N ] N |
- N
® 200
H, Nt
S
o]

M +H = C;sHjN;O = m/z 235

also MTT assay, as described above. The compounds were
tested against four human cancer cell lines: HL-60 (pro-
myelocytic leukemia), MDA-MB-435 (melanoma), HCT-8
(colon) and SF-295 (glyoblastoma) as presented in Table 2,
all obtained from the National Cancer Institute (Bethesda,
MD, USA). The cells were plated in 96-well plates
(0.7 x 10* cells/well for adherent cells and 0.3 x 10°
cells/well for suspended cells) and compounds
(0.049-25 pg/mL) dissolved in DMSO were added to each
plate well.

In this report, we show the effect of eight acridine
derivatives on cell survival. The structures of the synthe-
sized compounds were confirmed by spectral data and
elemental analysis and they were in full agreement with the
proposed structures. The extent of inhibition of carcinoma
cell lines by these compounds is schematically presented in
Fig. 2. Among all the tested compounds, 3 and 7c¢ exhibited
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Table 2 Cytotoxicity activity of compounds for cancer cell lines
Compounds Cell lines

HL-60 SF-295  HCT-8 MDA-MB-435
3 >25 >25 =25 >25
5 >25 444 445 7.01
3.37-5.85 3.57-555 550-8.92
Ta =25 >25 19.26 >25
15.11-24.53
7h >25 >25 >25 >25
Tc >25 >25 >25 >25
7d 19.49 >25 20.63 >25
14.21-26.73 18.24-2334
Te >25 >25 >25 >25
" >25 >25 >25 >25
Dox 0.02 0.48 0.04 024
001-0.02  0.34-0.66 0.03-005 0.17-0.36

Data are present as 1Csq (pg/mL) values and 95 % confidence interval
obtain by nonlinear regression. Date represent two experiments per-
formed in triplicate. Doxorubicin (Dox) was used as positive control

the lowest inhibitory activity against the three carcinoma
cell lines tested, especially against the MDA-MB-435 cell
line. In addition, compounds 5, 7a, and 7d exhibited potent
inhibitory activity against the MDA-MB-435 and HCT-8
cell lines, with greater than 85 % of inhibition in the HCT-
8 cell line. The drugs concentrations that inhibited cell
growth by 50 % compared with control cells (IC50) were
under 25 pg/mL for the compounds 5, 7a, and 7d. Thus, the
compounds that had the best antitumor activity presented
the smallest values at the ICx, assays.

The biological activity of acridines is mainly attributed
to the planarity of these aromatic structures, which allows

Fig. 2 MTT assay for three
tumor cell lines: a SF-295. b
HCT-8 and ¢ MDA-MB-435.
Date represent two experiments
performed in triplicate.
Doxorubicin (dox) was used as
the positive control. All
compounds were tested at a
dose 25 pg/mL (Color figure
online)

% Cell inhibition

7@ Tb Jc

@ Springer

d

(9]

-

% Cell inhibition

them to intercalate within the double-stranded DNA
structure, thus interfering with the cellular machinery
(Belmont er al., 2007). In this way, connecting two planar
intercalating moieties to obtain a bisacridine derivative
generally increases the DNA binding affinity and the drug’s
residence times in the DNA-bound form (Antonini ef al.,
2003). As expected, compound 5, which contains two
acridine nucleus, showed a promising result.

In general, electronegative substituents at para position
on the phenyl ring contributed to the biological activity.
First the bromo group (7d) having a electron withdrawing
inductive effect and second the methoxy group (7a) having
electron donating effect

It is noteworthy that the position and the nature of the
substituent on the heterocyclic core are the determinants
for the biological properties observed. Therefore, it could
be concluded that the cell survival of the tumor cell lines
tested with the thiazacridine derivatives decreases in the
presence of a methoxy group (7a), or a bromo group (7d)
both at para position of the phenyl ring. However, the
increase in the steric bulk on the phenyl ring due to the
association of the bromo group (in mera) and methoxy
group (in para), as in compound 7f, did not contributed to
the activity.

Molecular modeling

In order to investigate the structures and properties of the
thiazacridines, all optimized geometries were obtained
using the AM1 semi-empirical method (Dewar er al.,
1985), available in the BioMedCAChe software, using the
internal default settings for convergence criteria. In addi-
tion, some electronic properties, such as electron affinity,
ionization potential and molecular dipole moment were

@
& 8 8 8

% Cell inhibition
~
o

=]

5 73 7 7 7d

7f Dox

7e Je

7f Dox

4

5§ 8 8 8

[
o
"

(=3

7@ b ¢ Md Ve I Dox

Apéndice C

Novos Agentes Tiazacridinicos com Propriedades Anticancer

Marina G R Pitta



Med Chem Res

135

Table 3 Molecular properties and pharmacokinetic parameters,
important for the good bioavailability of thiazacridine derivatives
and doxorubicin (dox): number of hydrogen-bond acceptor and donor
groups (nON and nOHNH. respectively), molecular weight (MW),
calculated octanol/water partition coefficient (miLogP), number of

rule’s violations (Nviolat), number of rotatable bonds (Nroth),
topological polar surface area (TPSA). molecular volume (Vol), the
scores to judge the compound’s overall potential to qualify for a drug
(druglikeness and drug-score), dipole moment, electron affinity, and
ionization potential energies

Compounds Lipinski’s rule of five

Nrotb® TPSA® Vol*

Druglikeness® Drug- Dipole Electron lonization

z ; ;
nON® nOHNH® MW*  miLogP* Nviolat b fg,’;l'y {’:\‘,")'J“‘"

3 4 0 30836 3.07 0 2 5027 259.51 2.15 042 248 121 8.56

5 5 0 49758 667% 1 3 64.86 42536 4.38 0.14 266 1.34 8.52

7a 5 0 42650 4.96 0 4 61.20 367.08 4.56 024 530 1.18 8.45

7h 4 0 41050 535¢ 1 3 51.97 358.10 297 02 472 122 8.46

7e 4 0 43092 558¢ 1 3 51.97 355.07 5.17 02 295 142 8.52

7d 4 0 47537 sn¢ 1 3 51.97 35942 246 017 272 147 8.53

7e 6 0 47456 378 0 4 86.11 389.53 4.54 024 198 1.84 8.63

7 5 0 50539 574 2 4 61.20 384.97 352 017 3.89 1.32 8.50

dox 124 543.52¢ 0.57 3 5 206.08 459.18 8.12 052 549 1.54 9.06

* http://www. molinspiration.com/cgi- bin/properties
® htpy//www.organic-chemistry.org/prog/peo

¢ BioMedCAChe software

4 Parameters that violate the Lipinski’s rule of five

calculated. Then, the molecules were submitted to the
classical analysis of Lipinski er al. (1997) using the Mol-
inspiration online tool. Lipinski’s rule of five verifies
molecular features related to the optimum bioavailability of
a drug. The number of rotatable bonds also seems to be an
important descriptor for this purpose (Wenlock er al.,
2003). Other properties were also calculated, such as the
topological polar surface area (TPSA), which is a very
useful parameter for the prediction of dmg transport
properties (Ertl er al., 2000), and molecular volume. In
addition, we evaluated the scores to judge the compound’s
overall potential to qualify as a drug (druglikeness and
drug-score) using the Osiris Property Explorer online sys-
tem (http://www.organic-chemistry.org/prog/peo). All of
these data are summarized in Table 3.

The TPSA is calculated at Molinspiration on-line, based
on the methodology published by Ertl er al. (2000) as a
sum of fragment contributions. Only oxygen- and nitrogen-
centered polar fragments are considered. While Bytheway
et al. (2008) applied TPSA analysis for drug design, Hou
and Xu (2003) have used TPSA data for ADME evaluation.
The computation of molecule volume in molinspiration
website is based on group contributions and has been
obtained by fitting the sum of fragment contributions to
real 3D volume for a training set of about twelve thousand,
mostly drug-like molecules.

From the Osiris Property Explorer online system, the
druglikeness approach is based on a list of about 5,300
distinct substructure fragments with associated scores. The
fragment list was created with traded drugs and commercially

available chemicals (Fluka), yielding a complete list of all
available fragments. The distribution of the druglikeness
values calculated for the 15000 Fluka chemicals remain in
the range from —20 to 4 with the maximum occurrence
around the value —1 for druglikeness score. The 3,300
traded drugs stay between — 13 and 10 with the maximum
around the value 2. This distribution shows that 80 % of
the traded drugs have a positive druglikeness score, while
the big majority of Fluka chemicals revealed negative
values of druglikeness. Therefore, it is promising see that
all the molecules calculated here have positive values of
druglikeness ranging from 2.15 to 5.17 values (Table 2).
The drug-score combines individual properties like drug-
likeness, cLogP, logS, molecular weight, and toxicity risks,
in one value than may be used to judge the compound’s
overall potential to qualify for a drug. The drug-score is
calculated by multiplying contributions of these individual
properties, which are described as parametrized spline
curves.

Thus, while the druglikeness values are based upon the
occumrence frequency of each molecule’s fragment in
commercial drugs, the drug-score evaluates the com-
pound’s potential to qualify as a drug and is related to
topological descriptors, fingerprints of druglikeness values,
structural keys, and other properties such as cLogP, logs,
molecular weight, and toxicity behavior. Several groups
(Bernardino er al., 2008; Campos ef al., 2009; Santos er al.,
2009) are using this scores (druglikeness and drug-score) to
evaluate the potential of the studied molecules to become
drugs.
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According to Lipinski’s rule, the violation of more than
one of the specified criteria may decrease bioavailability.
Our results demonstrated that all of the thiazacridine
derivatives, except 3-acridin-9-ylmethyl-5-(3-bromo-4-
methoxy-benzylidene)-thiazolidine-2,4-dione, compound
7f, obey Lipinski’s rule. It is important to stress that only
the miLogP values, for five molecules (5, 7b-d, and 7f),
slightly exceeds the value 5 preconized by Lipinski. In
addition, only for molecule 7f the molecular weight
slightly passes over the limit (500). Table 2 shows that the
reference drug, doxorubicin, seems to be very unlike the
thiazacridine molecules, which is expected because of its
peculiar molecular structure.

After a detailed analysis of the structure of thiazacridine
molecules, we can see in Fig. 3 possible points of inter-
actions of compound 5. This derivative present high
activity, at least against the HCT-8 and MDA-MB-435 cell
lines (see Table 1). The benefits of these compounds,
regardless of the phammacological target, are the presence
of two aromatic rings (m systems), significant planarity
(intercalating ability) and the presence of three hydrogen-
bond acceptors, two of which are stronger (oxygen atoms)
than the other (sulfur atom).

Acridine and its derivatives are the most extensively
studied DNA intercalating agents that bind reversibly but
non-covalently to DNA (Hou and Xu, 2003). We evaluated
the molecular properties and pharmacokinetic parameters
of thiazacridine derivatives, which are considered potential
drugs for anticancer treatment. Some compounds showed
slightly better results when compared to the reference drug

pRingArematic

Fig. 3 Possible molecular points of interactions of thiazacridine
derivatives using 3-acridin-9-ylmethyl-5-acridin-9-ylmethylene- thia-
zolidine-2.4-dione, compound 5. as example. “Acceptor™ corre-
sponds to hydrogen-bond acceptor points and “Ring Aromatic”
corresponds to aromatic rings. Carbon, oxygen. nitrogen and sulfur
atoms are represented with gray. red. blue. and yellow colors.
respectively. This figure was generated with DS visualizer software
(Bytheway er al.. 2008) (Color figure online)
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(doxorubicin), especially compounds 3-acridin-9-ylmethyl-
5-(4-bromo-benzylidene)-thiazolidine-2,4-dione, com-
pound 7d, and 3-acridin-9-ylmethyl-5-acridin-9-ylmethy-
lene-thiazolidine-2 4-dione, compound 5, which were very
active against the HCT-8 and MDA-MB-435 cell lines.

Materials and methods

All the synthesized compounds were analyzed with mul-
tiple analytical procedures. Melting points were determined
in a capillary tube using a Quimis apparatus. Infrared
spectra (IR) were recorded on a Bruker IFS66 spectrome-
ter. '"H NMR spectra were recorded on a Varian Plus
300 MHz spectrometer using DMSO-d,; as a solvent and
tetramethylsilane as an internal standard. The chemical
shifts are expressed in ppm, and the following abbrevia-
tions are used: s is the singlet, d the doublet, t the triplet
and m the multiplet. Mass spectra were recording using
liquid chromatography/MS (LC/MS) with a HCT Ultra
from Bruker Daltonics and were performed by electrospray
ionization in positive or negative mode. The base peak of
the MS spectrum is set to 100 (in percentage), and the
height of the others peaks are measured relative to the base
peak.

Experimental

Synthesis of 3-acridin-9-ylmethyl-thiazolidine-2,4-diones
(3)

Thiazolidine-2,4-dione, compound 1, (1.0 eq) and sodium
hydroxide, previously solubilized in ethanol, were stirred
for 10 min at room temperature (25 °C). 9-Bromomethyl-
acridine, compound 2, (1.0 eq) was added, and the mixture
was stirred at 60 °C for 7 h. After completion of the
reaction, the mixture was filtered and washed with water.
The product obtained was a yellow solid. Formula:
Cy7H;2N205S. Melting point (m.p.): 196-197 °C. Yield:
51 %. IR (KBr, cm™"): 2889 (-CH,-), 1750 (C=0), 1694
(C=0), 750 (C-H). H'NMR (300 MHz, DMSO-d;) ¢ 8.42
(d, 2H, J=87Hz, Acr-H, 4 pos.), 8.17 (d, 2H,
J = 8.4 Hz, Acr-H, 1 pos.), 7.83-7.88 (m, 2H, Acr-H, 3
pos.), 7.65-7.70 (m, 2H, Acr-H, 2 pos.), 5.75 (s, 2H,
N-CH5), 4.23 (s, 2H, S—-CH,). MS m/z (%): (M+H)™ 309.1
(100), calculated 308: +MS2 309.1 (56), 235 (100), 192
(98).

General preparation of 3-acridin-9-ylmethyi-5-arylidene-
thiazolidine-2,4-dione (5 and 7a—f)

3-Acridin-9-ylmethyl-thiazolidine-2,4-dione, compound 3,
(1.0 eq) and either 3-acridin-9-yl-2-cyano-acrylic acid
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ethyl ester, compound 4, (1.0 eq) or one of the phenyl-
substituted 2-cyano-3-phenyl-acrylic acid ethyl esters,
compounds 6a—f, were refluxed in ethanol in the presence
of piperidine and heated at 50 °C for 4 h. After this period,
the mixture was filtered and washed with water and ethanol
(Pitta er al., 2004, 2007).

3-Acridin-9-ylmethyl-5-acridin-9-ylmethylene-
thiazolidine-2,4-dione (5)

Yellow solid. C3;HoN3O,S. m.p.: 243-245 °C. Yield:
11 %. IR (KBr, cm™'): 1759 (C=0), 1694 (C=0), 760
(C-H). H'NMR (300 MHz, DMSO-d;;) & 8.75 (s, IH,
=CH), 8.54 (d, 2H, J = 9.0 Hz, 3-Acr-H; 4 pos.), 8.21 (d,
2H, J= 8.7 Hz, 5-Acr-H, 4 pos), 8.13 (d, 2H,
J = 8.1 Hz, 3-Acr-H, 1 pos.), 8.04 (d, 2H, J = 8.4 Hz,
5-Acr-H, 1 pos.), 7.87-792 (m, 2H, 5-Acr-H, 3 pos.),
7.81-7.84 (m, 2H, 3-Acr-H, 3 pos.), 7.72-7.77 (m, 2H,
5-Acr-H, 2 pos.), 7.60-7.68 (m, 2H, 3-Acr-H, 2 pos.), 5.96
(s, 2H, —CH,). MS m/z (%): (M+H)™ 498.2 (100), calcu-
lated 497 +MS2 498.2 (28), 305 (99), 236 (43), 193 (100).

3-Acridin-9-ylmethyl-5-(4-methoxy-benzylidene)-
thiazolidine-2,4-dione (7a)

Yellow solid. C;sHgN,O5S. mp.: 225-226 °C. Yield:
52 %. IR (KBr, cm™'): 1744 (C=0), 1679 (C=0), 1593
(C=C), 756 (C—H). H'NMR (300 MHz, DMSO-d) 6 8.49
(d, 2H, J=90Hz, Acr-H, 4 pos), 8.16 (d, 2H,
J = 8.4 Hz, Acr-H, | pos.), 7.90 (s, 1H, =CH), 7.81-7.89
(m, 2H, Acr-H, 3 pos.), 7.60-7.71 (m, 2H, Acr-H, 2 pos.),
7.55 (d, 2H, J = 8.7 Hz, Ar-H, 2,6 pos.), 7.08 (d, 2H,
J = 8.7 Hz, Ar-H, 3,5 pos.), 5.93 (s, 2H, N-CH), 3.81
(s, 3H, O-CH,).). MS m/z (%): (M+H)™ 4272 (100),
calculated 426; +MS2 427.2 (54), 235 (100), 193 (70).

3-Acridin-9-ylmethyl-5-(4-methyl-benzylidene )-
thiazolidine-2,4-dione (7b)

Yellow solid. CasHigN>05S. mop.: 194-195 °C. Yield:
20 %. IR (KBr, cm™"): 1729 (C=0), 1674 (C=0), 1604
(C=C), 760 (C-H). H'NMR (300 MHz, DMSO-dg) 6 8.46
(d, 2H, J =87 Hz, Ac-H, 4 pos), 8.19 (d, 2H,
J = 8.7 Hz, Acr-H, 1 pos.), 7.90 (s, 1H, =CH), 7.81-7.86
(m, 2H, Acr-H, 3 pos.), 7.60-7.71 (m, 2H, Acr-H, 2 pos.),
7.47 (d, 2H, J = 8.1 Hz, Ar-H, 2,6 pos.), 7.33 (d, 2H,
J = 8.1 Hz, Ar-H, 3,5 pos.), 5.92 (s, 2H, N-CH,) 2.34
(s, 3H, —CH3). MS m/z (%): (M+H)" 411.2 (100), calcu-
lated 410; +MS2 411.2 (48), 235 (100), 193 (39).

3-Acridin-9-yimethyl-5-(4-chloro-benzylidene)-
thiazolidine-2,4-dione (7¢)

Yellow solid. C24HsCIN>O>S. m.p.: 229-231 °C. Yield:
47 %. IR (KBr, cm™"): 1739 (C=0), 1689 (C=0), 1608
(C=C), 750 (C-H). H'NMR (300 MHz, DMSO-d,) 6 8.45
(d, 2H, J=87Hz, Acr-H, 4 pos.), 8.9 (d, 2H,
J = 8.7 Hz, Acr-H, 1 pos.), 7.93 (s, 1H, =CH), 7.83-7.88
(m, 2H, Acr-H, 3 pos.), 7.66-7.71 (m, 2H, Acr-H, 2 pos.),
7.62-7.56 (m, 4H, Ar-H), 5.93 (s, 2H, N-CH,). MS m/z
(%): (M+H)™ 431.1 (100), calculated 430; +MS2 431.1
(77), 235 (100), 193 (50).

3-Acridin-9-yimethyl-5-(4-bromo-benzylidene)-
thiazolidine-2 4-dione (7d)

Yellow solid. Ca4HsBrN>O,S. m.p.: 222-223 °C. Yield:
24 %. IR (KBr, cm™"): 1744 (C=0), 1689 (C=0), 1608
(C=C), 750(C—H). H'NMR (300 MHz, DMSO-d¢) & 8.45
(d, 2H, J=9.0Hz, Acr-H, 4 pos.), 8.19 (d, 2H,
J = 8.7 Hz, Acr-H, 1 pos.), 790 (s, IH, =CH), 7.84-7.89
(m, 2H, Acr-H, 3 pos.), 7.70-7.73 (d, 2H, J = 8.7 Hz,
Ar-H, 3,5 pos.), 7.66-7.71 (m, 2H, Acr-H, 2 pos.), 7.51 (d,
2H,J = 8.4 Hz, Ar-H, 2,6 pos.), 5.92 (s, 2H, N-CH,). MS
m/z (%): (M+H)T 475.1 (92), (M+2+H)™ 477.1 (100),
calculated 474; +MS2 475.1 (100), 235 (98), 193 (50).

3-Acridin-9-yimethyl-5-(4-methanesulfonyl-benzylidene )-
thiazolidine-2 4-dione (7e)

Yellow solid. CpsHysN20,S m.p.: 227228 °C. Yield:
28 %. IR (KBr, cm™"): 3440 (0=S=0), 1744 (C=0), 1689
(C=0), 1608 (C=C), 1142 (0=S=0). H'NMR (300 MHz,
DMSO-ds) & 8,46 (d, 2H, J = 8.4 Hz, Acr—H, 4 pos.), 8,19
(d, 2H, J=81Hz Acr-H, 1 pos.), 803 (d 2H,
J = 7.2 Hz, Ar-H, 3.5 pos.), 8,02 (s, IH, = CH), 785 -
7.90 (m, 2H, Acr-H, 3 pos), 7.83 (d, 2H, J = 8.4 Hz,
Ar-H, 2,6 pos.), 7.67-7.73 (m, 2H, Acr-H, 2 pos.), 5.94 (s,
2H, N-CHa), 3.25 (s, 3H, S—CH3). MS m/z (%): (M+H)™
475.1 (100), 383 (99), calculated 474; +MS2 475.1 (65),
396 (100), 235 (90), 193(40), 192 (55).

3-Acridin-9-yimethyl-5-(3-bromo-4-methoxy-benzylidene )-
thiazolidine-2 4-dione (7f)

Yellow solid. CasHy7BrN>O3S. m.p.: 230-232 °C. Yield:
62 %. IR (KBr, cm™"): 1730 (C=0), 1684 (C=0), 1589
(C=0), 1267 (C-0), 756 (C-H). H'NMR (300 MHz,
DMSO-ds) 6 8,46 (d, 2H, J = 84 Hz, Acr-H, 4 pos.), 8,19
(d, 2H, J = 8,1 Hz, Acr-H, 1 pos.), 7.89 (s, IH, =CH),
7,86-7,87 (m, 2H, Acr-H, 3 pos.), 7,85 (d, 1H, J = 3 Hz,
Ar-H, 2 pos.), 7,65-7,72 (m, 2H, Acr-H, 2 pos.), 7.58 (dd,
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IH, J =87 and 1.8 Hz, Ar-H, 6 pos.), 7,26 (d, IH,
J = 9,0 Hz, Ar-H, 5 pos.), 5,92 (s, 2H, N-CH,), 399 (s,
3H, O-CHi). MS m/z (%): (M+H)™ 505.1 (99.5),
(M4+2+H)™ 507.1 (100), calculated 504; +MS2 505.1
(14), 490 (71), 235 (100), 192 (71), 193 (72).

Conclusion

The eight newly synthesized 3-acridin-9-ylmethyl-thiazoli-
dine-24-dione and 3-acridin-9-ylmethyl-5-arylidene-thia-
zolidine-2 4-dione analogues were evaluated for their
anticancer activity against the human cancer cell lines con-
sisting of central nervous system (SF-295), colon carcinoma
(HCT-8) and the melanoma (MDA-MB-435). We have
found that the acridine dimer 3-acridin-9-ylmethyl-5-acri-
din-9-ylmethylene-thiazolidine-2,4-dione demonstrates
potent DNA binding affinity and a significant anticancer
activity against all the three cancer cell lines tested. The great
majority of the molecules presented in this paper seems to
obey the Lipinski's rule of five regarding the bioavailability
features. In addition, the compound 3-acridin-9-ylmethyl-5-
(4-methoxy-benzylidene)-thiazolidine-2,4-dione having
electron donating group methoxy as substituent on phenyl
ring and the compound 3-acridin-9-ylmethyl-5-(4-bromo-
benzylidene)-thiazolidine-2 4-dione having a electron with-
drawing inductive effect of the bromo group on the phenyl
ring also exhibited strong inhibition in the same cell lines.
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Thiazacridine derivatives (ATZD) are a novel class of cytotoxic agents that combine an acridine and thiazoli-
dine nucleus. In this study, the cytotoxic action of four ATZD were tested in human colon carcinoma HCT-8
cells: (5Z)-5-acridin-9-ylmethylene-3-(4-methylbenzyl)-thiazolidine-24-dione — AC4; (5ZE)-5-acridin-9-
yimethylene-3-{4-bromo-benzyl)-thiazolidine-2 4-dione — AC-7; (5Z)-5-( acridin-9-ylmethylene)-3-(4-chloro-
benzyl)-13-thiazolidine-24-dione — AC-10; and (5ZF)-5-(acridin-9-yimethylene)-3-(4-fluoro-benzyl)-1,3-
thiazolidine-2 4-dione — AC-23. All of the ATZD tested reduced the proliferation of HCT-8 cells in a

ﬁfﬁ‘,’;ﬂ’ concentration- and time-dependent manner. There were significant increases in internucleosomal DNA
Thiazolidine fragmentation without affecting membrane integrity. For morphological analyses, hematoxylin-eosin and
Thiazacridine acridine orange/ethidium bromide were used to stain HCT-8 cells treated with ATZD, which presented
DNA topoisomerase | the typical hallmarks of apoptosis. ATZD also induced mitochondrial depolanisation and phosphatidylserine
Apoptosis exposure and increased the activation of caspases 3/7 in HCT-8 cells, suggesting that this apoptotic cell
death was caspase-dependent. In an assay using Saccharomyces cerevisice mutants with defects in DNA
topoisomerases 1 and 3, the ATZD showed enhanced activity, suggesting an interaction between ATZD
and DNA topoisomerase enzyme activity. In addition, ATZD inhibited DNA topoisomerase | action in a
cell-free system. Interestingly, these ATZD did not cause genotoxicity or inhibit the telomerase activity in
human lymphocyte cultures at the experimental levels tested. In conclusion, the ATZD inhibited the DNA

topoisomerase | activity and induced tumour cell death through apoptotic pathways.
© 2013 Elsevier Inc. All rights reserved.
Introduction are important anticancer targets, and topoisomerase inhibitors such

Topoisomerases are enzymes that regulate the overwinding or
underwinding of DNA. They relax DNA supercoiling and perform cat-
alytic functions dunng replication and transcription. There are two
types of topoisomerases: type I enzymes that cleave one strand of
DNA; and type II enzymes that cleave both strands. Both types of
topoisomerases are essential for mammalian cell survival. Therefore,
DNA topoisomerases are important targets for the development of cy-
totoxic agents (Miao et al, 2007; Moukharskaya and Verschraegen,
2012; Pommier et al., 2010; Vos et al,, 2011). Topoisomerases I and Il

* Corresponding authors. Fax: -+ 55 85 3366 8333,
E-mail addresses: danielpbezerra@gmall.com (D.P. Bezerra), cpessoa@ufcbr
(C. Pessoa).

0041-008X/$ - see front matter © 2013 Elsevier Inc All rights reserved.
http: //dxdotorg/10.1016/j.taap 201301010

as camptothecin derivatives (e.g, topotecan and irinotecan), which
are used dinically to inhibit the enzymatic activity of topoisomerase I
{type | enzyme), and podophyllotoxin denvatives (e.g., etoposide and
teniposide), which inhibit the enzymatic activity of topoisomerase Il
{type Il enzyme) (Hartmann and Lipp, 2006) are used to block cancer
growth.

Amsacrine (m-AMSA), an acridine derivative, was the first syn-
thetic topoisomerase inhibitor approved for clinical treatment. Al-
though m-AMSA is an intercalator and topoisomerase 11 inhibitor, its
metabolism has been assodated with the production of free radicals,
which may cause serious harm to normal tissues (Belmont et al.,
2007; Blasiak et al,, 2003; Ketron et al, 2012; Sebestik et al,, 2007).

A number of clinical and experimental studies have demonstrated
that acridine and thiazolidine dervatives are promising cytotoxic
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agents. Recently, we described the synthesis of a novel class of cyto-
toxic agents, thiazacridine derivatives (ATZD), that couple the
acridine and thiazolidine nucleus: (5Z)-5-acridin-9-ylmethylene-
3-(4-methylbenzyl)-thiazolidine-2,4-dione (AC-4); (5ZE)-5-acridin-
9-ylmethylene-3-(4-bromo-benzyl)-thiazolidine-2 4-dione (AC-7);
(5Z)-5-(acridin-9-ylmethylene)-3-(4-chloro-benzyl)-1,3-thiazolidin-
e-24-dione (AC-10); and (5ZE)-5-(acridin-9-ylmethylene)-3-(4-
fluoro-benzyl)-13-thiazolidine-24-dione (AC-23). The chemical
structures of these ATZD are illustrated in Fig. 1; their ability to inter-
act with DNA was demonstrated using an electrochemical technique.
These ATZD have demonstrated a solid tumour-selective cytotoxidty
(Barros et al., 2012). Here, we study the mechanism of ATZD's selec-
tive cytotoxidaty (AC-4, AC-7, AC-10 and AC-23) in human colon car-
cinoma HCT-8 cells.

Material and methods

The synthesis of thiazacridine derivatives.  The chemical data and syn-
thetic procedures for (5Z)-5-acridin-9-ylmethylene-3-(4-methylbenzyl)-
thiazolidine-2 4-dione (AC-4), (5ZE )-5-acridin-9-yimethylene-3-(4-
bromo-benzyl)-thiazolidine-2,4-dione (AC-7), (5Z)-5-(acridin-9-yimeth-
ylene)-3-(4-chloro-benzyl)-13-thiazolidine-2,4-dione (AC-10) and
(5ZE)-5-( acridin-9-yimethylene }-3-( 4-fluoro-benzyl )-1,3-thiazolidi-
ne-2,4-dione (AC-23) are reported elsewhere (Barros et al, 2012;
Mourdo et al, 2005; Silva et al, 2001). Thiazolidine-2 4-dione was
N-(3)-alkylated in the presence of potassium hydroxide, which en-
abled the thiazolidine potassium salt to react with the substituted
benzylhalide in a hot alcohol medium. The thiazacridine derivatives
were synthesised by the nucleophilic addition of substituted 3-
benzyl-thiazolidine-diones on 3-acridin-9-yl-2-cyano-acrylic acid
ethyl ester. The mechanisms of cytotoxic action for the thiazacridine
derivatives were studied as single Z isomers for AC-4 and AC-10.
The AC-7 and AC-23 compounds were studied as isomeric mixtures,
but the Zisomer was the major stereoisomer.

Strains and media for the yeast assays. The Saccharomyces cerevisiae
strains in this study were acquired from Euroscarf ( European Saccharo-
myces cerevisiae Archive for Functional Analysis). The following
S. cerevisiae genotypes were used in this study: BY-4741 (MATa; his3A
1; leu2A 0; met15A 0; ura3A 0); ToplA (YOLOOGc), same as BY4741
with YOLOO6c::kanMX4; Top3A (YLR234w), same as BY4741 with
YLR234w::kanMX4. The media, solutions and buffers were prepared as
previously described (Burke et al, 2000). Complete medium (YPD),
containing 1% yeast extract, 2% peptone and 2% glucose was used for
routine growth. The stationary-phase cultures were obtained by inocu-
lating an isolated colony into liquid YPD medium and incubating the

AC-10

culture at 28 °Cfor 72 h with shaking (for aeration). Cultures in the ex-
ponential phase were obtained by inoculating 5 x10° cells/ml of the
stationary-phase YPD culture into fresh YPD medium at 28 °C for 2 h.
The cell concentrations were determined in a Neubauer chamber
using a light microscope (LO, Laboroptik GmbH, Bad Homburg, Hessen,
Germany).

Cell lines and cell culture.  The cytotoxicity of ATZD was evaluated
using human colon carcinoma HCT-8 cells donated by the Children's
Mercy Hospital, Kansas City, MO, USA. The cells were maintained in
RPMI-1640 medium supplemented with 10% foetal bovine serum,
2 mM glutamine, 100 pg/ml streptomycin and 100 U/ml penicillin.
The cells were kept in tissue-culture flasks at 37 "C in a humidified at-
mosphere with 5% CO; and were harvested with a 0.15% trypsin-
0.08% EDTA, phosphate-buffered saline solution (PBS).

The following experiments were performed to determine ATZD's cy-
totoxic mechanisms in HCT-8 cells. For all cell-based assays, the HCT-8
cells were seeded (0.7x10° cells/ml) and incubated overnight to
allow the cells to adhere to the plate surface. Then, the cells were treat-
ed for 12- and /or 24-h at concentrations of 2.5, 5 and/or 10 pg/mi, cor-
responding to: 6.1, 122 and 24.4 uM for AC-4; 5.3,106 and 21.2 uM for
AC-7;5.8,11.6and 23.2 uM for AC-10; 6.0, 12.1 and 24.1 yM for AC-23,
respectively. The trypan blue exclusion test was performed before each
experiment described below to assess cell viability. The negative control
was treated with the vehicle (0.1% DMSO) used for diluting the tested
substances. Amsacrine (m-AMSA, 0.3 ug/ml [0.8 uM], Sigma Chemical
Co. StLouis, MO, USA) or doxorubicin (0.3 pg/mi[0.6 uM], Sigma Chem-
ical Co. St Louis, MO, USA) was used as the positive control. The con-
centrations of ATZD used here were based on their ICs, value in this
cell line (3.1 pug/ml for AC-4, 5.3 pg/ml for AC-7, 3.6 ug/ml for AC-10
and 2.3 pg/ml for AC-23) as previously described (Barros etal,, 2012).

Trypan blue dye exclusion test.  Cell proliferation was determined
using the Trypan blue dye exdusion test. After each incubation peri-
od, the cell proliferation was assessed. Cells that excluded trypan
blue were counted using a Neubauer chamber.

BrdU incorporation assay.  Twenty microliters of 5-bromo-20-deoxy-
undine (BrdU, 10 mM) was added to each well and incubated for 3 h
at 37 "C before 24-h of drug exposure. To assess the amount of BrdU in-
corporated into DNA, cells were harvested, transferred to cytospin
slides (Shandon Southern Products Ltd., Sewickley Pennsylvania,
USA) and allowed to dry for 2 h at room temperature. Cells that
had incorporated BrdU were labelled by direct peroxidase immuno-
cytochemistry using the chromogen diaminobenzidine. The slides
were counterstained with hematoxylin, mounted and put under a

Fig. 1. The chemical structures of thiazacridine derivatives.

Apéndice D

Novos Agentes Tiazacridinicos com Propriedades Anticancer

Marina G R Pitta



143

EWA. Barros et al / Toxicology and Applied Pharmacology 268 (2013) 37-46 39

cover slip. A light microscopy ( Olympus, Tokyo, Japan ) was used to de-
termine BrdU-positivity. Two hundred cells per sample were counted
to determine the percent of BrdU-positive cells.

Morphological analyses using hematoxylin-eosin staining.  Untreated
or ATZD-treated HCT-8 cells were examined for morphological
changes under a light microscopy (Metrimpex Hungary/PZO-Labimex
Model Studar lab). To evaluate any alterations in morphology, cells
from the cultures were harvested, transferred to a cytospin slide,
fixed with methanol for 30 s, and stained with hematoxylin-eosin.

Morphological analyses using a fluorescence microscope.  Cells were
pelleted and resuspended in25 pl of PBS. Then, 1 ul of aqueousacridine
orange/ethidium bromide solution (AO/EB, 100 ug/ml) was added and
the cells were observed under a fluorescence microscope (Olympus,
Tokyo, Japan). Three hundred cellswere counted per sample and classi-
fied as viable, apoptotic or necrotic (McGahon et al, 1995).

Cell membrane integrity. The integrity of the cell membrane was
evaluated using the exclusion of propidium iodide (2 pg/ml, Sigma
Chemical Co. St Louis, MO, USA). Cell fluorescence was determined by
flow cytometry in a Guava EasyCyte Mini System cytometer using
CytoSoft 4.1 software (Guava Technologies, Haywanrd, California, USA).
Five thousand events were evaluated per experiment and the cellular
debnis was omitted from the analysis.

Cell cycle distribution.  The cells were harvested in a lysis solution
(citrate 0.1%, triton X-100 0.1% and propidium iodide 50 pg/ml)
(Nicoletti et al., 1991), and the cell fluorescence was determined by
flow cytometry, as described above.

Measurement of the mitochondrial transmembrane potential. The
mitochondrial transmembrane potential was determined by the reten-
tion of rhodamine 123 dye (Gorman et al., 1997; Sureda et al,, 1997).
The cells were washed with PBS, incubated with rhodamine 123
(5 pg/ml, Sigma Chemical Co. St Louis, MO, USA) at 37 °C for 15 min
in the dark and washed twice. The cells were then incubated again in
PBS at 37 "C for 30 min in the dark and their fluorescence was mea-
sured by flow cytometry, as described above.

Annexin assay. Phosphatidylserine externalisation was analysed
by flow cytometry (Vermes et al., 1995). A Guava® Nexin Assay Kit
(Guava Technologies, Hayward, CA) determined which cells were ap-
optotic (early apoptotic+late apoptotic). The cells were washed
twice with cold PBS and then re-suspended in 135 ul of PBS with
5 ul of 7-amino-actinomycin D (7-AAD) and 10 ul of Annexin V-PE
The cells were gently vortexed and incubated for 20 min at room tem-
perature (20-25 °C) in the dark. Afterwards, the cells were analysed
by flow cytometry, as described above.

Caspase 3/7 activation.  Caspase 3/7 activity was analysed by flow
cytometry using the Guava® EasyCyte Caspase 3/7 Kit (Guava Tech-
nologies, Hayward, CA). The cells were incubated with Fluorescent
Labelled Inhibitor of Caspases (FLICATM) and maintained for 1 h at
37 °C in a CO; incubator. After incubation, 80 pl of wash buffer was
added and the cells were centrifuged at 2000 rpm for 5 min. The
resulting pellet was resuspended in 200 Wl of wash buffer and
centrifuged. The cellswere then re-suspended in the working solution
(propidium iodide and wash buffer) and analysed immediately using
flow cytometry, as described above.

Drop testassay to determine the sensitivity of mutant S. cerevisiae strains
with defective topoisomerases. The drop test assay determined the
relative sensitivity of different S. cerevisiae strains to ATZD treatment.
The following S. cerevisiae strains were used: BY-4741, Top1A and
Top3A. Cells were treated with ATZD at concentrations of 50 and

100 pg/ml and more, 4 dilutions 1:10 were performed. A suspension
of 2x10° cells/ml of S. cerevisige in the exponential phase was used.
An aliquot of 3 ul of each dilution was added to plates containing
YEPD medium (YEL-+agar). After 3-4 days of growth at 28 "C, the
plates were photographed. m-AMSA served as the positive control.

DNA relaxation assay.  The inhibitory effects of ATZD on human DNA
topoisomerase | were measured using a Topo I Drug Screening Kit
(TopoGEN, Inc.). Supercoiled (Form I) plasmid DNA (250 ng) was in-
cubated with human Topo I (4 units) at 37 °C for 30 min in relaxation
buffer (10 mM Tris buffer pH 7.9, 1 mM EDTA, 0.15 M NaCl, 0.1% BSA,
0.1 mM spermidine and 5% glycerol) in the presence or absence of
ATZD (50 and 100 ug/ml, final 20 wl). The concentrations used were
based on the positive control indicated in this Kit CPT (100 uM)
served as the positive control. The reaction was terminated by the
addition of 10% SDS (2 ) and proteinase K (50 ug/ml) and incubated
at 37 “C for 30 min. The DNA samples were added to the loading dyes
(2 W) and subjected to electrophoresis on a 1% agarose gel for 90 min
at room temperature and visualised with ethidium bromide.

Assessment of the genotoxic effect in human lymphocytes. A primary
culture was obtained using a standard protocol and a Ficoll gradient.
In addition, phytohemagglutinin (PHA) served as a mitogen to trigger
cell division in T-lymphocytes. Peripheral blood was collected from
four (two women and two men) healthy donors, 19-30 years of age
with no history of smoking/drinking or chronic drug use. Venous
blood (10 ml) was collected from each donor into heparinised
vials. Lymphocytes were isolated with a Ficoll density gradient
(Histopaque-1077; Sigma Diagnostics, Inc, St. Louis). The culture
medium consisted of RPMI 1640 supplemented with 20% foetal bovine
serum, phytohemagglutinin (final concentration: 2%),2 mM glutamine,
100 U/ml penicillin and 100 pg/ml streptomydn at 37 °C with 5% CO,
(Berthold, 1981; Brown and Lawce, 1997; Hutchins and Steel, 1983).
For all of the experiments, cell viability was performed using the Trypan
Blue assay. Ninety percent of the cells had to be viable before starting
the experiments.

Alkaline comet assay. The alkaline (pH>13) version of the comet
assay (Single Cell Gel Electrophoresis) was performed, as described by
Singh et al. (1988) with minor modifications (Hartmann and Speit,
1997). The slides were prepared in duplicate and 100 cells were
screened per sample (50 cells from each duplicate slide) using a fluores-
cence microscope (Zeiss ) equipped witha515-560 nm exditation filter,
a 590 nm barner filter, and a 40x objective. The cells were visually
scored and sorted into five classes according to tail length: (1) dass 0:
undamaged, without atail; (2) class 1: with atail shorter thanthe diam-
eterof the head (nudeus); (3) class2: witha tail length 1-2 x the diam-
eter of the head; (4) dass 3: with a tail longer than 2 x the diameter of
the head; and (5) class 4: comets with no heads. A value of damage
index (DI) was assigned to each comet according to its dlass, using the
formula: DI=(0xng)+ (1xm;)+(2xn3) + (3xn3)+ (4xng), where
n=number of cells in each class analysed. The damage index ranged
from 0 (completely undamaged: 100 cells x 0) to 400 (with maximum
damage: 100 cellsx 4). DI was based on migration length and on the
amount of DNA in the tail and was considered a sensitive measure of
DNA (Speit and Hartmann, 1999).

Chromosome aberration assay. We used naturally synchronised
human penpheral blood lymphocytes with more than 95% of the cells
in the Gy phase (Bender et al,, 1988; Wojdk et al, 1996). Short-term
lymphocytes cultures, at a concentration of 0.3 x 10° cells/ml, were ini-
tiated according to a standard protocol (Preston et al,, 1987). ATZD were
studied at different phases of the cell cycde based on the protocol
described by Cavalcantietal. (2008 ) with minor modifications. Doxoru-
bicin (0.3 ug/ml) served as a positive control In the experimental pro-
cedures, when ATZD was added after 24-h, cells in both the G, and S
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stages were exposed, whilst it can be assumed that when ATZD was
added after 69 h, only cells in the G, stage were exposed. When ATZD
was added at the same time as the PHA stimulation (in culture start,
0 h), the cells were exposed in the G, stage. To obtain a sufficient num-
ber of analysable metaphases, colchicine was added at a final concen-
tration of 0.0016%, 2 h prior to harvesting. The cells were harvested
by centrifugation, treated with 0.075 M KQ at 37 °C for 20 min,
centrifuged and fixed in 1:3 (v/v) acetic add:methanol. Finally, the
slides were prepared, air-dried and stained with a 3% Giemsa solution
(pH 6.8) for 8 min (Moorhead et al,, 1960).

The slides were analysed with a light microscope; the structural and
numercal CAs were examined during metaphase in the ATZD-treated
culturesand the respective controls. The frequency of CAs (in 100 meta-
phases per culture) and the mitotic index (MI, number of metaphases
per 2.000 lymphocytes per culture) were determined.

Telomerase inhibition assay. The ability of ATZD to inhibit telome-
rase action was measured by determining telomere length using fluo-
rescence in situ hybridisation with probes to telomeric sequences
(TELO-FISH), as described by Lansdorp (1995) and Lansdorp et al.
(1996). Short-term lymphocyte cultures were initiated according to
a standard protocol (Preston et al, 1987) and were fixed (methanol:
acetic acid, 3:1) on slides. The slides were hybridised with the pan
telomeric Star FISH probe. The measurement of telomere length de-
termined in each nudeus, was acquired using the image capturing
software Applied Special Imaging analysis system. The images were
processed using the TFL-TELO software following the protocol (Poon
etal, 1999),

Statistical analysis.  The data are presented as the means+ standard
ermror of the mean of n experiments. The differences among experi-
mental groups were compared using a one-way analysis of variance
(ANOVA) followed by a Newman-Keuls test (p<0.05). All analyses
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Fig. 3. The effect of thiazacridine derivatives on the proliferation of human colon card-
noma HCT-8 cells. To determine the extent of cell proliferation, inhibition BrdU incor-
poration was determined after a 24-h incubation. The data presented are the mean
values+ SEM. from three independent experments performed in duplicate. The
negative control was treated with the same vehicle (NC, 0.1% DMSO) that diluted the
tested substance, Amsacrine (PC, m-AMSA, 0.3 pg/ml) served as the positive control.
*, p=005 compared to the negative control using an ANOVA followed by a Student
Newman-Keuls tests.

were carried out using the GRAPHPAD programme (Intuitive Soft-
ware for Sdence, San Diego, California, USA).

Results

Thiazacridine derivatives inhibit the proliferation of human colon
carcinoma in HCT-8 cells

Human colon carcinoma HCT-8 cells were treated with 25, 5 and
10 ug/ml of ATZD for 12- and/or 24-h and analysed in three different
assays (trypan blue dye exclusion, propidium iodide exclusion and

35
E
o
L
-
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i
(8]
NC PC 25 5 10 25 5 10 25 5 10 25 5 10 (ug/ml)
D AC-4 AC-7 AC-10 AC-23
35
E 30-
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% 20- - . ..
_§15_ . * *
< 104 G )
o
T 54
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AC-4 AC-7 AC-10 AC-23

Fig 2 The effect of thiazaaidine derivatives on the proliferation of human colon carcinoma HCT-8 cells. A and B — the inhibition of cell poliferation was determined using the
trypan blue dye exclusion method after 12- and 24-h incubations, respectively. C and D — the inhibition of cell proliferation was also determined using flow cytometry and
propidium iodide after 12- and 24-h incubations, respectively. The data are presented as the mean values 4 SEM. from three independent experiments performed in duplicate.
The negative control was treated with the vehide (NC 0.1% DMSO) that diluted the test substance, Amsacrine (PC, m-AMSA, 0.3 pg/ml) was the positive control. For the flow cy-
tometry analyses, 5000 events were analysed in each experiment. *, p<0.05 compared to the negative control using an ANOVA followed by a Student Newman-Keuls test.
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Table 1
The effect of thiazacridine derivatives on the cell cycle distribution on human colon
HCT-8 cells.

Drug Concentration
(pg/ml)

Cell cycle distribution (%)

Sub-G, G/Gqg S Ga/M
After 12-h incubation
NC & 18401 628408 125403 157404
PC 03 15404 325+417° 203424% 405+21°
AC4 25 38405° 582417 138+09 197+08%
5 44403" 570411 152405 174413
10 99411° 552427 145406 129409
AC-7 25 24404 583412 135406 192405%
5 50406 578+13 153410 162404
10 844+09° 581416 153414 122406
AC-10 25 37405° 576416 141405 199405"
5 53406° 582412 144403  17.6407
10 69+05° 584+13 135406 167409
AC-Z3 25 33408 584410 147410 166403
5 46+10" 576407 166+L1 139405
10 81+08" 605+03 130408 11.9+05"
After 24-h incubation
NC - 47404 596408 144408  160+03
PC 03 814+11" 278416 240423 263+10°
AC4 25 139415 552408 151411  17.5409
5 247422° 518+09° 151409 39408"
10 $B3+15° 40413 100+05"  37+07°
AC-7 25 109+08" 557415 149404 11.6+04%
5 137414 549433° 136407 984.07*
10 66+36° 546+34° 89+05°  52+07°
AC-10 25 %68+07° 526+23° 147408 108+10°
5 270410° 41+31% 143406 9741.1*
10 375+14° 488+18° 102+05°  47+05"
AC-23 25 121420° 563419 125405 108+14°
5 244421° 558433 1L1407 98+12"
10 289420 522435 64+06° 45+04%

The data are presented as the mean values 4 SEM. from three independent experiments
performed in duplicate. The negative control was treated with the same vehicle (NC,0.1%
DMSO) that diluted the tested substance, Amsacrine (PC, m-AMSA ) served as the positive
control. Five thousand events were analysed for the flow cytometry analysis in each
experiment.

* p<0.05 compared to negative control by ANOVA followed by a Student Newman—
Keuls test.

BrdU incorporation). ATZD reduced the proliferation of HCT-8 cells in
a concentration- and time-dependent manner.

After a 12-h incubation, cell proliferation was reduced at higher
concentration tested, which was confirmed by trypan blue dye exclu-
sion and propidium iodide exclusion (p<0.05, Figs. 2A, C). After a
24-h incubation, ATZD reduced cell number (p<0.05) at all concen-
trations tested using trypan blue dye exclusion (Fig. 2B}, propidium
iodide excusion (Fig. 2D) and BrdU incorporation (Fig. 3). m-AMSA,
the positive control, also reduced HCT-8 cell proliferation.

Thiazacridine derivatives preferentially caused human colon carcinoma
HCT-8 cells to transition from the G»/M phase to DNA fragmentation

The effects that these ATZD had on cell cyde progression were
evaluated using flow cytometry after 12- and 24-h. All DNA that was
sub-diploid in size (sub-G;) was considered to be caused by inter-
nudeosomal DNA fragmentation. Table 1 indicates the cellcyde distri-
bution obtained. After a 12-h incubation, the ATZD treated with AC-4,
AC-7 and AC-10 (2.5 pg/ml) caused a small increase in the number of
cells in the Go/M phase compared with the negative control (15.7%,
p=0.05). For the ATZD-treated cells, the percentage of cells in the
G»/M phase were 19.7%, 19.2% and 19.9%, for AC-4, AC-7 and AC-10,
respectively. After a 24-h incubation, the cells in the G4/G, and S
phases remained mostly unchanged; however, there were fewer
cells in the Go/M phase. Additionally, all ATZD caused significant
internucleosomal DNA fragmentation at all of the concentrations test-
ed (p<0.05), which implies that ATZD preferentially caused cells from
the G»/M phase to transition into sub-G,. Cells treated with m-AMSA
served as the positive control, and had an increased number of cells
in the G/M interval and a significant amount of internucleosomal
DNA fragmentation.

Thiazacridine derivatives induce apoptosis in human colon carcinoma
HCT-8 cells

After 12-and 24-h incubations, the effects of ATZD were evaluated
based on cell morphology using hematoxylin-eosin and acridine

Fig.4. The effect of thiazacndine derivatives on the cell morphology of human colon cardnoma HCT-8 cells. The cells were

d with | ylinosin and analysed by optical

micrascopy after a 24-h incubation with AC-4, AC-7, AC10 and AQ23 at concentrations of 25 (CF, [, M), 5 (D, G L N) and 10 gg/ml (E, H, L, 0), respectively. The negative control
(A) was treated with the same vehicle (0.1% DMSO) that diluted the tested substance. Amsacrine (m-AMSA, 0.3 yg/ml) served as the positive control (B). The continuous arrows

show the apoptotic bodies and the non-continuous arrows indicate nudear fragmentation
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Fig 5. The effect of thiazacridine derivatives on the viability of human colon cardnoma HCT-8 cells. A and B — cell viability (viable cells — white bar; apoptotic cells - grey bar; and
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Fig 6. The effect of thiazacidine deérivatives on the viability of human colon carcinoma HCT-8 cells. & and B — the integrity of the cell membranes was determined by flow cytom-
etry using propidium iodide after 12- and 24-h incubations, respectively. C and [ — the mitochondrial membrane potential was determined by flow cytometry using rhodamine 123
after 12- and 24-h incubations, respectively. The data are presented as the mean values+ 5 EM. from three independent experiments performed in duplicate. The negative control
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orange/ethidium bromide staining. The integrity of the cell mem-
brane and the mitochondrial membrane potential were also deter-
mined by flow cytometry. Additionally, after a 24-h incubation,
phosphatidyiserine externalisation and caspase 3/7 activation were
measured by flow cytometry.

After a12-h incubation, HCT-8 cells either treated or untreated with
ATZD, were tested at all concentrations and presented slight morpho-
logical changes (data not shown). On the other hand, after a 24-h incu-
bation, morphological examination of HCT-8 cells showed severe
drug-mediated changes. The hematoxylin-eosin stained HCT-8 cells
treated with ATZD presented a morphology consistent with apoptosis,
including a reduction in cell volume, chromatin condensation and nu-
clei fragmentation (Fig. 4). The acridine orange/ethidium bromide
stained and treated cells also displayed a morphology consistent with
apoptosis, in a time- and concentration-dependent manner (p<0.05,
Fig. 5). m-AMSA, served as the positive control, which also induced
morphological changes consistent with apoptosis.

The integrity of the cell membrane is a parameter of cell viability
that differs between apoptotic and necrotic cells. After 12- or 24-h
of exposure, ATZD induced a slight disruption in the plasmatic mem-
brane, which was only observed at the higher concentrations tested
(Figs. 6A, B). As cited above, the internucleosomal DNA fragmenta-
tion was markedly increased in ATZD-treated cells (p<0.05, Table 1).
Both of these modifications are characteristics of apoptotic cells. In
addition, ATZD induced mitochondrial depolarisation in a time- and
concentration-dependent manner (p=<0.05, Figs, 6C, D). m-AMSA served
as the positive control, which also induced mitochondrial depolarisation
and DNA fragmentation without affecting the membrane's integrity.

Inaddition, phosphatidylserine externalisation (AC-4 and AC-10at
concentrations of 2.5 and 5 pg/ml) and caspase 3/7 activation (AC4,
AC-10and AC-23 at concentrations of 5 and 10 ug/ml) were measured
in ATZD-treated cells after a 24-h incubation. Phosphatidylserine
exposure (p<0.05, Fig. 7A) and an increase in caspase 3/7 activation
(p=0.05, Fig. 7B) were also observed, suggesting that a caspase-
dependent apoptotic cell death had occurred. Doxorubicin served as
the positive control and also induced phosphatidylserine exposure
and increased caspase 3/7 activation.

Thiazacridine derivatives inhibits DNA topoisomerase I action

Because ATZD interact with DNA, they are potential topoisomer-
ase inhibitors, The effect of ATZD on DNA topoisomerase activity
was evaluated in a yeast-based assay and in a cell-free assay.

First, the effects of ATZD were evaluated using a drop test assay in a
mutant strain of 5. cerevisiae that was defective in topoisomerase type
1(Fig.8). The type IB topoisomerases (topoisomerase 1 in yeast) relax
both positively and negatively supercoiled DNA, whereas type IA
topoisomerases (topoisomerase 3 in yeast) preferentially relax nega-
tively supercoiled DNA. At a concentration of 50 ug/ml, the ATZD
were more resistant in yeast mutants that lacked topoisomerase 1
(Top1A) activity compared with the wild-type strain (BY-4741), indi-
cating that these molecules may induce lesions in topoisomerase 1. In
ATZD at higher concentration (100 pg/ml), the ToplA mutant was
more sensitive than the wild-type strain, which indicates that an addi-
tional cytotoxicity mechanism (i.e., interaction with topoisomerase II)
may be involved. Moreover, the strain without topoisomerase 3, but
with topoisomerase 1, (Top3A), was more sensitive to the ATZD,
with the exception of AC-23. m-AMSA served as the positive control,
which showed similar effects.

In addition, the effect of ATZD on topoisomerase | activity was
evaluated in a cell-free system. Purified human DNA topoisomerase |
was incubated with ATZD (50 and 100 pg/ml) in the presence of
supercoiled plasmid DNA; the products of this reaction were subjected
to electrophoresis on agarose gels to separate the closed and open cir-
cular DNAs. Relaxation of the DNA strand was inhibited in both of the

A

100

Annexin V-positive cells (%)

5 (ug/mi)

NC P

-
m_ -
0 T T T
C 25 5 25
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AC-10

Caspases 3/7-activated cels (%)
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AC-23

5 5

AC-4 AC-10

Fig. 7. The effect of thiazacridine derivatives on the viability of human colon cardnoma
HCT-8 cells. A —the cell viability was determined by flow cytometry using Annexin V-
PE B —the activity of caspase 3/7 was determined by flow cytometry using propidium
iodide and Flica. The data are presented as the mean values 4 S EM. from three inde-
pendent experiments performed in duplicate after a 24-h incubation. The negative
contmol was treated with the same vehide ( NC, 0.1% DMSO) that diluted the tested sub-
stance. Doxorubicin (PC, 03 pg/ml) was the positive control. For the flow cytometry
analysis, 5000 events were analysed in each experiment. *, p<0.05 compared to the
negative control using an ANOVA followed by a Student Newman-Keuls test.

concentrations tested (Fig. 9). CPT served as the positive control be-
cause it also inhibits DNA topoisomerase I.

Thiazacridine derivatives do not cause genotoxicity or inhibit telomerase
activity in human lymphocytes

The genotoxicity of ATZD (AC-4, AC-7, AC-10 and AC-23) was
evaluated in human lymphocyte cultures using an alkaline comet
assay at concentrations of 25, 5 and 10 pg/ml. The genotaxicity of
ATZD (AC-4 and AC-10) was also evaluated in human lymphocyte
cultures using a chromosome aberration assay at concentrations of
2.5,5 and 10 pg/ml. The ability of ATZD (AC-4 and AC-10) to inhibit
telomerase action was performed using a pan telomeric probe at a
concentration of 2.5 ug/ml. None of the ATZD showed genotoxic ac-
tivity or anti-telomerase activity at any experimental concentrations
tested (data not shown). Doxorubicin served as the positive control,
and demonstrated potent genotoxic activity.

Discussion

The present work demonstrates the mechanism by which ATZD
(AC-4, AC-7, AC-10 and AC-23) are cytotoxic in human colon carcino-
ma HCT-8 cells. Ascited above, these agents were recently synthesised
as a novel class of solid tumour-selective cytotoxic agents. These ATZD
exhibit a relatively high cytotoxicity in colon carcinoma (HCT-8,
HCT-15, SW-620 and COLO-205), prostate carcinoma (PC-3 and
DU-145), ovarian carcinoma (OVCAR-8), melanoma (UACC-62 and
MDA-MB-435) and glioblastoma (SF-295) tumour cell lines. However,
these compounds were not active in leukaemia (HL-60, K-562 and
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Initial
Drugs  concentration BY-4741 Top1A Top3A
(ug/ml)
m-AMSA 50
100
AC4 50
100
AC-7 50
100
AC-10 50
100
AC-23 50
100
Drugdilution - 1;10 1:100 1:10001:10000 -  1:10 1:100 1:10001:10000 - 1110 1100 1:10001:10000

Fig. 8. The sensitivity of a wild-type strain of Saccharomyces cerevisiee and mutants with defective topoisomerases. The sensitivity of topoisomerases type | to thiazacridine deriv-
atives was determined by a drop test assay. A suspension of 5. cerevisioe cells in the exponential phase of growth was treated for 24-h n the absence or in the presence of
thiazacridine derivatives at the indicated concentrations. The diluted cell cultures (107-10% from left to right) were spotted on YPD agar plates. Amsacrine (m-AMSA ) served as
the positive control BY-4741: Wild-type strain; top 1A: without topoisomerase 1; and top3A: without topoisomerase 3.

CEM), breast carcinoma (MDA-MB-231, HS-578-T and MX-1) or nor-
mal lymphoblast (PBMC) cells (Barros et al, 2012). Here, we demon-
strate the effects of ATZD on cell proliferation, cell cycle progress and
apoptotic-induction using HCT-8 cells as a model. Studies in a
yeast-based assay and a cell-free assay examine how ATZD interfere
in topoisomerase I activity.

The ATZD inhibit human colon cardnoma HCT-8 cell proliferation in
a concentration- and time-dependent manner, and their cytotoxic ac-
tivity was assessed using different assays. Previously, we demonstrated
that ATZD exhibited relatively high cytotoxicity against colon carcino-
mas and that the highlight of these ATZD was their selectivity toward
solid tumours because these ATZD were not active in leukaemias or
normal lymphoblasts (Bamros et al, 2012). The pyrazoloacndines,
bisannulated acridines, aminodenvatives of azapyranoxanthenone
and pyranoisoflavones have also been cited as solid tumour-selective
cytotoxic agents {Gao et al, 2011; Kolokythas et al, 2006; Sebolt, et
al, 1987; Thale et al., 2002). Therefore, this feature is noteworthy but
the mechanisms accounting for this selectivity are poorly understood.

The populationof cells in the G;/M phase was shifted to the sub-G,
population in ATZD-treated HCT-8 cells, whilst few changes occurred
in the population of cells in the Go/G; or S phases. This indicates that
the ATZD preferentially guide cells from the G,/M phase into apopto-
sis. Manipulating the regulatory events at this checkpoint is a promis-
ing approach that will improve the efficiency of cytotoxic drugs and
overcome drug resistance (Links et al, 1998). In addition, HCT-8
cells treated with ATZD presented typical hallmarks of apoptosis. Se-
lective apoptosis, the deletion of certain cells in tissues without con-
comitant inflammation, is advantageous in tissue homeostasis. The
induction of apoptosis is one of the main mechanisms that inhibit can-
cer growth and proliferation and is used by several antitumor agents
(Los et al, 2003; Schultz and Harrington, 2003). Moreover, ATZD

treatment induces mitochondrial depolarisation, phosphatidylserine
exposure and an increase in caspase 3/7 activation, which suggests
that ATZD treatment leads to a caspase-dependent apoptotic cell
death. Caspases play an essential role in apoptosis (Fan et al, 2005;
Kitazumi and Tsukahara, 2011): these caspases are responsible for
the cleavage of cellular proteins, such as cytoskeletal components,
which leads to the morphological changes previously observed in
the cells that undergo apoptosis ( Kothakota et al,, 1997).

The mechanism by which acridine and thiazolidine derivatives act
has been continuously researched, Thiazolidine derivatives activate
peroxisome proliferator-activated receptors (Barros et al, 2010). Mean-
while, acridine derivatives used in cancer chemotherapy have biological
targets, such as DNA topoisomerases I and/or II, telomerase/telomeres
and kinases (Castillo-Gonzalez et al,, 2009; Guo et al, 2009; Oppegard
et al, 2009). Our understanding of ATZD's cytotoxic mechanisms have
been limited to results from double stranded-DNA biosensors and
single stranded-DNA solutions, which show a positive interaction
with these ATZD that couple acridine and thiazolidine (Barros et
al.,2012), Here, we demonstrate that ATZD inhibit DNA topoisomer-
ase I activity.

The cytotoxicity of DNA topoisomerase I inhibitors is caused by
blocking DNA topoisomerase I cleavage complexes or by inhibiting
DNA topoisomerase | catalytic activity. Then, DNA topoisomerase 1
inhibitors work by stabilising the DNA topoisomerase I cleavage com-
plexes, which cause DNA damage (Hsiang et al,, 1989; Pommier et al,,
1998; Stewart et al, 1998). Because malignant cells often contain
greater amounts of DNA topoisomerase | than nommal cells, tumour
cells should be more sensitive to the toxic effects of these inhibitors.
The malignant cells that often contain great amounts of DNA topo-
isomerase I include colon adenocarcinoma, several types of non-
Hodgkin's lymphoma, leukaemias, melanoma and carcinomas of the
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Relaxed DNA—>
Supercolled DNA —»

TopoI(units) - 4 4 4
CPT (uM) - 20 900,
AC-4 (ug/ml) - - - 50
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Fig.9. The inhibition of topoisomerase I-mediated DNA supercoiling in the presence of thiazacridine derivatives. The supercoiled DNA (250 ng) wasincubated with 4 units of topo-
womerase | in the presence or absence of thiazacridine derivatives at the indicated concentrations. The negative control was treated with the same vehide that diluted the tested
substance. Camptothean (CPT) served as the pasitive control The DNA was analysed by electrophoresis using a 1% agarose gel. The gels were stained with ethidium bromide and

photographed under UV light.

stomach, breast and lung (Potmesil, 1994). This partially explains the
selective cytotoxic effects of ATZD. However, the exact mechanism of
this selective antitumor activity remains to be determined.

Previous studies have reported that some acridine and thiazolidine
derivatives are somatic- and germ-cell mutagenic agents capable of
inducing both numerical and structural chromosome aberrations in
vitro and in vivo (Attia, 2008; Attia, in press; Kao-Shan et al, 1984;
Nishi et al,, 1989). These compounds are highly cytotoxic/genotoxic
to normal lymphocyte cells, Therefore, to improve our understanding
of the ATZD's cytotoxic actions, we assessed their genotoxic effects in
human peripheral lymphocytes. Previously, the cytotoxicity of these
compounds was assessed against nomal lymphocyte cells (Barros et
al,, 2012); however, the genotoxicity had not been investigated. The
genotoxic effects of ATZD were determined using an alkaline comet
assay and a chromosome aberration assay; the anti-telomerase activ-
ity was determined using a pan telomeric probe. In our studies, none
of these ATZD agents showed genotoxidty and/or anti-telomerase ac-
tvity in cultured human lymphocytes at the experimentally tested
concentrations. Therefore, unlike the acridine and thiazolidine deriva-
tives, ATZD did not cause cytotoxicity, genotoxicity and the inhibition
of telomerase activity in human lymphocytes,

in this manuscrpt, we show that the ATZD are solid tumour-
selective cytotoxic agents that inhibit DNA topoisomerase I activity
and induce tumour cell death through caspase-dependent apoptosis
pathways without causing genotoxidty in human lymphocytes.
These data confirm that these ATZD are promising anticancer drugs.
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APENDICE E - Patente depositada. Tiazacridinas utilizadas na terapia anticancer

Deposito internacional N°: PCT/BR2012/000421

UNIVERSIDADE FEDERAL DE PERNAMBUCO

Inventores: Suely Lins Galdino, Ivan da Rocha Pitta, Marina Galdino da Rocha Pitta, Francisco
Washington Aradjo Barros, Claudia Do O Pessoa, Manoel Odorico de Moraes Filho, Maira
Galdino da Rocha Pitta.
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ANEXO 1
ANEXO DE TITULARES

Titulo: “Tiazacridinas Utilizadas na Terapia Anticincer”

Nome: Universidade Federal de Pernambuco - UFPE
Qualificagiio: Autarquia Federal — Instituigio de Ensino Superior
CNPJ/CPF:24.134.488/0001-08

Enderego: Av. Professor Moraes Rego, 1235

Bairro: Cidade Universitaria Cidade: Recife
CEP: 50670-901 Estado: Pernambuco Pais: Brasil
Telefone: (81)2126-8959 Fax: (81) 2126-8600

Nome: Universidade Federal do Ceard - UFC

Qualificagiio: Autarquia Federal — Ensino, Investigagio Cientifica e Extensdo.
CNPJ/CPF: 07.272.636/0001-31.

Endereco: Avenida da Universidade, n° 2853

Bairro: Benfica Cidade: Fortaleza
CEP: 60020-181 Estado: Ceara Pais: Brasil
Telefone: (85) 3366 7301 / 3366 7302. Fax: (85) 3366 7303.
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ANEXO 2
INVENTORES:
(1) Nome: Suely Lins Galdino
Qualificaciio: Brasileira, Casada, Professor Associado [
RG: 218413 - SSP/PB CPF: 202.821.254-34
Enderego: Avenida Boa Viagem 5554 Ap 202
Bairro/Cidade/UF: Boa Viagem - Recife - PE
CEP: 51030-000
Telefone: (81) 8739-1954

(2) Nome: Ivan Da Rocha Pitta

Qualifica¢iio: Brasileiro, Casado, Prof. Titular e Coordenador Inct-If.
RG: 146088 - MAER, CPF: 075.127.244-20
Endere¢o: Avenida Boa Viagem 5554 Ap 202

Bairro/Cidade/UF: Boa Viagem - Recife - PE

CEP 51030-000

Telefone: (81) 8838-1944

(3) Nome: Maria Do Carmo Alves De Lima

Qualificaciio: Brasileira, Solteira, Professor Associado 1

RG: 2141596 - SSP/PE CPF: 280.819.514-15
Enderego: Rua Beta N° 55

Bairro/Cidade/UF: Sucupira — Jaboatdio dos Guararapes - PE
CEP: 54280-550

Telefone: (81) 3257-3838

(4) Nome: Marina Galdino Da Rocha Pitta
Qualificagdio: Brasileira, Solteira, Mestre, Doutoranda
RG: 7328302 - SDS/PE CPF: 060.883.204-94
Enderego: Avenida Boa Viagem 5554 Ap 202
Bairro/Cidade/UF: Boa Viagem — Recife — PE

CEP: 51030-000

Telefone: (81) 8838-1986
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(5) Nome: Francisco Washington Aradjo Barros
Qualificagiio: Brasileiro, Casado, Mestre, Doutorando
RG: 424460955- SSP/MA CPF: 853.481 983-15
Enderego: R. Gustavo Sampaio, N° 372
Bairro/Cidade/UF: Parque Araxd - Fortaleza - CE
CEP: 60450-635

Telefone: (85) 8§709-7350

(6) Nome: Claudia Do O Pessoa

Qualificagho: Brasileira, Solteira, Doutorado, Professor Assoc. 1
RG: 1827177~ SSP/ CPF: 520.891.184-15

Enderego: Rua Eduardo Garcia, 888 Apt 901
Bairro/Cidade/UF: Aldeota - Fortaleza ~ CE

CEP: 60150-100

Telefone: (85) 3264-5775

(7) Nome: Manoel Odorico De Moraes Filho
Qualificagito: Brasileira, Casado, Doutorado, Professor
RG: 357360- SSP/CE CPF: 048.545.433-53
Enderego: Rua Republica Do Libano, 881/500
Bairro/Cidade/UF: Meireles - Fortaleza - CE

CEP: 60160-140

Telefone: (85) 9989-3459

(8) Nome: Maira Galdino Da Rocha Pitta

Qualificaghio: Brasileira, Solteira, Doutorada, Professor Adjunto
RG: 6304255- SSP/PE CPF: 039.972.064-22
Enderego: Avenida Boa Viagem 5554 Ap 202
Bairro/Cidade/UF: Boa Viagem ~ Recife - PE

CEP: 51030-000

Telefone: (81) 3459-1136
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APENDICE F - Espectros de NMR™H e IR de tiazacridinas

Acridin-9-il-metil-tiazolidina-2,4-diona (LPSF AA-1A)

Figura 24 - Espectro de NMR'H (400 MHz, 3 ppm, DMSO-d6) do LPSF AA-1A
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Figura 25 - Espectro de IR do LPSF AA-1A
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3-Acridin-9-ilmetil-5-(5-bromo-2-metoxi-benzilideno)-tiazolidina-2,4-diona (LPSF
AA-10)
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Figura 27 - Espectro de IR do LPSF AA-10. Deformac#o axial normal de C=0, 1744 cm™, 1689 cm™.
Deformacéo axial das ligagdes C=C do anel, 1599 cm™. Deformacéo axial de C-N, 1375 cm™. Deformacao
axial simétrica de C-O-C, 1258 cm™. Deformacéo angular fora do plano de C-H de aromatico, 751 cm™
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3-Acridin-9-ilmetil-5-bifenil-4-ilmetileno-tiazolidina-2,4-diona (LPSF AA-11)
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Figura 28 - Espectro de NMR'H do LPSF AA-11
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Figura 29 - Espectro de IR do LPSF AA-11. Deformac#o axial normal de C=0, 1739 cm™, 1682 cm™.
Deformacéo axial das ligagdes C=C do anel, 1593 cm™. Deformacéo axial de C-N, 1382 cm™. Deformacio
angular fora do plano de C-H de aromatico, 755 cm™. Deformagéo angular de C=C, 707 cm™
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3-Acridin-9-ilmetil-5-(3,5-dimetoxi-benzilideno)-tiazolidina-2,4-diona (LPSF AA-12)
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Figura 30 - Espectro de NMR'H do LPSF AA-12
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Figura 31 - Espectro de IR do LPSF AA-12. Deformac#o axial normal de C=0, 1738 cm™, 1685 cm™.
Deformacéo axial das ligagdes C=C do anel, 1606 cm™. Deformacéo axial de C-N, 1372 cm™. Deformacao
axial simétrica de C-O-C, 1300 cm™. Deformacéo angular fora do plano de C-H de aromatico, 754 cm™.
Deformagéo angular de C=C, 707 cm™
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3-Acridin-9-ilmetil-5-(2,3-dicloro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-13)
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Fonte: Autora, 2012
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Figura 33 - Espectro de IR do LPSF AA-13. Deformagéo axial normal de C=0, 1748 cm™, 1693 cm™.
Deformagéo axial das ligagdes C=C do anel, 1604 cm™. Deformacéo axial de C-N, 1374 cm™. Deformagio
angular fora do plano de C-H de aromético, 746 cm™. Deformagéo angular de C=C, 740 cm™
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Acridin-9-ilmetil-5-(3-bromo-benzilideno)-tiazolidina-2,4-diona (LPSF AA-14)

Figura 34 - Espectro de NMR'H do LPSF AA-14

Fonte: Autora, 2012
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Figura 35 - Espectro de IR do LPSF AA-14. Deformacéo axial normal de C=0, 1746 cm™, 1689 cm™.
Deformacéo axial das ligagdes C=C do anel, 1609 cm™. Deformacéo axial de C-N, 1374 cm™. Deformacio
angular fora do plano de C-H de aromatico, 752 cm™. Deformacéo angular de C=C, 678 cm™
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3-Acridin-9-ilmetil-5-(1H-indol-3-ilmetileno)-tiazolidina-2,4-diona (LPSF AA-15)

Figura 36 - Espectro de NMR'H do LPSF AA-15
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Figura 37 - Espectro de IR do LPSF AA-15. Deformac#o axial de N-H, 3376 cm™. Deformacéo axial
normal de C=0, 1728 cm™, 1672 cm™. Deformacéo angular de N-H, 1598 cm™. Deformagdo axial de C-N,
1376 cm™. Deformagao angular fora do plano de C-H de aromatico, 739 cm™
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3-Acridin-9-ilmetil-5-(4-fluoro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-16)
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ura 38 - Espectro de NMR'H do LPSF AA-16
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Figura 39 - Espectro de IR do LPSF AA-16. Deformagéo axial normal de C=0, 1733 cm™, 1676 cm™.
Deformagéo axial das ligagdes C=C do anel, 1596 cm™. Deformac#o axial de C-N, 1380 cm™. Deformagao
angular fora do plano de C-H de aromatico, 766 cm™
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3-Acridin-9-ilmetil-5-(3,4,5-trimetoxi-benzilideno)-tiazolidina-2,4-diona (LPSF AA-

17)
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Figura 40 - Espectro de NMR'H do LPSF AA-17

Fonte: Autora, 2012
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Figura 41 - Espectro de IR do LPSF AA-17. Deformac#o axial normal de C=0, 1738 cm™, 1687 cm™.
Deformacéo axial das ligagdes C=C do anel, 1605 cm™. Deformacéo axial de C-N, 1382 cm™. Deformacio
axial assimétrica C-O-C, 1130 cm™. Deformac#o angular fora do plano de C-H de aromatico, 754 cm™.
Deformagcao angular de C=C, 707 cm™
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3-Acridin-9-ilmetil-5-(3,4-dicloro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-18)

Figura 42 - Espectro de NMR'H do LPSF AA-18
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Figura 43 - Espectro de IR do LPSF AA-18. Deformacéo axial normal de C=0, 1744 cm™, 1687 cm™.
Deformagéo axial das ligagdes C=C do anel, 1611 cm™. Deformac#o axial de C-N, 1380 cm™. Deformagio
angular fora do plano de C-H de aromatico, 756 cm™
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3-Acridin-9-ilmetil-5-(2,4-dicloro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-19)

Figura 44 - Espectro de NMR'H do LPSF AA-19
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Figura 45 - Espectro de IR do LPSF AA-19. Deformac#o axial normal de C=0, 1742 cm™, 1689 cm™.
Deformacéo axial de C-N, 1375 cm™. Deformacéo angular fora do plano de C-H de aromético, 759 cm™
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3-Acridin-9-ilmetil-5-(2-cloro-5-nitro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-
20)

Figura 46 - Espectro de NMR'H do LPSF AA-20
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Figura 47 - Espectro de IR do LPSF AA-20. Deformagéo axial normal de C=0, 1748 cm™, 1683 cm™.
Deformagcéo axial das ligagdes C=C do anel, 1606 cm™. Deformagéo axial simétrica de N=0, 1523 cm™.
Deformacéo axial de C-N, 1345 cm™. Deformacéo angular fora do plano de C-H de aromético, 765 cm™
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3-Acridin-9-ilmetil-5-(4-benziloxi-benzilideno)-tiazolidina-2,4-diona (LPSF AA-22)

Figura 48 - Espectro de NMR'H do LPSF AA-22
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Figura 49 - Espectro de IR do LPSF AA-22. Deformagéo axial normal de C=0, 1737 cm™, 1676 cm™.
Deformagcéo axial das ligagdes C=C do anel, 1593 cm™. Deformacéo axial de C-N, 1378 cm™. Deformacéo

angular fora do plano de C-H de aromatico, 749 cm™
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3-Acridin-9-ilmetil-5-(4-nitro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-23)

NO,

Figura 50 - Espectro de NMR'H do LPSF AA-23
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Figura 51 - Espectro de IR do LPSF AA-23. Deformagéo axial normal de C=0, 1741 cm™, 1685 cm™.
Deformagéo axial assimétrica de N=0, 1519 cm™. Deformacéo axial simétrica de N=0, 1345 cm™.
Deformacéo angular fora do plano de C-H de aromatico, 764 cm™
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3-Acridin-9-ilmetil-5-(9H-fluoren-3-ilmetileno)-tiazolidina-2,4-diona (LPSF AA-26)

Figura 52 - Espectro de NMR'H do LPSF AA-26
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Figura 53 - Espectro de IR do LPSF AA-26. Deformagéo axial normal de C=0, 1740 cm™, 1684 cm™.
Deformagéo axial das ligagdes C=C do anel, 1593 cm™. Deformac#o axial de C-N, 1382 cm™. Deformagio
angular fora do plano de C-H de aromatico, 754 cm™

A
(=
Z
m
)

%

C:O C'H
\ |
c=C ™\
C-N
C=0
: a3 8 R23I 233 o oo
9F B8 Nn gro - hd
J S BhY R =28 CI 3 £
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
Fonte: Autora, 2012
Apéndice F

Novos Agentes Tiazacridinicos com Propriedades Anticancer
Marina G R Pitta




187

3-Acridin-9-ilmetil-5-(3-cloro-benzilideno)-tiazolidina-2,4-diona (LPSF AA-30)

Fonte: Autora, 2012
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Figura 55 - Espectro de IR do LPSF AA-30. Deformacéo axial normal de C=0, 1744 cm™, 1693 cm™.
Deformagéo axial das ligagdes C=C do anel, 1608 cm™. Deformac#o axial de C-N, 1378 cm™. Deformagio
angular fora do plano de C-H de aromatico, 753 cm™
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3-Acridin-9-ilmetil-5-(4-hidroxi-benzilideno)-tiazolidina-2,4-diona (LPSF AA-31)
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Figura 56 - Espectro de NMR'H do LPSF AA-31
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Figura 57 - Espectro de IR do LPSF AA-31. Deformagéo axial de O-H, larga, 3300-2500 cm™. Deformagéo

axial normal de C=0, 1732 cm™, 1673 cm™. Deformacéo angular fora do plano de C-H de aromatico, 756
-1
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