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RESUMO 

 

O carcinoma hepatocelular (CHC) possui uma alta taxa de mortalidade e apenas um 
quimioterápico, com eficiência limitada, está disponível para seu tratamento. 
Buscando potenciais drogas para o tratamento do CHC, neste estudo foram 
avaliados os efeitos de derivados 1,3,4-tiadiazóis mesoiônicos (MI-D, MI-J, MI-F e 
MI-2,4diF) em células de hepatocarcinoma humano (HepG2) e em hepatócitos de 
rato em cultura. A viabilidade das células HepG2, avaliada pelo método do MTT, foi 
reduzida em ~50% pelos derivados (25 µM para MI-J, MI-F, MI-2,4diF e 50 µM para 
MI-D - 24h). Esta citotoxicidade foi confirmada pelo aumento da atividade da enzima 

lactato desidrogenase (LDH) no meio extracelular, em  55, 24 e 16% após 
incubação com MI-D, MI-J e MI-F (25 µM - 24 h), respectivamente. Nestas 
condições, análises por citometria de fluxo mostraram um aumento no número de 

células marcadas com anexina V e iodeto de propídio, de 11, 76, 25 e 25 para MI-
D, MI-J, MI-F e MI-2,4diF, respectivamente. O aumento na fragmentação do DNA 

também foi observado, em 12, 9 e 8% para MI-J, MI-F e MI-2,4diF, 
respectivamente. Alterações morfológicas características de indução de apoptose 
foram observadas após incubação com todos os derivados (3h - 5 µM). Nenhuma 
citotoxicidade foi observada quando células não-tumorais (hepatócitos de ratos) 
foram tratadas com os compostos na concentração de 25 µM por 24 h. Neste estudo 
também se investigou a interação destes derivados com os principais 
transportadores responsáveis pela resistência aos tratamentos quimioterápicos: Pgp, 
ABCG2 e MRP1. MI-D, MI-4F e MI-2,4diF foram substratos de Pgp (RR= 2,4; 2,8 e 

5,2), cuja atividade transportadora foi inibida por MI-J ( 13% - 30min). Todos os 

derivados inibiram tanto a atividade de ABCG2 ( 37, 21, 12 e 18 % para MI-D, MI-J, 

MI-4F e MI-2,4diF - 30min) quanto de MRP1 ( 8, 36, 10 e 20% para MI-D, MI-J, MI-
4F e MI-2,4diF -30min). Ainda neste estudo, novos inibidores de ABCG2 foram 
desenvolvidos através de substituições apropriadas nos anéis do núcleo indeno[1,2-
b]indol. Foram obtidos potentes inibidores de ABCG2 (4c, 4h, 4i, 4j, 4k - IC50= 0,21-
0,49 µM - N5 = fenetila) ou da caseína quinase II (CK2) (4a, 4p, 4e - IC50= 0,0025-
0,36 µM N5 = isopropila) quando o núcleo cetônico indeno[1,2-b]indol foi utilizado. Os 
derivados 4h, 4j, 4l e 4d apresentaram baixa citotoxicidade intrínseca (IG50 28-100 
µM), o que resultou em índices terapêuticos (IT) aceitáveis para utilização em 
modelos in vivo (IT= 98-430), entretanto, 4h, 4j, 4k não foram seletivos em relação à 
atividade inibitória em MRP1 (44, 87 e 86% - 10 µM). A utilização de um núcleo 
fenólico indeno[1,2-b]indol resultou em inibidores com maior potência (5c, 5f, 5h- 
IC50= 0,15-0,16 µM) e seletividade em CK2, Pgp e MRP1. Baixa citotoxicidade 
intrínseca (5c, 5f, 5h- IG50= 42-54 µM) e alto IT (267-360) também foram 
encontrados. A partir dos resultados obtidos, conclui-se que derivados 1,3,4-
tiadiazóis mesoiônicos e indeno[1,2-b]indóis fenólicos são candidatos promissores 
para futuras investigações in vivo visando o tratamento do CHC e a 
quimiosensibilização de tumores superexpressando ABCG2, respectivamente. 

 

Palavras-chave: Carcinoma hepatocelular. Células HepG2. Cultura primária de 
hepatócitos. Derivados 1,3,4-tiadiazóis mesoiônicos. Derivados indeno[1,2-b]indóis. 
Inibidores de ABCG2. 
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ABSTRACT 

 

Hepatocellular carcinoma (HCC) has a high mortality rate and only one 
chemotherapy drug is available for its treatment, which has limited efficacy. Aiming to 
find potential drugs for HCC treatment, in this study the effects of 1,3,4-thiadiazolium 
mesoionic derivatives (MI-D, MI-J, MI-F and MI-2,4diF) were evaluated on human 
hepatocellular carcinoma cells (HepG2) and primary rat hepatocytes. The viability of 
HepG2 was reduced by ~ 50% after  treatment with derivatives (25 µM for MI-J, MI-F 
and MI-2,4diF and 50 µM for MI-D- 24h), as shown by MTT assay. The cytotoxicity 
was confirmed by the increase of lactate dehydrogenase (LDH) in cells supernatant 
at 55, 24 and 16% for MI-J, MI-4F and MI-2,4diF, respectively (at 25 µM after 24 h). 
Under same conditions, all compounds increased the number of cell doubly-stained 
with annexin V and PI (76% for MI-J, 25% for MI-4F and MI-2,4diF, and 11% for MI-
D), as demonstrated by flow cytometry. DNA fragmentation was also observed upon 
MI-J, MI-4F and MI-2,4diF treatment (by 12%, 9% and 8%, respectively). 
Morphological features of apoptosis induction were observed after incubation with all 
derivatives (3h – 5 µM). It was not observed cytotoxicity when non-tumor hepatocytes 
were treated with derivatives (25 µM – 24h). This study also investigated the 
interaction of these derivatives with the main transporters related to chemotherapy 
resistance: Pgp, ABCG2 and MRP1. MI-D, MI-4F e MI-2,4diF were Pgp substrates 
(RR = 2.4; 2.8 and 5.2), and MI-J inhibited the transporter activity of Pgp by 13% (30 

min). All derivatives inhibited both ABCG2 (by  37, 21, 12 and 18 % for MI-D, MI-J, 

MI-4F e MI-2,4diF - 30min) and MRP1( 8, 36, 10 and 20% for MI-D, MI-J, MI-4F e 
MI-2,4diF - 30min) transporter activity. New ABCG2 inhibitors were developed 
through substitutions in indeno[1,2-b]indoles scaffold. Potent ABCG2 (4c, 4h, 4i, 4j, 
4k - IC50= 0.21-0.49 µM - N5 = phenethyl) or casein kinase II (CK2) (4a, 4p, 4e - IC50= 
0.0025-0.36 µM N5 = isopropyl) inhibitors were obtained with a cetonic indeno[1,2-
b]indoles  scaffold. The derivatives 4j, 4l and 4d showed low intrinsic cytotoxicity 
(IG50 28-100 µM), resulting in therapeutic ratio (TR) suitable for use on in vivo models 
(TR = 98-430). However, the derivatives 4h, 4j, 4k were not selective to ABCG2, also 
inhibiting MRP1 activity (44, 87 e 86% - 10 µM). The derivatives of phenolic 
indeno[1,2-b]indoles were more potent (5c, 5f, 5h- IC50= 0.15-0.16 µM) and selective 
to ABCG2 than cetonic derivatives. Low intrinsic cytotoxicity (5c, 5f, 5h- IG50= 42-54 
µM) and high TR (267-360) were also observed. These results suggest that 1,3,4-
thiadiazolium mesoionic derivatives and indeno[1,2-b]indoles are promising 
candidates for future investigations on in vivo, targeting HCC treatment and 
chemosensitization of tumors overexpressing ABCG2, respectively. 

 

Keywords: Hepatocellular carcinoma. HepG2 cells. Primary rat hepatocytes. 1,3,4-
thiadiazolium mesoionic derivatives. Indeno[1,2-b]indoles derivatives. ABCG2 
inhibitors. 
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1 INTRODUÇÃO 

 

 

O carcinoma hepatocelular (CHC) é um câncer com altas incidência e taxa 

de mortalidade. Isto decorre, respectivamente, da característica multifatorial de sua 

patogênese e da reduzida eficácia dos tratamentos empregados em pacientes 

diagnosticados nos estágios mais avançados da doença (MENDEZ-SANCHEZ et al., 

2014; SINGAL; EL-SERAG, 2015). São descritas na literatura científica muitas 

moléculas promissoras quanto à indução de morte de células de CHC, entretanto 

poucas são caracterizadas em relação à toxicidade em células não tumorais. 

Antitumorais com baixa seletividade para células tumorais promovem toxicidade 

sistêmica, levando frequentemente o paciente a abandonar o tratamento antes da 

erradicação do tumor (MAHATO et al., 2011). Particularmente para o CHC, existe 

apenas um medicamento (Sorafenibe) aprovado para seu tratamento clínico e, o 

mau prognóstico observado após sua utilização tem estimulado a busca por novos 

compostos que possam representar uma melhor alternativa (BUPATHI et al., 2015; 

FITZMORRIS et al., 2015; KALYAN et al., 2015). Com isto em mente, neste trabalho 

investigou-se a ação citotóxica de 4 derivados 1,3,4-tiadiazóis mesoiônicos na 

linhagem de carcinoma hepatocelular humano (células HepG2) e hepatócitos de 

ratos (ARTIGO 1). Trabalhos anteriores demonstraram que estes derivados induzem 

alterações em mitocôndrias de fígado de rato relacionadas à indução de apoptose 

(CADENA et al., 1998; PIRES et al., 2010), também sugerida para linhagens de 

câncer de cérvice (CADENA, 1999) e melanoma (SENFF-RIBEIRO et al., 2004a) 

submetidas ao tratamento com um destes derivados (MI-D). Além disto, alguns 

destes compostos possuem importante atividade antitumoral in vivo (melanoma, 

sarcoma 180 e tumor de Erlich) (GRYNBERG et al., 1997; SENFF-RIBEIRO et al., 

2004b), com ausência de alterações hematológicas indicativas de toxicidade, 

evidenciando uma possível ação seletiva em células tumorais.       

Alguns trabalhos têm sugerido que a ineficiência do sorafenibe no 

tratamento do CHC deve-se, pelo menos em parte, a sua interação com 

transportadores ABC (SUN et al., 2010; HUANG et al., 2013). Estes transportadores 

localizam-se em membranas celulares, principalmente membranas citoplasmáticas, 

e promovem o efluxo de diversas moléculas, reduzindo suas concentrações 
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celulares. Em geral, possuem importantes funções fisiológicas, como diminuir o 

acúmulo intracelular ou promover a excreção de substâncias tóxicas ou, ainda, 

transportar moléculas sinalizadoras. Entretanto, algumas células tumorais podem 

superexpressar estes transportadores, resultando num fenótipo denominado 

resistência a múltiplas drogas (MRD), que é considerado um dos principais 

mecanismos responsáveis pela resistência à quimioterapia antitumoral (ECKFORD; 

SHAROM, 2009; KATHAWALA et al., 2015). Neste estudo também foi avaliada a 

interação dos 1,3,4-tiadiazóis mesoiônicos com os principais transportadores ABC 

(ARTIGO 1).  

Visando contribuir para a reversão do fenótipo MDR, novos inibidores de 

ABCG2, uma proteína pertencente à família dos transportadores ABC (STACY et al., 

2013), foram desenvolvidos e caracterizados quanto a sua atividade. A síntese 

destes compostos foi realizada a partir de modificações estruturais no núcleo 

indeno[1,2-b]indol presente em moléculas inicialmente desenvolvidas como 

inibidores da proteína caseína quinase II (CK2) (HUNDSDORFER et al., 2012a; 

HUNDSDORFER et al., 2012b), uma vez que diversos trabalhos têm demonstrado 

que certos inibidores de quinases podem interagir com transportadores ABC e 

reverter o fenótipo MDR in vivo e in vitro (WANG et al., 2014). Desta forma, ainda 

neste estudo as influências positivas e negativas de alguns substituintes em núcleos 

cetônicos (ARTIGO 2), fenólicos e quinônicos (ARTIGO 3) para a atividade inibitória 

em ABCG2 e CK2 são demonstradas. Também foram investigados alguns 

parâmetros essenciais para utilização prática destes novos inibidores, como 

citotoxicidade e especificidade em outros transportadores. 
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2 REVISÃO BIBLIOGRÁFICA  

 

 

2.1 TRATAMENTOS DO CARCINOMA HEPATOCELULAR 

 

 O carcinoma hepatocelular (CHC) é o tipo de câncer mais frequente do 

fígado, compreendendo 60-70% dos tumores primários originários deste órgão 

(HATZARAS et al., 2014). Anualmente são observadas mais de 600.000 mortes em 

decorrência desta doença (WOO; HEO, 2015), sendo considerada a terceira causa 

mais comum de morte relacionada ao câncer no mundo (CHENG et al., 2014; LEE et 

al., 2014; BUPATHI et al., 2015; WOO; HEO, 2015). São estimados 

aproximadamente 700 mil novos casos de CHC anualmente (ALVES et al., 2011; 

CHENG et al., 2014), o que o posiciona como o sexto tipo de câncer mais prevalente 

no mundo (LEE et al., 2014; WOO; HEO, 2015).    

 Os tratamentos considerados curativos geralmente são recomendados para 

os estágios iniciais do CHC (CHENG et al., 2014; YU; KIM, 2015), entretanto apenas 

20-30% dos diagnósticos são realizados nesta fase (BUPATHI et al., 2015), o que 

resulta em prognóstico desfavorável para estes pacientes (CHENG et al., 2014; YU; 

KIM, 2015). Diversos fatores são considerados para a escolha da terapêutica, como 

tamanho e localização tumoral, relação tumor/estruturas adjacentes, número de 

lesões, presença de invasão vascular e doenças hepáticas e extra-hepáticas 

(HATZARAS et al., 2014). Atualmente, a classificação de Barcelona é amplamente 

utilizada para eleição do tratamento e predição do prognóstico, utilizando como base 

o grau de evolução clínica do CHC (ALVES et al., 2011) (FIGURA 1).  

Em geral, a ressecção cirúrgica é o tratamento padrão para pacientes com 

CHC em estágios iniciais e função hepática preservada (CHENG et al., 2014; 

TABRIZIAN et al., 2014), proporcionando uma taxa de sobrevida em cinco anos de 

42-62% (HATZARAS et al., 2014), ou até 70% quando nenhum fator de risco, como 

pressão portal e bilirrubina aumentadas, está associado (TABRIZIAN et al., 2014). 

Altas taxas de recorrência são observadas após a ressecção cirúrgica, acometendo 

em média 70% dos pacientes, cinco anos após o procedimento (CHENG et al., 

2014; FITZMORRIS et al., 2015). Os principais mecanismos de reincidência do CHC 

são a disseminação do tumor primário e desenvolvimento de novos tumores 
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(MENDEZ-SANCHEZ et al., 2014; ATTWA; EL-ETREBY, 2015), este último 

ocorrendo geralmente 4 anos após o procedimento (HATZARAS et al., 2014). A 

maioria das recorrências deve-se à invasão vascular e disseminação, 

estabelecendo-se nos primeiros 2 ou 3 anos após a ressecção (FITZMORRIS et al., 

2015). Apenas uma pequena porcentagem de pacientes (6-12%) apresenta 

metástase extra-hepática (HATZARAS et al., 2014).  

 

 

 

FIGURA 1: CLASSIFICAÇÃO CLÍNICA DO CHC E ESTRATÉGIA DE 

TRATAMENTO  

FONTE: Adaptado de (EASL-EORTC, 2012) 
NOTA: A classificação do CHC proposta pela Clínica de Câncer Hepático de Barcelona divide os 
pacientes em 5 estágios (A-D), considerando variáveis do tumor (sistema TNM), função hepática 
(escala Child-Pugh) e estado de saúde do paciente (ECGO). ECGO: escala de desempenho 
desenvolvida pelo Grupo Oriental de Oncologia Cooperativa, pontuando de 0 (totalmente ativo, 
desempenhando funções sem restrições) a 5 (morte) (HSU et al., 2013); Child-Pugh: classificação 
utilizada para avaliar o prognóstico da doença hepática crônica, pontuando de 1 a 3 ao considerar os 
níveis de albumina, bilirrubina, tempo de protrombina, ascite e grau de encefalopatia (GE et al., 
2014); M1 e N1: Estágios pertencentes ao sistema TNM (tamanho, presença em linfonodos, 
metástases) de classificação de tumores, onde M1 indica presença de metástase distante e N1 
metástase em linfonodos (MARSH et al., 2000); RF: radiofrequência; IPE: injeção percutânea de 
etanol; QET: quimio-embolização transarterial; PP: pressão portal.   

 

 



23 
 

O transplante de fígado é o tratamento de primeira escolha para pacientes 

com pequenos tumores multinodulares ( 3 nódulos  3cm) ou tumores únicos ( 5 

cm) e disfunção hepática avançada (EASL-EORTC, 2012). Além destas, outras 

condições devem estar presentes para elegibilidade do transplante, como nível 

reduzido de invasão vascular e ausência de doenças extra-hepáticas (HATZARAS et 

al., 2014). Ao seguir estes critérios, estima-se uma taxa de sobrevida em cinco anos 

de 70% e recorrência menor que 15% (EASL-EORTC, 2012; TABRIZIAN et al., 

2014). A principal desvantagem relacionada ao transplante, além da indução da 

imunossupressão ao longo da vida, é o grande tempo de espera por um doador. 

Estima-se que ao exceder 12 meses na fila de espera por um órgão, mais de 25% 

dos pacientes tornam-se inelegíveis para o transplante devido à progressão do 

carcinoma (ATTWA; EL-ETREBY, 2015; FITZMORRIS et al., 2015). 

A ablação local é considerada a primeira linha de tratamento para pacientes 

em estágios iniciais do CHC, não elegíveis para terapias cirúrgicas (EASL-EORTC, 

2012; HATZARAS et al., 2014). Nesta abordagem, são realizadas injeções locais de 

substâncias químicas ou modificações na temperatura do microambiente, induzindo 

necrose tumoral com efeitos reduzidos no parênquima hepático (MENDEZ-

SANCHEZ et al., 2014).  

Atualmente, a injeção percutânea de etanol (IPE) e o aquecimento por 

radiofrequência (RF) são as terapias ablativas utilizadas com maior frequência 

(FITZMORRIS et al., 2015). Estima-se que 50% dos tumores entre 3 e 5 cm são 

totalmente necrosados após a IPE, elevando-se para 90% ao considerar os tumores 

menores que 2 cm (MENDEZ-SANCHEZ et al., 2014). Entretanto, as altas taxas de 

reincidência representam um fator limitante na utilização deste tratamento (KHAN et 

al., 2000), podendo alcançar 34%, dois anos após o procedimento, em pacientes 

que apresentam tumores menores  3 cm. Com a utilização de RF, por outro lado, a 

taxa de reincidência, nas mesmas condições de análise, cai para 14% (LIN et al., 

2005). Além disso, o efeito antitumoral promovido pela RF é superior quando 

comparado a IPE (EASL-EORTC, 2012), com taxas de sobrevivências de 63-81% 

versus 48-67% ao final de três anos após o tratamento (CHO et al., 2009; 

FITZMORRIS et al., 2015).   

A quimioembolização transarterial (QET) é um tratamento bem estabelecido 

para o HCC em estágios intermediários (EASL-EORTC, 2012; TABRIZIAN et al., 

2014), sendo elegível em casos de tumores múltiplos e de grandes tamanhos, 
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incluindo pacientes com disfunção hepática moderada (MURATA et al., 2014; 

ATTWA; EL-ETREBY, 2015). Importantes resultados também têm sido 

demonstrados com a sua utilização na forma de terapia adjuvante após ressecção 

cirúrgica de tumores maiores que 5 cm (CHENG et al., 2014). A ação antitumoral da 

QET baseia-se na aplicação local de um agente citotóxico, seguido por indução de 

isquemia através de embolização dos vasos sanguíneos responsáveis pelo 

suprimento tumoral (EASL-EORTC, 2012; MENDEZ-SANCHEZ et al., 2014). Em 

geral, a taxa de resposta após a QET está entre 15 e 55% (BRUIX et al., 2004), 

refletindo num aumento de 2-3 vezes sobre a taxa de sobrevivência 2 anos após o 

tratamento, quando comparado ao controle que recebe tratamento apenas 

sintomático (taxa de 11-27%) (LLOVET et al., 2002; LO et al., 2002; TABRIZIAN et 

al., 2014). 

Para pacientes com estágios avançados de CHC ou tumores reincidentes 

após terapias loco-regionais e com função hepática bem preservada, a quimioterapia 

sistêmica é o tratamento mais indicado (EASL-EORTC, 2012). Em geral, esta 

abordagem é bastante limitada devido à natureza refrataria do tumor (EASL-EORTC, 

2012; ATTWA; EL-ETREBY, 2015), decorrente principalmente da expressão 

aumentada ou mutações de proteínas promotoras de resistência, como p53, 

glutationa-S-transferase, glicoproteína P (NG et al., 2000; AKIMOTO et al., 2006) e 

chaperonas. Além disso, a ação pouco seletiva de determinados compostos para 

células tumorais, e a consequente toxicidade para células hepáticas, são fatores que 

frequentemente determinam a interrupção do tratamento devido à perda da função 

hepática de reserva (ATTWA; EL-ETREBY, 2015).   

Sorafenibe foi o primeiro composto a demonstrar aumento nas taxas de 

sobrevivência em pacientes com CHC em estágio avançado (ALVES et al., 2011) 

(FIGURA 2), permanecendo o único medicamento aprovado pela Food and Drug 

Administration (FDA) desde 2007 (EASL-EORTC, 2012; BUPATHI et al., 2015). O 

efeito antitumoral desta molécula é proveniente de sua ação inibitória em algumas 

quinases responsáveis pela sinalização da proliferação celular e angiogênese, 

dentre as quais os receptores de membrana com atividade intrínseca de tirosina-

quinase, como os receptores para o fator de crescimento endotelial vascular 

(VEGFR-1, 2 e 3), fator de crescimento derivado de plaquetas (PDGFR-), fator de 

célula-tronco (c-Kit), fator estimulador de colônia de macrófagos (FLT3) e fatores 

neurotróficos derivados de linhagem de célula glial (RET). Além disto, sorafenibe 
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inibe as isoformas Raf-1 e B-Raf da serina/treonina-quinase RAF, interferindo na 

sinalização intracelular da cascata de proteínas quinases ativadas por mitógeno 

(MAPK) (WILHELM et al., 2004; ALVES et al., 2011).  

 

 

FIGURA 2: ESTRUTURA MOLECULAR DO SORAFENIBE 

FONTE: Adaptado de (NCBI, 2015a) 
NOTA: Nome químico: 4-[4-[[4-cloro-3-(trifluorometill)fenil]carbamoilamino]fenoxi]-N-metilpiridina-2-
carboxamida. Representação da estrutura molecular em 2D (esquerda) e 3D(direita).  

 

Estima-se que o uso de sorafenibe diminua em 31% a possibiliade de morte 

associada ao CHC em estágio avançado (LLOVET et al., 2008), aumentando em 2 

ou 3 meses a média geral de sobrevivência destes pacientes (LLOVET et al., 2008; 

CHENG et al., 2009). Alguns indivíduos, entretanto, apresentam resistência à ação 

antitumoral deste composto (HUANG et al., 2013; BUPATHI et al., 2015); efeito que 

pode relacionar-se com a presença dos transportadores Pg-p e ABCG2 (SUN et al., 

2010; HUANG et al., 2013). Embora esta relação não tenha sido demonstrada 

diretamente, sabe-se que a expressão destas proteínas está significativamente 

aumentada em amostras de tumores humanos de CHC resistentes (SUN et al., 

2010), e que inibidores de ABCG2 podem restaurar a sensibilidade ao sorafenibe em 

linhagens de HCC superexpressando ABCG2 (HUANG et al., 2013).  

A quimioterapia empregada para o tratamento do CHC pode ser 

considerada, em geral, de baixa eficácia (BUPATHI et al., 2015), sendo fundamental 

o desenvolvimento de novos medicamentos que apresentem maior eficácia e 

reduzida toxicidade sistêmica (ALVES et al., 2011).    
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2.2 ATIVIDADE CITOTÓXICA E ANTITUMORAL DE DERIVADOS DE 1,3,4-

TIADIAZÓIS  

 

Os derivados do sistema heterocíclico 1,3,4-tiadiazóis (FIGURA 3) têm 

ganhado destaque nas pesquisas médicas em decorrência de sua diversidade de 

efeitos farmacológicos, tais como: atividade antimicrobiana, antifúngica, antiviral, 

anti-inflamatória, analgésica, anticonvulsivante, antioxidante, antidepressiva, 

ansiolítica, anti-hipertensiva e antineoplásica (JAIN et al., 2013; HU et al., 2014). 

Este sistema é composto por 2 átomos de carbono, 2 átomos de nitrogênio 

interconectados e 1 átomo de enxofre, o que resulta em uma estrutura aromática 

com pouca reatividade. Entretanto, determinadas substituições nas posições 2’ e 5’ 

podem ativar o anel, tornando-o altamente reativo e permitindo a síntese de diversos 

derivados (HU et al., 2014).  

 

 

 

FIGURA 3: ESTRUTURA MOLECULAR E NUMERAÇÃO DOS ÁTOMOS DO 

SISTEMA HETEROCÍCLICO 1,3,4-TIADIAZOL  

FONTE: Adaptado de (HU et al., 2014).Copyright 2014 American Chemical Society. 

 

O anel 1,3,4-tiadiazol é importante  para a atividade antitumoral de seus 

derivados pois é capaz de estabelecer ligações de hidrogênio com alvos celulares. 

Ainda, a inserção de diferentes substituintes permite uma diversificação destas 

interações, resultando no amplo espectro de mecanismos de ação destes 

compostos (HU et al., 2014).  

 A atividade citotóxica de derivados 1,3,4-tiadiazóis já foi demonstrada em 

diferentes linhagens tumorais humanas, incluindo câncer de próstata, pulmão, 

mama, útero, bexiga, fígado, além de cânceres retal, neuronal, e colorretal (JAIN et 

al., 2013).  
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Em 2003, Chou et al. sintetizaram compostos utilizando piridinas, quinolinas, 

quinazolinas, pirimidinas, tiadiazóis e tiadiazinas como estrutura de base. Dentre as 

diversas moléculas obtidas, o derivado tiadiazólico (E,E)-2,5-bis[4-(3-

dimetilaminopropoxi)estirill]-1,3,4-tiadiazol (GO-13) exerceu uma significativa 

atividade antiproliferativa para carcinoma de pulmão A549 (IG50  6,8 µg/mL – 24h) e 

hepático HA22T (IG50  9,7 µg/mL), além de adenocarcinoma de próstata PC-3 (IG50 

 6,3 µg/mL). Os autores demonstraram que os mecanismos envolvidos na 

citotoxidade promovida por GO-13 na linhagem A549 incluem: inibição da 

fosforilação de Akt/PKB, uma quinase serina/treonina inibidora de apoptose; 

aumento da expressão de BAX, uma proteína apoptótica; diminuição da expressão 

da proteína antiapoptótica Bcl-XL e ativação de caspase 3. Estes efeitos resultaram 

na parada no ciclo celular na fase G0/G1 e indução de apoptose, que foi prevenida 

na presença de antioxidantes, indicando a participação de espécies reativas de 

oxigênio para iniciação dos eventos.  

Matysiak et al. (2006a) analisaram o efeito citotóxico de uma série de 2-

amino-5-(2,4-dihidroxifenil)-1,3,4-tiadiazóis, substituídos por grupos alquila, arila ou 

morfolina. Após incubação de 72 horas, os autores encontraram compostos 

altamente citotóxicos para carcinomas de bexiga HCV-29T (IG50  4,2 µg/mL), mama 

T47D (IG50  1,5 µg/mL) e de pequenas células de pulmão A549 (IG50  5,3 µg/mL), 

além de adenocarcinoma colorretal SW707(IG50  2,8 µg/mL). Em outro estudo, os 

autores testaram uma série de 2-(2,4-dihidroxifenil)-1,3,4-tiadiazóis, substituídos na 

posição 5, nas mesmas linhagens, demonstrando compostos com potenciais 

citotóxicos similares ou superiores (IG50  1,1 µg/mL para HCV-29T) aos da série 

anterior (MATYSIAK et al., 2006b). 

Em 2010, Kumar et al. sintetizaram uma série de compostos com diferentes 

substituições na posição 2’ do anel tiadiazol e um anel indol (contendo bromo 

exocíclico ou não) na posição 5’. Algumas destas moléculas demonstram importante 

atividade citotóxica, após incubação de 24 horas, nas linhagens de câncer de 

próstata LnCaP (IG50 = 8,9 µM), Du145 (IG50 = 3,6 µM) e PC3 (IG50 = 7,5 µM), além 

de adenocarcinomas mamários MCF-7 (IG50 = 6,5 µM) e MDA-MB-231 (IG50 = 6,2 

µM) e carcinoma pancreático PaCa2 (IG50 = 1,5 µM). Em trabalho posterior, os 

mesmos autores sintetizaram uma série de derivados com grupos arilaminas na 

posição 2’ e arilas em 5’ e realizaram uma seleção dos mais efetivos nas mesmas 
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linhagens. Embora alguns compostos tenham apresentado significativa atividade 

citotóxica, a magnitude de seus efeitos não superou a dos compostos anteriormente 

sintetizados (KUMAR et al., 2011).   

   A ação inibitória de derivados 1,3,4-tiadiazóis em quinases também tem 

sido investigada como estratégia para o desenvolvimento de compostos 

antitumorais. Neste contexto, Sun et al. (2012) demonstraram indução de apoptose, 

ativação de caspase 3 e poli (ADP-ribose) polimerase (PARP), na linhagem de 

hepatocarcinoma celular humano HepG2 tratada com uma molécula contendo um 

grupo 1,4-benzodioxano na posição 5’ do anel 1,3,4-tiadiazol e uma acetamida 

substituída com ácido fenilpropiônico na posição 2’. Este efeito foi associado à 

inibição da quinase de adesão focal FAK (IC50  10 µM), responsável pela ativação 

da divisão celular, resultando numa atividade antiproliferativa (IG50 10 µg/mL). Outro 

potente inibidor de FAK (IC50  13 µg/mL) da mesma série também exerceu intensa 

atividade antiproliferativa em células HepG2 (IG50  15 µg/mL),  SW116 

(adenocarcinona colorretal - IG50  16 µg/mL) e BGC823 (câncer gástrico  - IG50  14 

µg/mL).  

Utilizando-se de uma nova abordagem, Rajak et al. (2011) sintetizaram e 

selecionaram inibidores de histonas deacetilases (HDACs), baseando-se em 1,3,4-

tiadiazóis substituídos com grupos de reconhecimento e ligação à proteína, e 

avaliaram seus potenciais antitumorais in vitro e in vivo. A inibição de HDACs está 

relacionada com a redução do cresimento celular, diferenciação e promoção de 

apoptose via ativação transcricional de uma série de genes envolvidos no controle 

da divisão celular. A superexpressão desta proteína está relacionada com a 

patogênese de alguns cânceres; fato que tem impulsionado a busca por seus 

inibidores para utilização como agente antitumoral. Os derivados obtidos naquele 

trabalho exerceram intensa atividade inibitória sobre HDACs (IC50 entre 0,007 e 

0,018 µM), que resultou em alta citotoxicidade para células de carcinoma colorretal 

HCT-116 (IG50 entre 0,08 e 0,31µM). Em carcinomas ascíticos de Ehrlich, os autores 

observaram inibição de até 78% no crescimento celular em camundongos tratados 

intraperitonialmente por 7 dias com 0,2 mM/kg/dia. 

A ação citotóxica em células tumorais já foi sugerida para pelo menos dois 

compostos derivados de 1,3,4-tiadiazóis: FABT (2-(4-fluorofenilamino)-5-(2,4-

dihidroxinefil)-1,3,4-tiadiazol) e 4CIABT (2-(3-clorofenilamino)-5-(2,4-dihidroxifenil)-
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1,3,4-tiadiazol. Rzeski et al. (2007) demonstraram a atividade citotóxica de FABT 

nas linhagens humanas de neuroblastoma SK-N-AS (IG50  54 µM), 

rabdomiosarcoma TE671 (IG50  26 µM); adenocarcinoma colorretal HT-29 (IG50  

31 µM), carcinoma de pulmão A549 (IG50  22 µM) e glioma de rato C6 (IG50  27). 

Nenhuma alteração significativa foi observada na viabilidade de culturas primárias 

de neurônios e células da glia de ratos, ou em linhagem de hepatócitos de rato 

(Fao). No entanto, é importante ressaltar que o tempo de tratamento utilizado para 

as células não-tumorais foi inferior (48h) ao das células tumorais (96h). O derivado 

substituído com cloro (4CIABT), por sua vez, foi capaz de inibir a proliferação de HT-

29, TE671 e C6 com eficiência superior ao FABT, alcançando IG50 de 6, 15 e 12 µM 

com o mesmo tempo e tratamento. O composto 4CIABT, somente em concentrações 

maiores que 50 µM, reduziu a viabilidade de células humanas de fibroblasto de pele 

HSF, Fao e culturas primárias de neurônios e células da glia de ratos. Como 

ocorrido no trabalho anterior, o tempo de tratamento das células não-tumorais foi 

inferior (24 ou 48h para cultura de neurônios) ao das células tumorais (96h). Além 

disto, metodologias diferentes foram utilizadas para determinação da viabilidade 

(JUSZCZAK et al., 2011).    

Uma classe particular de compostos contendo o sistema 1,3,4-tiadiazol, 

denominada 1,3,4-tiadiazóis mesoiônicos, tem demonstrado destacada atividade 

antitumoral (HU et al., 2014). Em geral, esta classe apresenta um átomo (ou grupo 

de átomos) com carga negativa ligado ao anel, que possui carga positiva. Embora 

com alto momento dipolar, estas moléculas possuem caráter globalmente neutro, 

sendo capazes de atravessar membranas biológicas e interagir com biomoléculas 

como proteínas e DNA (KIER; ROCHE, 1967; OLLIS; RAMSDEN, 1976; PAIVA et 

al., 2015). 

Grynberg et al. (1997) e Santos (2001)  sintetizaram quatro derivados do 

cloreto de 4-fenil-5-[2-Y, 4-X-cinamoil]-1,3,4-tiadiazólio-2-fenilamina (FIGURA 4)  

com atividade antitumoral in vivo e in vitro (FIGURA 4). Os compostos MI-D Y=H e 

X=NO2) e MI-J (Y=H e X=OH) inibiram o crescimento de carcinoma de Erlich e 

Sarcoma 180 em ratos tratados intraperitonialmente com 30 e 10 mg/Kg, 

respectivamente, sem causar alterações nos parâmetros hematológicos de 

toxicidade. Em outro trabalho, MI-D, MI-2,4diF (Y=X=F) e MI-4F (Y=H; X=F) 

reduziram em  77%,  55% e 40%, respectivamente, o crescimento de melanoma 
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B16-F10 em camundongos tratados com 57 µM/Kg destes derivados, ainda que para 

MI-4F essa redução não tenha sido estatisticamente significativa (SENFF-RIBEIRO 

et al., 2004b). Interessantemente, Romão et al. (2009) estimaram que a 

concentração de MI-D necessária para promoção de seu efeito antitumoral em 

melanoma B16-F10 foi sete vezes inferior a de sua dose letal (DL50   181 mg/Kg), 

sugerindo que os efeitos tóxicos sistêmicos associados à sua utilização possam ser 

reduzidos (ROMAO et al., 2009).       

   

 

  

FIGURA 4: ESTRUTURA QUÍMICA DOS DERIVADOS 1,3,4-TIADIAZÓIS 

FONTE: (PIRES, 2011)  
Nota: A. cloreto de 4-fenil-5-[hidroxi-cinamoil]-1,3,4-tiadiazólio-2-fenilamina (MI-J); B. cloreto de 4-
fenil-5-[4-nitrocinamoil]- 1,3,4-tiadiazólio-2-fenilamina (MI-D); C. cloreto de 4-fenil-5-[4-fluorcinamoil]- 
1,3,4-tiadiazólio-2-fenilamina (MI-F); D. cloreto de 4-fenil-5-[2,4-difluorcinamoil]- 1,3,4-tiadiazólio-2-
fenilamina (MI-2,4diF).  Os círculos destacam os substituintes do anel cinamoil. 
 

 
  A atividade citotóxica do MI-D já foi caracterizada em diferentes células de 

melanoma humano. O composto reduziu a viabilidade das linhagens MEL-85, SK-

MEL, A2058 e MEWO para 40, 30, 12 e 8%, após incubação com 25 µM por 24 h. 

Quando a concentração e o tempo de tratamento com o derivado foram aumentados 

para 50 µM e 48 h, observou-se de 90-100% de comprometimento na viabilidade 

destas células. Análises morfológicas das células MEL-85 sugeriram que a apoptose 

foi a via de morte induzida pelo MI-D. Além disto, houve diminuição da adesão 

destas células às proteínas de matriz extracelular laminina (65%- 5µM por 2h), 

fibronectina (34%) e matrigel (71%) (SENFF-RIBEIRO et al., 2004b). Cadena (1999) 
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também sugeriu, após análise de alterações morfológicas e fragmentação do DNA 

(TUNEL), que a apoptose seria a via de morte induzida por MI-D em células HeLa 

(CADENA, 1999).   

Diversos trabalhos têm sugerido que os efeitos citotóxicos promovidos por 

estes derivados estejam relacionados com as alterações na bioenergética 

mitocondrial, como a dissipação do potencial de membrana, aumento da atividade 

da ATPase, inibição dos complexos transportadores de elétrons e desacoplamento 

da fosforilação oxidativa, efeitos relacionados a diminuição da fluidez das  

membranas mitocondriais (CADENA et al., 1998; 2002; PIRES, A. R. A. et al., 2011). 

 

2.3 RESISTÊNCIA À MULTIPLAS DROGAS (MDR) 

 

Embora a busca pela seletividade represente uma preocupação constante 

para o avanço da terapia antitumoral, outro aspecto limitante na utilização de 

quimioterápicos que tem sido essencialmente relacionado com o prognóstico de 

morte, é o desenvolvimento ou presença de resistência a múltiplas drogas (MDR) 

por células tumorais. Dentre os mecanismos propostos para o surgimento deste 

fenótipo, a expressão aumentada de bombas de efluxo de drogas (transportadores 

da superfamília ABC) é considerada um dos fatores mais importantes (ECKFORD; 

SHAROM, 2009; DE SOUZA et al., 2011; KATHAWALA et al., 2015).  

O sucesso de determinadas quimioterapias antitumorais requer, dentre 

diversos fatores, que os compostos utilizados atinjam concentrações intracelulares 

necessárias para exercer seus efeitos (XIONG et al., 2005; FUKUDA; SCHUETZ, 

2012). Neste sentido, Dano, em 1973, demonstrou que células de carcinoma de 

Erlich resistentes a daunomicina apresentavam menor concentração intracelular 

deste composto, quando comparado ao carcinoma não resistente, sugerindo que a 

MDR seria consequência da ação de transportadores celulares. Evidências como o 

acúmulo do quimioterápico na presença de drogas estruturalmente análogas 

(indicando possível inibição competitiva) e sua manutenção contra um gradiente 

químico, reforçaram a proposição do pesquisador. Três anos mais tarde, foi 

identificada a primeira bomba de efluxo de drogas, pertencente à superfamília ABC, 

relacionada com o fenótipo MDR (DANØ, 1973; FUKUDA; SCHUETZ, 2012). 

Dos aproximados 15 transportadores ABC descritos como exportadores de 

quimioterápicos in vitro, somente Pg-p (glicoproteína P), MRP1 (proteína 1 
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associada à resistência a múltiplas drogas) e ABCG2 (proteína de resistência ao 

câncer de mama) demonstraram associação com o surgimento de MDR in vivo 

(ECKFORD; SHAROM, 2009; MO; ZHANG, 2012). Dentre estes, Pg-p foi o primeiro 

transportador identificado, sendo detectado como uma glicoproteína de membrana 

com 170-kDa em células de ovário de hamster chinês resistentes a colchicina 

(JULIANO; LING, 1976; WU, HSIEH, et al., 2011; FUKUDA; SCHUETZ, 2012). 

Posteriormente, a partir de análises de expressão diferencial utilizando construções 

de bibliotecas de cDNA de células resistentes e sua parentais, identificou-se MRP1 e 

ABCG2 em linhagens de câncer de pulmão resistentes a doxorubicina (H69AR) 

(COLE et al., 1992; WU, HSIEH, et al., 2011; FUKUDA; SCHUETZ, 2012) e câncer 

de mama resistente a adriamicina (MCF-7/AdrVp) (ALLIKMETS et al., 1998; DOYLE 

et al., 1998; WU, HSIEH, et al., 2011; FUKUDA; SCHUETZ, 2012), respectivamente.   

Diversos estudos têm destacado que características do microambiente 

tumoral podem contribuir para o desenvolvimento celular do fenótipo de MDR, 

particularmente no que diz respeito às alterações na vascularização e produção de 

citocinas, quimiocinas ou fatores de crescimento pelo estroma tumoral (MILANE et 

al., 2011; WU, HSIEH, et al., 2011). Neste sentido, Comerford et al. (2002) 

demonstraram que a indução de hipóxia em células de carcinoma colorretal T84 e 

Caco 2 promoveu aumento no efluxo, sensível a verapamil (inibidor de Pg-p), de 

digoxina e rodamina 123 (substratos de Pg-p), além de induzir o aumento nos níveis 

de mRNA desta proteína. Os autores ainda evidenciaram que o tratamento da 

linhagem Caco2 com oligonucleotídeos anti-senso para HIF1-α reduziu a expressão 

de Pg-p em condições de hipóxia, sendo identificada, posteriormente, uma região de 

ligação ao HIF1-α no promotor do gene do transportador. Também foram 

observados aumento na expressão e atividade de ABCG2 com o tratamento de IL-1 

e TNF-α em linhagem de câncer de mama MCF-7(MOSAFFA et al., 2009), assim 

como para MRP1 em linhagem de hepatocarcinoma HepG2 tratada com IL-1 e IL-6 

(LEE; PIQUETTE-MILLER, 2003).  

O surgimento do fenótipo MDR muitas vezes pode ocorrer durante ou após a 

realização de ciclos de quimioterapia, o que muitas vezes está associado à seleção 

e subsequente expansão clonal de células MDR pré-existentes no tumor. Por outro 

lado, a exposição aguda a determinados quimioterápicos também pode resultar no 

aparecimento do fenótipo MDR, como exemplificado pelo aumento nos níveis de 

mRNA codificante para Pg-p em tumores metastáticos de pulmões humanos 
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tratados com doxorrubicina (ABOLHODA et al., 1999). Em concordância, tem-se 

observado a amplificação gênica de bombas de efluxo através do tratamento 

prolongado de linhagens tumorais com determinados compostos. Esta estratégia 

tem sido frequentemente utilizada para o desenvolvimento de linhagens 

superexpressando transportadores ABC (CALCAGNO; AMBUDKAR, 2010). 

O aumento na expressão de Pg-p está associado com um prognóstico 

desfavorável, particularmente em relação à sobrevivência ou reincidência tumoral 

após tratamento quimioterápico de portadores de leucemias (PIRKER et al., 1991), 

cânceres de mama (BURGER et al., 2003), ovário (PENSON et al., 2004), 

rabdomiosarcomas e sarcomas indiferenciados (CHAN et al., 1990), osteosarcoma 

(CHAN et al., 1997), neuroblastoma (HABER et al., 2006) e hepatocarcinoma (NG et 

al., 2000; AKIMOTO et al., 2006), como citado anteriormente. Para ABCG2 a mesma 

associação foi encontrada em leucemias (BENDERRA et al., 2004), carcinoma de 

pulmão (KIM et al., 2009; OTA et al., 2009), e embora com relevância clínica ainda 

não estabelecida, Diestra et al. (2002) demonstraram uma grande prevalência na 

expressão deste transportador em  adenocarcinomas do trato digestivo, endométrio, 

pulmão e melanoma. Níveis aumentados de MRP1 estão associados com a 

diminuição da sobrevivência de pacientes portadores de neuroblastoma (HABER et 

al., 2006) ou leucemia (LAUPEZE et al., 2002; LEGRAND et al., 2009), além de 

aumento tanto na reincidência de tumores de mama, quanto na invasividade e 

agressividade de tumores de próstata.       

Em geral, os transportadores ABC possuem uma região consenso de ligação 

ao ATP (domínio NBD), encontrada no citoplasma e de aproximadamente 90-110 

aminoácidos, que inclui dois motivos Walker (A e B) e um motivo com a sequência 

de assinatura ABC (assinatura C) (GOTTESMAN; AMBUDKAR, 2001; ECKFORD; 

SHAROM, 2009; KATHAWALA et al., 2015). Além disso, possuem domínios 

transmembrana (TMDs) não conservados, responsáveis pela ligação e extrusão do 

substrato (ERNST et al., 2010) (FIGURA 5). A diferença entre os transportadores 

está na estrutura modular e número de domínios, que junto à falta de conservação 

dos domínios TMDs, resulta em diferente especificidade a substratos 

(GOTTESMAN; AMBUDKAR, 2001; MO; ZHANG, 2012; MONTANARI; ECKER, 

2015).  
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FIGURA 5: TOPOLOGIA E ESTRUTURA DE TRANSPORTADORES ABC 

FONTE: (ALLER et al., 2009; ECKFORD; SHAROM, 2009)(Copyright 2014 American Chemical 
Society). 
Nota: A topologia dos transportadores ABC está mostrada à esquerda. N e C indicam o grupo amino-
terminal e carboxi-terminal. Os retângulos cinza dispostos na vertical indicam as hélices do domínio 
transmembrana. NBD indica o domínio de ligação ao ATP, voltado para o citoplasma. Ao lado direto 
está representada a estrutura do transportador Pgp de rato obtida por cristalografia de raios-X. TM(n) 
indica a posição das hélices do domínio transmembrana.   

 

Diversos compostos antitumorais, não necessariamente relacionados 

estruturalmente, podem ser substratos de Pg-p, MRP1 e ABCG2 (TABELA 1). Este 

transporte é resultado de mudanças conformacionais, induzidas pela ligação de 

substratos aos domínios TMDs, e consequente aumento na hidrólise do ATP nos 

NBDs, permitindo a passagem de compostos, no sentido extracelular, pela região 

transmembrana do transportador (HIGGINS; LINTON, 2004). Quatro domínios são 

requeridos para funcionalidade dos transportadores ABC, sendo 2 NBDs e 2 TMDs. 

Em eucariotos, a maioria destes transportadores é sintetizada em um único 

polipeptídio contendo as quatro unidades funcionais. Entretanto, alguns são 

sintetizados como hemi-transportadores (ABCG2, por exemplo), sendo necessária a 

dimerização para formação de uma unidade funcional (WILKENS, 2015). 
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TABELA 1- ANTITUMORAIS SUBSTRATOS DE TRANSPORTADORES ABC 
 

 

 

 

Fonte:(GOTTESMAN et al., 2002; SCHINKEL; JONKER, 2003; ECKFORD; SHAROM, 2009; COLEY, 

2010; TAMAKI et al., 2011) 

  

  

 

COMPOSTO ANTITUMORAL Pg-p MRP1 ABCG2 

Antraciclinas 

Doxorrubicina  + + + 

Daunorrubicina + + + 

Epirrubicina + + + 

Mitoxantrona + + + 

Inibidores da topoisomerase 

Etoposídeo + + + 

Teniposídeo + + + 

Topotecano +  + 

Irinotecano e seu metabólito SN-38 + + + 

Indolocarbazol NB-506 e J-107088   + 

Alcalóides da Vinca 

Vincristina + +  

Vinblastina + +  

Vinorelbina + +  

Alcalóides 

Cefarantina +   

Homoharrintonina +   

Taxanos 

Paclitaxel +   

Docetaxel +   

Antibióticos Antitumorais 

Actinomicina D + +  

Mitomicina C + +  

Antimetabólitos 

Citarabina +   

Metotrexato + + + 

Acridinas 

Ansacrina +   

Antracenos 

Bisantreno +  + 

Flavopiridol   + 

Outros 

Cisplatina  +  

Arsenito  +  
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2.3.1 Inibidores de transportadores ABC  

 

A inibição dos transportadores ABC tem sido considerada por muitos 

pesquisadores uma estratégia simples e direta para restauração da sensibilidade de 

células resistentes (LEE, 2010; SHUKLA et al., 2011; WU, HSIEH, et al., 2011). 

Nesta abordagem, o bloqueio do efluxo do quimioterápico permitiria seu acúmulo e 

distribuição intracelular em concentrações necessárias para promoção do efeito 

antitumoral (WU, OHNUMA, et al., 2011). Até o momento, entretanto, não existem 

inibidores disponíveis para utilização clínica, fato decorrente da elevada toxicidade 

intrínseca associada a estas moléculas (LECERF-SCHMIDT et al., 2013; 

KATHAWALA et al., 2015). Além disto, os transportadores ABC são altamente 

expressos, de maneira fisiológica, em importantes órgãos do metabolismo (fígado e 

rins) e barreiras de proteção (intestino, barreira hematoencefálica, 

hematoplacentária, hematotesticular), impedindo o acúmulo de toxinas em 

determinadas estruturas do organismo, ou ainda facilitando sua excreção. Neste 

contexto, a inibição destes transportadores também poderia resultar em toxicidade 

sistêmica, no entanto acredita-se que a atividade de outras proteínas ABC, ou 

mesmo a modulação de sua expressão, possa atenuar este efeito, tornando 

essencial a busca por inibidores altamente seletivos (LECERF-SCHMIDT et al., 

2013; NIGAM, 2015).       

 

2.3.1.1 Inibidores de ABCG2 

      

Diferentes classes de compostos tem demonstrado inibir fortemente, e de 

maneira relativamente específica, a atividade de ABCG2 in vitro, como fumitremorgin 

C (obtido da fermentação de Aspergillus fumigatus) (RABINDRAN et al., 2000) e 

seus análogos sintéticos (Ko132, Ko134 e Ko 143) (VAN LOEVEZIJN et al., 2001; 

ALLEN et al., 2002) (FIGURA 6); derivados do tariquidar (KUHNLE et al., 2009) e 

elacridar (gerando acridonas e cromonas), reconhecidos inibidores de Pgp 

(BOUMENDJEL et al., 2007; VALDAMERI et al., 2012a); derivados de grupos 

pertencentes a classe dos flavonoides, como flavonas (6-prenilcrisina e  3’,4’,7-

trimetoxiflavona) (AHMED-BELKACEM et al., 2005; KATAYAMA et al., 2007) e 

chalconas (VALDAMERI et al., 2012b; WINTER et al., 2014) e derivados do 

resveratrol (gerando metóxi-estilbenos) (VALDAMERI et al., 2012c). Entretanto, 
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poucos trabalhos tem demonstrado a reversão do fenótipo MDR in vivo. Neste 

sentido, Allen et al. (2002) demonstraram a atividade inibitória de Ko143 (10 mg/Kg) 

em ABCG2 localizado no epitélio intestinal de camundongos. Naquele estudo 

observou-se aumento de 6 vezes nos níveis plasmáticos de topotecano, um 

substrato do transportador, após administração oral de Ko143 em animais com 

deleção no gene de Pgp. Além disto, não foram observados sinais de 

neurotoxicidade após administração oral do inibidor em concentrações até 50 

mg/Kg. Por outro lado, demonstrou-se recentemente que Ko143 foi rapidamente 

metabolizado em plasma de ratos in vitro (redução de 50% em 12 min), e que seu 

derivado carboxílico é capaz de inibir  a atividade de ABCG2, em linhagem 

embrionária de rim humano (HEK293) superexpressando o transportador, somente 

em elevadas concentrações (> 100 µM) (WEIDNER et al., 2015).  

 

 
 

 

FIGURA 6: ESTRUTURA MOLECULAR DO Ko143 

FONTE: Adaptado de(NCBI, 2015b) 
NOTA: Nome químico: Tert-Butil 3-((3S,6S,12aS)-6-isobutil-9-metoxi-1,4-dioxi-1,2,3,4,6,7,12,12a-
octahidropirazina[1',2':1,6]pirido[3,4-b]indol-3-il)propanoato. Representação da estrutura molecular em 
2D.  

 

Arnaud et al. (2011) evidenciaram o efeito de um inibidor derivado de 

acridona, MBLI-87 (5µM), ao constatar o acúmulo do quimioterápico irinotecano em 

linhagem embrionária de rim humano HEK293 superexpressando ABCG2. Em 

tumores xenográficos induzidos com a mesma linhagem, os autores observaram 

aumento na sensibilização do irinotecano em camundongos tratados 

intraperitonialmente com 2,4 mg/Kg do inibidor. Os autores não observaram 

alterações nos parâmetros farmacocinéticos do quimioterápico, quando na presença 

de MBLI-87. 
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Através de uma seleção utilizando uma biblioteca química de inibidores de 

ABCG2, Yamazaki et al. (2001) descobriram um derivado de acrinolitrina, 

denominado YHO-13177, com potente propriedade quimiossensibilizadora. Foi 

observada reversão da resistência aos antitumorais substratos de ABCG2 (SN-38, 

mitoxantrona e topotecano) em células HCT-116 e A549 superexpressando o 

transportador e tratadas com 1 µmol/L do derivado. O mesmo efeito foi observado 

em diferentes linhagens com expressão intrínseca de ABCG2, sem apresentar 

citotoxicidade quando utilizado isoladamente. Os autores também avaliaram a 

reversão da resistência in vivo utilizando a pró-droga de YHO-13177, YHO-13351, 

nos tumores ascíticos HCT116/ABCG2 ou P388/ABCG2 implantados em 

camundongos. Observou-se um aumento de  100 % na sobrevivência dos animais 

(P388/ABCG2) tratados com YHO-13351 (200 mg/Kg – i.p.), na presença do 

quimioterápico irinotecano, quando comparado aos tratados somente com o 

quimioterápico. Além disto, a coadministração de YHO-13351 (200 mg/Kg - via oral) 

e irinotecano reduziu em  50 % o crescimento de tumores HCT116/ABCG2, quando 

comparado com tratamento somente com o quimioterápico.       

O composto MBL-II-141 (FIGURA 7), uma cromona substituída derivada do 

elacridar, tem sido considerado o inibidor de ABCG2 mais promissor até o momento. 

Este derivado possui uma alta e seletiva afinidade pelo transportador, apresentando 

IC50 de  0,05 e 0,11 µM para linhagens H460 selecionadas com mitoxantrona e 

HEK293/ABCG2, respectivamente, além de baixa citotoxicidade (IG50 > 100 µM em 

HEK293) (VALDAMERI et al., 2012a; WINTER et al., 2013). Recentemente, Honorat 

et al. (2014) avaliaram o efeito de MBL-II-141 (10 mg/Kg), na presença de 

irinotecano, em camundongos com tumores ascíticos de HEK293/ABCG2, 

demonstrando intensa redução no crescimento tumoral ( 90%), assim como 

aumento de até  90% no tempo de sobrevivência daqueles animais. O efeito de 

redução tumoral também foi observado após o tratamento de tumores com maior 

tempo de estabelecimento.   
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FIGURA 7: ESTRUTURA MOLECULAR DO MBLII-141 

FONTE: Adaptado de (WINTER et al., 2013).Copyright 2013 American Chemical Society. 
NOTA: Nome químico: 5-(4-bromobenziloxi)-2-(2-(5-metoxindolil)etil-1-carbonil)-4H-cromen-4-ona.  

 

Diversos trabalhos têm demonstrado que inibidores de proteínas quinases 

são capazes de reverter o fenótipo MDR através da modulação de ABCG2 in vitro, 

como resultado da diminuição de sua expressão ou inibição de sua atividade, ou 

ainda de ambos (WANG et al., 2014). Entretanto, nenhum destes estudos 

caracterizou precisamente o tipo de inibição induzida por estes compostos. Neste 

contexto, Hegedus et al. (2012) demonstraram que gefitinibe (10 µM), um derivado 

de quinozalina com propriedade antitumoral decorrente da inibição do receptor do 

fator de crescimento epidérmico (EGFR), pode restaurar a sensibilidade de células 

de carcinoma epidermóide A431/ABCG2 a mitoxantrona, em níveis similares ao 

inibidor de referência Ko143 (1 µM). Ensaios de citotoxicidade com a mesma 

linhagem, quando comparados aos das células parentais não resistentes, 

demonstraram que gefitinibe pode ser transportado por ABCG2 (HEGEDUS et al., 

2012), além de estimular sua atividade ATPásica em membrana enriquecidas com a 

proteína (OZVEGY-LACZKA et al., 2004; HEGEDUS et al., 2012). Estes dados 

sugerem que gefitinibe promova uma inibição competitiva em ABCG2, indicando sua 

ligação aos sítios de reconhecimento de substratos, localizados no domínio TMD. A 

inibição de EGFR, por sua vez, resulta da competição de gefitinibe pelos sítios de 

ligação ao ATP, localizados na porção citoplasmática da quinase (KRAUSE; VAN 

ETTEN, 2005). 

A inibição de ABCG2 por gefitinibe também foi demonstrada in vivo. Naquele 

trabalho o inibidor aumentou a sobrevivência de camundongos transplantados com 

células de leucemia linfolítica murina P388 superexpressando ABCG2 (P388/BCRP), 

quando tratados intraperitonialmente com irinotecano (antitumoral substrato de 
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ABCG2) e gefitinibe (150 mg/Kg). Por outro lado, este mesmo inibidor restaurou a 

sensibilidade a quimioterápicos via inibição de Pgp in vitro, demonstrando baixa 

seletividade para ABCG2 (YANASE et al., 2004). 

Importantes quimioterápicos inibidores da proteína tirosina-quinase BCR-

ABL (imatinibe, nilotinibe e dasatinibe) e de receptores tirosina-quinase (Sunitinibe), 

além de inibidores de serina/treonina-quinases (indolocarbazóis e bis-

indolilmaleimidas), interagem diretamente com ABCG2, no sítio de ligação a 

substratos, e aumentam sua atividade ATPásica (BRENDEL et al., 2007; ROBEY et 

al., 2007; SHUKLA et al., 2009). Estas alterações foram associadas com o 

transporte dos inibidores de tirosina quinase (com exceção de Sunitinib, para o qual 

não se investigou este parâmetro), resultando em quimiosensibilização de células 

tumorais provavelmente por inibição competitiva. Embora não se tenha observado o 

transporte direto dos inibidores de serina/treonina quinases, sua interação com o 

sítio de ligação a substratos de ABCG2 promoveu mudanças conformacionais 

igualmente capazes de restaurar a sensibilidade a quimioterápicos. 

Os domínios de ligação ao ATP presentes em ABCG2 também tem sido 

considerados alvos para inibição do transportador, considerando que derivados de 

aurona, uma classe de moléculas pertencentes ao grupo dos flavonoides, parecem 

inibir Pgp através desta interação (BOUMENDJEL et al., 2002). Em concordância, 

compostos contendo aurona em seu núcleo demonstram inibir proteínas serina-

treonina quinases CDK (quinase dependente de ciclina) através da interação com os 

domínios de ligação ao ATP (SCHOEPFER et al., 2002). Este conhecimento motivou 

Sim et al. (2008) a avaliarem a modulação de ABCG2 utilizando derivados de 4,6-

dimetoxiauronas. Os autores observaram que algumas auronas reverteram 

completamente a resistência a mitoxantrona em células de adenocarcinoma 

mamário humano tratadas com 0,5 µM, entretando os mecanismos envolvidos na 

inibição não foram analisados. 

Embora inibidores com alta afinidade tenham sido desenvolvidos através de 

estudos de relação estrutura-atividade, a ausência de caracterização da estrutura 

tridimensional de ABCG2 em alta resolução tem dificultado a identificação precisa de 

seus sítios de ligação, assim como os de ligação aos substratos. Além disto, a 

maioria dos trabalhos tem explorado de forma especulativa o tipo de inibição 

promovida por estes compostos. O maior progresso em relação à descoberta de 

promissores inibidores de ABCG2 ocorreu nos últimos 12 anos, sendo esperado que 
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as próximas pesquisas determinem dentro de poucos anos o real impacto clínico 

destes inibidores para reversão de MDR (LECERF-SCHMIDT et al., 2013).      

 

2.4 ATIVIDADES BIOLÓGICAS DE INDENO[1,2-b]INDÓIS  

 

 Os indenoindóis constituem uma classe de compostos de origem sintética ou 

natural, possuindo uma estrutura elementar de quatro anéis fundidos, resultante da 

combinação dos anéis indol e indeno. Em geral, o esqueleto indenoindol possui dez 

isômeros, sendo o indeno[1,2-b]indol amplamente utilizado como base para síntese 

de moléculas com diferentes atividades biológicas, dentre as quais se destacam a 

antioxidante e antitumoral (RONGVED et al., 2013).  

Dois compostos contendo o núcleo indeno[1,2-b]indol foram investigados 

devido a sua ação antioxidante. O derivado H290/51 (cis-5, 5a, 6, 10b-tetrahidro-9-

metóxi-7-metilindeno[2,1-b]indo) foi capaz de reduzir a lipoperoxidação com potência 

superior a vitamina E em diferentes modelos de estudo (lecitina de soja isolada, 

lipoproteínas, tecidos animais) (WESTERLUND et al., 1996). Em corações de rato 

perfundidos, o composto melhorou parâmetros relacionados à injúria cardíaca (como 

pressão ventricular, fluxo coronariano, liberação de LDH, substâncias reativas ao 

ácido tiobarbitúrico, edema e isquemia) associada à isquemia ou oxidação induzida 

por peróxido de hidrogênio, nas concentrações de 10 µM (tempo de perfusão de 20 

min) e 1 µM  (tempo de perfusão de 10 min), respectivamente (NAGY et al., 1996; 

NAGY et al., 2001). Ensaios in vivo evidenciaram a ação cardioprotetora de H290/51 

em porcos submetidos à isquemia e reperfundidos por 30 min com 1µM do derivado 

(SHIMIZU et al., 1998). O segundo composto, denominado DHII (5,10-

dihidroindeno[1,2-b]indol), diminuiu a presença de marcadores sorológicos de 

hepatotoxicidade (alanina aminotransferase, ornitina transcarbamilase e fosfatase 

alcalina)  induzida por tetracloreto de carbono em camundongos tratados 

intraperitonialmente com 25 mg/Kg da molécula (SHERTZER; SAINSBURY, 1988). 

Além disto, em culturas primárias de miócitos de ratos mantidas por 14 dias, DHII 

diminuiu em até 23 % (40 µM) a presença de lipofuscina (MARZABADI et al., 1995), 

uma estrutura granular fluorescente formada por proteínas oxidadas e lipídios nos 

lisossomos, considerada um indicativo de envelhecimento celular (TERMAN; 

BRUNK, 2004). A propriedade antioxidante do DHII foi justificada pela presença de 

um carbono deficiente de elétrons capaz de estabilizar radicais livres (SHERTZER; 
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SAINSBURY, 1988). Entretanto, alguns trabalhos demonstraram que DHII pode 

ativar o receptor para aril hidrocarbonetos em células de fígado, induzindo a 

expressão de diversas enzimas, incluindo glutationa S-transferase, que contribuem 

para manutenção da homeostase redox (LIU et al., 1994).  

Alguns trabalhos têm apontado a interação de derivados indeno[1,2-b]indóis 

com a enzima anidrase carbônica, receptores de estrogênio e canais de potássio 

(RONGVED et al., 2013), porém, com exceção do estudo aqui apresentado 

(ARTIGO 2 e 3) não há relatos de sua interação com transportadores ABC. 

Efeitos citotóxicos ou antiproliferativos in vitro também têm sido demonstrados 

com a utilização de diferentes grupos substituintes no núcleo indeno[1,2-b]indol. 

Neste sentido, Hong et al. (2006) sintetizaram e selecionaram cinco indenoindóis 

substituídos com metoxila, hidroxila ou amina, que apresentaram atividade 

antiproliferativa maior que 90% em células de carcinoma nasofaríngeo (HONE-1) e 

adenocarcinoma gástrico (NUGC-3) (20 µg/mL – 72h). Kashyap et al. (2012) 

observaram a redução da viabilidade celular (IG50  18-50 µM) associada à 

apoptose, em células embrionárias de rim humano (HEK293), após 24h de 

tratamento com cinco indenoindóis substituídos com metoxila, fenila ou flúor. 

 Até o momento, apenas dois mecanismos de ação foram associados ao 

efeito citotóxico promovido pelos indenoindóis. Bal et al. (2004) sugeriram que a 

inibição da enzima topoisomerase II por derivados apresentando diferentes 

substituintes (metoxila, metila, etila, alquila, propinila) está relacionada com a 

atividade citotóxica (IG50  40-50 nM – 72h) destes compostos em células de 

leucemia humana (K562). Ainda neste estudo os autores demonstraram completa 

remissão tumoral em camundongos implantados com adenocarcinoma de cólon 

(C38) e tratados intravenosamente com um derivado contendo um grupo metila no 

anel B do núcleo indenoindol (25 mg/Kg). Kashyap et al. (2003) também sintetizaram 

uma série de 45 derivados indenoindóis e selecionaram cinco com significativa 

citotoxicidade em HEK 293 (IG50  4-17 µM – 48h), a qual também foi associada com 

a inibição de topoisomerase II. O segundo mecanismo sugerido envolve a inibição 

de CK2, uma serina/treonina-quinase de expressão ubíqua relacionada à 

sobrevivência celular, e cuja atividade encontra-se elevada em diferentes tipos de 

células tumorais (HANIF et al., 2010). De fato, a inibição desta enzima tem 
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fundamentado o mecanismo de ação de diferentes compostos desta classe 

(ALCHAB et al., 2015). 

 A investigação da atividade inibitória dos indenoindóis sobre a CK2 justifica-

se pelas similaridades do núcleo indenoindol com os inibidores competitivos de CK2. 

Ambos são heterocíclicos planares de pequeno tamanho e capazes de interagir com 

sítios de ligação para nucleotídeos. Neste contexto, Hundsdörfer et al. (2002b) 

sintetizaram duas moléculas contendo um núcleo indeno[1,2-b]indol quiônico e 

demonstraram que a adição de um grupo fenila ou isopropila a este núcleo resultou 

em forte inibição de CK2 (IC50  1,4 - 5 µM), além da inibição de ARK5 ( 0,5 - 3,7 

µM), uma proteína quinase ativada por AMP associada ao crescimento tumoral 

(SUZUKI et al., 2004). Ambos compostos promoveram importante atividade 

citotóxica (IG50  1,3 - 4,1 µM – 18h) em carcinoma (5736) e papiloma (RT4) de 

bexiga, adenocarcinoma cervical (SISO) e mamário (MCF-7) e carcinoma esofágico 

(KYSE-70). Em outros trabalhos, moléculas derivadas dos núcleos indeno[1,2-

b]indol cetônico e quinônico foram selecionados como potentes inibidores 

competitivos (em relação ao ATP) de CK2 (IC50  0,11 e 0,17, respectivamente), 

porém seus potenciais citotóxicos não foram avaliados (HUNDSDORFER et al., 

2012a; ALCHAB et al., 2015).  
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3 JUSTIFICATIVA E OBJETIVOS 

 

 Considerando a escassez de quimioterápicos disponíveis para o tratamento 

do HCC (BUPATHI et al., 2015), a participação de ABCG2 na promoção da 

resistência ao tratamento do HCC (SUN et al., 2010) e outros tipos de cânceres, 

além da ausência de inibidores de ABCG2 apresentando baixa citotoxicidade, um 

requisito essencial para sua utilização clínica (LECERF-SCHMIDT et al., 2013), o 

objetivo geral deste trabalho consistiu na investigação de moléculas promissoras 

para o tratamento do HCC e inibidores de ABCG2, estabelecendo uma relação 

estrutura-atividade destes inibidores. 

 Incialmente avaliou-se a citotoxicidade de quatro derviados 1,3,4-tiadiazóis 

mesoiônicos em células de HCC (HepG2) e cultura primária de hepatócitos ratos, 

como modelo não-tumoral. A inibição e a capacidade de serem efluxados também 

foram avaliadas sobre os principais transportadores ABC reponsáveis pelo 

desenvolvimento clínico de resistência a quimioterápicos (Pgp, ABCG2 e MRP1). Os 

resultados estão apresentados na sessão 4.1, no formato exigido pela revista onde o 

artigo correspondente foi publicado (PLoS One).  

  Para o desenvolvimento de novos inibidores de ABCG2, foram conduzidos 

estudos de relação estrutura-atividade de moléculas sintetizadas a partir do núcleo 

indeno[1,2-b]indol presente em inibidores da proteína quinase II (CK2). (Resultados 

apresentados na sessão 4.2, no formato exigido pela revista onde o artigo 

correspondente foi publicado: Journal of Medecinal Chemistry). Para aumentar a 

potência e seletividade destes compostos, foram realizadas modificações das 

funções orgânicas presentes no núcleo indeno[1,2-b]indol (Resultados apresentados 

na sessão 4.3, no formato exigido pela revista onde o artigo correspondente foi 

publicado: Drug Design, Development and Therapy). 
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ABSTRACT 

 

In this work, we evaluated the cytotoxicity of mesoionic 4-phenyl-5-(2-Y, 4-X or 4-X-
cinnamoyl)-1,3,4thiadiazolium-2-phenylamine chloride derivatives (MI-J: X=OH, Y=H; 
MI-D: X=NO2, Y=H; MI-4F: X=F, Y=H; MI-2,4diF: X=Y=F) on human hepatocellular 
carcinoma (HepG2), and non-tumor cells (rat hepatocytes) for comparison.  MI-J, M-
4F and MI-2,4diF reduced HepG2 viability by ~ 50% at 25 µM after 24-h treatment, 
whereas MI-D required a 50 µM concentration, as shown by 3-(4,5-dimethythiazol-2-
yl)-2,5-diphenyltetrazolium bromide assays. The cytotoxicity was confirmed with 
lactate dehydrogenase assay, of which activity was increased by 55, 24 and 16% for 
MI-J, MI-4F and MI-2,4diF respectively (at 25 µM after 24 h). To identify the death 
pathway related to cytotoxicity, the HepG2 cells treated by mesoionic compounds 
were labeled with both annexin V and PI, and analyzed by flow cytometry. All 
compounds increased the number of doubly-stained cells at 25 μM after 24 h: by 
76% for MI-J, 25% for MI-4F and MI-2,4diF, and 11% for MI-D. It was also verified 
that increased DNA fragmentation occurred upon MI-J, MI-4F and MI-2,4diF 
treatments (by 12%, 9% and 8%, respectively, at 25 μM after 24 h). These 
compounds were only weakly, or not at all, transported by the main multidrug 
transporters, P-glycoprotein, ABCG2 and MRP1, and were able to slightly inhibit their 
drug-transport activity. It may be concluded that 1,3,4-thiadiazolium compounds, 
especially the hydroxy derivative MI-J, constitute promising candidates for future 
investigations on in-vivo treatment of hepatocellular carcinoma.          

Keywords: 1,3,4-thiadiazolium mesoionic derivatives, HepG2 cancer cells, rat 
hepatocytes; cell death, multidrug resistance. 

 

4.1.1 Introduction 

 

Liver cancer is the third most common cause of cancer-related death 

worldwide (PADHYA et al., 2013; SHI et al., 2014). Hepatocellular carcinoma (HCC), 

specifically, represents the major histological subtype among primary liver cancer 

(JEMAL et al., 2011; SHI et al., 2014), being one of the most prevalent malignant 

tumor worldwide (SHI et al., 2014). Surgical resection and transplantation still remain 

the first choice of HCC treatment with potential cure, but this procedure must be used 

only in patients with early stages of HCC (CHENG; LV, 2013; UHL et al., 2014). 

Unfortunately, diagnosis often occurs in HCC advanced stages (PADHYA et al., 

2013), and there is then only one - drug approved by Food and Drug Administration 

(FDA) that can be used as a systemic therapeutic agent for HCC treatment 

(REATAZA; IMAGAWA, 2014). Other drug-based therapies have promisingly 

emerged as alternatives for early- and advanced- HCC treatment, which has 

motivated the research of new compounds to be used in patients who are not 
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candidates to surgical treatment (CHENG; LV, 2013; LOONG; YEO, 2014; 

REATAZA; IMAGAWA, 2014). The high toxicity of drugs toward non-tumoral cells 

and the resistance to treatment constitute great problems in present chemotherapy 

(KRATZ et al., 2008; HOLOHAN et al., 2013). Drug toxicity usually limits the 

concentration usable for the treatments, as well as the frequency of administrations, 

further affecting curing efficiency (WU et al., 2014). Additionally, tumor cells may 

become resistant to drugs through different mechanisms. The most notable one is 

the overexpression of ATP-binding cassette transporters, such as P-glycoprotein 

(Pgp) (ENDICOTT; LING, 1989), multidrug resistance protein 1 (MRP1) (COLE et al., 

1992) and breast cancer resistant protein (ABCG2) (DOYLE et al., 1998), which 

efflux several types of drugs with unrelated structures and mechanisms (NOGUCHI 

et al., 2014). This feature is a main obstacle to effectiveness of chemotherapy 

against HCC (BRITO et al., 2014). Indeed, several studies have demonstrated a 

relationship between overexpression of these efflux pumps and either poor prognosis 

or aggressive tumor phenotype in patients with HCC (SEO et al., 2007; VANDER 

BORGHT et al., 2008; SUKOWATI et al., 2012). Mesoionic compounds with a 1,3,4-

thiadiazolium ring have shown important biological activities as antibiotic 

(CHANDRAKANTHA et al., 2014), antiparasitic (CARVALHO et al., 2004), antiviral 

(XIAOHE et al., 2010), anticonvulsant (ARCHANA et al., 2004), antidepressant 

(JUBIE et al., 2012), antioxidant (KHAN et al., 2010), analgesic, antiinflammatory 

(KUMAR et al., 2008) and antitumoral (SENFF-RIBEIRO et al., 2003) agents. We 

have specifically studied several 1,3,4-thiadiazolium-2-phenylamine chlorides 

mesoionic derivatives, only differing through the substituents of the cinnamoyl ring: 

MI-D, X=NO2; MI-J, X=OH; MI-4F, X=F; MI-2,4diF, X=Y=F (Fig. 1). Some of them 

have demonstrated antitumoral effects  against carcinoma, sarcoma (GRYNBERG et 

al., 1997) and melanoma (SENFF-RIBEIRO et al., 2003; SENFF-RIBEIRO et al., 

2004b) tumors in vivo, and cytotoxic activities against several types of tumor cells 

have been described in vitro (SENFF-RIBEIRO et al., 2004a). Otherwise, it has been 

shown that these derivatives promote functional and structural alterations in isolated 

rat liver mitochondria, up to different degrees depending on cinnamoyl ring 

substitution (CADENA et al., 1998; 2002; PIRES et al., 2010; PIRES, A. R. et al., 

2011). We evaluated the cytotoxicity of MI-D, MI-J, MI-4F and MI-2,4diF on human 

hepatocellular carcinoma cells (HepG2), and primary rat hepatocytes as a non-

tumoral model, and their effects on the multidrug resistance proteins Pgp, ABCG2 
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and MRP1. It was found that these compounds might represent new alternatives for 

HCC chemotherapeutic treatments, overcoming important limiting problems such as 

drug resistance and toxicity toward non-tumoral cells.   

 

 

FIGURE 1: CHEMICAL STRUCTURE OF THE 4-PHENYL-5-(2-Y-4-X-
CINNAMOYL)-1,3,4-THIADIAZOLIUM-2-PHENYLAMINE CHLORIDE DERIVATIVES 

Note: MI-D (X=NO2; Y=H), MI-J (X=OH; Y=H), MI-4F (X=F; Y=H), and MI-2,4diF (X=Y=F). 

 

4.1.2 Materials and Methods  

 

4.1.2.1 Chemicals   

 

High-glucose Dulbecco’s modified Eagle’s medium (DMEM) was obtained 

from Cultilab (Campinas, Brazil) and fetal bovine serum (FBS) was purchased from 

Gibco. Dimethylsulfoxide (DMSO) was obtained from Merck (São Paulo, SP, Brazil). 

Annexin V Apoptosis Detection Kit was purchased from BD Bioscience (São Paulo, 

SP, Brazil). Lactate dehydrogenase (LDH) detection kit (Liquiform) was obtained from 

Labtest (Lagoa Santa, MG, Brazil). Bovine serum albumin (BSA), 3-(4,5-

dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 4-(2-hydroxyethyl)-1-

piperazine ethanesulfonic acid (HEPES) were purchased from Sigma.  All other 

reagents were commercial products of the highest available purity grade. The 

mesoionic derivatives, MI-D (4-phenyl-5-(4-nitrocinnamoyl)-1,3,4-thiadiazolium-2-

phenylamine chloride), MI-J (4-phenyl-5-(4-hydroxycinnamoyl)-1,3,4-thiadiazolium-2-

phenylamine chloride), MI-4F (4-phenyl-5-(4-fluorocinnamoyl)-1,3,4-thiadiazolium-2-

phenylamine chloride), MI-2,4diF (4-phenyl-5-(2,4-fluorocinnamoyl)-1,3,4-
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thiadiazolium-2-phenylamine chloride), were synthesized by the Department of 

Chemistry of the Federal Rural University of Rio de Janeiro, Brazil, and their 

structures were confirmed by 1H NMR,13C NMR and mass spectrometry (SANTOS; 

ECHEVARRIA, 2001). For this study, the derivatives were dissolved in DMSO and 

then further diluted with the assay medium. Controls with DMSO (maximal 0.7%, v/v) 

were carried out in each assay.  

 

4.1.2.2 HepG2 cell culture 

 

The human hepatocarcinoma HepG2 cell line (from the American Type 

Culture Collection – ATCC) was maintained in high-glucose DMEM supplemented 

with 10% FBS  , 100 UI/mL penicillin G and 100 µg/mL streptomycin, 20 mmol/L 4-(2-

hydroxyethyl)-1-piperazine ethanesulfonic acid  (HEPES), adjusted to pH 7.4 with 1 

mol/L sodium bicarbonate. HepG2 cells were grown at 37°C, 5 % CO2 under 

controlled humidity. Sub-culturing was performed at approximately 48 h intervals, and 

cell growth was monitored with an Olympus inverted microscope. 

 

4.1.2.3 Primary culture of rat hepatocytes 

 

a) Animals 

 

Male Wistar rats (180-200 g) were obtained from the Central Animal House 

of the Federal University of Paraná (PR, Brazil). The animals received a standard 

laboratory diet (Purina) and tap water. This study was carried out in strict accordance 

with the recommendations in the Guide for the Care and Use of Laboratory Animals 

of the National Institutes of Health. The protocol was approved by the Committee on 

the Ethics of Animal Experiments of the University Federal of Paraná (Permit 

Number: 548). All surgery was performed under ketamine/xylazine anesthesia, and 

all efforts were made to minimize suffering. 

 

b) Isolation and culture of hepatocytes  

 

The hepatocytes were obtained by monovascular liver perfusion of Wistar 

rats, as described previously by (SEGLEN, 1976; BRACHT A., 2003) with some 
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modifications. The male rats were weighed and anesthetized intraperitoneally with a 

mixture of ketamine (60 mg/kg) and xylazine (7.5 mg/kg). Following laparotomy, 100 

L of sodium heparin (5000 U/mL) were injected into the abdominal cava vein. The 

portal and thoracic cava veins were cannulated, and the liver was perfused for 10-15 

min with Krebs solution (2.4 mol/L NaCl, 96 mmol/L KCl, 24 mmol/L KH2PO4, 24 

mmol/L MgSO4, 480 mmol/L NaHCO3 and 1 mol/L HEPES buffer, pH 7.4) containing 

1.3 mol/L CaCl2, 20 mg collagenase (types IA and IV) and carbogen (95% O2:5% 

CO2). The liver was excised, and the cells were released by mechanical action, 

filtered through 50-µm nylon membranes and centrifuged at 400 rpm for 5 min at 4°C. 

Subsequently, the cells were centrifuged four times with Krebs solution 

supplemented with 20%  BSA  and treated with carbogen. The cells were suspended 

in high-glucose DMEM supplemented with FBS (10%), insulin (100 nmol/L), glucagon 

(10 nmol/L), epidermal growth factor (10 ng/mL), dexamethasone (50 nmol/L), 

penicillin (100 U/mL) and streptomycin (100 ng/mL). Cell viability was determined 

using the Trypan blue (0.4%, w/v) exclusion method as previously described by 

Philips (PHILIPS, 1973). Only the cell suspensions with viabilities higher than 80% 

were plated (1x106 cells/plate on a 60 mm plate) and cultured for further experiments. 

For 4h after plating, the medium was replaced by Hepatozyme with or without 

mesoionic compounds. Considering some delays during the isolation procedure and 

the time required for further assays (e.g. viability assays), the time of treatment was 

from 18 to 24h. It is important to remark that no differences in the results were 

observed during this interval. 

 

4.1.2.4 Culture of multiple drugs resistant cells 

 

The human embryonic kidney (HEK293) cells stably transfected with ABCG2 

(HEK293ABCG2) (VALDAMERI et al., 2012) or MRP1 (HEK293ABCC1), and their 

respective parental HEK293 (wild-type) or HEK293pcDNA5 (empty-vector) cells, 

were maintained at 37 °C (5% CO2) in high-glucose DMEM medium, supplemented 

with 10% fetal bovine serum, 1% penicilin/streptomycin. The mouse embryonic 

fibroblasts, of either wild-type (NIH3T3) or overexpressing Pgp (NIH3T3ABCB1) 

(MARTINEZ et al., 2014), were maintained under the same conditions. The cell 

culture media were drug supplemented with either 0.75 mg/mL G418 
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(HEK293ABCG2), 200 g/mL hygromycin B (HEK293pcDNA5 and HEK293ABCC1) 

or 60 ng/mL colchicin (NIH3T3ABCB1). 

 

4.1.2.5 Cell viability assays  

 

a) MTT reduction 

 

HepG2 cells were seeded at a density of 1×104 cells/well into 96-well culture 

plates. After 24 h, the cells were treated with mesoionic compounds at 

concentrations of  5, 25 and 50 μM for 24 h. Hepatocytes were seeded at 1×106 

cells/plate in 60-mm plates, and treated with compounds at 25 μM up to 18-24 h. Cell 

viability was evaluated through the MTT assay (REILLY et al., 1998; CHEUNG et al., 

2007), and the absorbance was determined at 550 nm. The results were expressed 

as a percentage of viable cells in comparison to the control (taken as 100%). All 

HEK293 cells were seeded at a density of 1 × 104 cells/well into 96-well culture 

plates, and incubated for 24 h at 37 C in 5% CO2. NIH3T3 and NIH3T3ABCB1 

cells were seeded at a density of 3.5 × 103 and 5.0 x 103 cells/well, respectively, and 

maintained under the same conditions before treatment. The cells were treated with 

mesoionic derivatives for 72 h; then, 20 L of MTT solution (5 mg/mL) were added to 

each well and incubated for 4 h at 37 C. The culture medium was discarded, and 

100 L of a DMSO:ethanol (1:1) solution was added into each well and mixed by 

gently shaking for 10 min. Absorbance was measured in a microplate reader at 570 

nm, from which the value measured at 690 nm was subtracted.  

 

b) Lactate dehydrogenase release 

 

HepG2 and hepatocytes cells were plated and treated as described in the 

item 4.1.2.5-a Aliquots (50 L) of culture medium were centrifuged at 1000 rpm for 5 

min, and LDH activity was measured by monitoring the decrease of NADH at 340 nm, 

with the LDH kit assay, according to manufacturer instructions. 
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c) Annexin-V and propidium iodide staining 

 

HepG2 cells were seeded at a density of 1×106 cells in 60-mm plates, and 

treated with mesoionic derivatives at 25 μM for 24 h. At the end of exposure, cells 

were collected by trypsinization, centrifuged at 300xg for 5 min at 4 °C and 

suspended in 500 L of binding buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 5mM 

KCl, 1 mM MgCl2 and 1.8 mM CaCl2). Aliquots (100 μl) of the cell suspension were 

incubated with 5 μl of the reagent mixture containing annexin V-FITC conjugate (BD 

Pharmingen) and 10 μl of propidium iodide (PI) (50 g/mL) for 15 min at 25 oC. After 

incubation, 400 μl of binding buffer were added and the cells were analyzed by flow 

cytometry (RAZA et al., 2011). Positive controls were separately stained with Annexin 

V alone (channel FL-1), PI alone (channel FL-2), and both markers, for compensation 

settings of the two signals. Flow cytometric analysis was carried out on a 

FACSCalibur flow cytometer (BD Biosciences Pharmingen, San Diego, CA, USA). In 

each sample, 10.000 events were recorded and analysis was performed using the 

WinMDI 2.9 software. Three independent experiments were performed for each 

treatment condition. Hepatocytes were seeded at 1×106 cells/plate in 60-mm plates, 

and treated with compounds at 25 μM up to 18-24 h. The culture medium was then 

replaced by the binding buffer containing 5 l of annexin-V FITC and 0.8 mg/mL of 

PI. Cells were analyzed by fluorescence microscopy (AXIOVERT 40CSFL) with a 

10X objective, in either absence (visible) or presence of annexin filter - FL1: 515-530 

nm or PI-FL2: 560-580 nm.  

 

4.1.2.6 Morphology assays  

 

HepG2 cells (1x105 cells/well) were seeded in 24-well plates with glass slides 

on the bottom, and incubated in a humidified incubator with 5% CO2 and at 37 °C for 

24 h. After adhesion, the medium was replaced by new medium with or without 

mesoionic derivatives at 5 µM for 3 h. The cells were fixed with Bouin solution 

(formaldehyde at 4% (v/v):saturated picric acid:glacial acetic acid, 4:15:1) for 5 min at 

ambient temperature. Then, the cells were washed with ultrapure water, and stained 

with hematoxylin and eosin. They were dehydrated with acetone and xylol solutions, 

and assembled with Entelan (Merck). The morphological alterations were viewed in 
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Bel Fotonics microscope with 40 X and 100 X magnification, and the images were 

captured by a photographic camera Sony Cyber-Shot at 13.5 mega pixels. 

Hepatocytes were seeded at 1×106 cells/plate in 60-mm and treated with compounds 

at 25 μM up to 18-24 h. After exposure, the morphology was analyzed by optical 

microscopy (AXIOVERT 40CSFL) with a 20X objective.  

 

4.1.2.7 DNA fragmentation 

 

The fragmented DNA content was determined by flow cytometry using PI 

(DARZYNKIEWICZ et al., 1992; DOUGLAS et al., 1995; BALASUBRAMANIYAN et 

al., 2007). For these assays, 1x106 cells were dispensed in 60-mm plates, and 

incubated for 24 h for adhesion at 37 °C in 5% CO2. The culture medium was then 

replaced by fresh medium without (control) or with 25 μM derivatives, or the 

corresponding volumes of DMSO, and further incubated for 6 and 24 h. After 

incubation, the culture medium and cells were collected in a Falcon tube by 

tripsinization, and the samples were centrifuged at 2000 rpm for 5 min. The 

precipitate was suspended in phosphate buffered saline (PBS) and centrifuged again 

under the same conditions. The cells were suspended in 0.3 mL of a solution 

composed of 50 μg/mL of propidium iodide and 0.1% Triton X -100 in PBS. After 

labeling, the cells were kept in the dark and analyzed by flow cytometry with the 

FACSCalibur (BD) apparatus using Cell Quest program. The data acquisition was 

done using the FL2 filter (yellow fluorescence), and analyzed as histograms (FL2 

versus number of events). The number of cells in each phase of the cell cycle was 

expressed as a percentage of total events (10.000 cells). Histograms were analyzed 

using the WinMDI 2.9 software 

 

4.1.2.8 Protein concentration assay 

 

Protein concentration was determined by the method of Bradford 

(BRADFORD, 1976) using bovine serum albumin BSA as a standard. 
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4.1.2.9 Inhibition of drug efflux in multiple drug resistant cells  

 

HEK293ABCG2 cells were seeded at a density of 1.0×105 cells/well into 24-

well culture plates. After 72-h incubation, they were exposed to 5 µM mitoxantrone 

for 30 min at 37 ºC, in the presence or absence of each derivative, and then washed 

with PBS and trypsinized. The intracellular fluorescence was monitored with a 

FACSCalibur cytometer (Becton Dickinson), using the FL4 channel and at least 

10,000 events were collected. The percentage of inhibition was calculated relatively 

to 1 µM Ko143 which produced a complete inhibition. NIH3T3ABCB1 were seeded 

at a density of 6 × 104 cells/well into 24-well culture plates and incubated for 48 h at 

37 C, whereas HEK293 cells transfected with ABCC1 were seeded at 2.5 × 105 

cells/well for 72 h. The cells were respectively exposed to rhodamine 123 (0.5 µM) or 

calcein-AM (0.2 µM) for 30 min at 37 ºC, in the presence or absence of each 

derivative, then washed with PBS and trypsinized. The intracellular fluorescence was 

monitored using the FL1 channel. The inhibition was measured relatively to 5 µM 

GF120918 or 35 M verapamil, respectively, producing complete inhibitions. The 

percentage of inhibition was calculated by using the following equation:  

% inhibition = (C – M) / (Cev – M) x 100,  

where C corresponds to the intracellular fluorescence of resistant cells in the 

presence of compounds and fluorescent substrate, M to the intracellular fluorescence 

of resistant cells with the fluorescent substrate alone, and Cev corresponds to the 

intracellular fluorescence of cells inhibited with standard inhibitor in the presence of 

fluorescent substrate. 

 

4.1.2.10 Statistical Analysis 

 

Results were expressed as mean ± standard deviation, and subjected to 

analysis of variance (ANOVA) and Tukey test for comparison of means. A P-value 

lower than 0.05 was considered significant. All analyses and graphs were performed 

using GraphPad Prism Software version 6.0.  
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4.1.3 Results  

 

4.1.3.1 Cytotoxicity of 1,3,4-thiadiazolium derivatives on HepG2 and rat hepatocytes  

 

The viability of HepG2 cells was determined after 24 h of treatment with 

derivatives at 5, 25 and 50 µM, by both MTT and LDH-release assays. As observed 

in Fig. 2, upper panel, MI-J, MI-4F and MI-2,4diF reduced HepG2 cells viability by 

about 50% at 25 µM when analyzed by MTT. MI-D only reduced by 28% the cell 

viability, requiring 50 µM to reach 50%. The results of the LDH-release assay (Fig. 2, 

lower panel) also demonstrated the reduction of cell viability by MI-J, MI-4F and MI-

2,4diF treatments. The enzymatic activity of the culture medium was increased by 55, 

24 and 16%, respectively, for MI-J, MI-4F and MI-2,4diF at 25 µM, in comparison to 

controls without mesoionic derivative. MI-D, on the contrary, did not significantly 

affect the LDH activity. The viability of primary hepatocytes was also determined in 

order to verify the selectivity of derivatives for tumor cells. As observed in Fig. 3, no 

cytotoxicity was observed in MTT assays (upper panel), except for MI-2,4diF 

producing a 36% effect (at 25 µM for 18-24 h). However, no increase in LDH activity 

was observed with any derivative (lower panel). Interestingly, MI-D induced a 

reduction of LDH activity (~ 17% at 25 µM).  
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FIGURE 2: CYTOTOXIC EFFECTS OF 1,3,4-THIADIAZOLIUM DERIVATIVES ON 
HEPG2 CELLS  
 
Note: A. MTT assay (the experimental conditions are described in the Materials and Methods section 
4.1.2.5-a). The cells were seeded with or without 1,3,4-thiadiazolium derivatives at 5, 25 or 50 μM for 
24 h. The results were expressed as % of viability in comparison to control. B. LDH release assay 
(the experimental conditions are described in the Materials and Methods section 4.1.2.5-b). Under the 
same treatment conditions, as described above, LDH activity was measured in supernatants. Data 
represent means of four different experiments in quadruplicate The results were expressed as % of 
viability in comparison to control. * and *** denote values significantly different from the control or 
between the different treatments at P< 0.05 and P< 0.0001, respectively.  
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FIGURE 3: CYTOTOXIC EFFECTS OF 1,3,4-THIADIAZOLIUM DERIVATIVES ON 
HEPATOCYTES  
 
Note: A. MTT assay (the experimental conditions are described in the Materials and Methods section 
4.1.2.5-a) The cells were seeded with or without 1,3,4-thiadiazolium derivatives at  25  for 18-24 h. 
The results were expressed as % of viability in comparison to control. B. LDH release assay (the 
experimental conditions are described in the Materials and Methods section 4.1.2.5-b). Under the 
same treatment conditions described above, LDH activity was measured in the supernatants. Data 
represent means of four different experiments in quadruplicate. The results were expressed as % of 
viability in comparison to control. ** and *** denotes values significantly different from the control or 
between the different treatments at P< 0.01 and P< 0.0001, respectively.  

 

4.1.3.2 Apoptosis induction by 1,3,4-thiadiazolium derivatives in HepG2 cancer cells 

but not in control hepatocytes  

 

Considering the significant toxicity of the derivatives on HepG2 cells (Fig. 2), 

we evaluated the induction of apoptosis in these cells by DNA fragmentation, a key 

event of cells undergoing apoptosis (ORRENIUS et al., 2011). After 24 h of treatment 

with MI-J, MI-4F and MI-2,4diF (Fig. 4C-E), approximate increases of 12%, 9% and 

8%, respectively, were observed, as evidenced by the higher number of cells in sub-
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G1 region. MI-D under the same conditions did not promote any significant alteration 

in DNA fragmentation, but increased the number of cells in G2/M phase (Fig. 4B). 

The G1/G0 and G2/M phases were not significantly changed by the other derivatives.  

 

FIGURE 4: DNA FRAGMENTATION IN HEPG2 CELLS, AS INDUCED BY 1,3,4-
THIADIAZOLIUM DERIVATIVES  

Note: The experimental conditions are described in the Materials and Methods section 4.1.2.7. The 
cells were seeded with or without 1,3,4-thiadiazolium derivatives at 25 μM for 24 h. For each sample, 
10.000 events were analyzed by flow cytometry using FL2 filter. (A) control, (B) MI-D, (C) MI-J, (D) MI-
4F and (E) MI-2,4diF. The histograms represent three different experiments in triplicate.  

 

To further investigate the induction of apoptosis by mesoionic derivatives, 

HepG2 cells were simultaneously stained with FITC-conjugated annexin V and PI, 

and analyzed by flow cytometry (Fig. 5). All compounds (at 25 μM for 24 h) increased 

the number of doubly-stained cells in comparison to control, reaching up to 76% for 

MI-J, 36% and 25% for MI-4F and MI-2,4diF, while a lower value of 11% was 

observed for MI-D. In addition, MI-J and MI-2,4diF promoted a slight increase 

(around 2.4%) in the number of PI-labeled cells.  
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FIGURE 5: ANNEXIN V-FITC AND PROPIDIUM IODIDE STAINING OF HEPG2 
TREATED WITH 1,3,4-THIADIAZOLIUM DERIVATIVES  

Note: The experimental conditions are described in the Materials and Methods section 4.1.2.5-c. The 
cells were seeded with or without 1,3,4-thiadiazolium derivatives at 25 μM for 18-24 h. Then, the cells 
were collected with trypsin and 10.000 events were analyzed by flow cytometry by FL2 and FL1 filters. 
(A) control, (B) MI-D, (C) MI-J, (D) MI-4F and (E) MI-2,4diF. The figures show representative dot-plot 
with the different cell populations: left-bottom = labeled cells; left-top = PI labeled; right-top = doubly 
labeled; right-bottom = annexin V labeled. The results were expressed as mean ± SD of three 
independents experiments.   

 

Since the differentiation between apoptosis and necrosis was not possible 

with such an assay, short incubation time (3 h) and reduced concentration (5 µM) 

were used for morphological analyzes (ORRENIUS et al., 2011). Apoptotic bodies 

(blebs) were observed, and loss of cellular organization in monolayer was elicited for 

all compounds even at low concentration (Fig. 6). Other characteristics of apoptosis 

induction, such as vacuolization, cellular shrinkage (with MI-D, MI-J and MI-4F) and 

nuclear pyknosis (with MI-4F and MI-2,4diF), were also observed. All together, these 

results suggest that apoptosis may be the death pathway induced by 1,3,4-

thiadiazolium derivatives on HepG2 cells. Cultured hepatocytes were also doubly 

stained with FITC-conjugated annexin V and PI, and analyzed by fluorescence 

microscopy (Fig. 7), but no increase in annexin-FITC and PI labeling  was observed 

for any compound (at 25 µM for 18-24 h) when compared to treatment with 

acetylsalicylic acid (at 20 mM for 18-24 h), used as a positive control (HOSSAIN et 
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al., 2012). The hepatocytes morphology was also verified: no alterations in normal 

characteristics of primary hepatocytes, as cubic form, monolayer organization and 

multinucleation was observed, supporting previous results suggesting that these 

derivatives slightly or not at all affected hepatocytes viability (Fig. 8).  

 

FIGURE 6: EFFECTS OF 1,3,4-THIADIAZOLIUM DERIVATIVES ON HEPG2 CELL 
MORPHOLOGY 

Note: The experimental conditions are described in the Materials and Methods section 4.1.2.6. The 
cells were seeded with or without 1,3,4-thiadiazolium derivatives at 5 μM for 3 h. The images were 
captured with a 100X magnification; they correspond to control (A), MI-D (B), MI-J (C), MI-4F (D) and 
MI-2,4diF (E). The scale is indicated by black bars representing 0.02 mm. The arrows show 
morphological modifications as blebs, increased volume and vacuolization. The photographs 
represent three different experiments in triplicate. 
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FIGURE 7: ANNEXIN V-FITC AND PROPIDIUM IODIDE STAINING OF 
HEPATOCYTES TREATED BY 1,3,4-THIADIAZOLIUM DERIVATIVES  

Note: The experimental conditions are described in the Materials and Methods section 4.1.2.5-c. 
Hepatocytes were incubated with derivatives at 25 µM for 20 h. The images (10X magnification) were 
captured with an AXIOVERT 40CSFL fluorescence microscope. The scale is indicated by white bars 
representing 100 µm. The annexin V-FITC-positive cells are stained in green, and the PI-positive cells 
in red. The images represent (A) control (untreated cells), (B) ASA positive control at 20 mM, (C) MI-
D, (D) MI-J, (E) MI-4F   and (F) MI-2,4diF. The figures represent three different experiments in 
triplicate. 
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FIGURE 8: EFFECTS OF 1,3,4-THIADIAZOLIUM DERIVATIVES ON 
HEPATOCYTES MORPHOLOGY 

Note: The experimental conditions are described in the Materials and Methods section 4.1.2.6. 
Hepatocytes were incubated with the derivatives at 25 μM for 24 h. The images were obtained using 
inverted microscope. A: control (untreated cells); B-E: treatments by MI-D, MI-J, MI-4F and MI-2,4diF, 
respectively. The scale is indicated by black bars representing 50 µm. The photographs represent 
three different experiments in triplicate. 

 

4.1.3.3 Effects of 1,3,4-thiadiazolium derivatives on multiple drugs resistant (MDR) 

cells 

 

The effects of 1,3,4-thiadiazolium derivatives were checked on cells 

overexpressing multidrug ABC transporters, in order to establish their capacity to 

inhibit the transport of substrate drugs and/or to be transported themselves. Flow 

cytometry was used to analyze their capacity to induce accumulation of fluorescent 

substrates. Table 1 shows that, among the different mesoionic derivatives, only MI-J 

was able to significantly inhibit the Pgp-mediated efflux of rhodamine 123, with 13% 

inhibition (at 25 µM upon 30-min incubation) as compared to the control which was 

fully inhibited by 5 µM elacridar. The ability of the derivatives to be transported by 

Pgp was evaluated by the resistance ratio (RR), which was obtained by dividing the 

IG50 values estimated from survival MTT assays for transfected cells overexpressing 

the multidrug transporter and its parental, sensitive line, with RR values ˃ 1 
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suggesting transporter-mediated efflux (HALL et al., 2009). Except for MI-J which 

was not to be transported by Pgp, with a RR value even <1, the other derivatives 

indeed appeared to be transported, with high RR values of 5.2 for MI-2,4diF, and in 

the range 2.4-2.8 for MI-D and MI-4F.  

TABLE 1. EFFECTS OF 1,3,4-THIADIAZOLIUM DERIVATIVES ON MDR CELL 

PARAMETERS 

 Pgp 

 EC50(µM) %inhibition aIG50(µM) b IG50(µM) 

MI-D n.d. 1.0 24.9 ± 5.7 9.0 ± 0.2 

MI-J n.d. 13.6 ± 6.3 9.8 ± 2.0 10.6 ± 0.5 

MI-4F n.d. 0 3.3 ± 0.1 1.4 ± 0.1 

MI-2,4diF n.d. 0.15 5.2 ± 0.2 1.0 ± 0.1 

 ABCG2 

MI-D 24.3 ± 9.6 36.7 ± 14.4 7.0 ± 0.1 8.9 ± 1.0 

MI-J 8.5 ± 4.8 21.5 ± 12.1 7.9 ± 0.1 6.0 ± 0.1 

MI-4F n.d. 11.7 ± 3.9 4.7 ± 0.2 5.7 ± 0.3 

MI-2,4diF n.d. 17.7 ± 12.6 3.3 ± 0.3 4.6 ± 0.9 

 MRP1 

MI-D n.d. 8.1 ± 4.2 9.4 ± 0.5 7.5 ± 1.0 

MI-J n.d. 36.2 ± 24.7 4.9 ± 0.2 5.8 ± 0.1 

MI-4F n.d. 10.1 ± 6.6 6.2 ± 0.1 6.0 ± 0.1 

MI-2,4diF n.d. 21.0 ± 13.1 4.7 ± 0.5 5.5 ± 0.5 

 

Note: The experimental conditions are described in the Materials and Methods, sections 4.1.2.5-a and 
4.1.2.9. The efficiency of each mesoionic derivative to inhibit the efflux of fluorescent substrates was 
determined by flow cytometry, relatively to controls (either parental cells, or the same transfected cells 
fully inhibited with reference inhibitors). The EC50 values (µM) were determined by using increasing 
derivatives concentrations, up to 50 µM, and calculated as derivatives concentrations producing half-
maximal inhibition of drug efflux. The IG50 values (µM) were obtained by MTT assays upon treatment 

for 72 h with mesoionic derivatives at 0-100 M; they were calculated as derivatives concentrations 
producing half-maximal inhibition of growth. aIG50 obtained with resistant transfected cells; 
bIG50obtained with control, sensitive, cells; n.d. not determined.   

 

The same parameters were evaluated for the two other multidrug 

transporters, ABCG2 and MRP1. All derivatives significantly inhibited the ABCG2-

mediated efflux of mitoxantrone: the extent observed at 25 µM after 30-min 

incubation was higher with MI-D containing a NO2 (~ 37%), but the affinity appeared 

better for MI-J containing a OH (EC50 value of 8.5 µM versus 24.3 µM). The two 

fluorinated derivatives (MI-4F and MI-2,4diF) displayed a lower inhibition (11.7-

17.7%). No apparent transport by ABCG2 was observed, except for a weak possible 
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effect of MI-J, with a RR value slightly > 1. No cross resistance at all was observed 

with MRP1-overexpressing cells, with RR values very close to unity. The different 

derivatives also inhibited MRP1-mediated drug efflux, using calcein-AM as a 

substrate, but with different structure-activity relationships when compared to ABCG2 

since OH substitution in MI-J was much more efficient than NO2 in MI-D (36.2% 

versus 8.1% inhibition) while the fluorinated derivatives MI-4F and MI-2,4diF 

displayed intermediate potency (10-20% inhibition). 

 

4.1.4 Discussion and conclusions 

 

The present work reports a small series of new compounds as promising 

candidates for future assays of HCC treatment. The different mesoionic derivatives 

were cytotoxic to HepG2 cells, as demonstrated by MTT assays, with MI-J, MI-4F 

and MI-2,4diF being the most efficient to reduce their viability whereas MI-D required 

a 2-fold higher concentration. These results were confirmed by an increase in LDH 

activity of cell culture supernatants induced by all derivatives, with however some 

quantitative differences. The survival of non-tumoral hepatocytes in the presence of 

mesoionic derivatives demonstrated that MI-D, MI-J and MI-4F were not cytotoxic for 

these cells. By difference, a significant apparent cytotoxicity was observed with MI-

2,4diF, in MTT assays, but no increase was produced on LDH activity. The absence 

of cytotoxicity was further confirmed by the lack of labeling with annexin V or PI, and 

by morphological analysis. Pires et al. (2010) demonstrated that the alterations 

produced by 1,3,4-thiadiazolium derivatives on mitochondrial bioenergetics were 

associated with their hydrophobic properties: MI-2,4diF displayed the most 

pronounced effects, probably due to its high Hansh constant ( = 0,28) as compared 

to MI-4F, MI-D and MI-J. Therefore, the significant reduction of non-tumoral cell 

viability observed with MI-2,4diF in the MTT assay, which is based on the activity of 

mitochondrial dehydrogenases (TAKAHASHI et al., 2002), might be related to its 

effects on mitochondrial bioenergetics. Induction of apoptosis by chemotherapeutics 

is one of the most significant effects related to inhibition of tumor growth 

(RAYCHAUDHURI, 2010). When HepG2 cells were labeled here with annexin V and 

PI to monitor such an event, all mesoionic derivatives were indeed able to induce a 

significant double labeling. Annexin V is known to specifically bind to 

phosphatidylserine, a lipid which is translocated to the outer leaflet of the cell during 
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apoptosis and can be identified through FITC fluorescence associated to annexin V 

(VERMES et al., 1995). PI is impermeable to cell membrane and its binding to DNA 

is dependent on the increased membrane permeability observed in the late stages of 

apoptosis or necrosis (RIEGER et al., 2011). The results obtained with mesoionic 

compounds indicated that they induced a late apoptosis or necrosis in HepG2 cells. 

In order to better characterize the cytotoxicity pathway promoted, the HepG2 cells 

were incubated with the mesoionic derivatives, and the morphological analyses in 

earliest times of incubation indicated apoptosis features. These data were also 

confirmed by DNA fragmentation assays. Similar morphological alterations on 

melanoma cells MEL-85 were demonstrated with MI-D treatment (25-50µM for 2 h), 

which also reduced the viability of the cells to ~ 40% at 25 µM for 24 h (SENFF-

RIBEIRO et al., 2004a). In this work, we used primary culture of rat hepatocytes 

instead human cells due the scarce availability of fresh human liver samples, the 

logistic and time required by the overall procedure, as well as the high cost related to 

the procedure. As performed in this work, other studies (CASTANEDA; KINNE, 2000; 

TIAN et al., 2007; LIU; ZENG, 2009) also have used rat primary hepatocytes in 

culture as an alternative to verify differential cytotoxicity of antitumoral compounds on 

human cancer. Nevertheless, the absence of cytotoxicity in rat cells observed in this 

work must be further confirmed on human cells. For new drugs intended to be used 

in clinical trials, several absorption, distribution, metabolism, excretion and toxicity 

assays are required, and the FDA has recommended initial in vitro tests to establish 

the effects of these drug candidates on MDR transporters, which could either 

promote their efflux or be inhibited by them, thus changing the bioavailability of other 

drugs used concomitantly (FDA, 2012).  We experimentally observed that mesoionic 

derivatives were not substrates of ABCG2 and MRP1, whereas they might indeed be 

transported by Pgp (except for MI-J), which could limit their use against resistant 

tumors overexpressing this efflux pump. This however would not prevent their 

utilization in nonresistant tumor treatment: for example, the chemotherapeutic agent 

5-fluoracil is recognized as a first-choice treatment for nonresistant HCC in advanced 

stage (UCHIBORI et al., 2012), although displaying a high RR value of 53 on Pgp-

overexpressing resistant HepG2 cells (ZHENG et al., 2008). Some drugs with 

antitumoral and pump-efflux inhibitory activities, as also observed here for most 

1,3,4-thiadiazolium derivatives, have indeed given promising results in vivo. As an 

example, the tyrosine kinase inhibitor BIBF120, which has reached phase III clinical 
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trials of cancers treatments, also demonstrated a capacity to inhibit the ABCG2 

transporter; however, the direct correlation between such an inhibition and the 

success of resistant-tumor treatment was not actually established (XIANG et al., 

2011). The weak extent of inhibition by 1,3,4-thiadiazolium derivatives might still 

represent an advantage, taking into account the reduced probability of bioavailability 

alterations in polytherapy, and of diminution in the physiological protective role of 

these efflux pumps (STACY et al., 2013). In conclusion, we showed that the 1,3,4-

thiadiazolium derivatives MI-D, MI-J, MI-4F and MI-2,4diF were selectively cytotoxic 

to HepG2 cells, by promoting cell death with apoptosis characteristics, while not 

affecting the viability of non-tumoral hepatocytes. Furthermore, the 1,3,4-

thiadiazolium derivatives were only slightly, or not at all, transported by resistant cells 

overexpressing ABCG2 and MRP1, while they even produced inhibition of these 

transporters. Such mesoionic compounds, especially the hydroxy derivative MI-J, 

might be considered as promising candidates to HCC treatment, either resistant or 

not, and should encourage new investigations about their mechanisms of action for 

future clinical tests.  
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ABSTRACT 

 
A series of indeno[1,2-b]indole-9,10-dione derivatives were synthesized as human 
casein kinase II (CK2) inhibitors. The most potent inhibitors contained a N5-isopropyl 
substituent on C-ring. The same series of compounds was found to also inhibit the 
breast cancer resistance protein ABCG2 but with totally different structure-activity 
relationships: a N5-phenethyl substituent was critical, and additional hydrophobic 
substituents at position 7 or 8 of D-ring or a methoxy at phenethyl position ortho or 
meta also contributed to inhibition. The best ABCG2 inhibitors, such as 4c, 4h, 4i, 4j 
and 4k, behaved as very weak inhibitors of CK2, whereas the most potent CK2 
inhibitors, such as 4a, 4p and 4e, displayed limited interaction with ABCG2. It was 
therefore possible to convert, through suited substitutions of the indeno[1,2-b]indole-
9,10-dione scaffold, potent CK2 inhibitors into selective ABCG2 inhibitors and vice 
versa. In addition, some of the best ABCG2 inhibitors, which displayed a very low 
cytotoxicity, thus giving a high therapeutic ratio, and appeared not to be transported, 
constitute promising candidates for further investigations. 
 

4.2.1 Introduction 

 

Human protein kinase casein kinase II (CK2) is a highly pleiotropic 

serine/threonine protein kinase discovered in 1954.1 Overexpression of CK2 and its 

elevated activity are closely related to many human cancers, including breast,2 lung,3 

pancreas,4 and prostate.5 Recent studies also confirmed CK2 as a key target in 

leukemia,6 and glioblastoma.7 One of the most remarkable features of CK2 is the 

existence of several forms: (i) catalytic CK2 subunit and its isoforms CK2’ and 

CK2”, (ii) regulatory CK2 subunit, and (iii) heterotetramer composed of two 

catalytic subunits and two regulatory subunits.8 Both CK2 heterotetrameric 

holoenzyme and its isolated catalytic subunits are constitutively active. Recent 

structural insights of CK2, CK2 and CK2 (quaternary structure of CK2) gave 

further knowledge to perform tailor-made compounds.9-11 Thus CK2 is becoming an 

important drug target for the 21st century as mentioned by E.G. Krebs in 1999.12 

Intensive drug discovery chemistry is currently  leading to design and synthesis of 

small molecule CK2 inhibitors targeting ATP-binding pocket or exosites at the CK2/ 

CK2 interface.13 For example we developed diverse indeno[1,2-b]indole- and 

pyrrolo[1,2-a]quinoxaline-based scaffolds14,15 as ATP-competitive inhibitors of CK2. 

Tetracyclic indeno[1,2-b]indole derivatives offer great opportunities to functionalize A-

,C-, and/or D-rings and so access inhibitors with submicromolar IC50 and 

antiproliferative activity against cancer cell lines.16 
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Protein kinase inhibitors were previously shown to interact with multidrug 

ABC transporters involved in cancer cells resistance to chemotherapy. Protein kinase 

C inhibitors were able to inhibit P-glycoprotein/ABCB1 and homologs from yeast and 

protozoan parasites.17 A number of tyrosine kinase inhibitors were found to strongly 

inhibit the breast cancer resistance protein ABCG2: canertinib (CI1033),18 imatinib,19 

gefitinib,20 N-[4-[(3-bromophenyl)amino]-6-quinazolinyl]-2-butynamide (EKI-785),21 

nilotinib and dasatinib,22 vandetinib, pelitinib and neratinib,23 erlotinib,24 sorafenib,25 

sunitinib26 and linsitinib.27 Bisindolylmaleimides and indolocarbazoles28 as well as 

dimethoxyaurones29, which inhibit various serine/threonine kinases, were also found 

to inhibit ABCG2. 

ABCG2 is overexpressed in many types of tumors,30 and is recognized to 

play a role in their multidrug resistance by catalyzing the efflux of anticancer drugs. 

Potent, selective and nontoxic inhibitors might constitute a good therapeutic strategy 

to improve anticancer drugs efficiency by increasing their bioavailability, and then 

sensitize tumor growth to their cytotoxicity.31,32 New inhibitors should therefore be 

investigated. Our aim was to check the capacity of the newly-synthesized 

indenoindole inhibitors of CK2 to interact with ABCG2 and inhibit its drug-efflux 

activity. It is shown that they indeed inhibit ABCG2-mediated mitoxantrone transport 

but importantly the structure-activity relationships are totally different from those 

governing CK2 inhibition. 

 

4.2.2 Chemistry 

 

Tetrahydroindeno[1,2-b]indole-9,10-diones 4 were synthesized according to 

a previously reported method,14,33  with a modification of the reagent for the 

deoxygenation of the vic-dihydroxyindeno[1,2-b]indole-9,10-diones 3. Usually 

transition from 3 to 4 is performed with tetramethylthionylamide (TMTA), nevertheless 

we observed better yields with the tetraethylthionylamide (TETA).34 The latter was 

prepared by slowly addition of thionyl chloride to 4 equivalents of diethylamine in dry 

ether at – 40 °C. 

The synthetic route started with the preparation of the corresponding 

enaminones 2, readily available in very good yields by reacting substituted 

cyclohexane-1,3-diones 1 with primary amines. Subsequent condensation of 2 with 

2,2-dihydroxyindane-1,3-diones (ninhydrins) afforded dihydroxyindeno[1,2-b]indole-
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9,10-diones 3 (Scheme 1). 

This protocol provided a useful way to modify the substituents R1, R2 and R3 

in order to establish structure-activity relationships (CK2 inhibition, ABCG2 inhibition, 

and cytotoxicity). Structural variations on the A-, C- and/or D-ring of the indeno[1,2-

b]indole scaffold have been carried out thanks to ninhydrins, primary amines and 

cyclohexane-1,3-diones, respectively. 

 

Scheme 1a 

 

aReagents and conditions: (a) Toluene, reflux; (b) MeOH, rt; (c) (NEt2)2SO (TETA), 
DMF, AcOH, rt.  
 

The 1- and 4-hydroxylated indenoindoles 4m and 4n (Scheme 2) were 

prepared from enaminone 2a and 4-hydroxyninhydrin. The latter was readily 

prepared in two steps. Firstly, the commercially available dihydrocoumarin reacted 

with AlCl3 to afford the 4-hydroxyindan-1-one35 which was then oxidized with SeO2 in 

dioxane under microwave irradiation (unpublished data). 

Condensation of 4-hydroxyninhydrin with enaminon 2a led to the 

trihydroxylated derivatives 3m and 3n as a mixture of two regioisomers (ratio 3m/3n: 

78/22) which could not be separated under the classical conditions. Deoxygenation 

procedure of the mixture using TETA was carried out to afford the corresponding 

hydroxyindenoindoles 4m and 4n. At this step, the two regioisomers were easily 

separated by chromatography column and identified by NMR. 

O-Prenylation of the 4-hydroxy derivative 4n was performed with prenyl 

bromide in presence of K2CO3 in acetone at reflux to provide derivative 4p with 60% 
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yield. The reaction with the isomer 4m was more difficult, probably due to a hydrogen 

bond between the H of the phenol on the C-1 and the O of ketone C-10 that forms a 

pseudo 6-membered ring more stable, so more difficult to break. Therefore, O-

prenylation of the 1-hydroxy derivative 4m was carried out by means of K2CO3 in 

dimethylacetamide (DMA) at 80 °C to provide derivative 4o with 27% yield. 

 

Scheme 2a 

 

aReagents and conditions: (a) MeOH, rt; (b) (NEt2)2SO (TETA), DMF, AcOH, rt; (c) 
K2CO3, DMA, 80°C, 24h; (d) K2CO3, acetone, reflux, 8h. 
 

Assignment of regiochemistry was established for each regioisomer by 

NOESY. Compounds 4q and 4r were obtained by alkylation of 5,6,7,8-

tetrahydroindeno[1,2-b]indole-9,10-dione 4a with CH3I and PhCH2Br, respectively, in 

the presence of a solution of lithium cyclohexylisopropylamide (LCIA)36 prepared 

from cyclohexylisopropylamine and n-BuLi in dry THF at – 40 °C (Scheme 3). 

Attempts to improve the yield of these alkylations by modification of the reaction 

conditions (nature and amount of the base, amount of the alkylating agent, 

temperature) proved to be unsuccessful. Moreover, methylation provided the 

monomethylated compound 4q with 10% yield and only traces of the dimethylated 

derivative when benzylation afforded only the disubstituted compound 4r with 35% 

yield, the monobenzylated product was not detected. In either case, a large amount 
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of degradation products was observed. 

 

Scheme 3a 

 

aReagents and conditions: (a) Cyclohexylisopropylamine, n-BuLi, THF, CH3I or 
PhCH2Br, - 40 °C.  
 

All together, 18 indeno[1,2-b]indole-9,10-dione derivatives have been 

synthesized, and their different substituents are shown in Figure 1. 

N

O
O

N

O
O

R3b

R3aa

4a 4q: R3a = Me, R3b = H

4r: R3a = R3b = CH2Ph
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FIGURE 1: SUBSTITUTION PATTERNS OF 4a-r.  

Note: compounds 4a-d and 4f-h are described in reference 33, and compound 4e in reference 37. 
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The 3D structure of 4c was determined by X-ray crystallography (Figure 2) 

and confirmed that expected on the basis of IR and 1H NMR data. The key bond 

lengths and angles of this indeno[1,2-b]indole-9,10-dione 4c are very similar to those 

given in the literature for other substituted indenoindole derivatives.38,39 The 7,8-

dihydro-6H-indeno[1,2-b]indole-9,10-dione system of 4c is not planar; a derivation of 

the C12 and C13 atoms was noticed at 0.1935 (3) Å and 0.4429 (3) Å, respectively, 

from the plane defined by the heterotetracyclic system. The non-planarity of this 

tetracyclic sytem is an important structural characteristic in contrast to planar 

polycyclic aromatic compounds. The double bonds C1=O1 and C11=O2 of the 

heterocyclic system of 4c are confirmed by their respective lengths of 1.218 (3) and 

1.221 (3) Å. 

 

FIGURE 2. VIEW OF THE CRYSTAL STRUCTURE OF 4c WITH OUR NUMBERING 
SCHEME, DISPLACEMENT ELLIPSOIDS ARE DRAWN AT THE 30% 
PROBABILITY LEVEL  

Note: the numbering used here is specific to the crystallographic studies, and therefore different from 
that shown in Table 1 and used all along the text. 
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4.2.3 Biological evaluation, SARs and discussion 

 

The synthesized indeno[1,2-b]indoles were screened for their inhibition 

capacity, firstly against protein kinase CK2, and then against ABCG2, as summarized 

here below. 

 

4.2.3.1 Inhibition of human CK2 holoenzyme 

 

Comparison of the results in Table 1 allowed us to draw the following 

structure-activity relationships: i) compound 4a, with a N5-isopropyl-substituted C-

ring, produced a complete inhibition at 10 µM, with a good potency (IC50 = 0.36 µM); 

ii) a 14-fold increased potency was observed with 4p substituted at position 4 of A-

ring with O-3,3-dimethylallyl (“prenyl”), which was higher than most of the reference 

inhibitors and approached the extremely potent silmitasertib (CX-494540); by contrast, 

the same prenyl substituent at position 1 in 4o dramatically altered the inhibition 

capacity to 44% at 10 µM; iii) a 2-fold increased potency was produced by a methyl 

substituent at position 7 of D-ring in 4e (IC50 = 0.17 µM), whereas a strong negative 

effect was observed at vicinal position 8 with either the same substitution in 4q or a 

very hydrophobic and steric substitution by two benzyl groups in 4r (IC50 ≥ 9.2 µM); 

iv) replacing the N5-isopropyl by either a benzyl in 4b, a phenethyl in 4c or a 

phenpropyl in 4d produced a marked alteration of inhibition (≥ 17 fold) by comparison 

to 4a; a partial recovery in potency was produced when substituting with a methoxy 

the phenethyl at position ortho in 4j, by 5.6-fold relatively to 4c, while the effects were 

lower at either position para in 4l or meta in 4k; v) finally, a negative contribution of 

phenyl substitution at position 7 was observed when comparing 4g to 4b, and 4i to 

4c. The concentration dependence of the inhibition of CK2 activity is illustrated in 

Figure 3 for the three best indenoindole inhibitors and the most potent reference 

inhibitor. 
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TABLE 1. INHIBITION OF HUMAN CK2 HOLOENZYME 
 

Indenoindoles 

CK2 inhibition 
% at 10 µMa    IC50 (µM) 

4a     99                   0.36b 

4b     34                 (~15)c 

4c     59                    7.0b 

4d     62                    6.0b 

4e     94                    0.17b 

4f     16                 (~35)c 
4g       9                 (~55)c 

4h     66                    2.5b 

4i     35                 (~15)c 

4j     87                    1.4b 

4k     63                    5.1b 

4l     69                    4.1b 

4o     44                 (~12)c 
4p   100                   0.025b 
4q     52                    9.2b 

4r     48                 (~11)c 

Reference inhibitors    

Silmitasertibd   100                 0.0037b 

Ellagic acid     95                 0.04b 

TBBe     99                 0.06b 

Emodin     99                 0.58b 

 
aThe percent inhibition of CK2 activity was determined for each compound at a fixed concentration of 
10 µM. bFor the best compounds producing at least 50% inhibition at 10 µM, the concentration was 
varied to precisely determine the IC50 values. cFor the other, less potent compounds, a rough 
estimation was obtained from the experimental inhibition produced at 10 µM. dSilmitasertib = 5-[(3-
chlorophenyl)amino]benzo[c][2,6] naphthyridine-8-carboxylic acid. eTBB = 4,5,6,7-
tetrabromobenzotriazole. 

 

 

FIGURE 3: CONCENTRATION DEPENDENCE FOR THE MOST POTENT 
INHIBITORS OF CK2 ACTIVITY  
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4.2.3.2 Inhibition of MCF-7 cell proliferation by the CK2 inhibitor 4p  

 

The antiproliferative effect of prenyl-substituted indeno[1,2-b]indole 4p, which 

appeared to be the most potent CK2 inhibitor with an IC50 value of 25 nM, was 

evaluated in MCF-7 breast cancer cells.41 For this purpose, a commercially-available 

EdU-click assay was applied, resulting in the incorporation of a TAMRA fluorophore 

into the nucleic acid of cells performing DNA replication and preparing cell 

proliferation.42 Proliferating cells can be recognized by a violet fluorescence of their 

nuclei (Figure 4B), and the number of such cells are counted with and without 

inhibitor and set into relation of the corresponding number of control cells.  

 

FIGURE 4: FLUORESCENCE IMAGES OF MCF-7 CELLS TREATED WITH 
DIFFERENT CONCENTRATIONS OF THE INHIBITOR 4p FOR 24 H. 

Note: Cell nuclei were double-stained by 1 (blue fluorescence), able to cross the membrane of all 
cells, and by EdU-assay using 5-TAMRA-PEG3-azide as a coupled fluorophore (violet fluorescence). 
Cell proliferation was monitored by EdU-assay. Panel A: Hoechst-staining of treated MCF-7 cells. 
Panel B: Overlay of the fluorescence images of 1 stained cells and TAMRA-labeled proliferating cells. 
The cells which are emitting only blue fluorescence are not proliferating, in contrast to those emitting 
an additional violet fluorescence. 
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As shown in Figure 5, incubation of MCF-7 cells with 20 µM 4p for 24 h 

resulted in a dramatic reduction of the proliferation rate. Only 14% of the cells were 

still able to synthesize DNA, a ratio that was further decreased after 48 h to 1.3 % 

(not shown here). When 4p was used at 100 µM, cell proliferation was completely 

inhibited even after 24-h exposure. Staining of MCF-7 cells with 1 (Hoechst 33258)43 

indicated that the cells were markedly damaged after treatment with 4p (Figure 4A). 

Already at 24 h of treatment, the entire number of MCF-7 cells underwent cell death 

and the total number of detectable cells was strongly reduced, down to 10%. The 

remaining cells showed characteristic features of apoptosis, such as reduction of 

nuclear size and condensation of chromatin (Figure 4A). In contrast, 1 staining did 

not indicate any sign of apoptosis after treatment with 20 µM 4p. The nuclear 

morphology of cells under these conditions was similar to DMSO-treated control 

cells. This clearly indicated that the prenyl-substituted indeno[1,2-b]indole 4p has a 

distinct antiproliferative effect at 20 µM concentration against MCF-7 breast cancer 

cells. 

 

 

FIGURE 5: ANTIPROLIFERATIVE EFFECT OF THE INHIBITOR 4p ON MCF-7 
CELLS  

Note: Results are shown as percent proliferating cells relatively to control cells (with 1% DMSO), and 

represent the mean ( SD) of four assays. 
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4.2.3.3 Inhibition of ABCG2-Mediated Drug Efflux 

 

The same 16 indeno[1,2-b]indole derivatives were assayed for their ability to 

inhibit ABCG2-mediated mitoxantrone efflux from transfected HEK293 cells. Table 2 

shows that the worst CK2 inhibitors appear to be the best ABCG2 inhibitors. Indeed, 

the N5-phenethyl substituted compounds produced a complete inhibition, with strong 

efficiency at submicromolar concentrations, as exemplified by 4c (IC50 = 0.43 µM). A 

2-fold further increase in potency was observed by methyl substitution at position 7 in 

4h, or by methoxy substitution at phenethyl position ortho in 4j whereas an opposite, 

negative, effect was produced at phenethyl position para in 4l and an intermediate 

one at phenethyl position meta in 4k.  

The concentration dependence of the inhibition of ABCG2-mediated 

mitoxantrone efflux is illustrated for selected inhibitors in Figure 6.  

Increasing the length of the N5-substituent into phenpropyl in 4d induced a 

moderate alteration (2 fold), whereas a dramatic loss of potency was produced by 

shortening into either benzyl in 4b or isopropyl in 4a (approximately 70-100 fold). A 

main part of this loss in potency could be recovered through hydrophobic substitution 

by two benzyl groups at position 8 in 4r versus 4a, while a partial recovery was 

observed at vicinal position 7 with either a phenyl group in 4g versus 4b or a methyl 

group in 4e versus 4a. A partial recovery of inhibition potency was observed with 

prenyl substitution not only at position 4 in 4p, but also at position 1 in 4o, by 

comparison to 4a. The best indenoindole inhibitors were nearly as potent as ABCG2 

reference inhibitors, 2 (chromone 1) and 3 (Ko143), assayed under the same 

conditions.44 In some cases, the maximal inhibition, as observed at 10 µM, was not 

complete (with maximal values of 60-83%) for hydrophobic derivatives such as 4d, 

4g, 4i and 4p (with LogP values of 4.9-6.2) relative to a complete inhibition produced 

by 4c and 4j with a LogP of 4.4, may be partly related to lower water solubility, as 

suggested for other ABCG2 inhibitors.45 However, the fact that 4j, 4k and 4l (with the 

same LogP of 4.4) gave a variable maximal inhibition indicates that other parameters 

are critical for inhibition potency, in agreement with known polyspecificity of multidrug 

transporters, where the number and positions of hydrophobic substituents can 

modulate the orientation of binding and subsequent inhibition. 
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TABLE 2. INHIBITION OF MITOXANTRONE EFFLUX IN ABCG2-TRANSFECTED 
CELLS  

 

 
Indenoindoles 

ABCG2 inhibition 
% at 10 µMa     IC50 (µM) 

ABCG2/CK2d Cytotoxicity 
IG50 (µM)e        TRf 

4aa   15 ± 7                  ~35c ~0.01        nd 

4b   18 ± 3                  ~30c ~0.5        nd 

4c 100 ± 14          0.43 ± 0.01b 16 30.7 ± 9.5             71 

4d    83 ± 25          0.79 ± 0.13b 8   > 100              > 127 

4e    65 ± 17          4.1 ± 1.1b ~0.04        nd 

4f    33 ± 14                ~15c ~2        nd 

4g   68 ± 10          0.96 ± 0.09b ~30 16.9 ± 6.5             18 

4h 100 ± 21          0.23 ± 0.02b 11   > 100              > 435 

4i   83 ± 13           0.49 ± 0.22b ~30    20.1 ± 4.9              96 

4j 106 ± 22          0.21 ± 0.07b 7 27.2 ± 0.7            130 

4k   78 ± 14          0.31 ± 0.09b 16 12.7 ± 3.1               41 

4l 131 ± 6            0.70 ± 0.04b 6 68.5 ± 0.2              98 

4o   74 ± 12           3.0 ± 0.5b ~4        nd 

4p   60 ± 26            1.6 ± 0.7b 0.02    31.0 ± 8.4              19 
4q   40 ± 28          20 ± 14b ~0.46        nd 

4r   90 ± 20            0.61 ± 0.1b ~18   6.0 ± 1.0              10 

Reference 
inhibitorsg 

   

Chromone 1i   98 ± 7            0.13 ± 0.09     96 ± 6 

Ko143j  106 ± 1           0.09 ± 0.01     32 ± 3  

Reference 
substratesh 

   

Mitoxantrone   0.009 ± 0.005 

SN-38k   0.005 ± 0.001 
 

   

 

aThe percent inhibition of ABCG2-mediated mitoxantrone efflux was determined for each compound at 
a fixed concentration of 10 µM. bFor the best compounds producing at least 50% inhibition at 10 µM, 
the concentration was varied to precisely determine the IC50 values. cFor the other, less potent 
compounds, a rough estimation was obtained from the experimental inhibition produced at 10 µM. 
dThe ABCG2/CK2 ratio, indicating the inhibitory efficiency of compounds toward ABCG2 relatively to 
CK2, was calculated by the ratio between the IC50(CK2) values from Table 2 and the IC50(ABCG2) 
values. eThe IG50 values of compounds cytotoxicity were determined after 72 h with MTT cell survival 
tests. nd, not determined. fThe TR ratio was calculated upon dividing the IG50 values of cytotoxicity by 
corresponding IC50 values of ABCG2 inhibition. gOther known inhibitors and hcytotoxic substrates have 
been added for comparison with indenoindoles. iChromone 1 = 5-[(4-bromobenzyl)oxy]-N-[2-(5-
methoxy-1H-indol-3-yl)ethyl]-4-oxo-4H-chromene-2-carboxamide. jKo143 = (3S,6S,12aS)-
1,2,3,4,6,7,12,12a-octahydro-9-methoxy-6-(2-methylpropyl)-1,4 dioxopyrazino[1',2':1,6]pyrido[3,4-
b]indole-3-propanoic acid 1,1-dimethylethyl ester. kSN-38 = 7-ethyl-10-hydroxycamptothecin, active 
metabolite of the topoisomerase I inhibitor irinotecan. 
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FIGURE 6: CONCENTRATION DEPENDENCE FOR THE MOST POTENT 
INDENOINDOLE INHIBITORS OF ABCG2 TRANSPORT ACTIVITY  
 

Studies of the intermolecular interactions between ABCG2 and diverse 

ligands have revealed three important chemical features: hydrogen-bond acceptor 

(HBA), hydrophobic part (HP) and aromatic ring system (ARS).46,47 According to 

different possible combinations (0-3 HBA + 0-3 HP + 0-2 ARS), various inhibition 

pharmacophores were designed. Interestingly, a given ligand may adopt different 

orientations to form its complex with ABCG2. Our lead compound 4h is mainly 

characterized by 2 HBAs, 1 HP and 3 ARSs and, according to different 

pharmacophore models, could indeed interact in variable orientations with the protein 

target. This point is closely related with the promiscuous nature of polyspecific 

multidrug transporters such as ABCG2. 

Comparison in Table 2 of the relative ability of each compound to inhibit CK2 

and ABCG2 indicates that the best CK2 inhibitors, with a N5-isopropyl substituent 

were about two orders of magnitude more selective for CK2 in 4a, 4e and 4p 

whereas the best ABCG2 inhibitors, with a N5-phenethyl substituent, 4c, 4h, 4i, 4j, 4k 

and 4l, were around one order of magnitude more selective for ABCG2. These 

differences are well illustrated in Figure 7A, also displaying that 4d, with a longer N5-

substituent, and both 4r and 4g, with aromatic substituents on D-ring, were good 

ABCG2 inhibitors. By contrast, 4b, 4f, 4o and 4q were only weak inhibitors of both 

CK2 and ABCG2, whereas no indenoindole derivative was found to potently inhibit 
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both CK2 and ABCG2. Overall, three orders of magnitude in selectivity were 

separating the best ABCG2 inhibitors from the best CK2 inhibitors despite they 

belong to the same indeno[1,2-b]indole family of compounds, for example 4c and 4a 

which only differ from the N5-substitution. 

Finally, Table 2 shows that among the best ABCG2 inhibitors, some 

displayed a very low cytotoxicity characterized by IG50 values higher than 100 µM, for 

4h and 4d, or of 69 µM for 4l, whereas other derivatives appeared more cytotoxic, 

such as 4r (IG50 = 6 µM), and others were moderately cytotoxic such as 4k, 4g, 4j 

and 4c (IG50 = 13-31 µM). A similar low or moderate cytotoxicity was observed with 

the reference inhibitors 2 and 3, by difference with known cytotoxic substrates such 

as mitoxantrone and SN-3818 (IG50 = 5-9 nM). For indenoindole inhibitors, 

comparison between cytotoxicity and potency of ABCG2 inhibition showed a very 

high therapeutic ratio, >435, for 4h, compatible with future in vivo assays in animal 

models; three other derivatives, 4j, 4l and 4d, with a therapeutic ratio around 100, 

might also be used. Some of the compounds displaying a moderate cytotoxicity, such 

as 4j and 4h, when assayed under 72-h cell survival MTT tests in both control 

HEK293 cells and ABCG2-transfected cells indicated no significant difference in IG50 

values (not shown here); this indicated the absence of apparent ABCG2-mediated 

cross resistance, which suggested the absence of transport of the inhibitors. 

Diverse structural modifications were performed on indeno[1,2-b]indoles to 

design new CK2 inhibitors. The N5-isopropyl derivative 4a was progressively 

modified,14,16,37 and the introduction of a prenyl group on position 4 of A-ring was 

extremely favorable (CK2+++, IC50 = 0.025 µM) (Figure 7A). Its analogue 4o, with 

shifted substitution at position 1, gave significant information by (i) the emergence of 

ABCG2 inhibitory activity (ABCG2+) and (ii) the loss of CK2 inhibitory activity (CK2-). 

New pharmacomodulations allowed us to access to nine potent ABCG2 inhibitors 

(4g, 4d, 4l, 4r, 4i, 4c, 4k, 4j, and 4h) exhibiting submicromolar IC50 values 

(ABCG2+++). 
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A 

 

 

B 

 

 

FIGURE 7: RELATIONSHIPS BETWEEN CK2 INHIBITORS AND ABCG2 
INHIBITORS 

Note. Panel A: graphical representation as a function of relative IC50 values. Panel B: structural 
modifications of indenoindoles for exploring CK2 or ABCG2 inhibitors.  

 

The main structure-activity relationships of indeno[1,2-b]indoles for either 

CK2 inhibitors or ABCG2 inhibitors are schematically represented in Figure 7B. Quite 

interestingly, the different critical substitutions concerned the same positions, but 
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generally with opposite effects of substituents, as following: 1) at N5 position, the 

preferred substituent was isopropyl (20-fold over phenethyl) for CK2 inhibition, 

whereas phenethyl was the best (70 to 100-fold over benzyl and isopropyl) for 

ABCG2 inhibition; 2) at position 8, hydrophobic substitutions by a methyl and a set of 

two benzyl groups were highly negative (30-fold versus H) for CK2 inhibition whereas 

they were highly positive (up to 60-fold) for ABCG2 inhibition; 3) at vicinal position 7, 

a hydrophobic phenyl was negative (3-fold versus H) for CK2 inhibition but quite 

positive (up to 30-fold) for ABCG2 inhibition. Position 7 for methyl substitution and 

phenethyl position ortho for methoxy substitution, produced similar effects on both 

CK2 and ABCG2, namely a 2 to 5-fold increase in potency. Prenyl substitution 

produced similar positive effects at position 4 (up to 20-fold increase in potency); 

however, it was highly selective for CK2 inhibition relatively to position 1, by contrast 

to ABCG2 inhibition where a positive contribution was also observed. Finally, the 

ABCG2 inhibitory site appeared more hydrophobic and able to bind bigger 

indeno[1,2-b]indole derivatives than the CK2 inhibitory site. This fully agrees with the 

fact that the ABCG2 binding site is expected to be located in close proximity to the 

hydrophobic drug-binding sites, as for previously characterized for various 

heterocyclic inhibitors,31,32 as recently reviewed,48,49 by contrast to the CK2 inhibitory 

site which has been shown to widely overlap the hydrophilic ATP-binding site.16  

 

4.2.4 Experimental section 

 

4.2.4.1 Chemistry 

 

Melting points were determined on an Electrothermal 9200 capillary 

apparatus. The IR spectra were recorded on a Perkin Elmer Spectrum Two IR 

Spectrometer. The 1H and 13C NMR spectra were recorded at 400 MHz on a Bruker 

DRX 400 spectrometer. Chemical shifts are expressed in ppm () downfield from 

internal tetramethylsilane and coupling constants J are reported in hertz (Hz). The 

following abbreviations are used: s: singlet; bs: broad singlet; d: doublet; t: triplet; dd: 

doubled doublet; dt: doubled triplet; q: quartet; m: multiplet; Cquat: quaternary 

carbons. The mass spectra were performed by direct ionization (EI or CI) on a 

ThermoFinnigan MAT 95 XL apparatus. Chromatographic separations were 

performed on silica gel columns by column chromatography (Kieselgel 300–400 
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mesh). All reactions were monitored by TLC on GF254 plates that were visualized 

under a UV lamp (254 nm). Evaporation of solvent was performed in vacuum with 

rotating evaporator. The purity of the final compounds (greater than 95%) was 

determined by uHPLC/MS on an Agilent 1290 system using a Agilent 1290 Infinity 

ZORBAX Eclipse Plus C18 column (2.1 x 50 mm, 1.8 m particle size) with a 

gradient mobile phase of H2O/CH3CN (90:10, v/v) with 0.1% of formic acid to 

H2O/CH3CN (10:90, v/v) with 0.1% of formic acid at a flow rate of 0.5 mL/min, with 

UV monitoring at the wavelength of 254 nm with a runtime of 10 min. 

 

4.2.4.2 General Procedure for the Synthesis of Compounds 2 

 

A solution containing 10.62 mmol of primary amine and 10.62 mmol of the 

corresponding cyclohexane-1,3-dione dissolved in 60 mL of toluene was refluxed in a 

Dean-Stark trap until the separation of H2O had finished. The solvent was then 

evaporated under vacuum and the resultant residue was taken up in EtOAc to give a 

yellow solid that was isolated by filtration. Further purification was then accomplished 

by silica gel column chromatography with CH2Cl2/acetone (1:3, v/v) as the eluent. 

5-Phenyl-3-(2-phenylethylamino)cyclohex-2-enone (2i). Yellow solid. Yield 75%. 

mp 117 °C. IR ( cm-1): 3240, 1698, 1660, 1601. 1H NMR (CDCl3, 400 MHz) : 7.33-

7.20 (m, 10H, Harom), 5.30 (s, 1H, H-2), 5.00 (s, 1H, NH), 3.44-3.31 (m, 3H, H-5 and 

CH2), 2.94 (t, 2H, J = 7.0 Hz, CH2), 2.70-2.40 (m, 4H, 2 CH2). 13C NMR + DEPT 

(CDCl3, 100 MHz) : 196.60 (C=O), 163.52 (Cquat), 143.41 (Cquat), 138.35 (Cquat), 

129.11 (2 CH), 129.02 (2 CH), 128.93 (2 CH), 127.22 (CH), 127.12 (CH), 127.02 (2 

CH), 96.97 (CH), 44.24 (CH2), 43.79 (CH2), 40.24 (CH), 37.57 (CH2), 34.62 (CH2). 

HRMS calcd for C20H22NO [M + H]+ 292.1696, found 292.1692. 

3-[2-(2-Methoxyphenyl)ethylamino]cyclohex-2-enone (2j). Yellow solid. Yield 90%. 

mp 105 °C. IR ( cm-1): 3253, 1600, 1569, 1533. 1H NMR (CDCl3, 400 MHz) : 7.22 

(dt, 1H, J1 = 1.7 Hz, J2 = 8.2 Hz, Harom), 7.10 (dd, 1H, J1 = 1.6 Hz, J2 = 7.3 Hz, 

Harom), 6.92-6.86 (m, 2H, Harom), 5.15 (s, 1H, H-2), 5.1 (s, 1H, NH), 3.84 (s, 3H, 

OMe), 3.29 (m, 2H, CH2), 2.89 (t, 2H, J = 6.8 Hz, CH2), 2.29-2.24 (m, 4H, 2 CH2), 

1.93 (m, 2H, CH2). 13C NMR + DEPT (CDCl3, 100 MHz) : 197.43 (C=O), 164.50 

(Cquat), 157.64 (Cquat), 130.85 (CH), 128.46 (CH), 127.21 (Cquat), 121.21 (CH), 

110.78 (CH), 96.98 (CH), 55.57 (CH3), 43.59 (CH2), 36.71 (CH2), 30.14 (CH2), 29.59 

(CH2), 22.28 (CH2). HRMS calcd for C15H20NO2 [M + H]+ 246.1489, found 246.1489. 



91 
 

3-[2-(3-Methoxyphenyl)ethylamino]cyclohex-2-enone (2k). Beige solid. Yield 80%. 

mp 94 °C. IR ( cm-1): 3256, 1601, 1570, 1531. 1H NMR (CDCl3, 400 MHz) : 7.22 (t, 

1H, J = 7.9 Hz, Harom), 6.79-6.75 (m, 2H, Harom), 6.71 (m, 1H, Harom), 5.17 (s, 1H, 

H-2), 4.73 (s, 1H, NH), 3.79 (s, 3H, OMe), 3.44 (m, 2H, CH2), 2.85 (t, 2H, J = 7.0 Hz, 

CH2), 2.31-2.26 (m, 4H, 2 CH2), 1.93 (m, 2H, CH2). 13C NMR + DEPT (CDCl3, 100 

MHz) : 197.63 (C=O), 164.36 (Cquat), 160.20 (Cquat), 140.04 (Cquat), 130.11 (CH), 

121.22 (CH), 114.77 (CH), 112.24 (CH), 97.36 (CH), 55.51 (CH3), 43.91 (CH2), 36.75 

(CH2), 34.67 (CH2), 30.11 (CH2), 22.60 (CH2). HRMS calcd for C15H20NO2 [M + H]+ 

246.1489, found 246.1494. 

3-[2-(4-Methoxyphenyl)ethylamino]cyclohex-2-enone (2l). Yellow solid. Yield 90%. 

mp 89 °C. IR ( cm-1): 3247, 1596, 1531, 1511. 1H NMR (CDCl3, 400 MHz) : 7.08 (d, 

2H, J = 8.6 Hz, Harom), 6.84 (d, 2H, J = 8.6 Hz, Harom), 5.16 (s, 1H, H-2), 4.79 (s, 

1H, NH), 3.78 (s, 3H, OMe), 3.30 (m, 2H, CH2), 2.82 (t, 2H, J = 7.0 Hz, CH2), 2.30-

2.26 (m, 4H, 2 CH2), 1.93 (m, 2H, CH2). 13C NMR + DEPT (CDCl3, 100 MHz) : 

197.54 (C=O), 164.43 (Cquat), 158.74 (Cquat), 130.37 (Cquat), 129.88 (2 CH), 

114.47 (2 CH), 97.28 (CH), 55.57 (CH3), 44.24 (CH2), 36.75 (CH2), 30.77 (CH2), 

30.08 (CH2), 22.26 (CH2). HRMS calcd for C15H20NO2 [M + H]+ 246.1489, found 

246.1483. 

 

4.2.4.3 General Procedure for the Synthesis of Compounds 3 

 

A solution containing 6.86 mmol of enaminone 2 and 6.86 mmol of ninhydrin 

dissolved in 25 mL of MeOH was stirred at room temperature for 8 h. Generally, a 

precipitate of compound 3 was formed. It was recovered and washed with MeOH. A 

second quantity was obtained from the filtrate by purification by silica gel column 

chromatography with CH2Cl2/acetone (1:3, v/v) as the eluent. 

4b,9b-Dihydroxy-7-phenyl-5-(2-phenylethyl)-4b,5,6,7,8,9b-hexahydroindeno[1,2-

b]indole-9,10-dione (3i). White solid. Yield 84%. mp 128 °C. IR ( cm-1): 3471, 1714, 

1603, 1521. 1H NMR (CDCl3, 400 MHz) : 7.95-7.87 (m, 2H, Harom), 7.77 (m, 1H, 

Harom), 7.57 (m, 1H, Harom), 7.36-7.20 (m, 8H, Harom), 7.09-7.03 (m, 2H, Harom), 

4.11 (m, 1H, NCH2), 3.82 (m, 1H, NCH2), 3.25 (m, 1H, CH2Ph), 3.11 (m, 1H, H-7), 

2.99 (m, 1H, CH2Ph), 2.61-2.11 (m, 4H, CH2-6 and CH2-8). 13C NMR + DEPT (CDCl3, 

100 MHz) : 197.78 (d, C=O), 191.10 (d, C=O), 166.84 (d, Cquat), 148.51 (d, Cquat), 
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143.01 (d, Cquat), 138.70 (d, Cquat), 136.10 (d, CH), 135.52 (d, Cquat), 130.80 (d, 

CH), 129.51 (d, 2 CH), 129.20 (d, 2 CH), 128.99 (d, 2 CH), 127.32 (d, 2 CH), 127.12 

(d, 2 CH), 125.12 (d, CH), 124.52 (d, CH), 105.37 (d, Cquat), 96.87 (d, Cquat), 83.12 

(d, Cquat), 44.88 (d, CH2), 44.11 (d, CH2), 40.42 (d, CH), 37.83 (s, CH2), 30.84 (d, 

CH2). HRMS calcd for C29H26NO4 [M + H]+ 452.1856, found 452.1840. 

4b,9b-Dihydroxy-5-[2-(2-methoxyphenyl)ethyl]-4b,5,6,7,8,9b-hexahydroindeno[1,2-

b]indole-9,10-dione (3j). Yellow solid. Yield 93%. mp 114 °C. IR ( cm-1): 3465, 1716, 

1656, 1601, 1524. 1H NMR (CDCl3, 400 MHz) : 7.92 (d, 1H, J = 7.8 Hz, Harom), 

7.85 (d, 1H, J = 7.6 Hz, Harom), 7.73 (m, 1H, Harom), 7.54 (m, 1H, Harom), 7.26 (m, 

1H, Harom), 7.16 (dd, 1H, J1 = 1.7 Hz, J2 = 7.4 Hz, Harom), 6.94 (m, 1H, Harom), 

6.89 (d, 1H, J = 8.2 Hz, Harom), 4.88 (bs, 1H, OH), 3.98 (m, 1H, NCH2), 3.77 (m, 1H, 

NCH2), 3.13 (m, 1H, CH2Ph), 2.98 (m, 1H, CH2Ph), 2.38 (bs, 1H, OH), 2.22 (m, 2H, 

CH2), 2.16 (m, 2H, CH2), 1.84 (m, 1H, CH2), 1.73 (m, 1H, CH2). 13C NMR + DEPT 

(CDCl3, 100 MHz) : 198.11 (C=O), 192.39 (C=O), 167.26 (Cquat), 157.84 (Cquat), 

148.42 (Cquat), 136.05 (CH), 135.44 (Cquat), 131.28 (CH), 130.75 (CH), 128.83 

(CH), 126.71 (Cquat), 125.13 (CH), 124.43 (CH), 121.31 (CH), 110.81 (CH), 105.53 

(Cquat), 96.22 (Cquat), 83.01 (Cquat), 55.84 (CH3), 43.29 (CH2), 36.64 (CH2), 32.90 

(CH2), 23.16 (CH2), 21.88 (CH2). HRMS calcd for C24H24NO5 [M + H]+ 406.1649, 

found 406.1641. 

4b,9b-Dihydroxy-5-[2-(3-methoxyphenyl)ethyl]-4b,5,6,7,8,9b-hexahydroindeno[1,2-

b]indole-9,10-dione (3k). White solid. Yield 94% yield. mp 95 °C. IR ( cm-1): 3471, 

1713, 1655, 1599, 1521. 1H NMR (DMSO-d6, 400 MHz) : 8.04 (d, 1H, J = 7.8 Hz, 

Harom), 7.84 (m, 1H, Harom), 7.74 (d, 1H, J =7.5 Hz, Harom), 7.62 (m, 1H, Harom), 

7.29 (m, 1H, Harom), 6.95-6.92 (m, 2H, Harom), 6.90 (bs, 1H, OH), 6.85 (dd, 1H, J1 

= 2.6 Hz, J2 = 8.2 Hz, Harom), 5.79 (bs, 1H, OH), 4.01 (m, 1H, NCH2), 3.75 (m, 1H, 

NCH2), 3.40 (s, 3H, OMe), 2.97 (m, 2H, CH2Ph), 2.24 (m, 2H, CH2), 2.05 (m, 2H, 

CH2), 1.73 (m, 1H, CH2), 1.65 (m, 1H, CH2). 13C NMR + DEPT (DMSO-d6, 100 MHz) 

: 198.58 (C=O), 189.68 (C=O), 166.22 (Cquat), 160.36 (Cquat), 149.19 (Cquat), 

141.49 (Cquat), 136.53 (CH), 135.73 (Cquat), 131.20 (CH), 130.51 (CH), 125.74 

(CH), 124.11 (CH), 122.19 (CH), 115.52 (CH), 113.00 (CH), 105.71 (Cquat), 96.60 

(Cquat), 84.54 (Cquat), 55.99 (CH3), 44.37 (CH2), 37.93 (CH2), 37.84 (CH2), 23.24 

(CH2), 22.33 (CH2). HRMS calcd for C24H24NO5 [M + H]+ 406.1649, found 406.1658. 
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4b,9b-Dihydroxy-5-[(2-(4-methoxyphenyl)ethyl]-4b,5,6,7,8,9bhexahydroindeno[1,2-

b]indole-9,10-dione (3l). Yellow solid. Yield 97%. mp 116 °C. IR ( cm-1): 3489, 1713, 

1660, 1605, 1577, 1539, 1509. 1H NMR (CDCl3, 400 MHz) : 7.89-7.84 (m, 2H, 

Harom), 7.73 (m, 1H, Harom), 7.54 (m, 1H, Harom), 7.13-7.10 (m, 2H, Harom), 6.89-

6.85 (m, 2H, Harom), 5.53 (bs, 1H, OH), 5.14 (bs, 1H, OH), 3.99 (m, 1H, NCH2), 3.80 

(s, 3H, OMe), 3.72 (m, 1H, NCH2), 2.99 (m, 2H, CH2Ph), 2.23 (m, 2H, CH2), 2.12 (m, 

2H, CH2), 1.87 (m, 1H, CH2), 1.71 (m, 1H, CH2). 13C NMR + DEPT (CDCl3, 100 MHz) 

: 197.88 (C=O), 192.44 (C=O), 167.17 (Cquat), 158.92 (Cquat), 148.53 (Cquat), 

136.04 (CH), 135.49 (Cquat), 130.73 (CH), 130.62 (Cquat), 130.32 (2 CH), 125.16 

(CH), 124.43 (CH), 114.60 (2 CH), 105.64 (Cquat), 96.22 (Cquat), 83.19 (Cquat), 

55.68 (CH3), 45.02 (CH2), 36.97 (CH2), 36.59 (CH2), 23.35 (CH2), 21.82 (CH2). 

HRMS calcd for C24H24NO5 [M + H]+ 406.1649, found 406.1638. 

 

4.2.4.4 General Procedure for the Synthesis of Compounds 4i-n  

 

A solution containing 4.43 mmol of 3 and 8.86 mmol (2 equiv) of TETA 

dissolved in 15 mL of DMF and 2.5 mL of AcOH was stirred at room temperature for 

22 h. The solution was then poured into 300 mL of ice and water and stirred for 1 h. 

The resulting precipitate was filtered and washed with water and dried to give a first 

quantity of 4. The filtrate was evaporated and the residue was diluted with H2O. The 

solution was basified with NaHCO3 and extracted with CH2Cl2. The organic phase 

was dried over anhydrous Na2SO4 and evaporated in vacuum to give a second 

quantity of 4 which was purified by silica gel column chromatography with 

CH2Cl2/acetone (95:5, v/v) as the eluent. 

7-Phenyl-5-(2-phenylethyl)-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione (4i). 

Orange solid. Yield 95%. mp 228 °C. IR ( cm-1): 1698, 1660, 1603, 1520. 1H NMR 

(CDCl3, 400 MHz) : 7.47 (d, 1H, J = 6.8 Hz, Harom), 7.33-7.22 (m, 7H, Harom), 7.14 

(m, 1H, Harom), 7.07 (d, 2H, J = 7.0 Hz, Harom), 6.98-6.93 (m, 3H, Harom), 4.15 (m, 

2H, NCH2), 3.08- 3.00 (m, 3H, H-7 and CH2Ph), 2.60 (dd, 1H, J1 = 4.0 Hz, J2 = 16.4 

Hz, H-6 or H-8), 2.51 (dd, 1H, J1 = 12.6 Hz, J2 = 16.4 Hz, H-6 or H-8), 2.25 (dd, 1H, 

J1 = 4.8 Hz, J2 = 16.4 Hz, H-6 or H-8), 2.10 (dd, 1H, J1 = 11.6 Hz, J2 = 16.4 Hz, H-6 

or H-8). 13C NMR + DEPT (CDCl3, 100 MHz) : 191.47 (C=O), 184.55 (C=O), 152.81 

(Cquat), 150.27 (Cquat), 142.97 (Cquat), 139.04 (Cquat), 137.01 (Cquat), 135.09 

(Cquat), 132.75 (CH), 129.43 (2 CH), 129.30 (2 CH), 128.99 (2 CH), 128.73 (CH), 
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127.76 (CH), 127.38 (CH), 127.01 (2 CH), 124.16 (CH), 120.39 (Cquat), 117.42 (CH), 

117.16 (Cquat), 47.76 (CH2), 44.90 (CH2), 41.64 (CH), 37.22 (CH2), 29.94 (CH2). 

HRMS calcd for C29H24NO2 [M + H]+ 418.1802, found 418.1791. 

5-[2-(2-Methoxyphenyl)ethyl]-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione (4j). 

Orange solid. Yield 83%. mp 198 °C. IR ( cm-1): 1698, 1664, 1605, 1531. 1H NMR 

(CDCl3, 400 MHz) : 7.40 (d, 1H, J = 7.0 Hz, Harom), 7.22-7.17 (m, 2H, Harom), 7.08 

(m, 1H, Harom), 6.98 (d, 1H, J = 7.1 Hz, Harom), 6.90 (d, 1H, J = 6.4 Hz, Harom), 

6.83-6.79 (m, 2H, Harom), 4.12 (t, 2H, J = 6.9 Hz, NCH2), 3.79 (s, 3H, OMe), 3.06 (t, 

2H, J = 6.9 Hz, CH2Ph), 2.34 (m, 2H, CH2-6 or CH2-8), 2.27 (m, 2H, CH2-6 or CH2-8), 

1.90 (m, 2H, CH2-7). 13C NMR + DEPT (CDCl3, 100 MHz) : 192.63 (C=O), 184.63 

(C=O), 157.73 (Cquat), 153.04 (Cquat), 150.91 (Cquat), 139.08 (Cquat), 135.25 

(Cquat), 132.53 (CH), 131.05 (CH), 129.15 (CH), 128.49 (CH), 125.05 (Cquat), 

123.92 (CH), 121.14 (CH), 120.06 (Cquat), 117.52 (Cquat), 117.36 (CH), 110.54 

(CH), 55.57 (CH3), 46.08 (CH2), 38.05 (CH2), 32.16 (CH2), 23.28 (CH2), 21.74 (CH2). 

HRMS calcd for C24H22NO3 [M + H]+ 372.1594, found 372.1590. 

5-[2-(3-Methoxyphenyl)ethyl]-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione 

(4k). Orange solid. Yield 60%. mp 176 °C. IR ( cm-1): 1696, 1661, 1594. 1H NMR 

(CDCl3, 400 MHz) : 7.43 (dd, 1H, J1 = 0.6 Hz, J2 = 7.1 Hz, Harom), 7.22-7.08 (m, 3H, 

Harom), 6.88 (d, 1H, J =7.1 Hz, Harom), 6.75 (m, 1H, Harom), 6.57 (d, 1H, J =7.6 Hz, 

Harom), 6.49 (m, 1H, Harom), 4.14 (t, 2H, J = 6.5 Hz, NCH2), 3.69 (s, 3H, OMe), 3.03 

(t, 2H, J = 6.5 Hz, CH2Ph), 2.33 (m, 2H, CH2-6 or CH2-8), 2.09 (m, 2H, CH2-6 or CH2-

8), 1.85 (m, 2H, CH2-7). 13C NMR + DEPT (CDCl3, 100 MHz) : 192.58 (C=O), 

184.54 (C=O), 160.25 (Cquat), 152.53 (Cquat), 151.04 (Cquat), 139.07 (Cquat), 

138.50 (Cquat), 135.12 (Cquat), 132.63 (CH), 130.35 (CH), 128.65 (CH), 124.14 

(CH), 121.45 (CH), 120.47 (Cquat), 117.60 (Cquat), 117.27 (CH), 114.86 (CH), 

113.01 (CH), 55.54 (CH3), 47.71 (CH2), 38.02 (CH2), 37.29 (CH2), 23.22 (CH2), 21.90 

(CH2). HRMS calcd for C24H22NO3 [M + H]+ 372.1594, found 372.1601. 

5-[2-(4-Methoxyphenyl)ethyl]-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione (4l). 

Orange solid. Yield 87%. mp 181 °C. IR ( cm-1): 1697, 1660, 1605, 1511. 1H NMR 

(CDCl3, 400 MHz) : 7.44 (d, 1H, J = 7.1 Hz, Harom), 7.20 (m, 1H, Harom), 7.11 (m, 

1H, Harom), 6.90-6.87 (m, 3H, Harom), 6.79-6.76 (m, 2H, Harom), 4.12 (t, 2H, J = 

6.5 Hz, NCH2), 3.73 (s, 3H, OMe), 3.01 (t, 2H, J = 6.5 Hz, CH2Ph), 2.33 (m, 2H, CH2-

6 or CH2-8), 2.10 (m, 2H, CH2-6 or CH2-8), 1.85 (m, 2H, CH2-7). 13C NMR + DEPT 
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(CDCl3, 100 MHz) : 192.65 (C=O), 184.60 (C=O), 159.31 (Cquat), 152.54 (Cquat), 

150.96 (Cquat), 139.11 (Cquat), 135.17 (Cquat), 132.61 (CH), 130.31 (2 CH), 128.88 

(Cquat), 128.65 (CH), 124.16 (CH), 120.52 (Cquat), 117.62 (Cquat), 117.28 (CH), 

114.65 (2 CH), 55.67 (CH3), 47.96 (CH2), 38.04 (CH2), 36.39 (CH2), 23.26 (CH2), 

21.95 (CH2). HRMS calcd for C24H21NNaO3 [M + Na]+ 394.1414, found 394.1403. 

1-Hydroxy-5-isopropyl-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione (4m). 

Orange solid. Yield 81%. mp = 167 °C. IR ( cm-1): 3214, 1696, 1672, 1623. 1H NMR 

(DMSO-d6, 400 MHz) : 9.74 (s, 1H, OH), 7.22 (m, 1H, H-3), 6.91 (d, 1H, J = 7.3 Hz, 

H-4), 6.71 (d, 1H, J = 8.5 Hz, H-2), 4.74 (m, 1H, CHMe2), 2.93 (t, 2H, J = 5.6 Hz, 

CH2-6 or CH2-8), 2.35 (t, 2H, J = 5.8 Hz, CH2-6 or CH2-8), 2.06 (m 2H, CH2-7), 1.54 

(d, 6H, J = 9.3 Hz, CHMe2). 13C NMR + DEPT (DMSO-d6, 100 MHz) : 192.25 (C=O), 

185.44 (C=O), 156.24 (2 Cquat), 151.19 (Cquat), 150.40 (Cquat), 136.57 (Cquat), 

135.64 (CH), 120.62 (CH), 120.14 (Cquat), 117.56 (Cquat), 113.15 (CH), 50.02 (CH), 

38.58 (2 CH2), 23.75 (CH2), 22.15 (2 CH3). HRMS calcd for C18H17NNaO3 [M + Na]+ 

318.1101, found 318.1094. 

4-Hydroxy-5-isopropyl-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione (4n). Pink 

solid. Yield 19%. mp = 309 °C. IR ( cm-1): 2642, 1698, 1596. 1H RMN (DMSO-d6, 

400 MHz) : 10.58 (s, 1H, OH), 7.08 (m, 1H, H-2), 6.92 (d, 1H, J = 8.3 Hz, H-1 or H-

3), 6.89 (d, 1H, J = 6.8 Hz, H-1 or H-3), 5.91 (m, 1H, CHMe2), 2.93 (t, 2H, J = 5.7 Hz, 

CH2-6), 2.38 (t, 2H, J = 6.1 Hz, CH2-8), 2.07 (m, 2H, CH2-7), 1.56 (d, 6H, J = 6.8 Hz, 

CHMe2). 13C NMR + DEPT (DMSO-d6, 100 MHz) : 191.33 (C=O), 183.21 (C=O), 

149.75 (Cquat), 147.94 (Cquat), 140.20 (Cquat), 131.60 (Cquat), 131.51 (Cquat), 

130.00 (CH), 128.64 (Cquat), 123.40 (CH), 118.61 (Cquat), 115.10 (CH), 50.66 (CH), 

41.42 (CH2), 37.68 (2 CH2), 21.60 (2 CH3). HRMS calcd for C18H18NO3 [M + H]+ 

296.1281, found 296.1279. 

5-Isopropyl-1-(3-methylbut-2-enyloxy)-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-

dione (4o). A mixture of 1-hydroxyindenoindole 4m (1 mmol), K2CO3 (3 mmol), and 

prenyl bromide (1.5 mmol) in DMA was heated at 80 °C for 24 h. The mixture was 

then poured into H2O and extracted with CH2Cl2. The organic layers were washed 

with H2O, dried over Na2SO4, filtered and concentrated. The residue was purified by 

flash chromatography using acetone/CH2Cl2 (2:10, v/v) as the eluent to provide 

compound 4o. Orange solid. Yield 27%. mp = 212 °C. IR ( cm-1): 1698, 1659, 1588, 

1503. 1H NMR (CDCl3, 400 MHz) δ: 7.17 (m, 1H, H-3), 6.77 (d, 1H, J = 7.3 Hz, H-2 or 
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H-4), 6.73 (d, 1H, J = 8.6 Hz, H-2 or H-4), 5.49 (m, 1H, Me2C=CH), 4.67 (d, 2H, J = 

6.5 Hz, OCH2), 4.61 (m, 1H, CHMe2), 2.83 (t, 2H, J = 6.0 Hz, CH2-6 or CH2-8), 2.46 

(t, 2H, J = 5.8 Hz, CH2-6 or CH2-8), 2.14 (m, 2H, CH2-7), 1.73 (d, 3H, J = 1.0 Hz, 

Me2C=CH), 1.71 (s, 3H, Me2C=CH), 1.62 (d, 6H, J = 7.1 Hz, CHMe2). 13C NMR + 

DEPT (CDCl3, 100 MHz) : 192.30 (C=O), 183.33 (C=O), 157.24 (Cquat), 149.61 

(Cquat), 148.91 (Cquat), 138.06 (Cquat), 137.99 (Cquat), 134.10 (CH), 123.87 

(Cquat), 121.64 (Cquat), 120.20 (CH), 117.90 (Cquat), 117.46 (CH), 112.71 (CH), 

66.90 (CH2), 49.60 (CH), 38.18 (CH2), 26.07 (CH3), 23.95 (CH2), 23.61 (CH2), 22.13 

(2 CH3), 18.67 (CH3). HRMS calcd for C23H25NNaO3 [M + Na]+, 386.1727, found 

386.1711. 

5-Isopropyl-4-(3-methylbut-2-enyloxy)-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-

dione (4p). A solution of 4-hydroxyindenoindole 4n (0.677 mmol, 1 equiv), K2CO3 

(2.03 mmol, 3 equiv) and prenyl bromide (2.03 mmol, 3 equiv) in acetone (20 mL) 

was refluxed for 8 h. The mixture was then filtered and concentrated. The residue 

was purified by flash chromatography using acetone/CH2Cl2 (2:10, v/v) as the eluent 

to provide compound (4p). Red solid. Yield 60%. mp = 167 °C. IR (ν cm-1): 1694, 

1660, 1642, 1598. 1H RMN (DMSO-d6, 400 MHz) : 7.20-7.18 (m, 2H, H-1 and H-3), 

6.98 (m, 1H, H-2), 5.84 (bs, 1H, Me2C=CH), 5.52 (m, 1H, CHMe2), 4.68 (d, 2H, J = 

7.1 Hz, OCH2), 2.98 (t, 2H, J = 5.87 Hz, CH2-6 or CH2-8), 2.37 (t, 2H, J = 5.74 Hz, 

CH2-6 or CH2-8), 2.06 (m, 2H, CH2-7), 1.82 (s, 3H, Me2C=CH), 1.77 (d, 3H, J = 0.9 

Hz, Me2C=CH), 1.49 (d, 6H, J = 7.1 Hz, CHMe2). 13C NMR + DEPT (DMSO-d6, 100 

MHz) : 192.30 (C=O), 184.03 (C=O), 154.19 (Cquat), 151.07 (Cquat), 150.01 

(Cquat), 140.61 (Cquat), 140.28 (Cquat), 131.35 (CH), 122.29 (Cquat), 120.86 (CH), 

119.57 (CH), 119.12 (Cquat), 118.66 (Cquat), 117.10 (CH), 66.13 (CH2), 51.74 (CH), 

38.65 (CH2), 26.42 (CH3), 25.37 (CH2), 24.31 (CH2), 22.47 (2 CH3), 18.88 (CH3). 

HRMS calcd for C23H25NNaO3 [M + Na]+ 386.1727, found 386.1718. 

 

4.2.4.5 General Procedure for the Synthesis of Compounds 4q and 4r.  

 

A solution of 4a (1.79 mmol, 1 equiv) in dry THF (10 mL) was added 

dropwise under argon to a solution of LCIA prepared from cyclohexylisopropylamine 

(2 equiv) and n-BuLi (2.82 equiv) in dry THF (4.2 mL) at – 20 °C. The resulting 

solution was cooled at – 40 °C and stirred for 5 h. Then, alkylating agent (16 equiv) 

was added dropwise and stirring was continued at – 40 °C for 2 h. The reaction 
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mixture was warmed to room temperature and stirred overnight. After the addition of 

2 M HCl (4 mL), the reaction mixture was extracted with AcOEt. The combined 

organic layers were washed with water and brine successively and dried over 

anhydrous Na2SO4. The solvent was then evaporated under vacuum and the 

resultant residue was purified by silica gel column chromatography using 

EtOAc/cyclohexane (1:1, v/v) as the eluent. 

5-Isopropyl-8-methyl-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione (4q). 

Orange solid. Yield 10%. mp 209 °C. IR ( cm-1): 1702, 1665, 1601, 1525. 1H NMR 

(CDCl3, 400 MHz) : 7.45 (m, 1H, Harom), 7.22 (m, 1H, Harom), 7.12-7.08 (m, 2H, 

Harom), 4.59 (m, 1H, CHMe2), 2.87 (m, 2H, CH2-6), 2.47 (m, 1H, H-7), 2.22 (m, 1H, 

H-7), 1.90 (m, 1H, H-8), 1.63 (d, 3H, J = 7.0 Hz, CHMe2), 1.64 (d, 3H, J = 7.0 Hz, 

CHMe2), 1.21 (d, 3H, J = 7.0 Hz, CH3-8). 13C NMR + DEPT (CDCl3, 100 MHz) : 

194.87 (C=O), 184.54 (C=O), 152.00 (Cquat), 148.58 (Cquat), 139.32 (Cquat), 

135.76 (Cquat), 132.40 (CH), 128.41 (CH), 124.14 (CH), 121.11 (Cquat), 118.97 

(CH), 117.74 (Cquat), 49.57 (CH), 41.56 (CH), 31.51 (CH2), 23.19 (CH2), 22.33 

(CH3), 22.21 (CH3), 15.33 (CH3). HRMS calcd for C19H19NNaO2 [M + Na]+ 316.1308, 

found 316.1310. 

8,8-Dibenzyl-5-isopropyl-5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-dione (4r). 

Orange solid. Yield 35%. mp 236 °C. IR ( cm-1): 1707, 1654, 1604, 1527. 1H NMR 

(CDCl3, 400 MHz) : 7.48 (d, 1H, J = 7.1 Hz, Harom), 7.22-7.06 (m, 13H, Harom), 

4.45 (m, 1H, CHMe2), 3.34 (d, 2H, J = 13.4 Hz, CH2Ph), 2.70 (m, 2H, CH2-6 or CH2-

7), 2.62 (d, 2H, J = 13.6 Hz, CH2Ph), 1.93 (m, 2H, CH2-6 or CH2-7), 1.53 (d, 6H, J = 

7.1 Hz, CHMe2). 13C NMR + DEPT (CDCl3, 100 MHz) : 194.72 (C=O), 184.28 

(C=O), 152.20 (Cquat), 147.40 (Cquat), 139.19 (Cquat), 137.84 (3 Cquat), 135.40 

(Cquat), 132.17 (CH), 131.12 (4 CH), 128.29 (CH), 128.07 (4 CH), 126.44 (2 CH), 

124.01 (CH), 118.78 (CH), 65.99 (CH2), 50.66 (2 Cquat), 42.53 (2 CH2), 29.50 (CH2), 

21.96 (2 CH3), 15.50 (CH). HRMS calcd for C32H29NNaO2 [M + Na]+ 482.2091, found 

482.2106. 

 

4.2.4.6 X-ray Data 

 

The structure of compounds 4c has been established by X-ray 

crystallography (Figure 2). Orange/red single crystal (0.20 x 0.10 x 0.01 mm3) of 4c 

was obtained after 24 h at 21 °C from a closed methanol/chloroform (25/75) solution 



98 
 

preliminary heated at 37 °C during 1 h followed by instantaneous cooling at – 20 °C 

during 20 sec: orthorhombic, space group P21212, a= 15.3192(7) Å, b= 21.1897(10) 

Å, c= 5.4407(2) Å, =90°, =90°, =90°, V= 1766.10(13) Å3, Z=4, (calcd)=1.284 

Mg.m-3, FW=341.39 for C23H19NO2, F(000)=720. Crystallographic data were acquired 

on a Bruker APEX 2 DUO. Full crystallographic results have been deposited at the 

Cambridge Crystallographic Data Centre (CCDC-867623), UK, as supplementary 

Material.50 The data were corrected for Lorentz and polarization effects, and for 

empirical absorption correction.51 The structure was solved by direct methods Shelx 

97 and refined using Shelx 97 suite of programs.52 

 

4.2.4.7 Biology and Biochemistry  

 

a) Preparation of recombinant human CK2 holoenzyme 

 

Recombinant human CK2 holoenzyme was prepared according to a modified 

protocol of Grankowski et al.53 as described earlier.54 Human CK2α- (CSNK2A1) and 

human CK2β-subunit (CSNK2B) were expressed separately using a pT7-7 

expression system in Escherichia coli BL21(DE3). In detail, freshly transformed 

starter cultures were grown overnight at 37 °C in LB-medium until the stationary 

phase was reached. Fresh LB-medium, inoculated with the separate starter cultures 

for both subunits, was cultivated until an OD500 of 0.6 was reached. Protein 

expression was induced by the addition of IPTG (1 mM final concentration) and 

further incubation of the cultures at 30 °C for 5-6 h for the CK2α- and for 3 h for the 

CK2β-subunit. Bacterial cells were harvested by centrifugation (6000×g for 10 min at 

4 °C) and disrupted by sonification (3 times 30 s on ice). Cell debris was removed by 

centrifugation and the bacterial extracts were combined prior to purification by a 

three-column procedure. Fractions showing CK2 activity were combined and 

analyzed by SDS-PAGE and Western Blot. The purity of the CK2 holoenzyme was 

superior to 99 %.15 

 

b) Capillary electrophoresis based assay for the testing of inhibitors of the human 

CK2 

 

 Testing of the inhibitors of the human CK2 was performed by the recently 

established capillary electrophoresis based CK2 activity assay of Gratz et al.55 2 µL 
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of the dissolved inhibitors (stock solution in DMSO) mixed with 78 µL of kinase buffer 

(50 mM Tris/HCl (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and 1 mM DTT) containing 1 

µg CK2 were preincubated at 37 °C for 10 min. CK2 reaction was initiated by the 

addition of 120 µL of likewise preincubated assay buffer (25 mM Tris/HCl (pH 8.5), 

150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 100 µM ATP and 0.19 mM of the substrate 

peptide RRRDDDSDDD). After 15 min the reaction was stopped by the addition of 4 

µL EDTA (0.5 M). The reaction mixture was supplied to a PA800 plus capillary 

electrophoresis system (Beckman Coulter, Krefeld, Germany) using acetic acid (2 M, 

adjusted with conc. HCl to pH 2.0) as the background electrolyte. The separated 

substrate and product peptide were detected at 214 nm using a DAD detector. 

Samples containing pure DMSO served as a control for 0 % inhibition and samples 

additionally lacking the CK2 holoenzyme served as a control for 100 % inhibition. For 

the initial testing a final inhibitor concentration of 10 µM was applied. Compounds 

that exhibited at least 50 % inhibition at this concentration were subjected to an IC50 

determination. For this purpose, nine inhibitor concentrations in appropriate intervals 

ranging from 0.001 µM to 100 µM were used. IC50 values were calculated from the 

resulting dose-response curves. 

 

c) Cell culture and proliferation 

 

 MCF-7 breast cancer cells (kindly provided by the Department of Clinical 

Radiology of the University Hospital Münster, Germany), were cultured in RPMI 1640 

medium - GlutaMaxTM (Life Technologies) and 10% fetal calf serum.41 They were 

seeded at a density of 5.0 x 104 cells per well into 24-well culture plates. After 

overnight incubation, seeding medium was removed and replaced with fresh medium 

containing the inhibitor at 20 µM or 100 µM. DMSO, at a final concentration of 1%, 

served as a control. Cells were incubated for 24 h or 48 h at 37 °C in a humidified 

atmosphere (5% CO2). Cell proliferation was quantified by the EdU-click assay 

(baseclick BCK-EdU555-1, Baseclick GmbH, Munich, Germany): the nucleoside 

analog 5-ethynyl-2’-deoxyuridine is incorporated during active DNA synthesis and the 

5-TAMRA-PEG3-azide fluorophore, used for detection,  is coupled by click reaction; 

afterwards, nuclear DNA is stained using the DNA fluorophore 1 (500 µL of 3 µg/mL 

in methanol) and cells were incubated for 30 min at room temperature in the dark, 

washed and finally overlayed with PBS.42 Cellular fluorescence was monitored with a 
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Keyence BZ-9000 fluorescence microscope (Keyence Corporation, Osaka, Japan) 

with the “hard-coated“ TRITC filter (excitation 543/22 nm; emission 593/40 nm) for 

TAMRA detection and the “hard coated” DAPI BP filter (excitation 377/50 nm; 

emission 447/60 nm) for 1 detection. The number of cells exhibiting an active DNA 

synthesis (staining with Fluorophore 5-TAMRA-PEG3-azide) and the total number of 

cells (Hoechst staining) were counted. The results were expressed as a percent ratio 

of proliferating cells versus total number of cells. 

 

d) Compounds 

 

 Mitoxantrone was purchased from Sigma Aldrich (France). All commercial 

reagents were of the highest available purity grade. The compounds were dissolved 

in DMSO, and then diluted in Dulbecco’s modified Eagle’s medium (DMEM high 

glucose). The stock solutions were stored at – 20 ºC, and warmed to 25 ºC just 

before use. 

 

e) Cell Cultures 

 

The human fibroblast HEK293 cell line was transfected with ABCG2 

(HEK293-ABCG2) as previously described.44 The cells were maintained in DMEM 

high glucose supplemented with 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin and 0.75 mg/mL G418 at 37 °C, 5% CO2 under controlled 

humidity. 

 

f) ABCG2-Mediated Mitoxantrone Efflux and Inhibition 

 

As previously,44 cells were seeded at a density of 1.0 × 105 cells/well into 24-

well culture plates. After 72 h incubation, the cells were exposed to 5 µM 

mitoxantrone for 30 min at 37 ºC, in the presence or absence of each compound, and 

then washed with phosphate buffer saline (PBS) and trypsinized. The intracellular 

fluorescence was monitored with a FACS Calibur cytometer (Becton Dickinson) 

equipped with a 635-nm red laser, using the FL4 channel and at least 10,000 events 

were collected. The percentage of inhibition was calculated by using the following 

equation: % inhibition = (C – M) / (Cev – M) x 100, where C is the intracellular 
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fluorescence of resistant cells (HEK293-ABCG2) in the presence of compounds and 

mitoxantrone, M the intracellular fluorescence of resistant cells with only 

mitoxantrone, and Cev the intracellular fluorescence of control cells (the same 

HEK293-ABCG2 cells 100% inhibited with 1 M Ko143). 

 

g) Intrinsic Cytotoxicity of the Inhibitory Compounds 

 

Cell viability was evaluated through the MTT colorimetric assay.56 Wild-type 

HEK293 cells were seeded at a density of 1 × 104 cells/well, into 96-well culture 

plates. After overnight incubation, the cells were treated with the compounds (0-250 

M) for 72 h. To assess the viability, the cells were exposed to 0.5 mg/mLof MTT and 

incubated for 4 h at 37 C. The culture medium was discarded, and 100 L of a 

DMSO/ethanol (1:1) solution was added into each well and mixed by gently shaking 

for 10 min. Absorbance was measured at 570 nm using a microplate reader at 570 

nm, and the value measured at 690 nm was subtracted. Data are the mean ± SD of 

at least three independent experiments. 
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ABSTRACT 

 

Ketonic indeno[1,2-b]indole-9,10-dione derivatives, initially designed as human 
casein kinase II (CK2) inhibitors, were recently shown to be converted into efficient 
inhibitors of drug efflux by the breast cancer resistance protein ABCG2 upon suited 
substitutions including a N5-phenethyl on C-ring and hydrophobic groups on D-ring. A 
series of 10 phenolic and 7 p-quinonic derivatives were synthesized and screened for 
inhibition of both CK2 and ABCG2 activities. The best phenolic inhibitors were about 
3-fold more potent against ABCG2 than the corresponding ketonic derivatives, and 
showed low cytotoxicity. They were selective for ABCG2 over both P-glycoprotein 
and MRP1, whereas the ketonic derivatives also interacted with MRP1, and they 
additionally displayed a lower interaction with CK2. Quite interestingly, they strongly 
stimulated ABCG2 ATPase activity, in contrast to ketonic derivatives, suggesting 
distinct binding sites. In constrast, the p-quinonic indenoindoles were cytotoxic and 
poor ABCG2 inhibitors, whereas a partial inhibition recovery could be reached upon 
hydrophobic substitutions on D-ring, similarly to the ketonic derivatives.  

Keywords: Multidrug resistance, cancer cells, ABCG2/BCRP, indenoindole inhibitors, 
structure-activity relationships, ATPase activity. 
 

4.3.1 Introduction 

 

A major obstacle of tumor treatment by chemotherapy is cancer cell 

multidrug resistance, which may be caused by several factors including 

overexpression of multidrug ATP-binding cassette (ABC) transporters. These 

transmembrane proteins work as efflux pumps reducing the intracellular 

concentration of drugs.1 Among the 48 human genes encoding ABC transporters, 

only three are recognized to be associated to low prognostic in cancer patients: 

ABCB1/Pgp (P-glycoprotein), ABCC1/MRP1 (multidrug resistance protein 1) and 

ABCG2/BCRP (breast cancer resistance protein).2 Pgp was the first multidrug ABC 

transporter to be discovered, and has been extensively studied,3 while MRP1 was 

later associated to multidrug resistance,4 and ABCG2 was more recently identified.5-7  

One of the strategies aimed at eliminating resistant tumors is to use inhibitors 

of the multidrug ABC transporters. Combination of inhibitors with anticancer drugs 

should increase the intracellular accumulation of drugs and their availability to cellular 

targets. A number of Pgp inhibitors have been optimized in vitro, up to third/fourth-

generation compounds, but their intrinsic toxicity and low in vivo activity prevented 

the achievement of clinical trials.8,9 

ABCG2 is a “half-transporter” of 655 aminoacids, containing one cytosolic 

nucleotide-binding domain (NBD) and one transmembrane domain (TMD) with six -
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helical spans, which needs to at least dimerize to be functional (Figure 1). This 

transporter is present in various membrane barriers protecting sensitive organs, as 

well as in many types of cancer cells.10,11 Selective inhibitors are interesting for two 

main reasons: i) in vitro to study the specific role of the transporter, and ii) in vivo, 

hopefully up to clinical trials, to use very low concentrations to inhibit each targeted 

transporter because most potent P-glycoprotein inhibitors, such as elacridar or 

tariquidar, also inhibited ABCG2 but at much higher concentrations expected to 

induce cytotoxicity and related side effects. The first specific ABCG2 inhibitor, of 

natural origin, was fumitremorgin C (FTC) which unfortunately displayed serious 

neurotoxicity.12 Synthetic derivatives were developed, resulting in the highly potent 

Ko143 inhibitor, which however still retained significant residual toxicity.13 Screening 

of different classes of flavonoids identified interesting inhibitors such as hydrophobic 

flavones, acridones, chromones, asymmetric chalcones and symmetric bis-

chalcones,14 some of them being active in vivo in mouse models.15,16  

 

FIGURE 1: STRUCTURAL ARRANGEMENT OF ABCG2 

 

A different type of ABCG2-selective inhibitors was recently developed as a 

series of ketonic indenoindoles, upon appropriate substitutions of potent inhibitors of 

casein kinase II (CK2), such as the replacement of isopropyl by phenethyl at N5 

position of C-ring, and the addition of hydrophobic substituents on D-ring.17 The 

present work was aimed at further modifying the D-ring, by replacing the ketone by 

either a phenol or a p-quinone, and reinvestigating the effects of substituents (Figure 

2). The results showed that phenolic indenoindoles, independently of hydrophobic 

substituents, were better inhibitors of ABCG2-mediated drug efflux than the 

previously described ketonic derivatives, through higher potency and selectivity, and 
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the ability to strongly stimulate ATPase activity. In contrast, the p-quinonic derivatives 

displayed reduced inhibition capacity and significant cytotoxicity.  

 

 

 

FIGURE 2: PREPARATION OF THE TARGET COMPOUNDS 5 AND 6 FROM 

KETONES 4 

 

4.3.2 Material and Methods 

 

4.3.2.1 Chemistry 

 

Melting points were determined on an Electrothermal 9200 capillary 

apparatus. The IR spectra were recorded on a Perkin Elmer Spectrum Two IR 

Spectrometer. The 1H and 13C NMR spectra were recorded at 400 MHz on a Bruker 

DRX 400 spectrometer. Chemical shifts are expressed in ppm () downfield from 

internal tetramethylsilane and coupling constants J are reported in hertz (Hz). The 

following abbreviations are used: s: singlet; bs: broad singlet; d: doublet; t: triplet; dd: 

doubled doublet; dt: doubled triplet; q: quartet; m: multiplet; Cquat: quaternary 

carbons. The mass spectra were performed by direct ionization (EI or CI) on a 

ThermoFinnigan MAT 95 XL apparatus. Chromatographic separations were 

performed on silica gel columns by column chromatography (Kieselgel 300-400 

mesh). All reactions were monitored by TLC on GF254 plates that were visualized 

under a UV lamp (254 nm). Evaporation of solvent was performed in vacuum with 

rotating evaporator. The purity of the final compounds (greater than 95%) was 

determined by uHPLC/MS on an Agilent 1290 system using a Agilent 1290 Infinity 

ZORBAX Eclipse Plus C18 column (2.1 x 50 mm, 1.8 m particle size) with a 

gradient mobile phase of H2O/CH3CN (90:10, v/v) with 0.1% of formic acid to 

H2O/CH3CN (10:90, v/v) with 0.1% of formic acid at a flow rate of 0.5 mL/min, with 

UV monitoring at the wavelength of 254 nm with a runtime of 10 min.  
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a) General procedure for the synthesis of compounds 5  

 

To a solution of compound 4 (2.4 mmol) in Ph2O (15 mL) was added 0.48 g 

of 10% Pd-C. Then, the mixture was heated to reflux for 6 h. After cooling, 25 mL of 

MeOH were added and the solution filtered on celite. Evaporation of the solvent left a 

residue which was purified by silica gel column chromatography using 

EtOAc/cyclohexane (1:2, v/v) as the eluent.  

Compound 5c: 9-Hydroxy-5-(2-phenylethyl)-5H-indeno[1,2-b]indol-10-one  

Red solid. Yield 53%. mp 144 °C. IR ( cm-1): 3232, 1660, 1602, 1581. 1H 

NMR (CDCl3, 400 MHz) : 7.31 (m, 1H, Harom), 7.25-7.12 (m, 3H, Harom), 7.10-7.03 

(m, 5H, Harom), 6.75-6.72 (m, 2H, Harom), 6.67 (dd, 1H, J1 = 0.4 Hz, J2 = 7.8 Hz, 

Harom), 6.45 (bs, 1H, OH), 4.36 (t, 2H, J = 7.1 Hz, CH2N), 3.14 (t, 2H, J = 7.1 Hz, 

CH2Ph). 13C NMR + DEPT (CDCl3, 100 MHz) : 186.20 (Cquat), 157.04 (Cquat), 

150.29 (Cquat), 143.65 (Cquat), 140.55 (Cquat), 137.40 (Cquat), 135.91 (Cquat), 

132.41 (CH), 129.62 (CH), 129.19 (2CH), 129.10 (2CH), 127.55 (CH), 125.72 (CH), 

123.56 (CH), 118.72 (CH), 115.14 (Cquat), 113.48 (Cquat), 108.33 (CH), 103.41 

(CH), 47.92 (CH2), 36.71 (CH2). HRMS calcd for C23H17NNaO2 [M + Na]+ 362.1151, 

found 362.1140.  

Compound 5d: 9-Hydroxy-5-(3-phenylpropyl)-5H-indeno[1,2-b]indol-10-one  

Red solid. Yield 64%. mp 146 °C. IR ( cm-1): 3441, 1665, 1603. 1H NMR 

(DMSO-d6, 400 MHz) : 9.53 (bs, 1H, OH), 7.34-7.23 (m, 8H, Harom), 7.10-6.96 (m, 

3H, Harom), 6.62 (m, 1H, Harom), 4.39 (t, 2H, J = 7.3 Hz, NCH2CH2CH2Ph), 2.74 (t, 

2H, J = 7.5 Hz, NCH2CH2CH2Ph), 2.12 (m, 2H, NCH2CH2CH2Ph). 13C NMR + DEPT 

(DMSO-d6, 100 MHz) : 183.62 (Cquat), 157.76 (Cquat), 152.13 (Cquat), 144.96 

(Cquat), 141.82 (Cquat), 141.17 (Cquat), 134.98 (Cquat), 133.25 (CH), 130.36 (CH), 

129.36 (2CH), 129.31 (2CH), 126.98 (CH), 125.34 (CH), 123.31 (CH), 119.76 (CH), 

114.35 (Cquat), 113.59 (Cquat), 109.01 (CH), 103.67 (CH), 45.28 (CH2), 32.98 

(CH2), 32.61 (CH2). HRMS calcd for C24H19NNaO2 [M + Na]+ 376.1308, found 

376.1299.  
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Compound 5f: 9-Hydroxy-7-methyl-5-(2-phenylethyl)-5H-indeno[1,2-b]indol-10-

one  

Dark red solid. Yield 44%. mp 154 °C. IR ( cm-1): 3433, 1667, 1646, 1602. 

1H NMR (DMSO-d6, 400 MHz) : 9.41 (s, 1H, OH), 7.27-7.12 (m, 9H, Harom), 6.82 

(s, 1H, H-6 or H-8), 6.45 (s, 1H, H-6 or H-8), 4.57 (t, 2H, J = 7.0 Hz, CH2N), 3.11 (t, 

2H, J = 7.0 Hz, CH2Ph), 2.54 (s, 3H, CH3-7). 13C NMR + DEPT (DMSO-d6, 100 MHz) 

: 183.70 (Cquat), 157.84 (Cquat), 151.60 (Cquat), 144.88 (Cquat), 140.92 (Cquat), 

138.58 (Cquat), 135.11 (Cquat), 134.98 (Cquat), 132.98 (CH), 129.97 (2CH), 129.90 

(CH), 129.24 (2CH), 127.52 (CH), 122.91 (CH), 119.45 (CH), 114.17 (Cquat), 111.51 

(Cquat), 110.56 (CH), 103.97 (CH), 47.30 (CH2), 36.45 (CH2), 22.48 (CH3). HRMS 

calcd for C24H19NNaO2 [M + Na]+ 376.1308, found 376.1295.  

Compound 5g: 9-Hydroxy-7-phenyl-5-(2-phenylethyl)-5H-indeno[1,2-b]indol-10-

one  

Dark red solid. Yield 55%. mp 168 °C. IR ( cm-1): 3428, 1665, 1633, 1600. 

1H NMR (CDCl3, 400 MHz) : 7.53 (d, 2H, J = 7.3 Hz, Harom), 7.44 (t, 2H, J = 7.3 Hz, 

Harom), 7.38-7.03 (m, 9H, Harom), 6.91 (s, 1H, H-6 or H-8), 6.82 (s, 1H, H-6 or H-8), 

6.72 (d, 1H, J = 6.5 Hz, Harom), 6.42 (bs, 1H, OH), 4.36 (t, 2H, J = 7.1 Hz, CH2N), 

3.14 (t, 2H, J = 7.1 Hz, CH2Ph). 13C NMR + DEPT (CDCl3, 100 MHz) : 186.11 

(Cquat), 157.42 (Cquat), 150.08 (Cquat), 144.05 (Cquat), 141.75 (Cquat), 140.47 

(Cquat), 139.64 (Cquat), 137.41 (Cquat), 135.82 (Cquat), 132.44 (CH), 129.59 (CH), 

129.17 (2CH), 129.12 (2CH), 129.06 (2CH), 127.55 (4CH), 123.50 (CH), 118.73 

(CH), 114.91 (Cquat), 112.58 (Cquat), 108.09 (CH), 102.29 (CH), 47.81 (CH2), 36.74 

(CH2). HRMS calcd for C29H22NO2 [M + H]+ 416.1645, found 416.1635.  

Compound 5h: 9-Hydroxy-5-[2-(2-methoxyphenyl)ethyl]-5H-indeno[1,2-b]indol-

10-one 

Red solid. Yield 51%. mp 166 °C. IR ( cm-1): 3408, 1666, 1642, 1603. 1H 

NMR (CDCl3, 400 MHz) : 7.34 (dd, 1H, J1 = 1.0 Hz, J2 = 7.0 Hz, Harom), 7.21-6.99 

(m, 6H, Harom), 6.85-6.80 (m, 3H, Harom), 6.67 (d, 1H, J = 7.8 Hz, Harom), 6.45 (bs, 

1H, OH), 4.37 (t, 2H, J = 7.6 Hz, CH2N), 3.86 (s, 3H, OCH3), 3.16 (t, 2H, J = 7.6 Hz, 

CH2Ph). 13C NMR + DEPT (CDCl3, 100 MHz) : 186.19 (Cquat), 157.83 (Cquat), 

157.16 (Cquat), 150.24 (Cquat), 143.95 (Cquat), 140.82 (Cquat), 136.09 (Cquat), 

132.39 (CH), 131.04 (CH), 129.65 (CH), 129.03 (CH), 125.60 (CH), 125.53 (Cquat), 
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123.55 (CH), 121.20 (CH), 118.96 (CH), 115.01 (Cquat), 113.49 (Cquat), 110.67 

(CH), 108.22 (CH), 103.51 (CH), 55.57 (CH3), 46.12 (CH2), 32.12 (CH2). HRMS calcd 

for C24H19NNaO3 [M + Na]+ 392.1257, found 392.1248.  

Compound 5i: 9-Hydroxy-5-[2-(3-methoxyphenyl)ethyl]-5H-indeno[1,2-b]indol-

10-one  

Red solid. Yield 50%. mp 138 °C. IR ( cm-1): 3461, 1671, 1604, 1582. 1H 

NMR (CDCl3, 400 MHz) : 7.32 (d, 1H, J = 6.2 Hz, Harom), 7.16-7.04 (m, 4H, 

Harom), 6.75-6.65 (m, 5H, Harom), 6.55 (bs, 1H, OH), 6.45 (s, 1H, Harom), 4.36 (t, 

2H, J = 7.1 Hz, CH2N), 3.67 (s, 3H, OCH3), 3.10 (t, 2H, J = 7.1 Hz, CH2Ph). 13C NMR 

+ DEPT (CDCl3, 100 MHz) : 186.18 (Cquat), 160.26 (Cquat), 157.10 (Cquat), 

150.32 (Cquat), 143.66 (Cquat), 140.52 (Cquat), 138.93 (Cquat), 135.93 (Cquat), 

132.40 (CH), 130.27 (CH), 129.61 (CH), 125.74 (CH), 123.55 (CH), 121.37 (CH), 

118.75 (CH), 115.12 (Cquat), 115.06 (CH), 113.48 (Cquat), 112.77 (CH), 108.36 

(CH), 103.43 (CH), 55.52 (CH3), 47.84 (CH2), 36.67 (CH2). HRMS calcd for 

C24H19NNaO3 [M + Na]+ 392.1257, found 392.1258.  

Compound 5j: 9-Hydroxy-5-[2-(4-methoxyphenyl)ethyl]-5H-indeno[1,2-b]indol-

10-one  

Red solid. Yield 47%. mp 150 °C. IR ( cm-1): 3422, 1667, 1601, 1512. 1H 

NMR (CDCl3, 400 MHz) : 7.31 (m, 1H, Harom), 7.10-7.03 (m, 3H, Harom), 6.96-6.93 

(m, 2H, Harom), 6.76-6.66 (m, 5H, Harom), 6.45 (bs, 1H, OH), 4.31 (t, 2H, J = 7.0 

Hz, CH2N), 3.69 (s, 3H, OCH3), 3.07 (t, 2H, J = 7.0 Hz, CH2Ph). 13C NMR + DEPT 

(CDCl3, 100 MHz) : 186.20 (Cquat), 159.20 (Cquat), 157.13 (Cquat), 150.28 

(Cquat), 143.65 (Cquat), 140.56 (Cquat), 135.92 (Cquat), 132.35 (CH), 130.13 

(2CH), 129.56 (CH), 129.44 (Cquat), 125.69 (CH), 123.50 (CH), 118.77 (CH), 115.06 

(Cquat), 114.61 (2CH), 113.50 (Cquat), 108.32 (CH), 103.46 (CH), 55.62 (CH3), 

48.17 (CH2), 35.81 (CH2). HRMS calcd for C24H19NNaO3 [M + Na]+ 392.1257, found 

392.1252.  

 

b) General procedure for the synthesis of compounds 6 

 

A solution containing 0.63 mmol of 5 and 0.013 g of salcomine (Co-Salen) in 

13 mL of DMF was stirred under oxygen atmosphere at room temperature for 24 h. 
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The solution was then poured into 100 mL of ice and water and stirred for 1 h. The 

resulting precipitate was filtered and washed with water and dried to give a first 

quantity of 6. The filtrate was extracted with CH2Cl2. The organic phase was dried 

over sodium sulfate and evaporated in vacuum to give a second quantity of 6 which 

was purified by silica gel column chromatography with EtOAc/cyclohexane (1:2, v/v) 

as the eluent.  

Compound 6c: 5-(2-Phenylethyl)-5H-indeno[1,2-b]indole-6,9,10-trione  

Dark red solid. Yield 70%. mp 263 °C. IR ( cm-1): 1709, 1663, 1645, 1594, 

1526. 1H NMR (CDCl3, 400 MHz) : 7.58 (dd, 1H, J1 = 1.0 Hz, J2 = 7.2 Hz, Harom), 

7.34-7.16 (m, 7H, Harom), 7.04 (dd, 1H, J1 = 1.0 Hz, J2 = 6.9 Hz, Harom), 6.63 (AB, 

2H, H-7 and H-8), 4.77 (t, 2H, J = 7.2 Hz, CH2N), 3.18 (t, 2H, J = 7.2 Hz, CH2Ph). 13C 

NMR + DEPT (CDCl3, 100 MHz) : 186.40 (Cquat), 183.79 (Cquat), 181.95 (Cquat), 

178.45 (Cquat), 155.80 (Cquat), 140.04 (Cquat), 137.47 (CH), 136.81 (Cquat), 

136.70 (CH), 133.74 (Cquat), 133.58 (CH), 130.47 (CH), 129.26 (2CH), 129.23 

(2CH), 127.68 (CH), 124.96 (CH), 122.96 (Cquat), 120.79 (Cquat), 119.44 (CH), 

49.76 (CH2), 37.28 (CH2). HRMS calcd for C23H15NNaO3 [M + Na]+ 376.0944, found 

376.0936.  

Compound 6d: 5-(3-Phenylpropyl)-5H-indeno[1,2-b]indole-6,9,10-trione  

Red solid. Yield 30%. mp 205 °C. IR ( cm-1): 1709, 1662, 1647, 1589, 1526. 

1H NMR (CDCl3, 400 MHz) : 7.55 (dd, 1H, J1 = 0.9 Hz, J2 = 7.2 Hz, Harom), 7.36-

7.18 (m, 7H, Harom), 6.61 (AB, 2H, H-7 and H-8), 6.52 (d, 1H, J = 7.0 Hz , Harom), 

4.52 (t, 2H, J = 7.9 Hz, CH2N), 2.82 (t, 2H, J = 7.1 Hz, CH2Ph), 2.24 (m, 2H, 

CH2CH2CH2). 13C NMR + DEPT (CDCl3, 100 MHz) : 183.69 (Cquat), 181.84 

(Cquat), 178.50 (Cquat), 155.46 (Cquat), 140.47 (Cquat), 140.11 (Cquat), 137.44 

(CH), 136.65 (CH), 133.87 (Cquat), 133.74 (CH), 136.61 (Cquat), 130.43 (CH), 

129.07 (2CH), 128.97 (2CH), 126.88 (CH), 124.94 (CH), 122.80 (Cquat), 120.82 

(Cquat), 119.71 (CH), 47.41 (CH2), 33.04 (CH2), 32.21 (CH2). HRMS calcd for 

C24H17NNaO3 [M + Na]+ 390.1101, found 390.1094.  

Compound 6e: 5-Benzyl-7-phenyl-5H-indeno[1,2-b]indole-6,9,10-trione  

Red solid. Yield 40%. mp 255 °C. IR ( cm-1): 1715, 1646, 1585. 1H NMR 

(CDCl3, 400 MHz) : 7.61 (d, 1H, J = 6.8 Hz, Harom), 7.43-7.27 (m, 12H, Harom), 
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7.16 (d, 1H, J = 7.1 Hz, Harom), 6.73 (s, 1H, H-8), 5.88 (s, 2H, NCH2Ph). 13C NMR + 

DEPT (CDCl3, 100 MHz) : 183.78 (Cquat), 181.71 (Cquat), 177.86 (Cquat), 156.49 

(Cquat), 146.86 (Cquat), 140.20 (Cquat), 135.14 (Cquat), 134.29 (Cquat), 133.86 

(Cquat), 133.85 (CH), 133.71 (CH), 133.34 (Cquat), 130.62 (CH), 130.10 (CH), 

129.81 (2CH), 129.49 (2CH), 128.65 (2CH), 128.63 (CH), 126.85 (2CH), 125.02 

(CH), 123.26 (Cquat), 120.66 (Cquat), 119.96 (CH), 51.21 (CH2). HRMS calcd for 

C28H17NNaO3 [M + Na]+ 438.1101, found 438.1086.  

Compound 6f: 7-Methyl-5-(2-phenylethyl)-5H-indeno[1,2-b]indole-6,9,10-trione  

Red solid. Yield 80%. mp 228 °C. IR ( cm-1): 1717, 1645, 1609, 1532. 1H 

NMR (CDCl3, 400 MHz) : 7.53 (dd, 1H, J1 = 0.7 Hz, J2 = 7.1 Hz, Harom), 7.32-7.15 

(m, 7H, Harom), 7.01 (d, 1H, J = 7.3 Hz, Harom), 6.48 (q, 1H, J = 1.6 Hz, H-8), 4.74 

(t, 2H, J = 7.3 Hz, CH2N), 3.17 (t, 2H, J = 7.3 Hz, CH2Ph), 2.07 (d, 3H, J = 1.6 Hz, 

Me-7). 13C NMR + DEPT (CDCl3, 100 MHz) : 183.81 (Cquat), 181.95 (Cquat), 

178.89 (Cquat), 155.72 (Cquat), 146.31 (Cquat), 140.04 (Cquat), 136.91 (Cquat), 

133.99 (Cquat), 133.85 (Cquat), 133.51 (CH), 133.45 (CH), 130.28 (CH), 129.27 

(2CH), 129.17 (2CH), 127.58 (CH), 124.79 (CH), 123.30 (Cquat), 120.39 (Cquat), 

119.35 (CH), 49.78 (CH2), 37.25 (CH2), 16.19 (CH3). HRMS calcd for C24H17NNaO3 

[M + Na]+ 390.1102, found 390.1097.  

Compound 6g: 7-Phenyl-5-(2-phenylethyl)-5H-indeno[1,2-b]indole-6,9,10-trione  

Red solid. Yield 74%. mp 190 °C. IR ( cm-1): 1713, 1655, 1583. 1H NMR 

(CDCl3, 400 MHz) : 7.59 (d, 1H, J = 7.3 Hz, Harom), 7.52-7.21 (m, 12H, Harom), 

7.10 (d, 1H, J = 7.1 Hz, Harom), 6.76 (s, 1H, H-8), 4.85 (t, 2H, J = 7.3 Hz, CH2N), 

3.25 (t, 2H, J = 7.3 Hz, CH2Ph). 13C NMR + DEPT (CDCl3, 100 MHz) : 183.87 

(Cquat), 181.83 (Cquat), 177.91 (Cquat), 156.17 (Cquat), 146.93 (Cquat), 140.11 

(Cquat), 137.01 (Cquat), 134.13 (Cquat), 133.86 (Cquat), 133.75 (CH), 133.67 (CH), 

133.53 (Cquat), 130.48 (CH), 130.20 (CH), 129.91 (2CH), 129.40 (2CH), 129.25 

(2CH), 128.79 (2CH), 127.69 (CH), 124.91 (CH), 123.19 (Cquat), 120.34 (Cquat), 

119.59 (CH), 49.94 (CH2), 37.29 (CH2). HRMS calcd for C29H20NO3 [M + H]+ 

430.1438, found 430.1426.  

 

 

 



116 
 

c) X-ray data 

 

The structure of compound 5c has been established by X-ray crystallography 

at 170K. Red single crystal (0.25 x 0.25 x 0.03 mm3) of 5c was obtained after 20 h at 

17 °C from a CS2/chloroform (70/30) solution: monoclinic, space group P1 21/c 1, a = 

10.4901(3) Å, b = 10.1187(3) Å, c = 15.8195(4) Å, = 90°, = 91.6571(11)°, = 90°, 

V = 1678.48(8) Å3, Z = 4, (calcd) = 1.343 Mg.m-3, FW = 339.38 for C23H17NO2, 

F(000) = 712. Crystallographic data were acquired at ICMCB (UPR 9048) on a 

Bruker -CCD APEX 2. Full crystallographic results have been deposited at the 

Cambridge Crystallographic Data Centre (CCDC-991361), UK, as supplementary 

Material.18 The data were corrected for Lorentz and polarization effects and for 

empirical absorption correction.19 The structure was solved by direct methods Shelx 

2013 and refined using Shelx 2013 suite of programs20 found in the integrated 

OLEX2 package.21 

 

4.3.2.2 Biology and biochemistry 

 

a) Compounds 

 

 Mitoxantrone was purchased from Sigma Aldrich (France). All commercial 

reagents were of the highest available purity grade. The compounds were dissolved 

in DMSO, and then diluted in Dulbecco’s modified Eagle’s medium (high-glucose 

DMEM). The stock solutions were stored at - 20 ºC, and warmed to 25 ºC just before 

use. 

 

b) Cell cultures 

 

The human fibroblast HEK293 cell line was transfected with ABCG2 

(HEK293-ABCG2) or its empty vector (HEK293-pcDNA3),22 as well as MRP1 

(HEK293-ABCC1) and its empty vector (HEK293-pcDNA5). The cells were 

maintained in high-glucose DMEM supplemented with 10% fetal bovine serum (FBS), 

1% penicillin/streptomycin at 37 °C, 5% CO2 under controlled humidity. The mouse 

embryonic fibroblast wild-type (NIH3T3) and Pgp-overexpressing (NIH3T3-ABCB1) 

were maintained in the same conditions. The cell culture medium was supplemented 

with either 0.75 mg/mL G418 (HEK293ABCG2), 200 g/mL hygromycin B 
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(HEK293pcDNA5 and HEK293ABCC1) or 60 ng/mL colchicin (NIH3T3). 

 

c) ABCG2-mediated mitoxantrone efflux and inhibition 

 

As previously described,22 cells were seeded at a density of 1.0 × 105 

cells/well into 24-well culture plates. After 72 h incubation, the cells were exposed to 

5 µM mitoxantrone for 30 min at 37 ºC, in the presence or absence of each 

compound, and then washed with phosphate buffer saline (PBS) and trypsinized. 

The intracellular fluorescence was monitored with a FACS Calibur cytometer (Becton 

Dickinson) equipped with a 635-nm red laser, using the FL4 channel and at least 

10,000 events were collected. The percentage of inhibition was calculated by using 

the following equation: % inhibition = (C – M) / (Cev – M) x 100, where C is the 

intracellular fluorescence of resistant cells (HEK293-ABCG2) in the presence of 

compounds and mitoxantrone, M the intracellular fluorescence of resistant cells with 

only mitoxantrone, and Cev the intracellular fluorescence of control cells (the same 

HEK293-ABCG2 cells 100% inhibited with 1 M Ko143). 

  

d) Intrinsic cytotoxicity of the inhibitory compounds 

 

Cell viability was evaluated through the MTT colorimetric assay.23 Wild-type 

HEK293 cells were seeded at a density of 1 × 104 cells/well, into 96-well culture 

plates. After overnight incubation, the cells were treated with the compounds (0-250 

M) for 72 h. To assess the viability, the cells were exposed to 0.5 mg/mL of MTT 

and incubated for 4 h at 37 C. The culture medium was discarded, and 100 L of a 

DMSO/ethanol (1:1) solution was added into each well and mixed by gently shaking 

for 10 min. Absorbance was measured at 570 nm using a microplate reader at 570 

nm, and the value measured at 690 nm was subtracted. Data are the mean ± SD of 

at least three independent experiments. 

 

e) Inhibition of Pgp- and MRP1-mediated drug efflux 

 

NIH3T3-ABCB1 were seeded at a density of 6 × 104 cells/well into 24-well 

culture plates and incubated for 48 h at 37 C, whereas HEK293 cells transfected 

with ABCC1 were seeded at 2.5 × 105 cells/well for 72 h. The cells were respectively 
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exposed to rhodamine 123 (0.5 µM) or calcein-AM (0.2 µM) for 30 min at 37 ºC, in 

the presence or absence of each compound, then washed with PBS and trypsinized. 

The intracellular fluorescence was monitored with a FACS Calibur cytometer (Becton 

Dickinson) using the FL1 channel and at least 10,000 events were collected. The 

percentage of inhibition was calculated relatively to 5 µM GF120918 or 35 M 

verapamil, respectively, using similar equation as demonstrated to ABCG2 inhibition. 

 

f) Effects on ABCG2 ATPase activity24 

 

Vanadate-sensitive ATPase activity was measured colorimetrically by 

determining the liberation of inorganic phosphate from ATP. The Sf9 membranes 

were prepared as previously and loaded with cholesterol. The incubation was 

performed in 96-well plates. Sf9 insect cell membranes (1 mg/mL) were incubated in 

a 50 mM Tris-HCl, 50 mM NaCl buffer (pH 8.0) containing sodium azide (3.3 mM) in 

the absence (with or without sodium orthovanadate at 0.33 mM) or presence of 

tested compounds (2 µM). The reaction was started by the addition of ATP-Mg (3.9 

mM) and the plates were incubated for 30 min at 37 °C. The reaction was stopped 

with sodium dodecylsulfate (10%) and revealed with a mixture of ammonium 

molybdate reagent and 10% ascorbic acid (1:4). The absorbance was measured 

after 30-min incubation at 880 nm using a reader plate.  

 

g) Preparation of recombinant human CK2 holoenzyme and assay of inhibitors 

activity 

 

The human protein kinase CK2 holoenzyme was prepared as previously 

described.25,26 In brief, human CK2α- (CSNK2A1) and CK2β- subunits (CSNK2B) 

were expressed separately in Escherichia coli BL21(DE3) cells using the pT7-7 

vector. Freshly-transformed cultures were grown over night at 37 °C in LB-medium 

until the stationary phase was reached. LB medium was inoculated with the starter 

cultures (1:100), and protein expression was induced by IPTG addition (1 mM final 

concentration) when an OD500 of 0.6 was reached. The cultures were further 

incubated at 30 °C during 5-6 h for the CK2α-subunit, or 3 h for the CK2β-subunit. 

After harvesting the bacterial cells by centrifugation (6000xg for 10 min at 4 °C) and 

disruption by sonication (3 x 30 s on ice), cell debris were removed by another 
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centrifugation at 15.000xg (10 min, 4 °C). Both extracts were combined and CK2 

holoenzyme was purified by a three-column procedure.Fractions were analyzed by 

SDS-PAGE and Western Blot. Those containing CK2 and showing CK2 activity were 

pooled and stored at - 80 °C as aliquots, which obtained CK2 holoenzyme with a 

purity higher than 99%.27
 

For testing the compounds on CK2 inhibition, a capillary electrophoresis-

based CK2 activity assay28 was used. Briefly, 2 µL of the inhibitors solutions in 

DMSO were mixed with 78 µL of kinase buffer (50 mM Tris/HCl (pH 7.5), 100 mM 

NaCl, 10 mM MgCl2 and 1 mM DTT) containing 1 µg CK2, and preincubated at 37 °C 

for 10 min. The CK2 reaction was initiated by the addition of preincubated assay 

buffer (25 mM Tris/HCl (pH 8.5), 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 100 µM 

ATP and 190 µM of the CK2 substrate peptide RRRDDDSDDD), carried on for 15 

min at 37 °C and was stopped by addition of 4 µL of 0.5 M EDTA. Subsequently, the 

reaction samples were fed to a PA800 plus capillary electrophoresis system 

(Beckman Coulter, Krefeld, Germany) using acetic acid (2 M, adjusted to pH 2.0 with 

concentrated HCl) as the background electrolyte. Detection of the separated CK2 

reaction substrate and product peptide at 214 nm was accomplished by a DAD 

detector. As controls for 0% and 100% inhibition, samples containing pure DMSO 

instead of inhibitor and samples additionally lacking the CK2 holoenzyme 

respectively, were treated under identical conditions. Compounds which showed 

more than 50% inhibition in the initial test at a final inhibitor concentration of 10 µM 

were subjected to IC50 determination. For this purpose, nine final inhibitor 

concentrations in suitable intervals ranging from 0.001 µM to 100 µM were tested. 

IC50 values were calculated from the resulting dose-response curves using 

GraphPadPrism 5.02 (La Jolla, CA, USA).  

 

4.3.3 Results 

 

4.3.3.1 Chemistry 

 

The access to 5,6,7,8-tetrahydroindeno[1,2-b]indole-9,10-diones 4 was 

previously detailed.17 Their syntheses started by the reaction of a cyclohexane-1,3-

dione with the appropriate primary amine to form the enaminone derivatives, which 

were then condensed with ninhydrin. The resulting vic-dihydroxyindeno[1,2-b]indole-
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9,10-diones were deoxygenated with tetraethylthionylamide (TETA) to afford 

compounds 4.  

9-Hydroxy-5H-indeno[1,2-b]indol-10-ones 5 were prepared by 

dehydrogenation of 4 with 10% Pd-C in refluxing diphenyl ether.29 Subsequent 

oxidation with molecular dioxygen in the presence of salcomine30 (Co-Salen), at room 

temperature, gave 5H-indeno[1,2-b]indole-6,9,10-triones 6 (Figure 3).  

 

 

FIGURE 3: REAGENTS AND CONDITIONS 

Notes: (a) R1NH2, Toluene, reflux; (b) ninhydrin, MeOH, rt; (c) (NEt2)2SO (TETA), DMF, AcOH, rt; (d) 

10% Pd-C, Ph2O, reflux, 6 h; (e) Co-Salen, DMF, O2, rt, 24 h. 
 

It is known that oxidation of phenols with Fremy’s salt represents an excellent 

synthetic method for the preparation of p-quinones under mild conditions and usually 

in good yield.31 For this reason, we applied these conditions to oxidize compounds 5c 

and 5g (Figure 4), but very low yields of the desired products were obtained. This 

was presumably due to steric effects of R1 and R2, or/and electronic destabilization of 

the radical intermediates. Accordingly, we preferred the method of oxidation with 

O2/salcomine that we applied for the synthesis of all p-quinones mentioned in this 

work.  
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FIGURE 4: STRUCTURES OF THE INVESTIGATED INDENOINDOLE SERIES 5 
AND 6 

Note: 5a41; 5b41; 6a30 and 6b30  

 
In total, ten phenols (series 5) and seven quinones (series 6) have been 

synthesized, and their structures are shown in Figure 4. The 3D spatial 

determinations of 5c were established by X-ray crystallography, and confirmed the 

structure in the solid state as anticipated on the basis of IR and 1H NMR data (Figure 

5). The key bond lengths and angles of this indeno[1,2-b]indolone are very similar to 

those given in the literature for other substituted indenoindole derivatives.32,33 The 

indeno[1,2-b]indolone system of 5c is nearly planar with a mean out-of-plane 

deviation of 0.027 Å and the largest deviation of 0.062(2) Å for atom C7. The C4=O1 

double bond was noticed at 1.231 (2) Å.  
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FIGURE 5: VIEW OF THE CRYSTAL STRUCTURE OF 5C WITH OUR 
NUMBERING SCHEME 

Notes: Displacement ellipsoids are drawn at the 30% probability level; the numbering used here is 
specific for crystallographic studies, and therefore different from that used detailed in the Experimental 
Section. 

 

4.3.3.2 Biological evaluation and SARs  

 

The newly-synthesized phenolic- and p-quinonic- indenoindoles were 

assayed for their capacity to modulate ABCG2 and CK2 activities, and for their 

cytotoxicity. 

 

a) Inhibition of ABCG2-mediated mitoxantrone efflux, and cytotoxicity 

 

The new series of compounds 5 and 6 were firstly screened for their ABCG2-

inhibitory activities using mitoxantrone as a substrate, and the inhibitory potency was 

compared to the recently-characterized ketonic derivative 4c17 (Figure 6). Other 

reference inhibitors of mitoxantrone efflux, used here as positive controls, were 

chromone 6g and Ko143 with IC50 values of 0.11-0.13 µM and 0.09 µM, 

respectively.22,34 
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FIGURE 6: STRUCTURES OF KETONIC INDENOINDOLES (SERIES 4).17 

Table 1 shows that the corresponding phenolic derivative 5c, without any 

substituent on both D-ring and N5-phenethyl, was about 3-fold more potent (IC50 = 

0.16 µM versus 0.43 µM). In contrast to ketonic indenoindoles,17 addition of 

hydrophobic methyl and phenyl substituents on D-ring did not further increase 

inhibition, producing either no effect or a negative contribution, as in 5f (0.16 µM) and 

5g (0.51 µM) versus 5c. Replacement of N5-phenethyl by a shorter linker drastically 

decreased the inhibitory potency, as evidenced from 5g (full inhibition, with IC50 = 

0.51 µM) to 5e (only 56% inhibition at 10 µM), as well as from 5c (0.16 µM) to 5b 

(68% inhibition). However, changing the N5-phenethyl substituent by a longer linker 

only slightly reduced the inhibitory potency, in 5d (0.64 µM) versus 5c (0.16 µM). 

Methoxy substitution of the N5-phenethyl phenolic-indenoindole core structure (5c), at 

either position ortho in 5h (0.15 µM), para in 5j (0.20 µM) or meta in 5i (0.37 µM) did 

not show substantial improvement on activity. Phenyl substitution of D-ring was not 

able to recover any activity for N5-benzyl derivatives (5e versus 5b). In sharp 

contrast, p-quinonic derivatives were very poor inhibitors when comparing 6c (18% 

inhibition) to 5c (and 4c), 6d (33% inhibition) to 5d, and 6b (10% inhibition) to 5b. 

However, hydrophobic substitutions of D-ring allowed a partial recovery of inhibition 

potency, as illustrated for methyl and phenyl additions in 6f (0.84 µM) and 6g (0.43 

µM) versus 6c, and in 6e (41% inhibition) versus 6b. 
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TABLE 1. INHIBITION OF MITOXANTRONE EFFLUX IN ABCG2-TRANSFECTED 
CELLS, AND CYTOTOXICITY 

 
 

Reference ketonic 
indenoindole 

ABCG2 inhibition 

 
% at 10 µMa                    IC50 (µM) 

Cytotoxicity 
IG50 (µM)d  

TRe 

4c 100 ± 14  0.43 ± 0.01b 30.7 ± 9.5 71 

Phenolic derivatives     

5a 45 ~12c > 10 ≥ 1 

5b 68 ~7c > 4 ≥ 1 

5c 81 ± 5 0.16 ± 0.02b 42.7 ± 9.7 267 

5d 98 ± 25 0.64 ± 0.23b > 100 > 156 

5e 56 ~9c 4.8 ± 0.9 < 1 

5f 92 ± 22 0.16 ± 0.01b 42.3 ± 2.8 264 

5g 111 ± 2 0.51 ± 0.09b > 100 > 196 

5h 85 ± 11 0.15 ± 0.01b 54 ± 14 360 

5i 100 ± 10 0.37 ± 0.09b 45.7 ± 6.1 124 

5j 111 ± 14 0.20 ± 0.01b 0.8 ± 0.1 4 

p-Quinonic derivatives     

6a 36 ~14c 1.3 ± 0.4 < 1 

6b 10 ~50c 0.53 ± 0.15 < 1 

6c 18 ~30c 6.9 ± 2.1 < 1 

6d 33 ~15c 6.8 ± 0.5 < 1 

6e 41 ~13c 7.1 ± 1.1 < 1 

6f 99 ± 9 0.84 ± 0.31b 15.6 ± 5.9 19 

6g 128 ± 6 0.43 ± 0.01b 3.7 ± 2.2 9 

Notes: aThe percent inhibition of ABCG2-mediated mitoxantrone efflux was determined for each 
compound at a fixed concentration of 10 µM. bFor the best compounds producing at least 50% 
inhibition at 10 µM, a concentration range was analyzed in order to precisely determine the IC50 
values. cFor the other, less potent compounds, a rough estimation was obtained from the experimental 
inhibition produced at 10 µM. dThe IG50 values of compounds cytotoxicity were determined after 72 h 
of treatment with the MTT cell-survival method. eThe therapeutic ratio (TR) was calculated by dividing 
the IG50 values of cytotoxicity with the corresponding IC50 values of ABCG2 inhibition. 

 

Since the root cause of in vivo and preclinical trial failures of potent ABCG2 

inhibitors are their intrinsic cytotoxic effects, one valuable complementary approach 

is to evaluate the in vitro cytotoxicity of new inhibitors. The ratio between cytotoxicity 

and inhibitory potency of the inhibitor, defined here as therapeutic ratio (TR), gives a 

valuable information to guide future in vivo trials. The phenolic leads, 5c, 5f and 5h 

(IC50 = 0.15-0.16 µM), as well as 5d, 5g and 5i (IC50 = 0.37-0.64 µM), displayed a low 

cytotoxicity, with IG50 values > 42 µM, and even > 100 µM in two cases. Such IG50 
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values were similar to those previously observed with ketonic derivatives.17 This gave 

high therapeutic ratio (TR) values, up to 360, assumed to be quite promising for 

further investigations. The only exception was 5j, which displayed an unexpectedly 

high cytotoxicity, possibly due to strong interaction with unknown critical cellular 

target(s). Similarly, shortening the phenethyl substituent into either benzyl (in 5b and 

5e) or isopropyl (in 5a) drastically increased cytotoxicity, leading to very low TR 

values (around 1). All p-quinonic derivatives were much more cytotoxic than phenolic 

compounds, except for 6e where the already high toxicity of 5e was not further 

increased, with IG50 values in the 0.5-15 µM range, and gave very low TR values (< 

20, and often < 1). No cross-resistance was ever observed in ABCG2-transfected 

cells versus the control cell line (data not shown), indicating that both phenolic- and 

p-quinonic- indenoindoles were apparently not transported by ABCG2. 

 

b) Selectivity toward ABCG2 inhibition 

 

The most potent indenoindole inhibitors of ABCG2 were tested against the 

two other major multidrug ABC transporters of cancer cells, namely Pgp/ABCB1 and 

MRP1 (multidrug resistance protein 1)/ABCC1. Figure 7 shows that none of the 

selected compounds, including phenolic-, p-quinonic- and ketonic- derivatives were 

able to induce any inhibition of Pgp-mediated rhodamine 123 efflux, as compared to 

the reference inhibitor GF120918/elacridar. A differential pattern was obtained with 

MRP1-mediated calcein efflux: while the phenolic derivatives (5c, 5f and 5h) and p-

quinonic derivatives (6f and 6g) produced a very limited, if any, inhibition, in contrast 

the ketonic derivatives (4h, 4j and 4k)17 (Figure 7) significantly inhibited at 2 µM and, 

in two cases, as efficiently as verapamil at 10 µM. Therefore, phenolic- and p-

quinonic-, but not ketonic-, inhibitors could be considered as ABCG2 selective over 

MRP1. 
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FIGURE 7: ABILITY OF LEADS OF THE DIFFERENT SERIES OF 
INDENOINDOLES TO INHIBIT DRUG EFFLUX BY ABCB1 OR ABCC1  

Notes: Each indenoindole derivative was assayed at either 2 µM (black bars) or 10 µM (white bars) for 
its ability to alter the efflux of either rhodamine 123 by ABCB1 (upper panel) or calcein by ABCC1 
(lower panel) assayed by flow cytometry, as for the efflux of mitoxantrone by ABCG2 in Table 1. The 
inhibition produced by the two reference inhibitors, 5 µM GF120918 and 35 µM verapamil, was taken 
as 100%. 

 

A higher selectivity of phenolic indenoindoles, relatively to the ketonic 

derivatives, was also observed toward the CK2 protein kinase (Table 2). Indeed, the 

phenolic derivatives inhibited CK2 activity with a limited potency, never reaching a 

complete inhibition at 10 µM. The high values of the ABCG2/CK2 ratio, in the range 

70-75 for 5f and 5j, were 7-to-12-fold higher than those previously obtained (in the 

range 6-11) for the corresponding ketonic derivatives (4h and 4l)17
 (Figure 6). A 

significant effect was also observed with 5d and 5i, giving a ratio value around 31, 

which was 2-to-4-fold higher than for the respective ketonic indenoindoles 4d and 4k 

(Figure 4). In the case of p-quinonic derivatives, the potency to inhibit CK2 was also 

lower, by about 2-fold, as compared to the ketonic ones, such as for 6c (IC50 ~13 µM) 

versus 4c (7.0 µM), and 6f (4.1 µM) versus 4h (2.5 µM),17 but their very low capacity 

to inhibit ABCG2 gave extremely low ABCG2/CK2 ratio values (< 1), except for the 

two more active compounds, 6f and 6g, containing hydrophobic substituents on D-

ring (5-27). 
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TABLE 2: INHIBITION OF HUMAN CK2 HOLOENZYME AND COMPARISON WITH 

ABCG2 

Reference ketonic 
indenoindole 

CK2 inhibition 

 
% at 10 µMa                    IC50 (µM) 

AGCG2/CK2d 

4c 59 7.0b 16 

Phenolic derivatives    

5a 72 2.0b < 1 

5b 20 ~25c ~4 

5c 57 7.5b 47 

5d 27 ~20c ~31 

5e 48 ~10.5c ~1 

5f 42 ~12c ~75 

5g 45 ~11c ~22 

5h 78 1.3b 9 

5i 44 ~11.5c ~31 

5j 38 ~14c ~70 

p-Quinonic derivatives    

6a 60 5.5b < 1 

6b 70 2.2b < 1 

6c 40 ~13c < 1 

6d 60 6.4b < 1 

6e 40 ~13c < 1 

6f 65 4.1b 5 

6g 44 ~11.5c ~27 

Notes: aThe percent inhibition of CK2 activity was determined, for each compound, at 10 µM. bFor the 
best compounds, producing at least 50% inhibition at 10 µM, the concentration was varied in order to 
precisely determine the IC50 values. cFor the other, less potent compounds, a rough estimation was 
obtained from the experimental inhibition produced at 10 µM. dThe ABCG2/CK2 ratio, indicating the 
inhibitory efficiency of compounds toward ABCG2 relatively to CK2, was calculated by dividing the 
IC50(CK2) values with the IC50(ABCG2) values of  Table 1. 

 

The interest of phenolic indenoindoles as ABCG2 inhibitors, versus ketonic- 

and p-quinonic- derivatives, is illustrated in Figure 8, where five phenolic leads, 

namely 5c, 5d, 5f, 5g and 5i, display both a good selectivity, with a lower interaction 

toward CK2 than ketonic derivatives such as 4c (Figure 8A), and a low cytotoxicity by 

difference with all p-benzoquinonic derivatives (Figure 8B). 
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FIGURE 8. PHENOLIC INDENOINDOLES AS BETTER ABCG2 INHIBITORS OVER 
KETONIC- AND P-QUINONIC- DERIVATIVES.  

Notes: ABCG2 inhibition versus CK2 inhibition (a) and versus cytotoxicity (b). 

 

c) Effects on ABCG2 basal ATPase activity 

 

The phenolic indenoindoles could also be distinguished from both ketonic- 

and p-quinonic- derivatives on the basis of their differential modulation of ABCG2 

ATPase activity, which provided indirect information about the binding sites of the 

different compounds. Figure 9 shows that the vanadate-sensitive ATPase activity of 

insect-cell plasma membranes overexpressing human ABCG2 was strongly 

stimulated by the most potent phenolic inhibitors of mitoxantrone efflux: a 2- to 4.5-

fold stimulation was observed with 5c, 5d, 5f, 5g, 5h, 5i and 5j, in contrast to the very 
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low stimulation observed with much less active 5e (cf. Table 1). Addition of 

hydrophobic methoxy substitution on N5-phenethyl at position ortho did not further 

stimulate the ATPase activity, as in 5c versus 5h. However, shifting the methoxy 

substituent to position meta significantly increased the ATPase activity (5i), a 

maximal stimulation being observed for compound 5j, with a methoxy substituent at 

position para. A similar lack of positive effects was observed by lengthening the linker 

at N5-phenethyl when comparing 5c to 5d. However, changing the N5-phenethyl 

substituent into a shorter linker, from 5g to 5e, was quite detrimental to stimulation. 

Methyl substitution of D-ring was not able to increase the ATPase stimulation activity 

(5c versus 5f); however, changing the methyl into phenyl (5f versus 5g) induced a 2-

fold increased stimulation. 

In addition, the p-quinonic derivative 6f, as well as 6c and 6e (not shown 

here), did not produce any effect, while a very limited stimulation was observed for 

compound 6g (Figure 9). This lack of effect on ATPase activity was also observed 

with the four ketonic derivative leads, 4c, 4h, 4j and 4k, which did not induce any 

significant stimulation, suggesting either distinct binding sites or different induced 

conformational changes associated to inhibition of ABCG2-mediated mitoxantrone 

efflux. All indenoindole derivatives behaved differently than the reference inhibitors, 

Ko143 and chromone 1, which strongly inhibited ATPase activity.  

 

 

FIGURE 9: MODULATION OF BASAL ATPase ACTIVITY BY INDENOINDOLES  

Notes: The effects of 2 µM compounds from the different series on the vanadate-sensitive ATPase 
activity of ABCG2 were tested on 10 µg of ABCG2-containing membrane vesicles (prepared from Sf9 
cells overexpressing human ABCG2, and loaded with cholesterol). The specific basal ATPase activity 
of the control without inhibitor, taken as 100%, was 7.0 ± 0.4 nmol ATP hydrolyzed/min x mg of 
proteins. Two reference inhibitors, Ko14313 and chromone 1,35 were used under the same conditions 
for comparison. 
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4.3.4 Discussion 

 

This paper shows that phenolic indenoindoles constitute quite interesting 

ABCG2 modulators as potent and selective inhibitors, with low cytotoxicity. They 

strongly stimulate ATPase activity, by difference with ketonic derivatives and 

reference inhibitors. 

 

4.3.4.1 Phenolic indenoindoles as better ABCG2 inhibitors than ketonic derivatives 

 

The advantages of the phenolic-, over the ketonic-, derivatives are related to 

three main aspects. Firstly, a higher potency (about 3-fold) in inhibition of drug-efflux 

activity: such an increase might be due to a higher reactivity of the phenol- versus the 

ketone- group rather than to the planarity of the indenoindole core, since the 

inhibition was markedly altered in planar p-quinonic derivatives. Secondly, a higher 

selectivity for ABCG2 among MDR transporters and CK2: this was monitored through 

the absence of interaction with MRP1, and a 3-fold lower interaction with CK2 giving 

a 3-7 higher ABCG2/CK2 ratio; this further confirms the possibility to convert CK2 

inhibitors into ABCG2 inhibitors upon appropriate substitutions, as previously 

observed with ketonic derivatives,17 and extends the differences to high ABCG2/CK2 

ratio values, of 70-75, for 5f and 5j. Thirdly, a strong modulation, up to 4.5-fold, of the 

basal ATPase activity: this allows considering the possibility of depleting intracellular 

ATP from ABCG2-overexpressing cells, with the aim of promoting selective cell 

death, as proposed for the Pgp-dependent collateral sensitivity observed in the 

presence of verapamil.35-37 Such a stimulation of ATPase activity contrasts with the 

lack of effect observed with both ketonic and p-quinonic derivatives, and the inhibition 

produced by the reference inhibitors chromone 1 and Ko143,22 as well as 

fumitremorgin C.38  

Among the six best phenolic derivatives, toward both potency of ABCG2 

inhibition (IC50 values in the range 0.16-0.64 µM) and selectivity (ABCG2/CK2 ratio 

values in the range 22-75), one compound, namely 5j, appeared to be cytotoxic. The 

five remaining leads, namely 5c, 5d, 5f, 5g and 5i, which displayed high TR values, 

in the range 124-267, constitute good candidates for additional experiments to check 

their suitability in future assays in animal models. 
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4.3.4.2 Molecular mechanism and polyspecificity 

 

The different modulation of ABCG2 basal ATPase activity by phenolic 

indenoindoles versus non-stimulatory ketonic derivatives and inhibitory reference 

inhibitors suggests distinct binding sites. A similar situation was previously observed 

with methoxy trans-stilbenes which, in combination with GF120918, prazosin or 

nilotinib, produced additive inhibitory effects on drug efflux39. Although the inhibitor 

binding sites are probably distant from the cytosolic nucleotide-binding domain, they 

are indeed able to modulate the ATPase activity; this suggests the existence of 

allosteric interactions, between transmembrane and cytosolic domains of the 

transporter, controlling the strict coupling between ATP binding/hydrolysis and drug 

transport. 

The common N5-phenethyl substituent found in all active indenoindole 

derivatives, as illustrated in Figure 10, should however induce partial overlapping of 

the binding sites. The hydrophobic substituents shown to increase the binding affinity 

of ketonic indenoindoles, produced similar effects in p-quinonic derivatives, where 

they partially compensated the strongly-negative contribution of the second ketone 

group, at para position versus the first one, within the quinone moiety. In contrast, the 

phenol group appeared to interact with a distinct, although likely overlapping, subsite 

associated to ATPase-stimulation effects. A similar overlapping of binding sites was 

previously observed for ABCG2-selective acridones in comparison with 

GF120918/elacridar, a dual inhibitor strongly interacting with Pgp.40 
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FIGURE 10: TENTATIVE REPRESENTATION OF PARTLY-OVERLAPPING SITES 
FOR INDENOINDOLES, WITHIN ABCG2, ALLOWING BINDING OF, AND 
INHIBITION BY, THE DIFFERENT TYPES OF DERIVATIVES 

Notes: Left, ketonic 4h; middle, phenolic 5c and right, p-quinonic 6g. The common phenethyl group, 
which is essential for ABCG2 inhibition and selectivity, is framed in orange; the other substituents 
positively contributing to inhibition are framed in either red (hydrophobic methyl or phenyl) or green 
(phenol) whereas the negatively-contributing p-quinone is framed in blue. 

 

Finally, these diverse binding sites, located close each other and partly 

overlapping, constitute a new demonstration of ABCG2 polyspecificity toward 

inhibitors, similarly to that better known for substrates.  
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   5. CONCLUSÕES  

 

 Com os resultados obtidos neste trabalho pode-se concluir que MI-J é o 

composto mais promissor para futuras investigações in vivo visando o tratamento do 

HCC. Este derviado apresentou destacada atividade citotóxica, quando comparado 

aos outros derivados 1,3,4-tiadiazóis mesoiônicos, sem afetar a viabilidade das 

células não-tumorais (hepatócitos de ratos). Além disto, MI-J foi o único composto 

capaz de inibir, embora fracamente, a atividade de Pgp, não sendo transportado por 

esta proteína. Estes efeitos o tornam um bom candidato para o tratamento do HCC 

com resistência mediada por Pgp; sugestão bastante relevante ao considerar o 

importante papel desta proteína no desenvolvimento de MDR em pacientes 

portadores de HCC.   

Também conclui-se que potentes e seletivos inibidores de ABCG2 são 

obtidos através de substituições nos anéis do núcleo indeno[1,2-b]indol presente em 

inibidores de CK2, sendo as substituições na posição N5 do núcleo cetônico 

indeno[1,2-b]indol críticas para afinidade por ABCG2 ou CK2, e a utilização de um 

núcleo fenólico indeno[1,2-b]indol importante para obtenção de inibidores de ABCG2 

com maior seletividade sobre CK2 ou outros transportadores ABC. Estas 

modificações permitem o desenvolvimetno de inibidores com baixa citotoxicidade 

intrínseca e alta atividade inibitória de ABCG2, resultando em índices terapêuticos 

desejáveis para utilização em modelos in vivo. 
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