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RESUMO GERAL

A resisténcia a multiplas drogas (MDR) ¢ considerada uma das principais causa na falta de
sucesso no tratamento do cancer. Neste sentido, alguns compostos de origem natural t€ém
sido estudados com o objetivo de propor tratamentos que ultrapassem o fenotipo MDR. A
quercetina ¢ um flavonoide encontrado em varios vegetais que tem sido estudada por seus
usos terapéuticos como antioxidante e anticancerigeno, entre outros. Assim, o objetivo geral
deste projeto foi comparar a sensibilidade de linhagens celulares tumorais humanas, com
(K562-Lucena) e sem (K562) o fenotipo MDR a quercetina, bem como verificar os
processos celulares envolvidos nos possiveis efeitos deste composto. Foi analisada a
viabilidade celular através da técnica exclusdo por azul de tripan, apds exposicdo a
quercetina, a capacidade da quercetina de induzir morte celular por apoptose ou necrose
utilizando microscopio de epiflorescéncia, sua capacidade de produzir estresse oxidativo
quantificado pelo fluorimetro, provocar dano de DNA pela técnica cometa, assim como 0s
efeitos na atividade da P-gp pelo teste rhodamina-123 e expressdo do gene MDRI1 através de
PCR em tempo real, que codifica esta proteina. Os resultados obtidos mostram que a
quercetina foi capaz de inibir a proliferacdo e modificar a viabilidade celular de maneira
concentragdo e tempo dependentes, em ambas linhagens celulares, independente do fendtipo
MDR. A quercetina induziu morte celular por apoptose e necrose, causou dano de DNA,
aumentou a produ¢do de espécies reativas de oxigénio (ROS) em ambas as linhagens, além
de inibir a atividade da P-gp e aumentar a expressdo do gene MDRI. Esses resultados

permitem atribuir um possivel papel anti-MDR da quercetina.



INTRODUCAO GERAL

Células, cancer e leucemia

As células sao as unidades fundamentais dos seres vivos, gerenciam uma série de
fungdes para se manterem vivas, € em consequéncia disso, mantém a sobrevivéncia do
organismo como um todo. Existe toda uma rede de sinalizacdo que controla o crescimento,
reproducdo, diferenciagdo e sobrevivéncia destas células. Quando uma célula passa a se
reproduzir desobedecendo aos limites normais de divisao celular ¢ comecam a invadir e
colonizar outros tecidos temos o que denominamos de cancer (ALBERTS et al., 2010). Uma
célula tumoral pode apresentar caracteristicas como a perda da capacidade de formar
estruturas funcionais, acimulo de mutagdes, deficiéncia nos mecanismos de reparo, e ainda

resisténcia a morte (Hanahan e Weinberg 2011).

De acordo com o Instituto Nacional do Cancer (INCA 2014), o cancer engloba um
conjunto de mais de 100 tipos de doencgas. No relatoério de dezembro de 2013 da World
Health Organization (WHO 2013), somente em 2012, 14.100 milhdes de novos casos foram
detectados no mundo, com cerca de 8.200 milhdes de mortes. Diante do exposto, fica

evidente que o cancer ¢ um dos maiores problemas de satde publica do mundo.

Apesar de os dados apresentados serem alarmantes, se sabe da possibilidade de cura
do tumor quando o mesmo ¢ tratado nas fases iniciais de desenvolvimento (iniciagdo e
promocao). Por outro lado, quando o tumor atinge a fase de progressdo e, mais
especificamente, quando ha formagdo de metastases, a probabilidade de cura ¢ muito

diminuida (Contran et al., 2000).

Células do sistema hematopoiético realizam uma variedade de fungdes para
manterem a homeostase e sobrevivéncia dos organismos, assim como 0s outros tipos
celulares. No entanto, estas células exibem certas caracteristicas que as tornam
completamente diferentes dos outros tipos celulares conhecidos, como a baixa sobrevivéncia
quando ativas, a multiplicidade dos tipos celulares e a enorme dispersdo destas em todo o
corpo. A hematopoiese, processo de continua formagdo das células sanguineas, ocorre na
medula Ossea, através de células tronco hematopoiéticas. Entretanto, o organismo pode
perder a capacidade de manutengao deste processo continuo e homeostatico, desencadeando
um processo leucemogénico, e entre todos os tipos de cancer conhecidos, aqui neste

trabalho, destacamos entdo a leucemia (Failace et. al 2009, Hoffbrand e Moss 2012).



A leucemia ¢ uma desordem das células sanguineas, caracterizada pela proliferagao
neoplésica do sistema hematopoiético, podendo ser tanto das células precursoras mieloides
quanto das linfoides. Como ja mencionado anteriormente, a medula dssea ¢ o local de
formacdo das células sanguineas e estas ocupam o interior da cavidade dos ossos como
vértebras, costelas, fémur entre outros (Failace et al.,2009; Hoffbrand e Moss., 2012). A
principal caracteristica da leucemia ¢ o acimulo de células jovens anormais na medula
Ossea, que substituem as células sanguineas normais. Esta modificacdo compromete a
medula 6ssea, por modificar o microambiente indutivo, resultando na liberacao das células
malignas para circulacdo. A estimativa no pais de novos casos de leucemias ¢ de 8.510 a

cada ano, sendo 4.570 novos casos para homens e 3.940 para mulheres (INCA 2014).

As leucemias sdo classificadas em quatro tipos: leucemias agudas e cronicas, que por
sua vez, se subdividem em mieloides e linfoides. Nas leucemias agudas, a prolifera¢ao faz-
se a partir de células primitivas da mielopoese ou de precursores linfoides, e em geral sdo
doencas agressivas com rapida progressdo, nas quais a transformacdo maligna ocorre em
células tronco da hematopoiese ou em progenitores primitivos. Esses progenitores primitivos
sao chamados de blastos. Na leucemia cronica a caracteristica ¢ a proliferagdo de células em
estagios mais maduros e a doenca tem a progressdo mais lenta. Sua incidéncia acomete
geralmente adultos e idosos, com média 53 anos de idade, mas todos os grupos etarios

podem ser atingidos (Failace et al.,2009, Hoffbrand e Moss., 2012).

Destacaremos neste trabalho a Leucemia Mieldide Cronica (LMC). O diagnostico
deste tipo de leucemia ¢ baseado principalmente na deteccdo do cromossomo Philadelphia.
Essa anormalidade foi descrita pela primeira vez como cromossomo curto em 1960 por
Nowell e Hungerford. Depois houve a identificacdo de uma translocacdo, de acordo com
Rowley (1973). Essa leucemia ¢ caracterizada por uma transloca¢do reciproca entre os
cromossomos 9 e 22 t(9,22)(q34;ql1), parte do cromossomo 9 denominado ABLI1 ¢
transferido para o gene BCR do cromossomo 22. O cromossomo 22 anormal resultante ¢
denominado cromossomo Philadelphia (Phl). Na transloca¢do anormal Phl, éxons 5’ do
BCR sao fundidos no éxon 3’ do ABL1. O gene quimérico BCR-ABLI resultante codifica
uma proteina tirosina quinase aumentada, levando a desregulacdo proliferativa excessiva em
relagdo ao seu produto normal, descontrolando completamente o ciclo celular destas células
leucémicas. Na Figura 1 temos a representagdo do cromossomo Phl, bem como da

translocagdo resultante e da proteina quimérica formada através dessa mutacao.
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Figura 1: (a) Ha translocagdo do brago de parte do braco longo do cromossomo 22 para o brago longo do
cromossomo 9 e translocagdo reciproca de parte do braco longo do cromossomo 9 para o cromossomo
22(cromossmo Ph). Essa translocagdo traz a maior parte do gene ABL para a regido BCR do cromossomo 22.
(b) Figura mostrando os pontos de ruptura (trago vermelho) dos genes BCR e ABL nos seus respectivos éxons
(c) Isso resulta em uma proteina de fusdo de 210 kDa (Hoffbrand and Moss, 2012).

A fim de se ter um modelo biologico de estudo para este tipo de leucemia mieloide
cronica, em 1975 Lozzio e Lozzio estabeleceram a linhagem celular denominada K562. Essa
linhagem ¢ uma eritroleucemia humana, caracterizada por uma proliferagdo sistémica,
progressiva e simultinea de células imaturas e atipicas de linhagens eritrocitaria e/ou
granulocitaria, que apresentam mieloblastos como tipo celular precursor. A linhagem K562
tem a caracteristica de ser sensivel a quimioterapia e por esse motivo ¢ amplamente usada
como modelo de estudo para o desenvolvimento de farmacos. Nesse sentido as plantas tém

sido bastante utilizadas e estudadas para a pesquisa e desenvolvimento de novos farmacos.

Flavonoides, quercetina e seus diversos efeitos

Nos ultimos anos tém intensificado as pesquisas por novos quimioterapicos que
eliminem ou freiem a proliferagdo de células tumorais, mas que a0 mesmo tempo nao sejam
toxicos as células normais. Como aliado nessa busca, encontramos nas plantas, importante
material biologico de estudo. As plantas t€ém uma longa histdria no tratamento do cancer. O
uso de plantas medicinais foi talvez uma das primeiras manifestagdes da humanidade em
relagdo a busca de meios que pudessem aliviar suas dores e enfermidades. Desde os tempos
pré-historicos, o homem emprega preparagdes derivadas de plantas utilizadas da flora, como

suprimento de necessidades basicas como alimentagao, cura de doengas, moradia, protecao e
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transporte (Pachu, 2003). Em alguns paises, remédios de ervas tradicionais sao
frequentemente usados junto com agentes quimioterdpicos, € um extenso programa de
triagem para identificar plantas medicinais que possam restaurar a sensibilidade de células

tumorais a drogas anticancer vem sendo realizado (Fong et al., 2007; Wang et al., 2012).

Nesse sentido, a busca por novos farmacos que atuem na quimiopreven¢do de
tumores ¢ uma importante linha de pesquisa que vém sendo cada vez mais explorada.
Quimioprevengao se refere ao uso de agentes que inibem, revertem ou retardam o processo
tumorogénico. Muitos fitoquimicos, que sdao uma classe de compostos heterogéneos
incluindo vitaminas e polifendis presentes em plantas, vém sendo relatados na literatura por
interferir diretamente no processo carcinogénico (Simdes et al., 2004), fato que ajuda

explicar a diversidade de efeitos relatados.

Dentre estes compostos naturais de grande destaque, nas pesquisas no Brasil e no
mundo, encontram-se os flavonoides. Esses fitoquimicos sdo metabolitos secundarios de
plantas vasculares, como angiospermas ¢ gimnospermas. Eles respondem a luz, protegendo
as plantas contra danos UV, controlam os niveis de auxinas, que sdo reguladores do
crescimento e diferenciacdo da planta (Harbore, 1986). Eles sdo sintetizados a partir da via
fenilipropanoides, no qual, constituem uma classe importante de polifenois. Polifenois sao
substancias caracterizadas por possuirem uma ou mais hidroxilas ligadas a um anel
aromatico. Existe uma diversidade estrutural grande entre os flavonoides e isso se deve ao
fato deste grupo sofrer muitas modificagdes quimicas como hidroxilagdo, acetilagdo,

metilagdo, glicosilagdo ente outros (Simdes et al., 2004).

Flavonoides de uma maneira geral sdo formados por 15 adtomos de carbono em seu
nicleo fundamental ligado a um oxigénio e conectados por dois anéis benzénicos uma
estrutura em cadeia de trés carbonos (trés anéis A, B e C). Dois anéis benzénicos (A e B), os
quais sao conectados por um anel pirénico (C) contendo oxigénio -figura 2 (Erlund et

al.,2004).

Figura 1- estrutura bésica de um flavonoide (Erlund et al., 2004)
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Figura 2: Diferentes classes e estruturas quimicas dos flavonoides (Herreiras., 2009)

Os flavonoides possuem muitas atividades bioldgicas e farmacologicas que atuam
sobre diferentes sistemas. Muitas dessas atividades atuam de forma benéfica para a saude
humana, e por isso, estes compostos tém recebido muita atengdo. Pode-se inferir que os
seres humanos ingerem muitas gramas de flavonoides por dia (Simdes et al., 2004).
Atualmente, ja foram identificadas mais de quatro mil substancias pertencentes ao grupo dos
flavonoides (Peterson e Dwyer., 1998). Dentre as atividades sobre os sistemas bioldgicas
descritas até o presente momento, os efeitos destacados ¢ a capacidade antioxidante,
atividade contra o desenvolvimento de tumores, atividades anti-inflamatoria ¢ de efeito
vasodilatador, atuagdo antiplaquetaria, bem como ag¢des antimicrobianas e antivirais
(Robaszkiewicz et al., 2007; Votto et al., 2010; Kleemann et al., 2011; Paolillo et al., 2011;
Trapa et al., 2012). Os efeitos preventivos do cancer também sdo atribuidos a varios
mecanismos antioxidantes, caracteristica bem estudada dos flavonoides (Shih et al., 2000;
Moon et al., 2006; Ishisaka et al., 2011; Wang et al., 2012 ; Zhang et al., 2012). Estes estao
presentes em diversos vegetais, frutas, cereais, chas e em alguns corantes alimentares (An et
al., 2010). Um dos alimentos amplamente consumidos, a cebola tem sido caracterizada por
pela presenca do flavonol quercetina e seus derivados (Prakash et. al, 2007; Bonaccorsi et al,

2008, Votto et al., 2010).
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A quercetina (3,3°,4°,5,7-pentahidroxiflavona) ¢ uma das principais moléculas
pertencentes ao grupo dos flavonoides, cuja caracteristica principal é pertencer a subclasse
dos flavondis. A caracteristica principal desta classe ¢ apresentar trés anéis A-C-B com um
esqueleto difenilpropano (C-6-C-3-C-6) como mostrado na figura 3. A quercetina possui
uma hidroxila na posicao C-3, e isso difere em cada grupo de flavonoide. Os anéis sao
derivados do metabolismo da glicose (Simdes et al, 2004). Como ja dito, a quercetina esta
presente em muitos alimentos, e por ser um flavonoide integrante da nossa dieta comum se
sugere que ela seja tolerada pelo metabolismo, apresentando tenha baixa toxicidade. Hertog
e colaboradores publicaram em 1992 um trabalho onde os alimentos que possuem maior
concentracdo de quercetina sdo: cebola (284 - 486 mg/kg), brocolis (30 mg/kg), tomate (8
mg/kg), alface (14 mg/kg), cha verde (10 - 25 mg/L), maca (21 - 72 mg/kg), vinho tinto (13 -
16 uM), suco de uva (23 - 30 uM), azeite de oliva, frutas vermelhas, alcaparras, entre outras,
representam as principais fontes de quercetina na dieta humana, conforme ilustrado na
Figura 3. Ainda neste contexto, um estudo sobre a farmacocinética da quercetina em
pacientes com cancer mostrou que esta foi bem tolerada (Ferry et al., 1996) e em 1999 a
IARC (The International Agency for Research on Cancer) concluiu que a quercetina nao ¢

classificada como carcinogénica para os humanos (Okamoto., 2005).
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Brassica oleracea Solanum Vitis vinifera
var. ltalica lycopersicum

Quercetina

Olea europaea Malus communis Camellia sinensis

Figura 3- Principais alimentos contendo quercetina (Pachu et al., 2003)

Na natureza a quercetina ¢ encontrada principalmente na forma de glicosideo, onde
ao menos um grupo hidroxila ¢ substituido por varios tipos de agucares. Quanto maior a
quantidade de grupos acticares conjugados, maior a solubilidade em 4dgua. Um dos motivos
da quercetina ser um dos principais flavonoides estudados ¢ pelo fato de ela ser altamente
biodisponilibizada no organismo. A quercetina ¢ metabolizada em diferentes 6rgaos como
intestino delgado, cdlon, figado e rim. Depois de metabolizada ela se torna biodisponivel

(Holman et al., 1995).

Os fotoquimicos de uma maneira geral vém atraindo o interesse dos cientistas através
da variedade dos compostos disponiveis para testes. H4 mais de 10.000 fitoquimicos
potencialmente disponiveis na natureza. Através de seu importante potencial agente
anticancer, a quercetina tem atraido muita atencdo.. Estudos vém sendo realizados sobre a

atividade quimioterapica e anti-genotéxica da quercetina. O cancer ¢ uma doenga
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multifatorial, altamente variavel para cada tipo de tumor. Em 2000 Hanahan e Weinberg
publicaram ‘Hallmaks of cancer’, mostrando neste trabalho, algumas das principais
caracteristicas do cancer encontradas em diferentes tipos de canceres. Muitos sdo os
trabalhos publicados sobre quercetina que podem colaborar com o estudo do cancer; a seguir

uma figura que ilustra alguns destes (Figura 4).

supressorsobre .
nralifararan o SenescenC|a
pronaraial
\:rescimentc/ \ /
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Promocgdo de :
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no tumor Apoptose
Autofagia
e \ VN
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Desrregulagao
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celular

Destruicao da
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imune

Figura 4- Contribui¢des da quercetina para as marcas do cancer, adaptado de Hanahan e Weinberg

(2000). Estrutura molecular da quercetina.

A proliferacdo de células normais ¢ altamente regulada. Fatores de crescimento e
receptores transmembranicos sdo recrutados para ativar diversas vias de sinalizagdo
(Hanahan and Weinberg, 2000). A desregulacdo de algum, ou defeitos em um ou mais de
um deles, podem levar a célula a um descontrole do ciclo celular e assim uma proliferacao
excessiva, levando a formagao de tumor. A quercetina inibe o crescimento e proliferacao in
vitro em mais de um tipo de cancer, por exemplo, liposarcoma (Huang, et al., 2006) e
carcinoma gastrico (Wang et al.,, 2012). A quercetina atua em genes que regulam
diretamente o ciclo celular, estimulando ou inibindo o crescimento das células. Muitos

mecanismos vém sendo propostos para explicar o efeito da quercetina no ciclo celular e o
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que se tém observado ¢ que a quercetina bloqueia a mudanga do ciclo celular da fase G1
para a S em células tumorais, etapa critica na divisdo celular (Yoshida et al., 1990, Vidya et

al., 2010).

Outro mecanismo muito estudado ¢ a apoptose, ou morte celular programada. Por as
células cancerosas serem resistentes a esse mecanismo de morte celular, ele ¢ um dos mais
importantes e estudados. A apoptose ¢ contralada por duas vias: a intrinseca e a extrinseca.
Na via extrinseca ou via de receptores de morte, moléculas sinalizadoras se ligam a
receptores de morte celular na superficie da membrana. Os ligantes mais conhecidos sdo o
Faz (ligante Fas), Trail (ligante indutor de apoptose relacionado ao TNF) e TNF (fator de
necrose tumoral). Ja a via intrinseca ¢ ativada quando ocorre algum dano ao DNA. A familia
de genes Bcl-2 ¢ quem controla a via intrinseca. Ela ¢ dividida em 2 grupos de proteinas as
anti-apoptoticas representadas principalmente pela propria Bcel-2 e as pro-apoptoticas,
representadas pelas proteinas Bax e BaK. Todas estas proteinas atuam como moduladoras da

permeabilidade da membrana mitocondrial (Elmore S., 2007; Riedl and Y., 2004).

Nesse sentido, a quercetina diminui a propor¢do de Bcl-2/Bax com o aumento da
expressao de caspase-3 demonstrando que a quercetina induz a apoptose em células tumorais
de carcinoma gastrico (Wang et al., 2012). Em outro estudo a quercetina protegeu a
linhagem de neuronios humanos (SH-SYS5Y), expostas a concentragdes de peroxido de
hidrogénio, por inibir a ativagdo de caspases que levam a fragmentacao de DNA (Suematsu
et al.,, 2011). Huang e colaboradores em 2006 também verificaram alteracdes em genes que
induzem a apoptose em linhagens de liposarcoma humano (SW 872) através da verificacao
de perda no potencial mitocondrial, com ativacdo de caspase-3, aumento da expressao de
Bax e diminui¢ao na expressao de Bcl-2. Em um estudo em modelo vivo, a quercetina inibiu
significativamente a apoptose através da modulagdo da propor¢cdo de Bax para Bcl-2 e
suprimiu a expressdo de caspase-3 no figado de ratos tratados com chumbo (Liu et al.,

2010).
Quercetina e o fendtipo MDR

Nas ultimas décadas, consideravel atencao tem sido dedicada a pesquisas por novos
compostos que ultrapassem o fen6tipo de resisténcia a multiplas drogas (MDR). O fenotipo
MDR ¢ considerado a principal causa de falta de sucesso no tratamento do cancer. Este
fenotipo € oriundo de um fendmeno pelo qual tumores que inicialmente respondem a

determinados quimioterdpicos, adquirem resisténcia a drogas que podem ser ou nao
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quimicamente relacionadas (Gottesman e Pastan.,, 1993). O ¢&xito terapéutico ¢
comprometido quando os tumores adquirem esse fenétipo MDR. O fendmeno MDR possui
caracteristicas que ainda nao se encontram bem definidas e tém sido sugerido como a maior
causa da falta de éxito na quimioterapia de diversos tipos de cancer (Gottesman e Pastan.,

1993; Fernandes et al., 2005; Gottesman e Ling., 2006; Ferguson et al., 2009).

Apesar do processo de resisténcia ser multifatorial, o fenotipo MDR apresenta
algumas caracteristicas principais como resisténcia a drogas nao relacionadas (Kartner e
Ling., 1989; Tiirikainen e Krusius., 1991), extrusdo do corante rodamina (Neyfakh., 1988),
alteragdes de citoesqueleto, com mudangas na distribuicdo de microtiibulos (Erokhina et al.,
1997 e Votto et al.,2007) e superexpressdo de proteinas como a glicoproteina P (P-
gp/ABCBI1) (Gottesman e Pastan., 1993; Klappe, et. al, 2009; Marques et al., 2010). Desta
forma, embora varios fatores possam levar ao fenotipo MDR, a superexpressao da P-gp, um
transportador da familia das ATPases, super familia ABC (ATP binding cassette), de cerca
de 170 KDa, codificado pelo gene MDR1/ABCBI1 (Ford e Hait., 1990; Gottesman e Pastan.,
1993; Uchiumi et al., 1993; Sonneveld e Wiemer., 1997) ¢ o mecanismo melhor estudado
(Ford e Hait., 1990, Lopes et al., 2003, Ambudkar et al., 2006). A superexpressao de P-gp e
o efluxo ativo de drogas resulta na acumulacdo reduzida da droga anticancer e efetividade
terapéutica em células tumorais MDR (Patil et al, 2009). Além das células neoplasicas, uma
variedade de tecidos humanos normais expressam diferentes niveis desta glicoproteina

(Schinkel., 1997).

Na pesquisa de células MDR, Rumjanek et al., (1994; 2001) estabeleceram um
modelo in vitro, utilizando vincristina (VCR) para selecionar uma linhagem eritroleucémica
originalmente sensivel a quimioterapia a manifestar o fendtipo de resisténcia a multiplas
drogas e, com isso, permitir um estudo experimental de células MDR. A essa linhagem
MDR foi dado o nome K562-Lucena-1 (Lucena) para distinguir de sua linhagem parental

K562 (Maia et al.,1996a, 1996b, Marques-Silva et al., 1996).

Dentre os tratamentos bastante utilizados para a LMC destaca-se o Imatinib®, um
composto desenvolvido para um alvo especifico (inibidor competitivo do sitio de ATP do
receptor tirosina- cinase BCR/ABL) como um dos quimioterapicos mais bem sucedidos até
0 presente momento para o tratamento deste tipo de leucemia. No entanto, dados
recentemente publicados por Silva e colaboradores (2013) mostram que a linhagem celular
Lucena-1 apresenta resisténcia a esse quimioterapico, e por essa razao, justifica-se a busca
por um farmaco que ultrapasse o fendtipo MDR desta linhagem celular.
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Sendo assim, a busca por drogas anticancer que nao sejam substratos de bombas de
efluxo superando o fenotipo MDR ¢ de alta prioridade (Peer e Margalit, 2006). Neste
sentido, Chung e colaboradores (2005), sugerem que a quercetina pode atuar como inibidora
de bombas de efluxo em células da linhagem MCF-7 resistentes a adriamicina, e outro
estudo evidenciou que a quercetina possui atividade inibitoria no crescimento de células da
linhagem celular leucémica HL-60 e de células resistentes MDR oriundas da mesma

linhagem (Kang e Liang, 1997).

Diante do embasamento exposto, tendo em vista que produtos naturais do grupo dos
flavonoides compostos de origem natural podem ter uma interacdo com células leucémicas e
alterar a atividade da P-gp este trabalho realizou a comparagdo entre a sensibilidade de
linhagens que expressam, ou nao expressam (K562), o fendtipo MDR a quercetina, o efeito
de diferentes concentragdes deste composto, bem como a verificagdo dos possiveis
mecanismos de acdo da quercetina como sua capacidade de induzir morte celular por
apoptose ou necrose, capacidade de produzir danos ao DNA, sua possivel capacidade de
producdo de espécies reativas de oxigé€nio, efeitos na atividade da P-gp, bem como, a

expressao do gene relacionado ao fenotipo MDR (MDR-1).
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OBJETIVO GERAL

O objetivo geral deste estudo visa comparar a sensibilidade de linhagens celulares
tumorais humanas, com e sem o fenotipo MDR a quercetina, assim como verificar os

processos celulares envolvidos nos possiveis efeitos deste composto.

OBJETIVOS ESPECIFICOS

- Avaliar a sensibilidade de linhagens com e sem fenotipo MDR, a diferentes

concentragdes de quercetina, a fim de construir uma curva dose-resposta.

- Avaliar a capacidade da quercetina em induzir apoptose e/ou necrose em linhagens

sensiveis (K562) e resistentes (Lucena-1) a multiplas drogas;

- Verificar a capacidade da quercetina em causar dano ao DNA em linhagens

sensiveis (K562) e resistentes (Lucena-1) a multiplas drogas;

- Verificar a capacidade da quercetina em gerar espécies reativas de oxigénio (ROS)

em linhagens sensiveis (K562) e resistentes (Lucena-1) a multiplas drogas;
- Avaliar o possivel efeito da quercetina na atividade da P-gp na linhagem MDR;

- Avaliar a expressdao do gene MDR-1 na linhagem celular sensivel (K562) e

resistente a multiplas drogas (Lucena-1) expostas a quercetina.
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Abstract

The multidrug resistance (MDR) is considered the main cause of the lack of success in
cancer treatment. Therefore, some natural compounds have been studied to propose
treatments which overcome the mechanisms of drug resistance. In this sense, the aim of this
work was to analyze the effect of Quercetin (QUE), a flavonol studied as a potential
anticancer agent, in MDR chronic myeloid leukemia cells (Lucena-1) and its K562 (non-
MDR) parental cell line. Our studied demonstrate that QUE exerted antiproliferative and
cytotoxic effect on cells, both apoptosis and necrosis, DNA damage, increased ROS
production, P-gp inhibition and induction MDR1 gene expression. Results obtained suggest
that the effects in cell viability were caused by P-gp activity inhibition and mainly by DNA
damage. Thus, it is plausible to suggest an anti-MDR effect of QUE in this model of MDR

human leukemia.

KEYWORDS: quercetin; leukemia cell; MDR phenotype; P-gp; gene expression

ABBREVIATIONS: quercetin (QUE); multidrug resistance (MDR); myeloid leukemia
(CML); P-glycoprotein (P-gp); phosphate buffered saline (PBS); rhodamine 123 (Rho 123);
vincristine (VCR); reactive oxygen species (ROS).

1. Introduction

In the last decades, considerable attention has been dedicated to the search for new
approaches to overcome the mechanisms of drug resistance. The multidrug resistance
(MDR) is considered the main cause of the lack of success in cancer treatment. In this sense,
some natural compounds have been studied to propose treatments effective against tumors.

The best understood MDR mechanism is conferred by the overexpression of Pgp, which
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belongs to the ABC-ATPase superfamily and acts by pumping out a number of unrelated
drugs from the cell interior. This glycoprotein is encoded by the MDR1/ABCBI1 gene
(Gottesman and Pastan 1993; Ford and Hait 1990; Uchiumi et al. 1993; Ambudkar et al.
2006). In tumor cells, an increased efflux of drugs by up-regulated ABC transporters is
observed upon prolonged drug medication (Klappe et al. 2009). The result is, inevitably, a
reduced accumulation of the anticancer drug and sub-optimal therapeutic effectiveness in

drug-resistant tumor cells (Patil et al. 2009).

Rumjanek et al. (1994, 2001) have established a leukemic multidrug resistance
(MDR) cell line, named K562-Lucena (Lucena), which was obtained after selection by
progressively higher concentrations of the antimitotic drug vincristine (VCR), being an
important biologic model to study compounds anti-MDR. This cell line was obtained from
K562 cell line, chronic myeloid leukemia (CML), probably the most extensively studied
human malignancy (Deininger et al. 2000). The first CML cell line was derived from the
selective culturing of Ph” retaining myeloblastic cells from a CML patient. This cell line,
known as K562, proliferates rapidly but retains the ability to differentiate within myeloid
lineage maturation pathways (Lozzio and Lozzio 1975). Therefore, to search for anticancer
drugs that are not substrates for resistance pumps or that can overcome the MDR phenotype

it is a high priority (Peer and Margalit, 2006).

Among them, quercetin has been reported to significantly inhibit the function of Pgp
in the adriamycin resistant cell line MCF-7 (Chung et al. 2005). Quercetin (3,3°,4°,5,7-
pentahydroxyflavone) (QUE) is one of the main molecules belonging to the flavonoid
group. Present largely foods consumed of in the world like vegetables, fruits and tea, it’s
suggested that low concentrations quercetin is not toxic to non-tumor cells (Ferry et al.,
1996). Through its significant potencial, its rol as an anticancer agent, quercetin has been

attracting attention. Quercetin effects are multi-targeted. It presents a wide range of
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biological activities including antiproliferative action against several human cancer cell,
induction of apoptosis and/or necrosis, DNA damage, anti- and pro-oxidative effects

(Borska et al. 2012; Wang et al. 2012; Suematsu et al. 2011 and Robaszkiewicz et al. 2007).

Therefore, the aim of this work was to analyze the effect of QUE in MDR chronic
myeloid leukemia cells and its non-MDR parental cell line as well as investigating possible

cell process involved in this effect.

2. Materials and Methods

2.1. Cells and culture conditions

The tumor cells were obtained from the Instituto de Bioquimica Médica Leopoldo de
Meis da Universidade Federal do Rio de Janeiro (UFRJ), Brasil. The K562 cells were grown
in RPMI 1640 (Sigma) medium supplemented with sodium bicarbonate (2.0 g/l) (Vetec), L-
glutamine (0.3 g/l) (Vetec), Hepes (25 mM) (Acros), with 10% fetal bovine serum (Gibco),
plus 1% antibiotic (penicillin 100 U/ml) and streptomycin (100 pg/ml) (Gibco) and
antimycotic (0.25 pg/ml) (Sigma), in disposable plastic flasks, at 37°C in the atmosphere of
5% CO2. The MDR Lucena cells were grown under the same conditions, but in the presence

of 60 nM vincristine (VCR) (Sigma), in order to preserve the MDR phenotype.

2.2 Assessment of the sensitivity of cells

Cells were grown for two days (K562) and for three days (Lucena) before the
beginning of experiments (Trindade et al., 1999). Both cells were centrifuged, washed with
phosphate buffered saline (Ca™ and Mg™ free) (PBS) and suspended in medium without p-

mercaptoethanol to a final concentration of 2,5x10° cells/ml. Cells were treated in media
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with different concentrations (5, 10, 50, 100, and 500 pg/ml) of quercetina (QUE - Sigma
Aldrich). Control groups received the same volume of sterile water, and were incubated at
37° C in an atmosphere of 5% CO2 in 96 well culture plates. During the experiments, no
VCR was added to Lucena cell cultures. Cell viability was assessed by trypan blue (Gibco)
0,08% exclusion immediately, 24 h, 48 h and 72 h after incubation with QUE. This assay
was used to distinguish between proliferation inhibition and cytotoxicity, since the majority

of the tests only permit to observe the number of viable cells.

2.3 Quantitative analysis of apoptosis and necrosis

For detection of apoptosis and necrosis both cell lines (2,5x10%) was treated with 10
and 50 pg/ml of QUE and incubated at 37° C in the atmosphere of 5% CO?2 for 48 h. After,
cells were centrifuged and washed with PSB. The evaluation of apoptosis and necrosis was
realized according to Ribble et al. (2005) with the addition of 2 pL of a solution 1:1 of
acridine orange (AO) and ethidium bromide (EB), composed by PBS, 100 pg/mL of AO
and 100pg/mL of EB, at each well of the plate. Analysis was performed from areas captured
from the well plate (40 x) with epifluorescence microscope (Olympus IX81). All cells were
analyzed and the data were expressed in percentage related to total cells number visualized
on the captured area. The cells were classified according Kosmider et al (2004) modified, as
following: those evincing yellow-orange fluorescence cytoplasm and green nucleus were
considered viable cells; those presenting orange nucleus with fragmented chromatin were
considered apoptotic. Those cells with uniformly orange-stained nucleus were considered

necrotic.
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Figure 1: Cells treated with QUE showing viable cells, apoptosis or necrosis captured by fluorescence

microscopy

2.4 Capacity of Quercetin to induce DNA damage

K562 and Lucena cells (5x10° cell/ml) were treated in medium with 10 and 50 pug/ml
of QUE and incubated at 37°C in the atmosphere of 5% CO2 for 24 h. DNA damage was
evaluated by the alkaline single cell electrophoresis (comet) assay, performed as described
Singh et al. (1988) and Steinert et al. (1998), with some modifications. An aliquot (80 ul) of
cell suspension of each sample (5x10° cell/ml) was mixed with 60 pl of 1% low melting
point agarose and added to fully frozen slides which had been covered with a layer of 1.5%
normal melting point agarose. Following the solidification of the new layer, cells on the
slides were lysed with (2.5 M NaOH, 0.1 M EDTA, 0.01 M Tris, 1% Triton X-100, and 10%
dimethyl sulfoxide, pH 10) overnight at 4° C. Subsequently, samples were placed in the
electrophoresis solution (300 mM NaOH and 1 mM EDTA, pH 13) for 30 min to allow
DNA unwinding. Then, electrophoresis was performed for 25 min at 25 V and 280 mA.
Finally, the slides were neutralized with 0.4 M Tris buffer (pH 7.5), stained with 30 pL of

Syber Gold (1:10,000; Molecular Probes) and analyzed using a fluorescence microscope
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(Olympus BX50) connected to a CCD camera (Pro-Series, High Performance) and coupled
to commercial software for image acquisition. A total of 50 nuclei were randomly selected
and photographed on each slide. The nuclei were analyzed by Image J software and DNA
damage was represented by tail moment. DNA strand breaks were expressed as a percent the

tail moment (% tail DNA x tail length).

2.5. Assessment of intracellular level of reactive oxygen species (ROS)

K562 and Lucena cells (5x10° cell/ml) were treated in medium with 10 and
50pg/ml of QUE and incubated at 37° C in the atmosphere of 5% CO2 during 24 h. Then
cells were washed with PBS (two times) and incubated for 30 min at 37° C with the
fluorogenic compound 2°,7’-dichlorofluorescin diacetate (H,DCF-DA) at a final
concentration of 40 uM. After the loading with H,DCF-DA, the cells were washed with PBS
two times and then suspended in fresh PBS. Aliquots of 160 pl of each sample (five
replicates) were placed into an ELISA plate and the fluorescence intensity was determined
during 90 min at 37°C, using a fluorimeter (Victor 2, Perkin Elmer), with an excitation and
emission wavelength of 485 and 520 nm, respectively. ROS levels were expressed in terms
of fluorescence area, after fitting fluorescence data to a second order polynomial and

integrating between 0 and 90 min in order to obtain its area.

2.6. Analysis of P-gp activity

The accumulation of rhodamine 123 (Rho 123) (Sigma) was measured in the Lucena
cells, as a method to evaluate P-gp activity. The Lucena cells (5x10° cells/ml) were treated
in medium with 10 and 50 pg/ml of QUE and incubated at 37°C for 24 h. After the

treatment, the cells were washed with PBS and fresh medium was added containing 300
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ng/ml of Rho 123. Following this, cells were incubated for 60 min at 37° C in the
atmosphere of 5% CO2, washed twice in PBS and left to extrude the dye in dye-free
medium for another 60 min at 37°C. Cells were then washed twice and suspended in PBS.
Rho 123 accumulation was measured using a fluorimeter, with an excitation and emission
wavelength of 485 and 590 nm, respectively. The K562 cells were utilized as positive

controls for Rho 123 fluorescence.

2.7. Assessment of the MDR phenotype modulation

To evaluate the MDR phenotype modulation cells Lucena were incubated for 72 h
with QUE (10 pg/ml) in the presence of 5 uM of verapamil (VP). A positive control was
utilized using VCR (60 nM) and VP. Cell viability was assessed by was assessed by trypan

blue (Gibco) exclusion immediately, 24h, 48h and 72h after of incubation with.

2.8. Gene expression

2.8.1. Total RNA extraction and cDNA synthesis

The K562 and Lucena cells (2x10° cells/ml) were treated with 10 and 50 g/ml of
QUE and incubated at 37°C in the atmosphere of 5% CO2 for 24 h. After the treatment the
cells were washed with PBS twice and four wells of each treatment were pooled and
suspended in 1 ml to form each sample (2x10° cells/ml), then total RNA was extracted
according to the protocol of the manufacturer of TRIzol Reagent (Invitrogen, Brazil). Total
RNA was treated with DNAse-free™ Kit (Applied Biosystems, Brazil). RNA integrity was
confirmed by electrophoresis in 1.5% agarose gel with 0.5 pg/mL ethidium bromide. The
RNA was reverse transcribed to cDNA (complementary DNA) following the protocol of the

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Brazil). The cDNA
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was quantified by fluorometry in a Qubit™ fluorimeter (Invitrogen, Brazil) using the Quant-

iT™ ssDNA Assay Kit (Invitrogen, Brazil).

2.8.2. RT-PCR relative quantification of ABCBI

The gene expression analysis was performed using Real-time PCR System 7500
equipment (Applied Biosystems, Brazil). PCR reactions were carried out using Platinum®
SYBR® Green qPCR Super Mix — UDG (Invitrogen, Brazil) and diluted cDNA (1:5) from
K562 or Lucena cells. The gene-specific primers used at this stage were designed based
upon the human ABCBI1 gene sequence (accession number NM000927.4 ) available at

GenBank (http://www.ncbi.nlm.nih.gov). The primer sequences are the following: forward

ABCB1 (MDR1) (5-TCCTCAGTCAAGTTCAGAGTCTTCA-3’), reverse ABCBI
(MDR1) (5’-TCTCCACTTGATGATGTCTCTCACT-3"). Quantitative real-time PCRs with
cDNA serial dilutions was performed for all primers in order to test reaction efficiency.

To calculate the mean normalized expression of the target genes, the geNorm VBA
applet for Microsoft Excel was used to calculate a normalization factor based on two
reference genes (Vandesompele et al. 2002). Beta-actin (B-actin: accession number
NMO001101.3) and Elogation factor 1 alpha (EFla: accession number NM001402.5) were
selected as reference genes in this experiment. The primer sequences are the following -
actin: forward 5’-CCACCCCACTTCTCTCTAAGGA-3’, reverse: 5°-
ACCTCCCCTGTGTGGACTTG-3’; and EFla: forward 5’-

GCCAGTGGAACCACGCTGCT-3’, reverse: 5’-ATCCTGGAGAGGCAGGCGCA-3°.

27



2.9. Statistical analysis

In all cases, three independent experiments were performed using triplicates in each
condition. Data are expressed as mean + standard error and analyzed with one way or two

way ANOVA followed by Tukey’s range test. Significance level was fixed at p< 0.05.

3. Results

3.1. Growth-inhibitory and cytotoxicity effects of QUE

Is verty important highlight that similar results were observed in both cell lines.
Quercetin inhibited cell proliferation and caused cytotoxicity in a concentration-dependent
manner. In the K562 cell line the lowest concentration of QUE (5ug/mL) inhibited cell
proliferation as indicated by a decrease in the viable cell number when compared to control,
after 72 h of exposure without decrease of cellular viability. On the other hand, concerning
Lucena cell lines an inhibition of proliferation was observed for concentrations above
10pg/mL with decrease of viable cell number when compared to control already in 48h of
exposure. The concentration of 10 pug/mL was cytotoxic for K562 cells after 48 hours of
exposure as indicated by the decrease in the viable cell number and viability in relation to
control. The concentrations of 50, 100 and 500 pg/mL showed cytotoxic effect after 48
hours of exposure on K562 and Lucena cells as indicated by the decrease in the viable cells

number and cell viability when compared respect to the control (Figure 2).
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Figure 2: Viable cell number (A) and viability (%) of K562 (non MDR phenotype) cells (B); viable cell
number (C) and viability (%) Lucena (MDR phenotype) cells (D) assessed by trypan blue exclusion test.
Through that technique it is possible to analyze whether there is inhibition of cell proliferation and/or effect
cytotoxic, immediately (0), 24, 48 and 72 h after exposure to different concentrations of QUE. Data are
expressed as mean + standard error. * - indicates significant difference from the respective control at each

exposure time (p<0.05).

3.2. Detection of apoptosis/necrosis

The both cell lines underwent apoptotic and/or necrotic in both treatments QUE

(Figure 3).
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Figure 3: Percentage of viable, apoptotic and necrotic K562 cells (a) and Lucena (b) 48h after treatment with
10 and 50 pg/ml of QUE from the visual field captured by a fluorescence microscope. Data shown are the
mean + standart error. * - indicates significant difference in relation to control for viable, apoptotic and

necrotic cells ( p< 0.05).

3.3. DNA damage

Both cell lines exhibited significant DNA damage at a concentration of 10 pg/ml of
QUE when compared to respective controls. In contrast, no significant DNA damage was

observed at a concentration of 50pg/ml (Figure 4).
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Figure 4: DNA damage. Quantification of DNA damage expressed by tail moment values in K562 (a) and
Lucena (b) cell lines exposed for 24 h to 10 and 50 pg/ml QUE. Data are expressed as mean + standard error. *

- indicates significant difference from the respective control (p<0.05).

3.4. Intracellular level of reactive oxygen species (ROS)

A significant increased in ROS level was verified in both cell lines at a concentration

of 10 pg/ml and 50 pg/ml in relation to respective controls (Figure 5).
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Figure 5. Intracellular level of reactive oxygen species (ROS) production in K562 and Lucena cells exposed
for 24h at 10 and 50pg/ml of QUE. Data are expressed as mean + standard error. Different letters indicate

significant difference at each cell line (p<0.05).

3.5. P-gp activity after exposure to quercetin

K562 cells incubated with Rho 123 showed a significant increase in fluorescence in
relation to control without the dye. Lucena cells incubated only with Rho 123 or QUE (10
and 50 pg/ml) did not show significant differences in relation to basal fluorescence of these
cells. Lucena cells treated with 10 pg/ml of QUE +Rho 123 show significant fluorescence

increase in relation to the cells treated only with 10 pg/ml of QUE. The cell treated with 50
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png/ml of QUE and with 50 pg/ml of QUE + Rho 123 no exhibited difference significant in

relation of control (Figure 6).
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Figure 6: Rho 123 fluorescence of untreated K562 cells (a) and Lucena cells (b) incubated
with 10 and 50 pg/ml of QUE with or without Rho 123 for 24 h. Data are expressed as mean

+ standard error. Different letters indicate significant difference at each cell line (p<0.05).

3.6 Assessment of the MDR phenotype modulation

When cells were treated with VCR or VP alone, there was no decrease in cell
viability after 72 h of exposure compared to control. However, the treatment with QUE +
VCR significantly decreased the cell viability compared to 48h of exposire with QUE. But
when cells were treated with QUE + VP no significant reduction in cell viability was

verified in relation to treatment with QUE (Figure 7).
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Figure 7: Cellular viability (%) of Lucena cells (MDR phenotype) by trypan blue exclusion (A) immediately
(0), (B) 24, (C) 48 and (D) 72 h after exposure to QUE (10 pg/ml) in the presence of 5 uM of Verapamil
(+VP), and 60 nM of Vincristin (VCR). Data are expressed as mean + standard error. Different letters indicate

significant difference between the treatments at each exposure time (p<0.05).

3.7 Effect of quercetin on MDR1 (ABCB1) gene expression

The results of MDR1gene expression showed that 50pg/ml of QUE induced the
expression of this gene in K562 cells. For the cell line Lucena, the concentration of 10 pg/ml

significantly increased the expression of the MDRI1 gene (Figure 8).
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Figure 8: Relative gene expression of MDR1 in K562 (non MDR — a) and Lucena (MDR - b) cell lines
exposed for 24 h to 10 and 50 pg/ml of QUE. Data are expressed as mean + standard error. Different letters

indicate significant difference (p<0.05).

4. Discussion

It is well known that phenolic compounds, like quercetin found in several fruits and
vegetables, exert various biological effects, consequently, many studies have been
performed to elucidate its action mechanisms. In this work was verified that quercetin
inhibited cell proliferation and induced cytotoxicity as function of time and concentration-
dependent manner studied in both cell lines, regardless of MDR phenotype. Knowing that
drug resistance is a major obstacle to advances in cancer chemotherapy, the identification of
new substances with anti-MDR properties is urgently required (Fernandes et al. 2003),

making this result very important.
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Similar studies observed the same antiproliferative effect when gastric carcinoma
cells in concentration of 12uM after 72h exposed to QUE (Borska et al. 2012), on human
myelogenous leukemia (K562) cells and their derivative adriamycin-resistant (K562/ADM)),
in QUE concentration of 20 uM the identical antiproliferative effect was verified for
Ikegawa et al. (2002). Another study using leukemic cell lines also elucidated growth-
inhibitory activity of quercetin in concentration of 10 uM exposed to QUE on HL-60 cells
and cells derived from the same lineage that acquired the phenotype of multidrug resistance

(Kang e Liang 1997).

Huang et al. (2005) verified growth-inhibitory and apoptotic effects in SW 872
human liposarcoma cells when exposed to quercetin. Lee et al. (2006) demonstrated that
quercetin increases DNA fragmentation in dose-dependent manner and induces apoptosis in
human lymphoma cell line, in concentration of 20 pg/ml. These results corroborate our
study, since both cell lines underwent cell death for apoptotic and/or necrotic, at two
concentrations tested (10 and 50 pg/ml) (Figure 3) with subsequent DNA damage.
Interestingly, this effect was similar in both cell lines, thus reducing the importance the
disregarding MDR phenotype (Figure 4). In this sense, other authors also verified that these
cell lines present similar sensitivity to treatments that have DNA as preferential cellular
target (Trindade et al., 1999; Trindade et al., 2000; Votto et al., 2010). Other possible route
for apoptosis induction acts through increased production of mitochondrial ROS induced by
quercetin, to gastric carcinoma cells leading apoptosis (Wang et al., 2011). According to
Boots et al. (2007) quercetin can exert a prooxidant role, indicating that to ROS production
lead to apoptotic cell-death by mitochondrial pathway. Inhibition of growth and apoptosis
due ROS production was also verified for Zhang et al. (2012). In agreement with these
findings, a significant increase in ROS levels was verified in both cell lines, suggesting their

potential involvement on cellular death. This is an intriguing result since usually the cell line
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Lucena is resistance to oxidizing agents due its higher basal antioxidant capacity (Trindade
et al., 1999; Votto et al., 2007 and 2010). Other question to consider is whether the
cytotoxic effect observed in Lucena cells after QUE treatment is possible because QUE is
not P-gp substrate or due to a decrease of P-gp efflux capacity, or even by reduction of
MDRI1 gene expression. Our Rho 123 tests results demonstrated that Lucena cells treated
with QUE +Rho 123 showed significant fluorescence increase in relation to cells treated
only with QUE, indicating that P-gp pumping capacity was impaired (Figure 6). Also, when
the cells were treated with QUE +VCR cell viability was lower when compared to those
exposed to QUE for 48h, which was not observed when cells were treated with QUE + VP
(Figure 7). Therefore it is possible to suggest the inhibition of P-gp activity by quercetin.
Chung et al. (2005) showed inhibition of efflux pumps by quercetin on adriamycin-resistant
MCEF-7 cell lines. According to Ikegawa et al. (2002) flavonoid-derived compounds such as
quercetin, are shown more potent than typical P-gp inhibitors, like cyclosporine A and
verapamil.

When evaluating the effect of quercetin on gene expression MDR1 (ABCB1), both
cells line showed an increased expression of gene, however the lineage MDR this expression
starts in 10pg/ml (Figure 8). This increase may be an attempt to compensate for Pg-p
inactivity, increasing MDR1 gene to encode more proteins. This compensatory mechanism
has been frequently observed among different genes working on the same cellular
mechanism. For example, Lin et al. (2003) studying the expression of MRP1 and MDRI1
genes in immortalized mouse embryonic fibroblasts, suggested the existence of a
compensatory mechanism by which the loss of one transporter can be functionally
compensate by another in the transport of common drug substrates. However, a loss of

protein function can increase transcription of its own gene as a compensatory effect as well.
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Finally, according to results obtained in this work, it was possible to demonstrate
that quercetin exerted antiproliferative effect and cell death by apoptosis and necrosis on
studied independent of the MDR phenotype, possibly through DNA damage. As an
interactive sues effect, QUE was show to inhibit P-gp activity, which could lead to a new
approach in chemo treatment. This conclusion permits to suggest an anti-MDR action of

QUE, which is quite relevant due the search for compounds with this property.
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CONCLUSOES GERAIS

- A Quercetina demonstrou efeitos de inibi¢ao de proliferacdo e citotoxicidade de maneira
concentragdo e tempo dependentes nas linhagens celulares K562 (ndo-MDR) e Lucena

(MDR), desconsiderando o fenétipo MDR;

- A QUE causou morte celular por apoptose € necrose em ambas linhagens celulares;

- A QUE causou um aumento na producdo de ROS em ambas linhagens celulares;

- A QUE causou dano de DNA em ambas linhagens celulares;

- A QUE inibiu a atividade da P-gp na linhagem celular Lucena;

- A QUE aumentou a expressao relativa do gene MDR1 em ambas linhagens celulares;

- A sensibilidade de ambas as linhagens celulares, desconsiderando o fenotipo MDR, pode

ter sido causada por dano de DNA e inibi¢ao da P-gp.

- E possivel sugerir que a QUE possui um efeito Anti-MDR.
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