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Goiania, Hospital Aradjo Jorge, local onde func@omma unidade de tratamento de
cancer, assim como 0 Registro de Cancer de Basel&wopnal, ambos da Associacdo de
Combate ao Cancer em Goids. Quarto andar, setopeatBatria, local permeado de criancas,
anjos, recebendo tratamento. Uma arena, onde pexpuguerreiros de corpos delgados e calvos
— efeitos do forte tratamento a que sdo submetiddgtam contra um mostro, poderoso e
ignorante, um Némesis, que aproveitando do intgruater proveniente da juventude de seus
pequenos adversarios, cresce e se multiplica, dadcavassaladora e nefasta, perante aos
olhos de pais, amigos e agentes de saude perplexos.

Mesmo local, uma tarde calorenta de agosto de 2668ervo um pequeno menino, olhos
profundos, brincando, sorrindo, sonhando; por ummmeato, indiferente a tudo que esta
acontecendo em seu interior, indiferente aguedamnfie, que cresce dentro de si, nutrindo-se, se
transformando, tornando-se, talvez, na maior amepgaele podera sofrer em toda a sua vida.

Agora € outubro, dias chuvosos, acompanho, aoepmrgevolucdo dessa luta, uma
batalha cruel e atroz, onde o mocinho tem de chegalimiar da autodestruicdo, para ter a
chance de vitéria. Sua mae o chama, descubro smentDéivide” (sic), digno da situacao,
mais uma vez, Davi contra Golias, proprio, um mauls contra um gigante, batalha até a
morte. Contudo, assim como na passagem biblicar@ bonta com o apoio do divino e de seus
amados, assim como da competente equipe médica& elaatorcida de um desconhecido
estudante de ciéncias.

Novembro, a peleja se encontra em seus momen#is, fnosso mildo parece seguir em
direcédo ao triunfo, o gigante, ndo € tao forte assiraqueja, se ajoelha diante de um corajoso,
um ledo, apesar de mostrar uma aparéncia fragil @itondeblitada, é verdade. Final de
dezembro, milagrosamente, a crianca derrota o bdmdeifador de vidasr.

S&o eventos assim, intensos e inesqueciveispogueenvem de inspiracao para continuar
a nossa jornada de pesquisas, permeada decepc@désgeas, a fim de chegar um dia, ao

eldorado da descoberta da cura desse mal, o Cancer.
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1.0. INTRODUCAO

1.1. Individuo e Tratamento Farmacolégico

A variacdo individual da resposta ao tratamentound@ dos maiores problemas
apresentados pela pratica clinica, assim como rsend@elvimento farmacologico. Essas
variagbes podem levar a falhas no tratamento, itoefadversos e colaterais ou, até mesmo,
antagoénicos em determinados individuos ou subpopetade pacientes. De fato, uma proporcao
consideravel de pacientes tomando uma dose paddande determinado medicamento podem
nao responder, responder apenas parcialmente owerigptar reacdes adversas ao
medicamento (Hoffmeyer et al., 2000; Blagosklor805; Metzger et al., 2006).

Uma pesquisa realizada em hospitais nos Estadmo&Imostrou que cerca de 6 a 7%
dos pacientes apresentaram reacdes adversas midatixs drogas, sendo que parte desses
pacientes mostrou reacgdes fatais. Outros estudeganoque esses efeitos colaterais chegam a
causar cerca de 100.000 mortes por ano somentengada do Norte. Ainda, aproximadamente
4% de todos os novos medicamentos lancados s&adoti do mercado devido as reacgdes
adversas, configurando uma situacdo desastrosa padastria farmacéutica, que gasta milhdes
de ddlares para desenvolver um novo produto (Lazeiral., 1998; Metzger, 2006).

No Brasil, os medicamentos vém, desde 1994, segasdestatisticas divulgadas pelo
Sistema Nacional de Informac6es Toxicologicas (BMX), ocupando o primeiro lugar no
conjunto dos agentes toxicos considerados, respdodeor aproximadamente 27% dos casos de
intoxicacao registrados no pais, sendo este vadmtido até 2010 (SINITOX, 2010), conforme
Tabela 1.

Considerando todo o universo de intoxicagdo, dessl@s graves, as mais comuns sdo
provocadas por medicamentos, principalmente o®l@ns, os antidepressivos, 0s analgésicos
e 0s anticonvulsivantes. A resposta a exposicactes eagentes € individual, e o médico
assistente pode observar manifestacoes variadgsa@emtes diferentes, mas expostos a mesma
substancia (SINITOX, 2010).

Na coleta de dados realizada no Centro de Infakmagxicoldgica de Goias (CIT-GO)
nos anos 2003 a 2009 verificou-se que de todastdeacdes de vitimas humanas, 31% foram
por medicamentos, seguidas de 13% por intoxicag@@sagrotoxicos, 11% por produtos
guimicos industriais, e 8% devido a drogas de alts02005, dos casos de tentativa de suicidio
por medicamento, em 60,97% dos casos apenas urm @rmedicamento estava envolvido,
21,78% dos pacientes se intoxicaram ingerindo dogslicamentos, 12,41% dos pacientes

usaram mais de dois medicamentos. Dos medicamerdas utilizados os benzodiazepinicos
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compreendiam 28% dos casos, sO o diazepam foinedpel por 13% do total de medicamentos
ingeridos. Os benzodiazepinicos, antigripais, aptiessivos e antiinflamatérios sdo as classes
de medicamentos que mais causam intoxicac6es eso pass (Rios et al., 2005).

Tabela.XCasos de intoxicacdo humana por agentes no Bras2010.

Agente toxicologico N° de casos Percentual
Medicamentos 24054 27,74
Agrotoxicos/Uso agricola 4789 5,51
Agrotéxicos/Uso doméstico 2093 2,41
Produtos veterinarios 810 0,93
Raticidas 2575 2,97
Domissanitarios 10815 12,47
Cosmeéticos 1120 1,29
Produtos Quimicos Industriais 5134 5,92
Metais 314 0,36
Drogas de Abuso 5288 6,10
Plantas 1132 1,31
Alimentos 946 1,09
Animais pec/serpentes 2476 2,86
Animais pec/aranhas 3261 3,76
Animais pec/escorpides 9317 10,75
Outros Animais pec/venenosos 4649 5,36
Animais ndo peconhentos 3605 4,16
Desconhecidos 2108 2,43
Outros 2214 2,55

O que determina o risco individual a um determinadtamento ou droga? Quanto um
determinado farmaco pode ter um efeito benéficpamiente ou leva-lo a morte? Atualmente,
sabe-se que muitos fatores podem afetar a eficacieausar até mesmo a toxicidade de um
determinado remédio. Entre estes fatores podenctsrias interacoes droga-droga, a idade do
paciente, seu estilo de vida e habitos, seu estadmico, principalmente renal e hepatico. Estes
fatores, muitas vezes podem ser contornaveis omagino anulados quando se realiza uma
avaliacado criteriosa a respeito do paciente. Cantighbe-se também que caracteristicas
genéticas podem afetar sobre a forma que um pacrespondera ao tratamento. Variacdes
genéticas estdo intimamente relacionadas com &czre o metabolismo de farmacos, pois sédo
estas variagdes nos genes que determinam a veleciidgaabsorcdo e metabolizacdo da droga.
Séo elas também que determinam a estrutura, fuamoemto e eficacia de receptores,
transportadores e enzimas que irdo atuar sobrenmdmimico. Desta forma, individuos ou
grupos de individuos com caracteristicas genétifaentes podem responder diferentemente a
um determinado remédio (Roses, 2000; Hoffmeyek. @080, Kraag et al., 2012).
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1.2. Farmacogenética e Farmacogendmica

E muito comum ouvirmos relatos ou até vivenciadmeeiéncias associadas a variacdo de
resposta a determinados remédios. Sao exemplass fcagno “aquele remédio foi bom para
mim, mas nao fez efeito no meu primo”, ou “ela m@ale tomar remédios com aspirina ou
penicilina porque tem alergia”. Sabe-se que e#izscées decorrem da variabilidade da resposta
das pessoas aos medicamentos, e que, em boaspaitae a fatores genéticos. E dessa questio
gue se ocupam a farmacogenética ou a farmacogendfstas ciéncias se ocupam do estudo de
como a genética de um individuo e a variabilidaderesposta a remédios afeta os efeitos
terapéuticos destes e as reacOes adversas (irtbeyejde forma que a mesma dose de um
mesmo medicamento pode ser benéfica para um pacies ineficaz ou, no pior cenario,
toxica e letal para outro, embora os dois tenhambido o mesmo diagndstico clinico (Kraag et
al., 2012).

A primeira referéncia a variabilidade da respofaamacoldgica € atribuida ao
matematico grego Pitagoras (c.580-c.500 a.C.), descreveu, em 510 a.C, a intoxicagao
provocada por determinadas favas em alguns, maem&odos os individuos que as ingeriam.
Mas a farmacogenética moderna tem suas origenseadas do século 20, com a demonstracao
de associacdes entre alteracdes genéticas e afegavedicamentos. Essa area de estudos, que
evoluiu muito nas ultimas cinco décadas, foi resm@nte rebatizada como farmacogenémica, e
sua maior promessa € contribuir para a individaghp da terapéutica, ou seja, a prescricdo do
medicamento certo e na dose adequada para cadéualicom base no conhecimento dos
fatores genéticos que regulam a farmacocinética farrmacodinamica dos medicamentos
(Suarez-Kurtz, 2004).

De inicio, a farmacogenética explorou processomdaocinéticos, principalmente a
biotransformacao dos medicamentos. Um dos trabalftais importantes desse periodo foi o do
farmacélogo alem&o Werner Kalow, da UniversidadeTdeonto (Canada), sobre a ‘apnéia
(interrupcdo da respiragdo) prolongada’, provocgmdo composto succinilcolina. Esse
medicamento € usado durante a anestesia geral caaisar relaxamento da musculatura
esquelética, especialmente dos musculos respoatdormalmente, os efeitos da succinilcolina
duram apenas alguns minutos, devido a sua rapsteud@o pela enzima colinesterase, presente
no plasma sanglineo. Para manter a paralisia nauséulpreciso injetar continuamente o
composto no sangue. Quando a infusédo é interromaig@ande maioria dos pacientes volta a
respirar espontaneamente em poucos minutos. Natentan alguns casos, isso sO ocorre apos

muitas horas, ou seja, neles ocorre uma ‘apnéilngada’. Kalow demonstrou que isso se
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deve a alteracdes do gene da colinesterase, goenseincapaz de metabolizar a succinilcolina
(Evans & Relling, 1999; Suarez-Kurtz, 2004, Kratgle 2012).

Em um segundo momento, a farmacogenética passmiuér a farmacodinamica. Um
exemplo destacado tem, novamente, a succinilca@omo protagonista e a Universidade de
Toronto como um dos principais cenarios. Foi oles#oy nos anos 60, que essa droga causava
contraturas musculares em alguns pacientes, era deram em cada 30 mil, efeito oposto ao
relaxamento muscular esperado. O mais grave € quecoatraturas sempre vinham
acompanhadas de um aumento intenso da temperatparal, a hipertermia, e de arritmias
cardiacas, que muitas vezes evoluiam para um guathb Essa sindrome, a época, foi
denominada de hipertermia maligna, sendo sua eanssumento aberrante da concentragcéo do
célcio no interior das células que compdem as dibmaisculares. A ocorréncia do problema
depende de duas condicdes: 1) predisposicao geneétiacionada a polimorfismos genéticos
associados ao receptor de rianodina, proteina egilar a concentracdo de célcio dentro das
células; 2) exposicdo a determinados medicameptise 0s quais a succinilcolina (Suarez-
Kurtz, 2004).

As duas sindromes farmacogenéticas descritasi@antente s8o monogénicas, ou seja,
em cada caso afetado apenas um gene da colinestera® receptor de rianodina. O fato de a
succinilcolina poder desencadear as duas sindrimties. que ela atua em mais de um receptor.
Na realidade, sdo muitas as proteinas (recep&mesnas metabolizadoras, transportadores etc.)
gue interagem com cada medicamento, e a respostadalogica € tipicamente poligénica. Isso
aumenta a complexidade da investigacao farmacdgareétle sua aplicacdo na pratica médica.
Para complicar ainda mais a escolha do medicanoemteto para cada paciente, a maioria das
doencas também € poligénica. Assim, a variabiliddeesposta aos medicamentos ndo algo
novo, tampouco surpreendente. Segundo Roses (20@@ycentual de resposta pode variar de
25% (para alguns quimioterapicos antitumorais)ea98€o (para analgésicos-antitérmicos, como
a aspirina). O desafio a ser vencido pela farmautges € o de investigar o componente
genético da variabilidade de resposta aos medidasientransferir esses conhecimentos aos
profissionais da saude, aos usuarios de medicamenam setor produtivo, visando obter, para
qualquer remédio, a melhor relacdo risco/benefiRiases, 2000, Kalow, 2002; Suarez-Kurtz,
2004, Herbst et al. 2006, Kraag et al., 2012).

1.3. Farmacogenética e o estudo da estrutura genia
Duas estratégias distintas, mas complementaresusidas nas pesquisas na area da

farmacogenética. A primeira tem seu ponto de panids efeitos farmacologicos, de onde se
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investiga a resposta do organismo ao tratamentdrega. A segunda estratégia, que somente se
tornou viavel com o desenvolvimento tecnolégicogdaética molecular, permite identificar os
polimorfismos e assim, realiza estudos labora®raiclinicos visando avaliar seus efeitos
(variacOes fenotipicas) em relacdo aos medicaméBt@sez-Kurtz, 2004).

Os genes sao constituidos basicamente de DNA¢ gqumea enorme molécula, composta
de sequéncias complexas de nucleotideos. Variagégsas seqiéncias — que ocorrem na
populacdo geral de forma estavel, sendo encontiaasfreqiéncia de 1% ou superior — sdo
denominadas polimorfismos genéticos. As formas m@isuns de polimorfismos genéticos sao
delecdes, mutacdes, substituicbes de base unicanfgds: Single Nucleotide Polymorphisms
ou SNPs), ou variagcbes no numero de sequénciasidepdVNTR), micro e minisatélites
(Griffith et al. 2002). O genoma humano possui cerca de 30.00G,geom um total de 3,12
bilhdes de nucleotideos, os quais apresentam reai®id milhdes de polimorfismos ocorrendo
com frequéncia de 1 a cada 1.250 pares de basete(\ét al. 2001).

As diferencas quanto as respostas terapéuticas eastindividuos geralmente estdo
associadas com polimorfismos genéticos presentegeess que afetam a farmacocinética ou a
farmacodinamica. Tais polimorfismos podem alteraxpressao e/ou a atividade de sitios de
ligacdo de medicamentos, por afetarem a estabdid@dRNA mensageiro correspondente, ou
modificarem a estrutura conformacional da proteimaespondente. Como conseqiéncia, essas
alteracdes podem levar a reducdo ou aumento ddaatésda proteina codificada. Um namero
consideravel de evidéncias sugere que SNPs em ggprescodificam transportadores de
medicamentos, enzimas metabolizadoras de medicamentenvolvidas na biossintese e reparo
do DNA, poderiam determinar a eficacia dos medicdosee sua toxicidade. Estudos recentes
(Kerb, 2006) também demonstraram que os transpodaad enzimas metabolizadoras de drogas
desempenham um papel-chave na pré-disposicdo estasmdividual a droga (Ingelman-
Sundberg, 2001; Thorisson & Stein, 2003; Chowbat.€2005, Kraag et al., 2012).

1.4. Polimorfismos genéticos que afetam o metab®iio de medicamentos

A coexisténcia de alelos multiplos em um Iécushamada de polimorfismo genético.
Qualquer sitio no qual existam alelos multiplos oa@omponentes estaveis da populacéo €, por
definicdo, polimorfico. Um alelo é geralmente defohncomo polimorfico se ele tiver presente
em uma frequéncia maior que 1% na populacéo. Algafimorfismos no genoma podem ser
detectados pela comparacdo de mapas de restrighf@dmtes individuos (Lewin, 2091

Os polimorfismos genéticos sédo variacbes na se@i@ec DNA que podem criar ou

destruir sitios de reconhecimento de enzimas deg&s e parecem estar associados a apenas
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uma base. Algumas dessas alteracdes ocorreraoggiénseas ndo codificadoras do gene, que na
maioria dos casos nao terdo efeito em suas fungdesas ocorrerdo em seqUéncias
codificadoras, levando a producao de proteinastdesas. Dois tipos principais de variagdo na
sequéncia foram associados a variacao do fengpipimorfismo de um Unico nucleotideo
(PUN) e insercdes/ delecdes (INDELs), mas em coag@ar com as substituicbes de pares de
bases, as INDELs sdo muito menos comuns no gendéra &equéncia particularmente baixa
nas regifes dos genes codificadoras. Deste modalgems casos o polimorfismo genético pode
aumentar a suscetibilidade ao céancer (Efferth &\ @&005, Lovly & Carbone, 2010).

A grande maioria dos polimorfismos genéticos tenpaoto moderado nos genes
afetados, faz parte de um conjunto de amplos ftpatigénicos que alteram os efeitos dos
farmacos, ou afeta genes cujos produtos desempepdyaeh desprezivel na acdo dos farmacos,
em comparacao com um efeito ndo genético expre@diatoli & Passos-Bueno, 2004).

A genotipagem, ou determinacdo do gendtipo de umrmenado individuo, pode ser
realizada através de diferentes métodos. Entrgpelmmos incluir a PCR (Reacdo em Cadeia da
Polimerase) por amplificacdo direta de fragmentesogiicos, a PCR por amplificagcdo de
fragmentos de restricdo (RFLP), a PCR de Fluoreszéem Tempo Real e até o
Sequenciamento Direto do DNA do Individuo (Santiagal., 2002).

Os testes de genotipagem sao voltados para caalglandérfico especifico conhecido,
usando vérias estratégias que geralmente depentieredo ponto da combinagdo firme e
especifica de pelo menos um oligonucleotideo caidioeflanqueadora ou superposta do DNA
do local polimorfico. Como a variabilidade gendmigamuito comum (locais polimorficos
presentes em todas as poucas centenas de nuaetiode polimorfismos “cripticos” ou nao-
reconhecidos podem interferir na combinacdo dagwlicleotideos, deste modo resultando em
designacbes genotipicas falsas positivas ou fameggmtivas. A integracdo completa da
genotipagem a terapéutica exigird padrbes softkigatalvez necessitando de mais de um
método para cada local polimérfico (Matioli & Pas€ueno, 2004, Efferth & Volm, 2005).

Apesar de empregaveis e altamente sensiveis, aimndastes métodos se torna cara se
empregada para estudos populacionais. Assim, desties ensaios, o que mostra melhor relacéo
custo/beneficio continua sendo a PCR e suas vesiaRis tal método € capaz de detectar,
simultaneamente, diversos polimorfismos em uma raesacdo (Zainuddin et al. 2003).

A técnica de PCR por amplificacdo de fragmentosresgricdo (RFLP), envolve a
clivagem de moléculas de DNA por enzimas de régireg a separacao por eletroforese em gel
dos fragmentos gerados, sendo sua visualizacaoosma fde bandas. Esta variabilidade é o

reflexo de insercdes, delecdes ou ainda rearrapjespossam ter ocorrido em uma regido, ou
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ainda substituicdo de base na sequéncia de nuldestfjue € reconhecida por uma determinada
enzima de restricdo, alternando dessa forma, o mwurde sitios de clivagem e, como
conseqgléncia o tamanho dos fragmentos (Arias &ntefalachias, 2004, Gonzéles et al.,
2008).

A reacdo em cadeia da polimerase (PCR), foi dest@oken 1985 por Kary Mullis, da
Cetus Corporation e se mostrou uma nova tecnolegihave para o projeto genoma. A PCR
forneceu uma alternativa simples para o isolamalgoquantidades puras de sequéncias
especificas de DNA (Arias & Infante-Malachias, 2004

Desde sua concepcdao, esta tecnologia causou udsde@a revolucdo na biologia tanto
na pesquisa visando o entendimento de processé&ibms fundamentais como nas areas
aplicadas envolvendo diagnésticos e melhoramemiétige de plantas e animais domésticos. O
impacto da PCR e dos métodos dela derivados levideaynMullis a ganhar o prémio Nobel de
medicina no inicio da década de 90 (Arias & Infasti@lachias, 2004).

A facilidade, rapidez, versatilidade e sensibileladh PCR, a torna particularmente
poderosa para estudos genético e moleculares emdavgrande namero de individuos de
gualquer organismo vivo. Muitos meétodos tradicier@dg clonagem, sequenciamento e analise
de polimorfismo de DNA foram acelerados ou subigtds pelo uso das inUmeras derivacdes da
técnica de PCR (Alberts et al., 2010).

A deteccdo de variacdo de sequéncias no DNA é tamger para a identificacdo de
mutacfes que causam doencas em um determinado lgeme,como para a deteccdo de
polimorfismos de DNA. Uma vez que uma grande fragae variacdes genéticas € devido as
diferencas produzidas pela mudanca de base Uniceqigéncia de DNA, o uso de técnicas
capazes de detectar substituicbes de uma Unicagbaselo se procura mutacdes e sequéncias
polimorficas foi um avancgo tecnologico para a pesxulestas variacoes (Matioli & Passos-
Bueno, 2004; Reis 2006).

1.5. Reguladores do ciclo celular, mutagdes e o dagolvimento de cancer.

O céancer é o resultado de um acumulo de alteragéeéticas que comprometem o
controle do crescimento celular normal e a difeeg@o terminal, em que o acumulo de
mutacBes no DNA € a causa subsequente ao desengntei neoplasico e, consequentemente,
ao surgimento da doenca (Alberts et al., 2010).

A carcinogénese pode ser compreendida como um ga@ceomplexo no qual se
encontram envolvidos muitos genes, particularmestgue regulam a estabilidade e o reparo do

DNA, crescimento celular, imunidade e quimio-résisia as drogas. Um grupo de genes
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envolvidos nesse processo é denominado genes so@gdumorais, 0S quais parecem agir
normalmente, como reguladores da proliferacao ael(Nagai, 1999; Sigal & Rotter, 2000;
Cavalcante et al., 2002; Gleich & Salamone, 2002).

Dados epidemiolégicos demonstram que o cancer éganda causa de Obitos na
populacdo mundial, sendo a primeira causa provenielas doencas do sistema cardio-
respiratorio (American Cancer Society, 2013). Naddr estimativas para o ano de 2013
apontam que ocorrerdo 518.510 novos casos de c@freGoias, acredita-se que no ano de
2012, a incidéncia para novos casos seja de 32RJ.PO0 habitantes do sexo masculino e
276,37/100.000 para os habitantes do sexo femifiNCA/MS, 2012). O aumento da
expectativa de vida tem sido demonstrado como uam @husas responsaveis pela alta
incidéncia do cancer no Brasil (INCA/MS, 2012).

Estima-se que grande parte das neoplasias rekuitsteracdo entre fatores genéticos e
ambientais, sendo a contribuicdo exclusivament@tgenresponsavel por apenas 5% de todos
os tumores. A fracao restante pode ser atribufdtbees ambientais que atuam em conjunto com
a suscetibilidade genética (Yuspa, 2000).

Diversos estudos demonstram que mutacfes em cshifagicas e a progressao do ciclo
celular envolvem a expressdo de uma série de gdersge eles muitos oncogenes (Alberts et
al., 2010). Os mecanismos de ativagdo desses ggmegjarticipam na oncogénese, incluem
translocacdes cromossdmicas, mutacdes de ponamoas| inversdes e amplificagbes do DNA
(Alama et al., 2009).

Um fendtipo caracteristico de todas as células taim@ a desregulacdo do controle do
ciclo celular. O crescimento anormal observadoasestlulas se deve as mutacdes de genes que
controlam o ciclo celular. Tais genes monitorarmpregresséo das fases do ciclo celular nos
pontos de checagem, de modo que uma fase comegdogteamina a fase anterior. Diversos
fatores extracelulares ou intracelulares podemataubloqueio do ciclo celular, por exemplo, a
falta de nutrientes, mudancas na temperatura, ¢ieplde nucleotideos ou dano no DNA. O
blogueio ocorre provavelmente para impedir a herasgs mutacdes genéticas (Canman &
Kastan, 1997, Alberts et al., 2010). O bloqueiogpodorrer também para o reparo do dano, mas
caso este seja grave e irreparavel, se desen@oeprocesso de apoptose (King & Cidlowski,
1998).

E essencial a compreens&o da cinética do cicldacgbara o uso apropriado da atual
geracdo de drogas antineoplasicas. Muitos dos po#estes agentes citotoxicos atuam em fases
especificas do ciclo celular e, portanto, tém d#idle apenas em células que estdo em processo
de divisao (Freshsney, 2007).
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O ciclo celular é composto de duas fases funcioraduas preparatorias. As fases
funcionais sdo a fase S, com sintese do DNA, esa 4 ou mitose, com segregacdo dos
cromossomos duplicados. As fases preparatériasas@®l (gap 1) que prepara a célula
bioquimicamente para a fase S e a G2 (gap 2), spp&af a célula para a mitose. As células que
nao se dividem ativamente podem ser permanentemante/idas do ciclo por diferenciacdo ou
ficar temporariamente presas em um estado indréenado de fase GO. Existem dois pontos de
controle durante o ciclo celular, um entre as faS&se S e outro entre as fases G2 e M. A
maioria dos agentes antineoplasicos atua na fag®rem alguns agem na fase M e outros
exercem acdes complexas no ciclo (Griffiths et2lQ0, Alberts et al, 2010).

Nos estudosn vitro da acdo citotoxica das drogas antineoplasica#fjceese que ha
distarbios do ciclo celular e morte celular, emboaala droga apresente mecanismos de acao
especificos. Isto sugere que varios estimulosositmbs iniciam os eventos que conduzem a
morte celular (Griffiths et al., 2000, Alama et 2009; Alberts et al, 2010).

A duas principais vias de morte celular sdo porasse por apoptose (Galluzzi et al.,
2012. A necrose é a morte celular induzida por traunmodanto ha uma resposta inflamatéria.
As caracteristicas das células em necrose samestimento celular e da mitocondria, aumento
da permeabilidade da membrana plasmatica e rugturaesma, desintegracdo das organelas e
dos componentes nucleares. A necrose é associddaos graves como a hipoxia aguda e
deficiéncia abrupta de nutrientes (Alberts et @1L3. A apoptose ou morte celular programada
pode ser ativada por diversos estimulos tais cogemtas fisiologicos na embriogénese e no
sistema imune. Em condi¢cbes fisiologicas, a apept@®sum processo controlado, estando
envolvida na homeostase do tecido, representandenacanismo de destruicdo seletiva das
células danificadas, cuja sobrevivéncia poderigjugiear o organismo como um todo
(Ramenghi et al, 2000; Maurillo et al, 2001, Gatiuet al., 2012). A célula ao sofrer apoptose,
apresenta alteracbes morfologicas e bioquimicasntdis daquela em necrose. A célula
apoptotica é caracterizada pelo encolhimento aelotendensacéo e fragmentacdo da cromatina
gue produz fragmentos de 50 a 300 kpb. A célulptética se fragmenta formando os corpos
apoptoticos. O vazamento do citocromo ¢ da mitoganglara o citosol € uma das primeiras
caracteristicas bioquimicas que precede as alesagd nucleo da célula em apoptose. Estas
propriedades diferem significantemente das carattars de necrose ou morte celular acidental
(Maurillo et al, 2001, Galluzzi et al., 2012).

A desregulacdo da apoptose pode interromper oadelidalanco entre proliferagao
celular e morte celular e contribuir para o apanecito de neoplasias e doencas auto-imunes
(Danial & Korsmeyer, 2004).
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As vias de sinalizacdo que desencadeiam o pro@sgutotico sdo complexas, sendo
subdivididas principalmente em duas: a via intdasévia mitocondrial) e a extrinseca (via
receptores de morte). A via extrinseca é mediadagoeptores de morte na superficie celular,
como FAS, TNFR (receptor do fator de necrose tuthorareceptores TRAIL. O estimulo do
ligante de morte resulta na oligomerizacao dospteces e recrutamento da proteina adaptadora
Dominio de Morte FAS-associada (FADD) e caspaderiando o complexo de sinalizagdo de
inducdo de morte (DISC). A auto-ativacdo da caspase DISC é seguida pela ativagdo de
caspases efetoras, incluindo as caspases 3, 6gee7atuam como efetora®wnstreamdo
programa de morte celular (Ashkenazi & Dixit, 1998)

A via intrinseca € mediada por diversos estimulpgptbticos, que convergem na
mitocondria. A migracdo do citocromo ¢ da mitocdéaghrara o citoplasma inicia uma cascata de
caspases. O citocromo c citossolico se liga ao fivador de protease apoptoética (Apaf-1) e
pré-caspases-9, gerando o apoptossomo. Dentroagcsgomo, a caspase-9 € ativada, levando
ao processamento da caspase-3 e, subsequentedeentdras proteases e nucleases que levam
aos eventos terminais da morte celular programada(El-Deiry, 2005).

A regulacédo da via mitocondrial é realizada pel@sntros da familia Bcl-2, proteinas
citoplasmaticas capazes de integrar sinais ded@dareu morte celular gerados nos meio intra e
extracelular (Kollenko et al, 2000). Essa famililodivide-se em duas classes: proteinas anti-
apoptéticas (Bax, Bcl-xl, Bcl-w, Mcl-1, Al), os dasasensibilizam ou conduzem a célula a
apoptose (Kollenko et al, 2000). A via mitocondteinbém é susceptivel a regulacdo negativa
pelas proteinas da familia dos IAPs (c-IAP-1 e B-lA X-IAP e Survivina), as quais podem
inibir, por exemplo, as Caspases 3 e 9, mas cwalade pode ser blogueada pelo SMAC
(Kollenko et al, 2000; Shi, 2002, , Galluzzi et aD12).

E provavel que todas as células do corpo humansupos a capacidade intrinseca de
sofrer apoptose. Isto sugere que todas as essutuypaocessos requeridos em pelo menos uma
via de apoptose estao presentes na célula e pimewe sejam necessarios a sua sobrevivéncia
(Green & Kroemer, 1998, Galluzzi et al., 2012).

Pesquisas realizadas nesta ultima década tém deatimgue a morte celular provocada
pelas drogas quimioterapicas ocorre principalmemate inducdo de apoptose. Esta classe de
drogas tem o potencial de restabelecer a apoptlstar; processo este alterado em células

cancerigenas (Galluzzi et al., 2012).
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1.6. Quimioterapia antineoplasica

A quimioterapia antineoplasica tem como objetivdaratamento de diversos tumores
malignos, tornando-se uma das mais importantesraiggsoras maneiras de combater o cancer.
Essa forma de tratamento pode ser empregada de frurativa ou paliativa, dependendo do
tipo e extensédo do tumor, além da condicéo fisicpatiente. A associacdo da quimioterapia a
outras formas de tratamento é bastante comum (iKeka al., 2007). Seu emprego antes da
cirurgia e/ou radioterapia na tentativa de promaverradicacdo de micrometédstases constitui a
guimioterapia neo-adjuvante. Porém, o uso depoigidagia e/ou radioterapia constitui a
guimioterapia adjuvante (Hartinger, 2006).

O ataque indiscriminado promovido pelas drogaseoplasicas as células de rapida
proliferacdo, cancerosas ou normais, produz ossejdeeis efeitos colaterais ou toxicos,
conhecidos e extremamente temidos pelos indiviquesnecessitam submeter-se ao tratamento
(Silveira-Lacerda et al., 2010).

A modulacdo dos processos de biotransformacdo étigemente determinada e é
provavel que isto seja uma das maiores fontes dabiadade interindividual na suscetibilidade
aos agentes carcindgenos (Alberts et al., 2010yur individuos ou subgrupos podem
apresentar risco aumentado de desenvolver o cadeerdo a diferencas individuais no
biometabolismo. O estudo das variagBes na capacidadmetabolizacdo de xenobidticos ja
identificou inUmeros polimorfismos genéticos, seraanaioria desses de relevancia clinica
(Gozéles et al., 2008).

O processo de biotransformacdo abrange principaéneluas fases: Fase |, que
compreendem as reacdes de oxidacdo, hidrolise ducd&e, onde grupos funcionais séo
adicionados a molécula do xenobidtico, ou onderopasg funcionais ja presentes na molécula
original sdo expostos; e reacoes de Fase I, qulelsam as reacdes de conjugacdo a substratos
endodgenos ou sintese, envolvendo os grupos funsiosa biotransformacdo converte
substancias originalmente lipofilicas em metabslitoais hidrofilicos, além de poder levar a
perda do potencial toxico ou farmacoldgico, e ajfiaeilitar sua detoxificagdo (Parkinson, 2001,
Metzger et al., 2006).

A biotransformacéo de certos xenobiéticos (ExlinrRbyocarbonetos aromaticos, PHA),
altera bioguimicamente essas moléculas que origeratie sdo pouco reativas, em produtos mais
eletrofilicos que irdo reagir com centros nucléwd8 das células, como proteinas e o DNA. Essa
reacdo leva a formagéo de adutos, tornando-osmortmais toxicos (Parkinson, 2001, Gozéles
et al., 2008). Esses adutos tendem a ser repapad@nzimas de reparo, mediadas pela proteina

p53, mas caso a célula se divida antes que o rep@aevidamente efetuado, esse aduto podera
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levar ao aparecimento de mutacfes, podendo seipdopbntual ou mesmo causar perdas
cromossOmicas comoavoss link(Emerick 2007).

Alguns carcinégenos ambientais, processos e agyemtedgenos, coOmo pProcessos
inflamatorios e horménios esteroidais, podem levam estimulo reversivel para a proliferacao
celular, diminuindo as chances do reparo a mutacasionado pela formacéo do aduto, e nestes
casos, estes carcind6genos sdo considerados presiotta carcinogénese.  Avaliagbes
subsequentes deverdo fornecer subsidios para comeitiendimento do papel dos genes
"biometabolizadores” na carcinogénese humana (ksba894; Guenguerich; 2000, Metzger et
al., 2006).

Estudos sobre o polimorfismo genético de enzimasoleidas na ativagdo e
detoxificagdo de agentes carcinogénicos sugeremcomealacdo com o risco desenvolvido em
diversos tipos de neoplasias (Masson et al., 200&Eionalmente ao polimorfismo genético, a
expressdo local de enzimas do metabolismo dos esyararcinogénicos pode ser também
relevante, particularmente para os tumores da adeidral, no qual, dieta, fumo, alcool ou
inflamacéo sdo capazes de induzir a atividade dienass especificas no 6rgéo alvo (Kraag et al.,
2012).

Os agentes quimioterapicos utilizados no tratameot cancer podem ser divididos de
acordo com as seguintes classes: agentes algsilamdequal a ciclofosfamida esté inserida,
sendo o agente mais amplamente utilizado destseclastimetabdlitos; produtos naturais, como
os alcaldides da Vinca résea, os taxanos, algutiBi@itos, entre outros; hormoénios e
antagonistas e agentes diversos, tais como o0s ero¥lde coordenacdo da platina, a
antracenodiona, o inibidor da tirosinocinase (Cleal&hCalabresi, 1995; Almeida, et al. 2005).

Os agentes alquilantes, de forma geral, tém cdnm aa molécula de DNA da célula
tumoral, apresentando geralmente boa eficacia e@upnodo aumentos significativos na
expectativa de vida de pacientes com cancer, edpexite quando associados a antineoplasicos
de diferentes mecanismos de acdo (Haskel, 19905, R€06). Porém, por sua relativa
inespecificidade, tornam-se téxicos também pardeoglos saudaveis, principalmente os de
maior grau de proliferacdo. Consequentemente, fosgces agora estdo direcionados no sentido
de se produzir agentes mais seletivos. Se isspdssivel, poderiamos dispor de drogas mais
eficazes, pois agiriam especificamente nos mecasisnoleculares da neoplasia, com um grau

bem menor de toxicidade (Oliveira & Alves, 200dy&ira-Lacerda et al., 2010b).
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1.7. Genes de Resisténcia a Mdultiplas Drogas (MDRS)

Atualmente, tém alcangcado grandes avangos no desengnto, selecéo e aplicacdo de
agentes quimioterapéuticos, muitas vezes com agad®icos notaveis, como no caso de
tratamento para os linfomas ou de agentes basesadqgslatina para o tratamento de cancer
testicular. No entanto, uma grande parte de pasesam tumores solidos, principalmente os em
estagios avancados, ainda irdo a 6bito. Uma padsdaas mortes acontece, principalmente,
devido & administracdo de uma quimioterapia inefispecialmente quando se emprega
agentes citotoxicos, o que leva a um aumento dhapitidade de efeitos colaterais e a
consequente diminuicdo da qualidade de vida depge{Potti et al, 2008).

Uma das causas mais importantes da falha no tratande cancer € a resisténcia aos
quimioterapicos. A quimioterapia € o principal araento para canceres sistémicos, 0s quais ndo
podem ser curados por cirurgia ou radioterapia. &ekstes métodos possam ser eficazes em
alguns casos, a maior parte dos canceres metastagcapresenta resistente a quimioterapia ou,
embora responda ao tratamento inicialmente, retoon@ um cancer que adquiriu resisténcia.
Esse fenbmeno recebeu o nome de resisténcia aplasilirogas Multidrug Resistanceou
MDR) por abranger um amplo espectro de agente®xitms (Goldman, 2003).

O mecanismo de resisténcia mais bem estudado &xmoele compostos citotoxicos
mediado por proteinas transmembrana que levam iawgéo do acumulo celular da droga e
sua toxicidade. Varias bombas de efluxo relaciopadslDR j& foram caracterizadas. A maioria
delas pertence a superfamilia de transportadores. A®s membros dessa familia, a proteina
MDR melhor caracterizada é P-glicoproteina codifecpelo gene MDR1. Nos trabalhos iniciais,
foi observado que células que apresentavam o fendie resisténcia a multiplas drogas
apresentavam também um aumento na expressdo d@rgteina P (Pgp, onde P significa
permeabilidade). Outros membros da familia de panadores ABC relacionados ao fenoétipo
de MDR também ja foram descritos, como MRP1, MREE®P. A LRP é uma proteina que
ndo pertence a superfamilia de transportadores ARS,também esta relacionada a resisténcia
as drogas em alguns tumores. Contudo, o exato etitoco das proteinas MDR nas neoplasias

ainda ndo se encontra claro (Schwab .2G03; Coburger et al, 2009).

1.7.1. Glicoproteina-P

A glicoproteina P pertence a subfamilia ABCB daesigmilia de transportadores ABC
(ATP-binding cassette), que compreende proteinastgunsportam uma ampla variedade de
substratos, tais como aguUcares, aminoacidos, pegtidons inorganicos, além de diversos

compostos hidrofobicos e metabdlitos. Diversosdestumostraram que a Pgp age sobre uma
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grande quantidade de substratos que apresentam @amacteristica comum apenas o fato de
serem, em geral, lipofilicos e anfipaticos (DeaaleR001; Schwab et &2003; Marzolini et al.
2004, Coburger et al, 2009).

Séo conhecidas varias isoformas da glicoproteimtaBsificadas em classes I, 1l e lll. As
classes | e Il estdo relacionadas com a resist@nmaltiplas drogas, enquanto a classe Il esta
envolvida no transporte de fosfolipidios (van Heltcet al. 1996; Dey 2006). Camundongos,
ratos e hamsters apresentam as trés classes demRdpumanos, sdo descritas duas isoformas,
MDR1 (classe I) e MDR3 (classe Ill) codificadasspectivamente, pelos genes ABCB1 e
ABCB4 (Gottesman & Pastan1993). H4 uma alta idad&dde sequéncia entre as isoformas
humanas, a despeito das diferengas na funcaordpinrde que apresentam, e mesmo entre genes
MDR humanos e murinos é observada uma alta honlddi gene ABCB1 (NT_007933;
NM_000927), em humanos, que é também chamado delMP&a localizado em 7g21.1
(Callen et al. 1987) e é constituido por uma regigmmotora e 29 éxons, totalizando 209 kb
(Chen et al. 1990; Bodor et al. 2005).

Embora tenha sido inicialmente detectada em cétutasrais, a Pgp é também expressa
em células de tecidos normais. No trato gastrimigsta primeira barreira de defesa do corpo
contra a exposicéo oral a drogas e toxinas, a pggenta um gradiente de expressao crescente
do estbmago em direcdo ao duodeno e esté presentembrana apical do epitélio (Thiebaut et
al. 1987; Thorn et al. 2005). Hepatdcitos apresergp na superficie canalicular apical e se
propde que facam a excrecdo para a bile de xemaEdgue ndo tenham sido eliminados no
intestino (Leslie et al. 2005). Nos rins, a Pgpnéoatrada na superficie apical das células
epiteliais dos tubulos proximais, onde medeia aodapdo de xenobidticos do sangue para a
urina (Thiebaut et al. 1987; Leslie et al. 2005)atividade da Pgp no figado e nos rins parece
estar relacionada a eliminacédo de drogas (Kuswtamh 1998), enquanto no intestino, reduz a
absorcdo das mesmas (Watkins 1997), aléem de plmssivie prevenir o acumulo de bactérias e
seus produtos (Leslie et al. 2005). No pulméo, p €gta localizada na superficie apical do
epitélio dos brdénquios e bronquiolos e também errdfagos alveolares (Scheffer et al. 2002).
Na placenta, a Pgp é expressa em niveis relativanatos na borda do sinciciotrofoblasto
(Atkinson et al. 2003). Nestes dois ultimos tecjdmsambém nas barreiras hemato-encefalica,
hemato-cérebro-espinhal e hemato-testicular, a &gp na protecdo contra Xxenobioticos,
reduzindo a exposicao da célula e tecidos a subatipotencialmente toxicas (Fromm 2002).

Células do sistema imunoldgico também expressamePgjpersos dados sugerem um
papel importante desta na resposta imunoldgicaaame ainda serem necessarias investigacoes

mais profundas para elucidar em quais processosaildgicos e de que forma a Pgp estaria
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envolvida. Chaudhary et al. (1992) analisaram aesgdo de Pgp (através de marcacdo com
anticorpos monoclonais), constatando que ha umiayied de expressdo desta proteina nas
células do sistema imunolégico, sendo a expressacétilas CD56+>CD8+>CD4+. Da mesma
forma, Klimecki et al. (1994) observaram que estdgina é mais expressa em células CD56+
(NK) e CD8+ (linfécitos T citotoxico) que em célalaCD4+ (linfocitos T auxiliar), CD19+
(linfécitos B) e CD14+ (mondécitos), enquanto c&uzD15+ (granuldcitos) ndo apresentam Pgp
na superficie.

Ainda no contexto imunoldégico, ja foi demonstrade qalgumas citocinas (como IL-2,
IL-4 e INF+y) sdo transportadas pela Pgp e que células expastatcinas inflamatorias
apresentam aumento na expressdo do mRNA de MDRAclDet al. 1996; Bertilsson et al.
2001; Park et al. 2003). Além disso, Randolph et(E998) observaram que a migracdo de
células dendriticas € inibida com a presenca dmdwmres da Pgp (verapamil ou anticorpos
monoclonais especificos) e propuseram que a Pgpulmoal migracdo destas através da
regulacéo do transporte de citocinas (f.elou TNF).

Diversos estudos tém sido realizados com o objelevelucidar a influéncia da expresséao
do gene MDR1 na farmacocinética de diferentes anbsts. Além disso, a participacao da Pgp
na barreira de protecdo do organismo contra digsesshstancias e o fato de defeitos em outros
transportadores da familia ABC terem sido assosi@ldoencas humanas, vém incentivando a
andlise do papel da Pgp e dos padrdoes de exprdss@ene MDR1 na susceptibilidade e

desenvolvimento de doencas (Krishna & Mayer, 2000).

1.7.2. Citocromos P450

Desde sua descoberta em tumores resistentes aotprapia, o papel das proteinas
metabolizadoras e de transporte, como a P-gp, eeaosamplamente reconhecido, ndo apenas
no tratamento quimioterapico, mas também na absodjatribuicdo e eliminacdo de drogas
(Fischer et al. 2005). Inclusas nesse grupo es&@namas dos citocromos P450 (CYPs), que
representam uma superfamilia de enzimas capazesetébolizar varias drogas e substancias
guimicas (Santiago, 2002). A superfamilia de gat®<itocromo P450 codifica numerosas
enzimas envolvidas no metabolismo oxidativo de amstgs enddégenos como os hormoénios
esterdides, acidos graxos e algumas vitaminas sighogeis (A e D), assim como no
metabolismo de xenobidticos, entre eles varias afo@gentes carcindgenos, pesticidas,
alcaldides entre outros (Wislocki, 1980; Ortiz Derkllano, 1995). O complexo do citocromo
P450 esta altamente distribuido em animais, vegyetgirotistas, existente na natureza antes

mesmo da divisdo entre organismos eucariontesocanoates (Black & Coon, 1986).
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As enzimas do citocromo P450 sdo hemeproteinasa@uém um citocromo do tipo b
(Hodgson & Levi, 1994). Estas proteinas apreser@amo grupo prostético, o heme ou ferro-
protoporfirina IX. No heme, o ferro é capaz de fa&éigacdes. Quatro destas ligacdes sao feitas
com os atomos de nitrogénio dos anéis pirrélicoguita ligacdo do atomo de ferro € com o
tiolato (S-) proveniente do residuo de cisteinaasio proximo a regidao C-terminal da cadeia
polipeptidica Unica da apoproteina, composta de 40800 aminoacidos. Gracas a sua
caracteristica eletrofilica, o enxofre da cistefaa com que o atomo de ferro mantenha-se,
normalmente, no estado férrico (Fe+3). A existémiaquinto ligante confere aos citocromos
P450, quando reduzidos, uma grande afinidade pendrido de carbono e um espectro
caracteristico de absorcdo maxima a 450 nm. O digetate pode ser a agua - CYP no estado
férrico; o mondéxido de carbono ou o oxigénio molacu CYP no estado ferroso (Lewis, 1996).

Em mamiferos, as monooxigenases envolvidas neabgiormacao de xenobidticos estao
localizadas principalmente no figado, mas tambénsigios extra-hepaticos, tais como pulmdes,
rins, laringe, cérebro, glandulas supra-renaiscie@s, baco, coragdo, testiculos, ovarios e
placenta (Parkinson, 2001; Degawa, 1994; Murray &di 1990). Além de participarem do
metabolismo de xenobioticos, os citocromos P450es8enciais para a homeostase sanguinea,
biossintese do colesterol e esteroidogénese (NelS6R).

Dentre as CYP, aquelas pertencentes a familia GXPBA) sado particularmente
importantes devido ao seu papel no metabolismo mk@ ampla variedade de agentes
significativamente importantes toxicologicamentsjofogicamente e farmacologicamente. A
superfamilia de citocromo P450 (CYP) é o maior metgnte na meia-vida de muitas
moléculas terapéuticas e exerce seus efeitosdigauls através da modulacdo de sua atividade
enziméatica e pela conducéo destas moléculas patasade degradacao proteossomal. (Sakuma,
2000).

Assim, a determinacdo do potencial de inibicdo d&P Ce sua identificacdo no
metabolismo de novas entidades quimicas (NCEsglpomediado, é absolutamente necessario
para a descoberta de drogas mais eficazes e sefacientes com cancer, as vezes, Sao
submetidos a regimes de multiplos tratamentos, atando o risco de interacdes droga-droga, 0
gue pode levar a reacbes adversas. Adicionalmpatienorfismos genéticos nos genes CYPs

podem complicar tais terapias entre diferentes lpgpas étnicas (Purnapatre et a., 2008).

1.8. Os Complexos de Ruténio como agentes quimicieicos antitumorais
Segundo Keppler & Jakupec (2003), os complexosutiénio e géalio tem atraido a

atencao devido aos seus potenciais antitumoraisedtndo feito com HintfansRuCl(ind),] e
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o tris(8-quinolinato) de galio(lll), observou-se equw complexo de ruténio tem atividade
particularmente alta contra tumores coloretais, coethor biodisponibilidade e concentragéo
plasmatica adequada que o galio. Quando compamdmraplexo de galio, 0 composto de
ruténio apresenta grande capacidade antiprolif@r&icapacidade superior de induzir apoptose
in vitro.

Os compostos de ruténio tém sido objetos de gratelecdo por terem propriedades
antimetastatica e de baixa toxicidade. Os compesetid ruténio parecem penetrar na célula
tumoral e ligar efetivamente ao seu DNA, realizaligacdo cruzada com as duas fitas, sendo
entdo chamados aeoss linkergKostova, 2006).

Existem trés hipoteses principais do ruténio queerfacom que seus derivados sejam
bem apropriados para aplicagBes biolégicas; muddedaante — os complexos de ruténio Ru
(I e Ru (lll) apresentam cinética de mudancaiganite similar aos complexos de platina (ll),
sendo importante para as drogas atingirem o alwiddico sem serem modificadas; estados de
oxidacdo — o ruténio é o unico entre o grupo deaimedm que 0s estados de oxidagdo séo
acessiveis em condigfes fisioldgicas, permitinédaministracdo de complexos de Ru (lll) que
poderdo ser ativados por reducédo formando commexBu (ll) nos tecidos alvos. No sistema
biologico, a reducdo de Ru (IV) e Ru (lll) é favdda pela glutationa, ascorbato e proteinas
transportadoras de um unico elétron, enquanto quegénio e citocromo oxidase promovem a
oxidacao do Ru (ll); mimetizando o ferro — a baissicidade das drogas de ruténio é explicada
pela habilidade que este elemento tem de imitaerm fna ligacdo a varias biomoléculas,
incluindo a transferrina e a albumina. Em mamifeessas duas proteinas sédo responsaveis pela
solubilizacéo e transporte de ferro, reduzindo »actdade deste metal (Allardyce & Dyson,
2001; Pereira et al., 2009; Silveira-Lacerda, 208llaeira-Lacerda, 2010b).

Quanto aos mecanismos de acdo molecular, dentreowgpostos de ruténio com
atividade antitumoral, o mais bem explorado é o NAMatrans-[Ru (Im) (MeSO)CL]}. O
complexo de ruténio NAMI, atualmente na fase | dagem clinica, apresenta atividade
antimetastatica e é ativo contra uma serie de tesnacluindo carcinoma de pulmao, melanoma
e cancer mamario (Sava et al, 1992). Segundo Bergdanal. (1999), NAMI-A apresenta ser
mais estavel e de maior facilidade de ser sindtizae NAMI. Tratam-se de compostos menos
toxicos em relacdo a cisplatina, pois ndo modificaescimento celular causando bloqueio no
ciclo celular de células tumorais na fase pré-ncgtao contrario da cisplatina que reduz a
proliferagéo celular.

Mestroni et al. (1989) sugeriram qais e transRuCh(DMSQ), interagem com o DNA

in vivo. Estudos de interacéo in vitro com nucleotidessiltaram na ligacdo entre ruténio e
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DNA, que ocorre principalmente no N7 da guaninaeetfdlusters” na dupla hélice (Kung et al.,
2001).

A reducado do Ru (lll) para Ru (ll) pode ser um nmeg@o fundamental da ativacéo
celular por compostos de ruténio (Depenbrock ¢L8P7). Os compostos de Ru (Ill) podem ser
reduzidos em areas tumorais com hipoxia, a quapazde ligar-se rapidamente e causar dano
ao DNA (Grguric-Sipka et al., 2003).

Para Kapitza et al. (2003), o compleixans{tetraclorobisindazdliorutenato (lll)] e seu
sal de sodio analogo, se mostraram efetivos npised® tumor colorretal autdctone de ratos, e o
seu analogo imidazélico mostrou atividade signifi@anente mais baixa. O complex@ns-
[tetraclorobisindazdliorutenato(lll)] e seu sal stedio andlogo exibiram capacidade de induzir
apoptose, além de despolarizacdo da membrana mibdaly reducdo da atividade do bcl2 e
ativacdo da caspase 3. Esses efeitos podem sealpa&mte inibido pela N-acetyl-cisteina,
indicando envolvimento do estresse oxidativo taatanducédo da apoptose quanto na inducéo de
danos no DNA. A inibicdo pela N-acetil-cisteina éitm mais efetiva em células ndo malignas,
apontando para um potencial efeito protetor dadaemormais pela agéo antioxidante.

Mestroni et al. (1989) sugeriram qais e transRuCh(DMSQ), interagem com o DNA
in vivo. Estudos de interacdo in vitro com nucldetis resultaram na ligacdo entre ruténio e
DNA, que ocorre principalmente no N7 da guaninaesagrupamentos na dupla hélice (Kung et
al., 2001).

Em trabalhos anteriores, foi descrito que o congpostloreto de cis
(dicloro)tetraaminoruténio(lll) (cis[RUCh(NH3)4Cl) apresenta atividade citotoxica sobre
linhagem tumoral humanas Jurkat e HelLa, cogg ¢ 190 e 3,5uM, respectivamente (Frasca et
al., 2001). Em célula tumoral A-20 de camundongeatigidade citostatica foi observada em
concentracbes a 0,1mg.m[* de cis[RUuCh(NH3)4Cl (Silveira-Lacerda et al., 2010b). A
citotoxicidade destes complexos de ruténio parseta eorrelacionada com sua ligacdo com o
DNA, no entanto, o mecanismo de acéo destas dpegasanece ainda desconhecido (Menezes
et al., 2007). Com os resultados desses trabafimais, veio a iniciativa de se testar o mesmo
composto frente a células do sangue periférico hommaom objetivo de estudar o efeito
genotoxico do mesmo.

Menezes et al. (2007), estudou 0 mesmo complexaitéaio e foi observado que esse
complexo possui atividade antitumoral sobre a ena tumoral Sarcoma 180 de camundongos
in vivo e in vitro; o valor encontrado da [R4.foi de 99,76mg/kg de animal, relativamente alta
comparada as Db observadas para outros quimioterapicos derivadosD& acordo com as

analises bioguimica e hematoldgica do sangue dosaencorrelacionadas a histopatologia dos
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orgaos, o complexo deis[RUCh(NH3)4Cl ndo provocou efeito toxicologico grave, ndo foi
genotoxico para ceélulas da medula 6ssea de camgosioapresentou atividade bactericida
sobreStaphylococcus aurewsEscherichia colie demonstrou interagir com o DNA plasmidial
pUC18.

Ribeiro et al. (2008), avaliou, através de estuttigyenéticos, cromossomos humanos
em metafase e possiveis fragmentacdo de DNA, detede aberracbes espontéaneas e/ou
induzidas pelo uso do composto cloreto aie(dicloro)tetraaminoruténio(ll])em cultura de
linfécitos humanos do sangue periférico. Sendordigese observou altera¢cdes em nenhuma das
células tratadas, ou seja, sem danos no DNA.

Finalmente, o complexo ditionato dies-tetraammino(oxalato)ruténio(lll), assim como o
cloreto decis-(dicloro)tetraaminoruténio(lll), apresenta gramqmdencial para o uso clinico por
possuir baixa toxicidade, segundo dados prelimmamvenientes de estudos realizados no
laboratorio de Genética Molecular e Citogenética ldstituto de Ciéncias Biologicas da
Universidade Federal de Goias. Com este compostséeobservado baixa toxicidade frente as
células humanas normais e grande capacidade deeoglo ciclo celular de células de
linhagem tumoral (Pereira et al., 2010). EstudmBcam que comparados com outras drogas
organometalicas, 0s compostos baseados em comphxorsiténio estdo entre os mais

promissores (Allardyce & Dyson, 2001; Lima et 2012).
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2.0. JUSTIFICATIVA

Da necessidade de se estudar marcadores molecular@ssociados a resisténcia,
metabolismo e eliminacédo de farmacos antitumorais @e se realizar um estudo de perfil de
expressao génica de diferentes linhagens celulaeatadas com farmacos antitumorais de

ruténio:

O conhecimento da biologia molecular do cancer penmitido aos pesquisadores criar
novos alvos terapéuticos para tratar esta doengaimizar seus efeitos toxicos sistémicos sobre
as células saudaveis. Atualmente, é de fundaméni@rtancia elucidar a relacdo entre o
polimorfismo genético, a expressdo génica e a «@g@de individual de metabolizacao,
eliminacdo e resisténcia as drogas. Assim, divdeseementas podem ser utilizadas na criacdo
de novos alvos terapéuticos, através da identdmale moléculas alvo em vias metabdlicas,

transportadores e receptores de medicamentos.

O interesse por novos farmacos antitumorais a Haseetais vem crescendo nestes
ultimos anos, devido aos bons resultados obtidogypmpos de cientistas. Estudos revelam que
0s complexos de ruténio apresentam uma incriveladd@de de inibir a mitose, o que pode estar
relacionado com a inibicdo da sintese de DNA, @uxa do ciclo celular na fase G2 ou até

Mesmo Nos processos de expressao génica.

A habilidade de modular o recebimento e a liberatganensageiros celulares e outras
moléculas intercelulares, como por exemplo, ¢*G&larke, 2003), revela que as acdes
realizadas pelos complexos de"RuRd" na célula pode ser mais complexo e amplo do que se
espera, abrindo um importante caminho para se dgrteos mecanismos pelos quais 0s
complexos organometalicos desempenham suas a@adaol ambiente celular, conhecimento

este que é crucial para o sucesso da aplicacacectiestes complexos.

O estudo dos complexos organometalicos Cloretoig@licloro)Tetraaminoruténio(lll)
e Ditionato decis-tetraammino(oxalato)ruténio(lll), por apresentar@mincipalmente, atividade
antitumoral, leva a necessidade de se realizaravalgacdo mais profunda e detalhada de forma
a se compreender as diferentes propriedades guireid@ioldégicas desses novos compostos.
Estudando seus possiveis efeitos biologicos e dlbdgos, na estabilidade gendmica e seu
mecanismo de acdo, pode-se levar ao desenvolvingenfarmacos com uma atividade mais
acentuada e toxicidade diminuida. Os estudos ré&ssapermitem a descoberta e identificagdo
de novos alvos terapéuticos, a revisdao dos praiecde estudo e das exigéncias para a



35

aprovacao de novos farmacos, o desenvolvimentestiest citologicos e genéticos para a escolha

de medicamentos, a revisdo das doses preestalasleclitras realizagoes.

Finalmente, maiores investigacbes do mecanismgdle @estes complexos de ruténio se
tornam importantes para que se possa definir seumgal clinico, contribuindo para a possivel o
desenvolvimento de novas drogas antitumorais, cooprigdades complementares aquelas

exibidas pelos farmacos utilizados na clinica atual
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3.0. OBJETIVOS

3.1. Objetivo Geral

Avaliar os efeitos bioldgicos de citotoxicidade mducdo da expressdao génica de
marcadores relacionados a resisténcia e metab@tizée drogas, Glicoproteina-P e Citocromos
P450,em duas linhagens celulares tumorais, leucemiadidelcrénica humana (K-562) e
carcinoma de pulm&@o humano (A549), tratadas/itro com dois complexos metélicos de
ruténio, o Cloreto de cis-(dicloro)tetraaminoruténio(lll) e o Ditionato decis-

tetraammino(oxalato)ruténio(lll).

3.2. Objetivos Especificos

» Avaliar a citotoxicidade de dois complexos metdicde ruténio, Cloreto deis
(dicloro)tetraaminoruténio(lll)  disCRu(lll)] e 0 Ditionato de cis
tetraammino(oxalato)ruténio(lllc{sCRu(lll)], nas linhagens tumorais leucemia mieldide
cronica humana (K-562) e carcinoma de pulmé&o huni&b49),

» Determinar a concentracao inibitoria de 50%s§@os complexos metélicos de ruténio
cisCRu(lll) ecisDRu(lll) nas linhagens tumorais K-562 e A-459;

> Avaliar a inducdo da espressao de genes Casp@ss3ase 8 e Caspase 9, envolvidos na
cascata apoptética, nas linhagens tumorais K-582489 tratadas com os complexos
metélicos de ruténicisCRu(lll) ecisDRu(lll);

» Avaliar o nivel de expressdao do gene codificadaa g2-gp, no contexto celular da
Resisténcia a Multiplas Drogas (MDR), nas linhagémsiorais leucemia mieldide
cronica humana (K-562) e carcinoma de pulméo huntAbd9), apos tratamento com
dois complexos metalicos de ruténio, através decdqeam Cadeia da Polimerase
Quantitativa em Tempo Real,

» Avaliar o nivel de expressao dos genes codificadpega as CYPs, no contexto celular
da Metabolizacdo de Drogas Antitumorais, em ndmfyens tumorais leucemia mieldide
cronica humana (K-562) e carcinoma de pulméo hunfabd9) apos tratamento com
dois complexos metalicos de ruténio, através decdqeam Cadeia da Polimerase
Quantitativa em Tempo Real,
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» Correlacionar os efeitos citotoxicos e o0s niveisirdbicdo de expressdo de MDRs e
CYPs nas linhagens tumorais leucemia mieldide cedhumana (K-562) e carcinoma de
pulmdo humano (A549) tratadas com os complexoslicetéde ruténiacisCRu(lll) e
cisDRu(lll) e os complexos metalicos de platir@s-diaminodicloroplatina(ll)
(Cisplatina) ecis-diamino (1,1-ciclobutano dicarboxilato)-platina) ((Carboplatina);

» Aprofundar os conhecimentos sobre dos efeitos gicdd dos quimioterapicos
antitumorais estudados, a fim de favorecer o pebksiesenvolvimento de novos

farmacos com efeito antitumoral.
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4.0.MATERIAL E METODOS

4.1. Delineamento experimental

A presente pesquisa foi realizada como parte deestodo multicéntrico desenvolvido
pelas equipes que compdem a Rede Goiana de PesgunisaFarmacogenética e
Farmacogendmica, representada pelo Laboratorio deétiea Molecular e Citogenética
(LGMC) do Instituto de Ciéncias Biologicas da Unsidade Federal de Goias, pelo Laboratoério
de Tecnologia Farmacéutica (FarmaTec) da Faculdadearmacia da Universidade Federal de
Goias, pelo Nucleo de Estudos e Pesquisas Toxioodealogicas (NEPET) da Faculdade de
Farmacia da Universidade Federal de Goias, petitutts de Ciéncias Farmacéuticas (ICF) e
pelo Nucleo de Pesquisas Replicon (NPR) da Paatiiniversidade Catélica de Goias.

Duas linhagens tumorais, leucemia miel6ide crémomana (K-562) e carcinoma de
pulmdo humano (A549), cultivadas vitro, foram submetidas ao tratamento com dois
compostos baseados em ruténio, Cloret@igédicloro)tetraaminoruténio(lll), de férmuleis-
[CIo(NH3)4RU'CI e Ditionato de cis-tetraammino(oxalato)ruténio(lll), de férmulais-
[RUu(C,0,)(NH3)4]2(S:06); assim como dois farmacos antitumorais de platitaalmente
utilizados clinicamente, a Cisplatina e a Carbapdat Foram empregadas diferentes
concentracbes em cada um dos tratamentos. Apdatasentos foi determinado Concentracéo
Inibitéria de 50% (IGp) dos dois compostos de ruténio estudados, assimo dos dois farmacos
antitumorais de platina, frente as duas linhagemotais estudadas através do método do MTT.
Apds a determinacdo da s seus valores passaram a ser utilizados comcéneier para 0s
estudos posteriores de determinacdo da concentdec®HL disponivel em meio de cultura
apos o tratamento das linhagens tumorais com ospasios de ruténio e os farmacos
antitumorais de platina, de avaliagdo da expredgsdgenes envolvidos na cascata apoptoética
(caspases 3, 8 e 9), de resisténcia a multiplagadrgPgp/MDR1) e de metabolizagdo de
farmacos CYPs (3A4, 2C9, 2C19).

4.2.Sintese dos compostos Compostos de Ruténio

Os compostogis-[Cly(NH3)4RU"CI™ e cis-[Ru(C,02)(NH3)4]2(S;0s) foram sintetizados
pelo Laboratério de Quimica Supramolecular do tmstide Quimica da Universidade Federal
de Uberlandia e pelo Instituto de Quimica da Umsidarde Federal de Goias, seguindo os
procedimentos determinados por Gleu & Breuel (193®m modificacbes adaptadas por
Pavanin (1988).
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4.3. Linhagens celulares e manutencéo do cultivolatar

Para os ensaios biologicos foram utilizadas asatjphs leucemia mieldide crénica
humana (K-562 ATCC®# CCL-24%) e carcinoma de pulm&o humano (ATCC®# CCL1g5
Todas as linhagens celulares foram mantidas emaraudt 37°C, 5% COem meio RPMI 1640
ou DMEM suplementado com 10% de soro fetal bovhmM L™ de glutamina, 1001U mt de
penicilina e 100pg mt de estreptomicina segundo protocolo estabeledittoAmerican Type
Culture Collection(ATCC, Rockville, MD, EUA).

4.4. Avaliacéo da viabilidade por azul de tripano

Durante os ensaios para avaliagao da viabilidatldacgoor MTT, da citotoxidade por
DHL, da expresséo de genes por PCR em tempo ssalh) @omo na manutencéo das cultumas
vitro, no momento da coleta das células ou do repicure, ré-controle, uma parte das células
foi destinada para a avaliacédo da viabilidade aelpglo método de incorporacao do corante azul
de tripano. Para o estudo de viabilidade celularAxul de Tripano foi seguindo o protocolo
definido por Martins (2005), ap6s periodo de in@dloacom as drogas a suspensédo celular foi
diluida (1:10) em solucdo de Azul de Tripano, ofalerealiada a leitura em hemocitdmetro
(Céamara de Neubauer). O principio do método basei@a entrada do corante nas células ndo
viaveis (mortas) que adquirirem uma cor azuladaékilas vidveis ndo apresentam coloragao,

devido sua membrana celular permanecer integnae ingpede a entrada do corante.

4.5.Ensaio de viabilidade celular por Ensaio de MTT

Para avaliar a viabilidade celular apds tratamexmian 0os compostos de Ruténio, foi
utiizado o método colorimétrico do MTT. Este catsi na medida da atividade da
desidrogenase mitocondrial, a qual é capaz de wigtabo reagente 3-(4,5-dimetiltiazol) 2,5
difenil tetrazolico (MTT) em um composto insolavel colorido denominado formazan. O
principio deste método descrito por Mosman (1983)siste em medir indiretamente a
viabilidade celular pela atividade enzimatica nitadrial das células vivas. Para o teste do
MTT, 2 x 1¢ células das linhagens tumorais plaqueadas em piécas de 96 pocos na
auséncia ou presenca dos compostos de ruténidirrap@,2 — 1000uM) e incubadas em estufa
a 37C com atmosfera contendo 5% deCfr 48 horas. Ao final do periodo de incubaddio,
adicionado aos pocos de cultivo celulanid0de MTT na concentracéo de 5 mg.hle apés 3 h
de incubacdo com o MTT, foram acrescentadogl58DS a 10% diluido em HCL/0,01N. A
guantificacdo da densidade O6ptica (DO) foi medida espectrofotbmetro (Awareness
Technology INE/ Stat Fax 2100).
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A porcentagem de viabilidade celular foi deterrdma partir da seguinte férmula:
% Viabilidade = Absorbancia do Tratamento/Absorbancia do comtnelgativo*100.
O valor de IGy (concentracdo em pM que inibe 50 % da viabilidadkilar) foi
determinada por meio da curva dose resposta utllz@ programa estatistico GraphPad Prism
4.02 (GraphPad Software, San Diego, CA, USA).

4.6. Avaliacéo da toxicidade pelo ensaio de DHL

O dano a membrana plasmatica das células tumimiags/aliado pela mensuracédo da
guantidade de DHL no meio extracelular. Foram edies 25uL de cada pocgo (placa de 96
pocos) o sobrenadante da cultura. A atividade da RiH determinada pelo kit colorimétrico
Desidrogenase Lactica (DHL) (Doles, Goiania, GGdi).

4.7. Extracdo de RNA

Passado os periodos estabelecidos de tratamenté)udas foram centrifugadas a 3000
RPM por 10 minutos e o pellet de células foi sulitoed extracdo de RNA total utilizado o
reagente TRIzol® (Invitrogen, Carlsbad, CA, EUAggseindo as instrucdes presentes no
protocolo fornecido pelo fabricante. Todas as amasstbtidas foram quantificadas por
espectrofotometria e armazenadas em freezer a tet@Eede -80°C, onde permaneceram até

serem submetidas a RT-qPCR.

4.8.Transcricao Reversa e PCR quantitativa em tempeal

As células de diferentes linhagens foram incubamtes diferentes concentragdes do
composto estudado durante 48 h, em estufa umidape6 de CO2 e diluidas em tampéo TBS a
uma concentracao final de 2,5 x 106 células'nfioi realizada entdo uma PCR quantitativa em
tempo real, utilizando-se primers especificos pargenes estudados (Tabel 2), de forma a se
avaliar o perfil de expressdo destes genes naksd@ypostas a droga. As analises de PCR em
tempo real foram realizadas utilizando o sistemadd&ccdo LineGene K fluorescence
guantitative PCR detection system (Hangzhou BIOEEhT Co., Téquio, Japan). Para a
determinacdo e normalizagdo dos niveis de exprekssigenes estudados, foram utilizados os
controles enddgendgsactina e GAPDH humanos.

Para as qPCRs, o cDNA foi sintetizado a partirgRNA total das células tratadas,
através do anelamento de primers oligo(dT)-T7 &eomacdo de 5 pmol Til A transcricdo
reversa, sintese de DNA dupla-fita e desligameantol@NA, foram realizados de acordo com o

protocolo sugerido pela literatura cientifica.
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Resumidamente, o procedimento de amplificacdo istiunsna transcricdo—reversa e

sintese do cDNA dupla-fita e posterior PCR quatintdieem tempo real, utilizando o kit one-step
Verso™ RT-PCR Kits da ABgene (Thermo Fisher Sdientnc., Waltham, MA, EUA) de

acordo com protocolo fornecido pelo fabricante.

Diferencas na expressdo dos genes em estudo,osngeipos células, foram avaliadas

mediante a estimativa da eficiéncia de amplificagdwariacdo na taxa de expressao dos genes

foi normalizada pela frequéncia de expressédo dosales endogeno$-actina e GAPDH). As

diferencas de expressao dos genes foram apressetad&lacdo ao grupo controle.

Tabela 2.Sequéncia dos Primers utilizados na PCRs quaveisa¢m tempo real

Primer

Sequéncia

Tamanho
do
amplicon

Homo sapien€aspase 3

Homo sapien€aspase 8

Homo sapien€aspase 9

Homo sapien#DR-1

Homo sapien€YP3A4

Homo sapien€YP2C9

Homo sapien€YP2C19

Homo sapien§SAPDH

Homo sapien82M

Forward 5-CCTCTTCCCCCATTCTCATT-3’
Reverse 5-CCAGAGTCCATTGATTCGCT3

Forward 5-GGAGTTAGGCAGGTTAGGGG-3’
Reverse 5'-GCTTCCTTTGCGGAATGTAG-3

Forward 5’-AACAGGCAAGCAGCAAAGTT-3’
Reverse 5-CATGCTCAGGATGTAAGCCA-3’

Forward 5-CTATGCTGGATGTTTCCGGT-3
Reverse 5'- GCTTTGGCATAGTCAGGAGC-3’

Forward 5’- GAAACACAGATCCCCCTGAA-3’
Reverse 5- CATGTACAGAATCCCCGGTT-3'

Forward 5- TCTGGTTGACCCAAAGAACC-3
Reverse 5'- AGGCCATCTGCTCTTCTTCA-3’

Forward 5’- GCTGCATGGATATGAAGTGG-3’
Reverse 5-GCTTCCTCTTGAACACGGTC-3’

Forward 5’- ACAGTCAGCCGCATCTTCTT-3’
Reverse 5'-GTTAAAAGCAGCCCTGGTGA-3'

Forward 5-GTGCTCGCGCTACTCTCTCT-3’
Reverse 5’-TCAATGTCGGATGGATGAAA-3

122 pb

188 pb

198 pb

147 pb

250 pb

110 pb

219 pb

127 pb

143 pb

4.9. Andlise estatistica

Para comparacao entre os grupos tratados e cofdrala utilizado Anova segundo um

anico critério e pés-teste Dunnet’'s e Tukey (sofev&raphPad Prism V4). Foi considerado

como diferenca significativa valores de p menores @05 (p<0.05).
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Abstract

Lung cancer is one of the leading causes of death in the world, and non-small
cell lung carcinoma (NSCLC) accounts for approximately 75-85% of all lung cancers. In
the present work, we studied the antitumor activity of the compound cis-
(dichloro)tetramineruthenium(lll) chloride {cis-[RuCl>(NH3)4]Cl} against human lung
carcinoma tumor cell line A549. The present study aimed to investigate the relationship
between the expression of MDR1 and CYP450 genes in human lung carcinoma cell
lines A549 treated with cisCarboPt, cisCRu(lll) and cisDRu(lll). Ruthenium-based
coordinated complexes, presented low cytotoxic and antiproliferative activities, with high
ICsp values, 196 (+15.49), 472 (£ 20.29) and 175 (+1.41) for cisCarboPt, cisCRu(lll) and
cisDRu(lll), respectively. The tested compounds induced apoptosis in A549 tumor cells
as evidenced by caspase 3 activation, but only at high concentrations. Results also
revealed that the amplification of P-gp gene is greater in A549 cells exposed to
cisCarboPt and cisCRu(lll) than cisDRu(lll). Taken together all these results strongly
demonstrate that MDR-1 over-expression in A549 cells could be associated to a MDR
phenotype of these cells and moreover, it is also contributing to the Platinum, and
structurally-related compound, resistance in these cells. The identification and
characterization of novel mechanisms of drug resistance will enable the development of
a new generation of anti-cancer drugs that increase cancer sensitivity and/or represent

more effective chemotherapeutic agents.

Keywords: Carboplatin; cis-(dichloro)tetrammineruthenium(lll)  chloride; cis-

tetraammine(oxalato)ruthenium(lil) dithionate, A549, MDR-1, CYPs, Apoptosis.
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1. INTRODUCTION

Lung cancer is one of the leading causes of death in the world, and non-small
cell lung carcinoma (NSCLC) accounts for approximately 75-85% of all lung cancers. At
the time of diagnosis, 40% of NSCLC cases are often at an advanced. Only 15% of lung
cancers are diagnosed at a localized stage, for which the 5-year survival rate is 52%.
The 5-year survival for NSCLC is 18% (American Cancer Society, 2013).

First-line treatment for patients with advanced NSCLC includes Platinum
compounds such cisplatin, carboplatin and oxaliplatin. The platinum-based
chemotherapy drugs are among the most active and widely used agents for the
treatment of malignancies, including testicular, head and neck, ovarian, lung, colorectal,
and bladder cancers (Kelland, 2007; Varbanov et al., 2012). Nevertheless, the clinical
utility of these drugs has been proven limited due to the development of acquired drug
resistance (Karki et al., 2007, Wagner & Karnitz, 2009).

The clinical treatment of cancer with chemotherapeutic drugs is frequently
hindered by either intrinsic or acquired resistance of the tumor cells (Kelland, 2007).
When tumor cells acquire resistance against a single chemotherapeutic drug, they often
show cross resistance to a variety of antitumor drugs, a state termed multidrug
resistance (MDR). According to statistical data, the failure of treatment in over 90% of
patients with metastatic cancer is caused by MDR (Liu et al., 2012). Although MDR can
develop by several mechanisms, a common cause is believed to be overexpression of
an energy-dependent drug efflux pump, P-glycoprotein (P-gp). P-gp lowers the
intracellular concentration of cytotoxic agents by pumping them outside of the tumor
cells (Tang et al., 2012, Liu et al., 2012).

The side effects of chemotherapy hamper many normal activities of patients
undergoing treatment (Kim et al., 2002). Ruthenium complexes have shown potential
utility in chemotherapy with lower toxicities compared to platinum-based
chemoterapeutics attributed to their specific accumulation in cancer tissues. Ruthenium
complexes have shown potential utility in chemotherapy with lower toxicities compared
to Platinum-based compounds attributed to their specific accumulation in cancer
(Silveira-Lacerda et al., 2010a).

Among the ruthenium complexes studied for anticancer application, the cis-
(dichloro)tetrammineruthenium(lll) chloride and cis-tetraammine(oxalato)ruthenium(lil)

dithionate complexes have shown promising results on tumour cells in humans and
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mice (Menezes et al., 2007; Pereira et al., 2009; Silveira-Lacerda et al. 2010a, Silveira-
Lacerda et al. 2010b, Lima et al., 2011, Lima et al. 2012).

Although platinating agents are among the most widely used chemotherapy
agents, and ruthenates presents a potential role as new anticancer drugs, the molecular
mechanism of multidrug resistance to chemotherapy remained largely unknown,
especially in lung tumor cells. Since previous studies show that the resistance to
chemotherapy exhibited in multidrug-resistant human lung tumor cells was mediated by
P-gp and others CYP450 proteins, the present study aimed toinvestigate the
relationship between the expression of MDR1 and CYP450 genes as mediators of
metallocomplexes cytotoxicity in human lung carcinoma cells (A549) treated with
Carboplatin and two Ruthenium(lIll) compounds.

2. MATERIAL AND METHODS

2.1. Ruthenium (Ill) compound synthesis, Carboplati  n and Chemicals

The Ruthenium(lll) complexes cis-(dichloro)tetrammineruthenium(lil) chloride
{cis-[RuCl>(NH3)4JCIl} and cis-tetraammine(oxalato)ruthenium(lll) dithionate {cis-
[Ru(C20,)(NH3)4]2(S206)} were synthesized at the Chemistry Institute of Universidade
Federal de Mato Grosso by the methods described in detail previously (Pavanin et al.,
1985; Pereira et al.,, 2009; Silveira-Lacerda et al.,, 2010a). Carboplatin [cis-
Diammine(1,1-cyclobutanedicarboxylato)platinum(ll)] was obtained from Sigma-Aldrich
(Sigma-Aldrich Corp, St. Louis, MO, USA).

The stock solutions of Ru(lll) complexes and Carboplatin were freshly prepared
before use in DMSO (Sigma-Aldrich Corp, St. Louis, MO, USA). The final concentration

of DMSO in cell culture medium did not exceed 0.25% (v/v).

2.2. Cell culture

The human lung carcinoma cells (A549 ATCC®# CCL-185™) were purchased
from the American Type Culture Collection (ATCC, Rockville, MD, USA). Tumor cells
were cultured in Dulbecco's Modified Eagle Medium (DMEM) (pH 7.2 — 7.4) at 37 °C,
under a 5% CO, humidified atmosphere. Media were supplemented with 100 U mL™
penicillin G, 100 pg mL™ streptomycin, 2 mM L-glutamine, 1.5 g L™ sodium bicarbonate,

4.5 g L™ glucose, 10 mM HEPES, 1.0 mM sodium pyruvate and 10% fetal calf serum
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(FCS) (w/v) (all reagents were obtained from Gibco®, Invitrogen, Carlsbad, CA, USA)

and subcultured 2 times a week at an appropriate plating density.

2.3. Cell viability determination by MTT assay.

The cytotoxic activity of Ruthenium(lll) compounds was measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as previously
described (Mosman, 1983). Carboplatin and Ru(lll) metallodrugs were added to final
concentrations from 0 to 500 uM. The logarithmically growing A549 cells were washed
twice with supplemented DMEM medium and centrifuged at (1,000 rpm) 300xg/15
min/10 °C. Cells were plated at a density of 5x10* cells/well into flat-bottomed 96-well
microplates (Techno Plastic Products, Trasadingem, Switzerland) and cultured for 24 h.

Cell death was evaluated after tumor cells were exposed to the complexes for 48
h; then, after removal of medium with the complexes, a fresh medium was added, and
cells were incubated for 24 h of recovery time. Then, 10 pL MTT (5 mg mL™) (Sigma-
Aldrich, St. Louis, MO, USA) was added to each well and incubated for an additional 6
h. The microplates were then centrifuged (300x g/15 min/10 °C) and the culture media
were discarded. Then, 200 pL of PBS/20% of SDS was added to each well and plates
were kept in the dark overnight.

Absorbance was measured at 545nm (ODs4snm) USINg an automated microplate
reader (Stat Fax 2100, Awareness Technology Inc, Palm City, FL, USA). The viability
rate was calculated as follows: Viability (%) = (absorbance of the treated
wells)/(absorbance of the control wells)x100%. The ICs, values (compound
concentrations that produce 50% of cell growth inhibition) were calculated from curves
constructed by plotting cell survival (%) versus drug concentration (uM) using GraphPad
Prism 4.02 for Windows (GraphPad Software, San Diego, CA, USA). All experiments

were made in triplicate.

2.4. Cell toxicity measurement with LDH assay

LDH is a cytoplasmic enzyme, and LDH reduction is often associated with cell
membrane damage and cell death (Lobner, 2000). The activity of LDH was measured
spectrophotometrically by assaying reduced nicotinamide adenine dinucleotide (NAD)
oxidation at 510 nm during LDH-catalyzed reduction of pyruvate to lactate. Briefly, cells
were cultured at a density of 5x10* cells/well into flat-bottomed 96-well microplates
(Techno Plastic Products, Trasadingem, Switzerland) and incubated for 24 h with
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Cisplatin and Ruthenium(lll) complexes at 1Cso concentrations. After 24h of incubation,
the cell culture supernatant was removed and centrifuged to eliminate nonadherent
particles and cell debris. Samples of supernatant for each drug tested were then
analyzed for DHL activity using a DHL colorimetric kit (Doles LTDA, Goiania, GO,

Brazil). All experiments were made in triplicate.

2.5. Reverse transcription and Real time quantitati  ve PCR

The human lung carcinoma cells A549 were treated with different concentrations
of Ru(lll) complexes and Carboplatin for different periods. Total RNA was extracted with
Tri Reagent® (Sigma-Aldrich Co., St. Louis, MO, USA) following the manufacturer’s
protocol. Total RNA (2.0 ng) was used to produce cDNA with ABgene one-step Verso™
RT-PCR Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) in a total of 25 pL
reaction mixture according to the manufacturer's protocol. Real-time PCR reactions
were then carried out by a LineGene K fluorescence quantitative PCR detection system
(Hangzhou BIOER Tech Co., Tokyo, Japan). Homo sapiens apoptosis-related cysteine
peptidases (Caspases) 3, 8 and 9 mRNAs expression were quantified for apoptosis cell
profiling using specific primers (Table 1).

Futhermore, MDR-1 mRNA [Homo sapiens ATP-binding cassette, sub-family B
(MDR/TAP), member 1 (ABCB1)]; CYP3A4 mRNA (Homo sapiens cytochrome P450,
family 3, subfamily A, polypeptide 4); CYP2C9 mRNA (Homo sapiens cytochrome
P450, family 2, subfamily C, polypeptide 9) and CYP2C19 mRNA (Homo sapiens
cytochrome P450, family 2, subfamily C, polypeptide 19) were detected in order to
evaluate the expression profile of these genes in cells exposed to the Cisplatin and
Ruthenium(lll) complexes (Table 1).

A total of 25 pL reaction mixture: 2 uL of cDNA, 10 pL of SYBR Green PCR
Master Mix (LGC Biotecnology, Middlesex, UK), 2.5 pL of each forward and reverse
primer (100nM.puL™). The PCR program was initiated at 15 minutes at 95°C before 40
thermal cycles, each of 30s at 95°C and 30s at 55°C and 30s at 72°C. Data were
analyzed according to relative quantification method. Each sample was normalized by
the expression of following endogenous genes: GAPDH (Homo sapiens
glyceraldehyde-3-phosphate dehydrogenase) and B2M (Homo sapiens beta-2-
microglobulin) (Table 1). Checking of the products was performed by melting curve

analysis and agarose gel eletroforesis of qPCR products.
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Table 1. Primers sequences used in Reverse Transcription Real Time Quantitative Polymerase Chain
Reactions.

Primer Sequence Amplicon
lenght
Hommo Sapiens Caspase 3 Forward 5-CCTCTTCCCCCATTCTCATT-3 122 ob
P P Reverse 5-CCAGAGTCCATTGATTCGCT3' P
Homo sapiens Caspase 8 Forward 5-GGAGTTAGGCAGGTTAGGGG-3’ 188 bb
P P Reverse 5-GCTTCCTTTGCGGAATGTAG-3 P
. Forward 5-AACAGGCAAGCAGCAAAGTT-3’
Homo sapiens Caspase 9 Reverse 5-CATGCTCAGGATGTAAGCCA-3' 198 pb
. Forward 5-CTATGCTGGATGTTTCCGGT-3'
Homo sapiens MDR-1 Reverse 5- GCTTTGGCATAGTCAGGAGC-3’ 147 pb
. Forward 5- GAAACACAGATCCCCCTGAA-3'
Homo sapiens CYP3A4 Reverse 5'- CATGTACAGAATCCCCGGTT-3 250 pb
. Forward 5 TCTGGTTGACCCAAAGAACC-3'
Homo sapiens CYP2C9 Reverse 5- AGGCCATCTGCTCTTCTTCA-3 110 pb
. Forward 5'- GCTGCATGGATATGAAGTGG-3'
Homo sapiens CYP2C19 Reverse 5-GCTTCCTCTTGAACACGGTC-3 219 pb
. Forward 5 ACAGTCAGCCGCATCTTCTT-3’
Homo sapiens GAPDH Reverse 5-GTTAAAAGCAGCCCTGGTGA-3' 127 pb
. Forward 5-GTGCTCGCGCTACTCTCTCT-3'
Homo sapiens B2M Reverse 5-TCAATGTCGGATGGATGAAA-3 143 pb

2.6. Statistical analysis

Statistical analysis of the results was performed using one-way ANOVA and
Tukey’s post test for multiple comparisons with controls. All statistical analyses were
performed using the statistical software GraphPad Prism 4 (GraphPad Software Inc., La
Jolla, CA, USA). A probability of 0.05 or less was deemed statistically significant. The
following notation was used throughout: *p<0.05, **p<0.01 and ***p<0.001, relative to
control.

3.0. RESULTS

3.1 The cisCarboPt, cisCRu(lll) and cisDRu(lll) cytotoxicity on A549 tumor cells

The anticancer drug cis-diammine(1,1-cyclobutanedicarboxylato)platinum(ll)
[cisCarboPt] and the two Ruthenium(lll) complexes, cis-

(dichloro)tetrammineruthenium(lll) chloride [cisCRu(lIN] and cis-
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tetraammine(oxalato)ruthenium(lll) dithionate [cisDRu(lll)] (Fig. 1), were evaluated in a

comparative in vitro MTT cell viability assay with human lung carcinoma cells A549.
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Fig. 1 Chemical structure of cis-diammine(1,1-cyclobutanedicarboxylato)platinum(ll) [a], cis-
(dichloro)tetrammineruthenium(lll) chloride [b] and cis-tetraammine(oxalato)ruthenium(lll) dithionate [c].

Cell viability was detected after the cells were treated with cisCarboPt, cisCRu(lll)
and cisDRu(lll) at concentrations from 0.2 to 1,000 uM for 24h.

Table 2 lists the ICso values obtained with the tested compounds cisCarboPt,
cisCRu(lll) and cisCRu(lll). The inhibitory effect of the test drugs on cell viability was
measured by the MTT colorimetric method as described previously.

The data indicate that cisCRu(lll) proved be the most cytotoxic compound of
three on tested cell line, presenting the value of ICsg 472 (x20.29), followed by
cisCarboPt and cisCRu(lll) (Fig. 2).

Table 2. I1Csy Values of Compounds cisCarboPt, cisCRu(lll) and cisDRu(lll) on A549 lug carcinoma cell
line after 48 h of incubation, determined using the MTT assay. Results are expressed as means (t
standard deviation) of at least three independent experiments

Compound IC 50 A549 (UM)
cisCarboPt 196 (+15.49)
cisCRu(lIl) 472 (£20.29)
cisDRu(lll) 175 (+ 1.41)

Although the cytotoxicity of cisSCRu(lll) on A549 presented be higher than others
two metallocomplexes, the results show that A549 tumor cells treated with different
concentration of cisCarboPt and Ruthenium complexes cisCRu(lll) and cisDRu(lll),
Ruthenium-based coordinated complexes, presented low cytotoxic and antiproliferative
activities.

The three metallocomplexes showed low cytotoxic effects, where cisDRu(lll)
(ICs0 175 M) and cisCarboPt (ICso 196 uM) were more active than cisCRu(lll) (ICso 472
HM) against the A549 cancer cells (Fig. 2).
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Fig. 2. Effect of cisCarboPt, cisCRu(lll) and cisDRu(lll) (0.2 — 1,000 uM) upon cell viability, determined by
MTT assay in human A549 tumor cells. Data are mean + SD (n = 3).

3.2. Increased cytomembrane damage of A549 cells in  duced by cisCarboPt and
Ruthenium(lll) complexes

The platinum and ruthenium compounds were also evaluated for cytotoxic
potential via plasma membrane damage of A549 tumour cells assessed by the
colorimetric quantification of LDH based on lactate dehydrogenase (LDH) release

experiments (Fig. 3).
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Fig. 3. Effect of cisCarboPt, cisCRu(lll) and cisDRu(lll) (ICsq concentration) upon A549 cellular
membrane integrity determined by LDH activity (U.L./L), in human A549 tumor cells. Data are mean + SD
(n = 3). Significant differences from the untreated control are indicated by *p < 0.05. Means among bars
without a common letter are statistically different (Tukey’s test, p < 0.05).
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Using A549 ICso concentrations of cisCarboPt, cisCRu(lll) and cisDRu(lll)
showed loss of cell vitality which corroborates results observed on MTT assays. The
compounds cisDRu(lll) and cisCarboPt caused A549 cytomembrane damage on a
scale higher than cisCRu(lll). The ruthenium complex cisDRu(lll) caused the release of
650 U.I/L of DHL, followed by platinum complex cisCarboPt (530 U.I/L), whilst
cisCRu(lll) caused and increase of 235 U.I/lL of DHL leaking, when compared to

negative control.

3.3. Induction of caspase activity and apoptotic ce |l death on A549 tumor cell line
by cisCarboPt, cisCRu(lll) and cisDRu(lll)

In one of our recent studies, we have shown that the expression of caspase 3
increases in the A549 cells treated with cisCRu(lll) on a ratio of 3.8 fold, which is
associated to apoptosis cell death (Lima et al., 2012). In present study we tested
cisCarboPt, cisDRu(lll), and cisCRu(lll) as well, against A549 lung cancer cells for
MRNA expression of caspase 3, caspase 8 and caspase 9, using Real-Time
Quantitative PCR after 12 hours of treatment (Fig. 3).
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Fig. 4. Alterations of Caspases expression after treatment with cisCarboPt, cisCRu(lll) and cisDRu(lll), for
6h. Samples are in relation to the untreated control cell line with a transcription rate set up to a value of
one. The data are expressed as meanzSEM of n=3. Significant differences from the untreated control are
indicated by *p < 0.05, **p < 0.01 and **p < 0.001. Means among bars without a common letter are
statistically different (Tukey's test, p < 0.05).

In our in vitro model system, we observed that A549 tumor cells overexpressed

caspase 3, 8 and 9 in different levels when exposed to metallocomplexes We found that
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cisDRu(lll) induced overpression of caspase 3, 8 and 9 by 7.3, 4.1 and 1.6 fold,
respectively. The anticancer drug cisCarboPt induced overepression of 5.5, 3.9 and 1.2;
while cisCRu(lll) was more modest showing 3.8, 2.1 and 1.3 on expression gain levels

of caspase 3, 8 and 9, respectively.

3.4. The cisCarboPt, cisCRu(lll) and cisDRu(lll) induced different profiles of MDR

and CYPs expression in A549 tumor cell line

The expression levels P-gp production on A549 tumor cell were measured by
real time reverse transcription PCR using especific primers for MDR1, CYP2C9,
CYP2C19 and CYP3A4 after 24 and 48h of treatment with near ICsy doses of
cisCarboPt, cisCRu(lll) and cisDRu(lll). As shown in Figure 5, cisCarboPt and
cisCRu(lll) increased MDR1 expression by approximately 8 fold and 9 fold, respectively,
relative to the control group; while cisDRu(lll) induced lower MDR1 expression levels,

nearly 2.5 fold that of the untreated cells group.
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Fig. 5. Alterations of MDR1-mRNA expression using RT-gPCR after treatment with cisCarboPt,
cisCRu(lll) and cisDRu(lll), respectively, for 24 and 48h. Samples are in relation to the untreated control
cell line with a transcription rate set up to a value of one. The data are expressed as mean+SD of n=3.
Significant differences from the untreated control are indicated by **p < 0.01. Means among bars without
a common letter are statistically different (Tukey’s test, p < 0.05).

The metallocomplexes cisCarboPt, cisCRu(lll) and cisDRu(lll) exert a significant
effect on CYP3A4 expression profile, inducing a overpression of this gene by 7.2-7.9,
5.2-6.3 and 8.8-9.5 for 24 and 48h exposition time, respectively on A549 tumor cells.
The compounds cisCarboPt, cisCRu(lll) and cisDRu(lll) also enhanced CYP2C9 and
CYP2C19 mRNAs expression levels; cisDRu(lll) caused a elevenfold CYP2C9
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increase, while cisCarboPt and cisCRu(lll) were shown to increase the expression of
CYP2C9 by five and sixfold, and six and sevenfold on CYP2C19 by cisCarboPt and

cisCRu(lll) respectively, after 48 hours or treatment.
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Fig. 6. Alterations of CYPs mRNAs expression using RT-gPCR after treatment with cisCarboPt,
cisCRu(lll) and cisDRu(lll), respectively, for 24 and 48h. Samples are in relation to the untreated control
cell line with a transcription rate set up to a value of one. The data are expressed as mean+SD of n=3.
Significant differences from the untreated control are indicated by **p < 0.01. Means among bars without
a common letter are statistically different (Tukey’s test, p < 0.05).

4.0. DISCUSSION

Chemotherapy is one of the primary treatments for lung cancer; however, primary
or secondary drug-resistance is a significant reason why chemotherapy is often
ineffective against non-small cell lung cancer (NSCLC). This presents a major obstacle
to successfully treatment of this disease, since NSCLC is extremely difficult to treat
because of its low therapeutic and long-term survival rates. Thus, it is crucial to develop
better therapeutic strategies for the management of lung carcinomas (Kim et al., 2002,
Wu et al., 2010, Lima et al., 2012).

The chemotherapeutic drug Carboplatin is one of the most frequently used
agents in the treatment of lung cancer. Still, the therapeutic effects of platinum-based
drugs are weakened by its severe toxicity and the chemoresistance of most NSCLC
(Rosell et al., 2002; Socinski, 2004; Kelland, 2007). It is thought that clinical multidrug
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resistance to chemotherapeutic agents is a key obstacle to curative treatment for
advanced NSCLC (Clarke, 2003).

Studies have shown ruthenium complexes to be active against certain tumors
both in vivo and in vitro, with fewer side effects than cisplatin (Bergamo et al., 1999;
Scolaro et al., 2005). In addition, two ruthenium-based drugs, ImH][trans-
RuCl4(DMSO)Im] (NAMI-A) and indazolium trans-[tetrachlorobis (1H-
indazole)ruthenate(lll)] (KP1019), were the first ruthenium-based anticancer drugs
transferred into to enter clinical trials (Rademaker-Lakhai et al., 2004; Hartinger et al.,
2006). Many other compounds that include ruthenium centers are being developed and
tested (Lima et al, 2012). Among these, the ruthenium(lll) complex cis-
(dichloro)tetramineruthenium(lll) chloride (cis-[RuCl>(NH3)4]Cl) is particularly promising
among non-resistant cells. It is being characterized by very low toxicity and has
potential as an antitumor drug. Recently, the antitumor activity of cisCRu(lll) was
evaluated in vivo using Sarcoma 180 (S180) murine ascitic tumor cells and a number of
in vitro murine (S180, A-20) and human (Jurkat, SKBR-3) tumor cell lines. In all cases
cisCRu(lll) demonstrated a very encouraging activity profile (Silveira-Lacerda et al.,
2010b).

In the present study, we examined the citotoxic activities and multidrug
resistance induction of two ruthenium(lll) complexes, cis-
(dichloro)tetrammineruthenium(lll) chloride and cis-tetraammine(oxalato)ruthenium(lil)
dithionate; and a common clinic used metallodrug, the cis-diammine(1,1-
cyclobutanedicarboxylato)platinum(ll), on NSCLC human lung carcinoma cell line A549.

Results derived from cell viability MTT assay revealed that the ruthenium(lil)
compounds cisCRu(lll) and cisDRu(lll) and platinum compound cisCarboPt showed
dissimilar concentration dependent reduction of cell viability in A549 tumor cell line,
where cisDRu(lll) and cisCarboPt presented an ICsy concentration of 175 and 196 uM
respectively, that are over a half of cisCRu(lll) ICso= 472 uM. The LDH assay also
showed that cisDRu(lll) and cisCarboPt also induced more cell membrane injury and
enzyme leakage on A549 tumor cells than cisCRu(lll). Is important to note that
cisCarboPt and cisDRu(lll) are structurally similar, being broader and more complex
molecules containing carbon and amines groups in their structures, differing from
cisCRu(lll), a structuraly cloride rich complex.

Sadler and Dyson studies, established that the mechanism of action of ruthenium

chlorinated compounds, like cisCRu(lll), has many of analogies to that of cisplatin. It
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first involves hydrolysis of the Ru-Cl bond of the prodrug to generate an active aqua-
ruthenium species (Allardyce & Dyson, 2003, Scolaro et al., 2005). Detailed kinetic
studies showed that the Ru-Cl bond hydrolysis can be strongly influenced by the nature
of the coligands as well as the nature of the metal ion (Malina et al., 2001, Bacac et al.,
2004). Importantly, this step could be suppressed in the blood because of the high
chloride concentrations enabling to cloride rich ruthenium complexes cross the cell and
nuclear membranes (Scolaro et al., 2005). Inside the cell, the hydrolysis of the chloro
anion takes place because of the much lower chloride concentration (circa 25 times
lower). It is then assumed that the aqua-ruthenium complex binds to nuclear DNA with a
high affinity for the N7 position of guanine bases, damaging the cell DNA and leading to
apoptosis (Novakova et al., 1995; Brabek & Novakova, 2006, Silveira-Lacerda et al.,
2010Db).

Apoptosis is an important biological process in many systems and can be
triggered by a variety of stimuli received by the cells. Caspase-family represents the key
components of the apoptotic machinery within the cells and consists of at least 14
different cysteine proteases that act in concert in a cascade triggered by apoptosis
signaling. The culmination of this cascade is the cleavage of a number of proteins in the
cell, followed by cell disassembly, cell death, and, ultimately, the phagocytosis and
removal of the cell debris (Krajewska et al., 2005, Galuzzi et al., 2012).

In the present study, exposure of A549 tumor cells to Platinum and Ruthenium
compounds induced increased significant changes in the of RNAmM expression of
caspase 3 and caspase 8, although caspase 9 expression remains relatively
unchanged. The cisDRu(lll) complex induced overpression of caspase 3 and 8 by 7.3
and 4.1 fold, respectively, cisCarboPt drug induced overepression of 5.5 and 3.9 fold;
whilst cisCRu(lll) complex was more modest, showing 3.8 and 2.1 on expression gain
levels of caspase 3 and 8, respectively. Those results corroborate recently studies
reporting that ruthenium compound induced apoptosis in A549 cells as evidenced by
sub-G1 peak observed in Flow cytometry assays and caspase-3 activation found by
Lima et al. (2011).

Caspase-3 is the most prevalent caspase within cells, responsible for the majority
of apoptotic effects. The activation of caspase-3 induces poly (ADPribose) polymerase
(PARP) cleavage, chromosomal DNA breaks and finally lead to apoptosis (Cohen,
1997). In some cell types, active caspase-8 directly catalyzes the proteolytic maturation

of caspase-3, thereby triggering the executioner phase of caspase-dependent apoptosis
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in a mitochondrion-independent manner (Galuzzi et al., 2012). Since in present work,
caspase-3 and caspase-8 showed be overpressed by Ruthenium (lll) complexes
cisCRu(lll) and cisDRu(lll), we can infer that ruthenium(lll) compounds-induced
apoptosis by extrinsic pathway.

Although several studies have been performed regarding cytotoxic potential of
ruthenium(lll) chloride and ditionate (Menezes et al., 2007, Pereira et al., 2009; Ribeiro
et al., 2009, Silveira-Lacerda et al., 2010b, Lima et al., 2010, Lima et al., 2012) no study
has been performed regarding the potential multidrug resistance induction of these
compounds on tumor cells.

A common mechanism of lung cancer chemoresistance is the overexpression of
plasma membrane drug efflux proteins, such as P-gp. Herein we investigated if MRD1
expression profile on A549 lung cells is changed when tumor cells are treated with
complexes containing mettalic ions such platinum and ruthenium. Results revealed that
both Pt and Ru complexes upregulated MDR1 expression, leading to tenfold
overexpression pikes.

Importantly to point out that ruthenium complexes containig carbonic structures,
like carboplatin and oxaliplatin, were found to be active against cisplatin-resistant cell
lines, indicating that the detoxification mechanism is different from the one of cisplatin
(Schluga et al., 2006). It was assumed that the carboxylato ligands would hydrolyze
more slowly and in a more controllable way than the chloride ligands rich molecules, like
cisplatin and cisCRu(lll). All evidence taken together indicate that carboxylato rich
compounds, like cisCarboPt and cisDRu(lll), seem to operate by a different mode of
action compared to cisplatin, Ru(ll) arene ethylenediamine compounds, and most of the
known anticancer compounds in general.

It was shown by mass spectrometry that carboxylato rich compounds form
adducts with proteins and that their reactivity and cisplatin in the presence of proteins
are much different. Other proteins have been proposed as the target for Ru
organometallics (Scolaro et al., 2005; Casini et al.m 2009). P-Glycoprotein (Pgp) is a
plasmamembrane protein that is responsible for drug efflux from cells and is involved in
multidrug resistance (MDR). Interestingly, for one of these ruthenium carboxylato
derivatives, it was shown that the ruthenium coordination to the Pgp inhibitor derivative
induced an even stronger protein inhibition (Vock et al., 2007). This can probably
explain why MDR1 was so overexpressed on cisCRu(lll) treated A549 cells when

compared to cisDRu(lll) treated A549 cells.
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In a similar line of thought, other proteins can also be the target of cytotoxic
ruthenium metallocomplexes, indicating that P-gp is not the major or only mechanism of
chemoresistance (Bugarcic et al., 2009). Cytochrome P450 superfamily represent key
enzymes in drug metabolism, especially the CYP3A4. CYPs enzimes catalyze important
bioactivations acting directly on oxidative stress and xenobiotics metabolism
(Masubuchi & Horie, 2007). Since CYPs are known to metabolize a number of drugs,
and since their expression is modifiable by a number of drugs and agents, we
investigated the expression of CYP3A4 expression in A549 tumor cells.

Results revealed that metallocomplexes cisCarboPt, cisCRu(lll) and cisDRu(lll)
exert a significant effect on CYP3A4 expression profile, inducing a overpression of this
gene by 7.9, 6.3 and 9.5, respectively, after 48h or treatment. Our results suggest that
oxidative stress may be affecting CYP expression in A549 tumor cells, which may alter
the metabolism of drug cisCarboPt and metallocomplexes cisCRu(lll) and cisDRu(lll)
thus, the toxicity of these compounds and that could be a promising approach to
enhance the efficacy of chemotherapy treatment of multidrug-resistant cancer to cancer
lung A549 cell.

In summary, the mechanisms by which ruthenium complexes induce cytotoxicity
and apoptosis on A549 tumor cell line than cisCRu(lll) may not only be by the
consequence of direct DNA binding and damage, but also by the interactions with a
myriad of proteins like Cytochrome P450, P-gp and caspases; via oxidative stress
promotion, reduction of MDR1 phenotype and apoptosis induction via extrinsic

activation pathway.

Acknowledgments

The authors gratefully acknowledge the financial support of Research and Projects
Financing (FINEP) (Grant N0.01.06.0941.00/CT-Saude to Elisdngela de Paula Silveira-
Lacerda) and Foundation for the Support of Research in the State of Goias (FAPEG).
Coordination for the Advancement of Higher Education Staff (CAPES) through
fellowship to Cesar Augusto Sam Tiago Vilanova-Costa, Flavia de Castro Pereira and
Hellen Karine Paes Porto; and Brazilian National Council of Technological and Scientific
Development (CNPq) through fellowship to Aliny Pereira de Lima (Grant No. 141648/20
10-4).



59

Funding sources

There are no financial or personal interests that might be viewed as inappropriate
influences on the work presented herein. This manuscript was completely financed by
governmental and nonprofit institutions, the Brazilian National Counsel of Technological
and Scientific Development (CNPq), Research and Projects Financing (FINEP),
Coordination for the Advancement of Higher Education Staff (CAPES) and Foundation
for the Support of Research in the State of Goias (FAPEG).

Ethical Approval

No studies involving humans or experimental animals were conducted in this work. The
human lung carcinoma A549 cells were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA) and cultured in vitro.

REFERENCES

1. Allardyce CS, Dyson PJ, Ellis DJ, Salter PA, Scopelliti R (2003). Synthesis and
characterisation of some water soluble Ruthenium(ll)—-arene complexes and an
investigation of their antibiotic and antiviral properties. Journal of Organometallic
Chemistry 668:35-42.

2. American Cancer Society. Cancer Facts & Figures, 2013. Atlanta: American Cancer
Society .

3. Bacac, M.; Hotze, A. C. G.; van der Schilden, K.; Haasnoot, J. G.; Pacor, S,
Alessio, E.; Sava, G.; Reedijk, J. (2004) The hydrolysis of the anti-cancer ruthenium
complexNAMI-Aaffects itsDNAbinding and antimetastatic activity: an NMR
evaluation. J. Inorg. Biochem. 98:402-412.

4. Bergamo A, Gagliardi R, Scarcia V, Furlani A, Alessio E, Mestroni G, Sava G
(1999) In vitro cell cycle arrest, in vivo action on solid metastasizing tumors and
host toxicity of the antimetastatic drug NAMI-A and cisplatin. J Pharmacol Exp Ther.
289:559-564.

5. Brabec V, Novakova O (2006) DNA binding mode of ruthenium complexes and
relationship to tumor cell toxicity. Drug Resistance Updates 9:111-122.

6. Bugarcic, T.; Habtemariam, A.; Deeth, R. J.; Fabbiani, F. P. A.; Parsons, S.; Sadler,
P. J. Ruthenium(ll) arene anticancer complexes with redox-active diamine ligands.
Inorg. Chem. 2009, 48, 9444-9453.



60

7. Casini, A.; Gabbiani, C.; Michelucci, E.; Pieraccini, G.; Moneti, G.; Dyson, P. J.;
Messori, L. Exploring metallodrug-protein interactions by mass spectrometry:
comparisons between platinum coordination complexes and an organometallic
ruthenium compound. J. Biol. Inorg. Chem. 2009, 14, 761-770.

8. Clarke MJ (2003) Ruthenium metallopharmaceuticals. Coord Chem Rev. 236:209-
233

9. Edelman MJ, Meyers FJ, Miller TR et al. Phase I/l study of paclitaxel, carboplatin,
and methotrexate in advanced transitional cell carcinoma: a well-tolerated regimen
with activity independent of p53 mutation. Urology 2000; 55 (4): 521-525.

10.Gallori, E.; Vettori, C.; Alessio, E.; Vilchez, F. G.; Vilaplana, R.; Orioli, P.; Casini, A;
Messori, L. (2000) DNA as a possible target for antitumor ruthenium(lll) complexes.
A spectroscopic and molecular biology study of the interactions of two
representative antineoplastic ruthenium(lll) complexes with DNA. Arch. Biochem.
Biophys. 376: 156-162.

11.Galluzzi L, | Vitale, JM Abrams, ES Alnemri, EH Baehrecke, MV Blagosklonny, TM
Dawson, VL Dawson, WS El-Deiry, S Fulda, E Gottlieb, DR Green, MO Hengartner,
O Kepp, RA Knight, S Kumar, SA Lipton, X Lu, F Madeo, W Malorni, P Mehlen, G
Nufiez, ME Peter, M Piacentini, DC Rubinsztein, Y Shi, H-U Simon, P
Vandenabeele, E White, J Yuan, B Zhivotovsky, G Melino and G Kroemer (2012).
Molecular definitions of cell death subroutines: recommendations of Ihe
Nomenclature Commitee on Cell Death. Cell and Differentiation 10:107-120.

12.Hartinger CG, Zorbas-Seifried S, Jakupec MA, Kynast B, Zorbas H, Keppler BK
(2006) From bench to beside- preclinical and early clinical development of the
anticancer agent indazolium trans- [tetrachlorobis (1 H-indazazole)ruthenate (ll)]
KP1019 or FFC14A). Journal of Inorganic Biochemistry 100: 891-904.

13.Karki, S.S., Thota, S., Darj, S.Y., Balzarini, J., Clercq. E., 2007. Synthesis,
anticancer, and cytotoxic activities of some mononuclear Ru(ll) compounds.
Bioorganic & Medicinal Chemistry 15, 6632—6641.

14.Kelland L (2007). The resurgence of platinum-based cancer chemotherapy. Nature
Reviews.7: 573-584.

15.Kim, R., Tanabe, K., Uchida, Y., Emi, M., Inoue, H., Toge, T. 2002. Current status of
the molecular mechanisms of anticancer drug-induced apoptosis e the contribution
of molecular-level analysis to cancer chemotherapy. Cancer Chemotherapy and
Pharmacology 50, 343-52.



61

16.Krajewska M, Kim H, Shin E, et al (2005)Tumor-associated alterations in caspase-
14 expression in epithelial malignancies. Clin Cancer Res 11:5462-5471. Cohen
GM (1997) Caspases: the executioners of apoptosis. Biochem J 326:1-16.

17.Lima AP, Pereira FC, Vilanova-Costa CAST, Mello FMS, Ribeiro ASBB, Benfica PL,
Valadares MC, Pavanin LA, Santos WB, Silveira-Lacerda EP (2010b). The
compound cis-(dichloro)tetrammineruthenium(lil)  chloride induces caspase-
mediated apoptosis in K562 cells. Toxicology in Vitro 24:1562-1568.

18.Lima AP, Pereira FC, Vilanova-Costa CAST, Ribeiro ASBB, Pavanin LA, Santos
WB, Silveira-Lacerda EP  (2010). The  ruthenium  complex  cis-
(dichloro)tetrammineruthenium(lll) chloride induces apoptosis and damages DNA in
murine sarcoma 180 (S-180) cells. Journal of Biosciences 35:371-378.

19.Lima AP, Pereira FC, Vilanova-Costa CAST, Soares JR, Pereira LCG, Porto HKP,
Pavanin LA, Santos WB, Silveira-Lacerda, EP (2012). Induction of cell cycle arrest
and apoptosis by ruthenium complex cis-(Dichloro)tetramineruthenium(lil) Chloride
in human lung carcinoma cells A549. Biological Trace Element Research 147:8-15.

20.Liu, H.-K.; Wang, F.; Parkinson, J. A.; Bella, J.; Sadler, P. J. Ruthenation of duplex
and single-stranded d(CGGCCG) by organometallic anticancer complexes.
Chem.;Eur. J. 2006, 12, 6151-6165.

21.Malina J, Novakova O, Keppler BK, Alessio E, Brabec V (2001). Biophysical
analysis of natural, double-helical DNA modified by anticancer heterocyclic
complexes of ruthenium(lll) in cell-free media. J. Biol. Inorg. Chem. 6:435-445.

22.Masubuchi Y and Horie T (2007) Toxicological significance of mechanism-based
inactivation of cytochrome p450 enzymes by drugs. Crit Rev Toxicol 37:389-412.

23.Menezes C, Depaulacosta L, Avila VMR, Ferreira MVC, Pavanin L, Homsi-
Brandeburgo MI, Hamaguchi A, Silveira-Lacerda EP (2007). Analysis in vivo of
antitumor activity, Cytotoxicity and Interaction between plasmid DNA and the cis-
dichlorotetraammineruthenium(lll) chloride. Chemico-Biological Interactions 167:
116-124.

24.Novakova O, Vrana O, Kiseleva VI, Brabec V (1995) DNA interactions of antitumor
platinum(IV) complexes. Eur J Biochem 228:616-624.

25.Novakova, O.; Chen, H.; Vrana, O.; Rodger, A.; Sadler, P. J.; Brabec, V. DNA
interactions of monofunctional organometallic ruthenium(ll) antitumor complexes in
cell-free media. Biochemistry 2003, 42, 11544-11554.

26.Pereira, F. C. ; Vilanova-Costa, C. A. S. T. ; Lima, A. P. ; Ribeiro, A. S. B. B. ; Silva,
H. D. ; Pavanin, L. A. ; Silveira-Lacerda, E. P. . Cytotoxic and Genotoxic Effects of



62

cis-Tetraammine(oxalato)Ruthenium(lll) Dithionate on the Root Meristem Cells of
Allium cepa. Biological Trace Element Research, v. 128, p. 258-268, 2009.

27.Rademaker-Lakhai JM, van den Bongard D, Pluim D, Beijnen JH, Schellens JH
(2004) A Phase | and pharmacological study with imidazolium-trans-DMSO-
imidazole-tetrachlororuthenate, a novel ruthenium anticancer agent. Clin. Cancer
Res. 10:3717-3727.

28.Rosell R, Reginald VNL, Taron M, Reguart N (2002). DNA repair and cisplatin
resistance in non-small-cell lung cancer. Lung Cancer 38: 217-/227

29.Schluga, P.; Hartinger, C. G.; Egger, A.; Reisner, E.; Galanski, M.; Jakupec, M. A,;
Keppler, B. K. (2006) Redox behavior of tumorinhibiting ruthenium(lll) complexes
and effects of physiological reductants on their binding to GMP. Dalton Trans. 1796-
1802.

30.Scolaro C, Bergamo A, Brescacin L, Delfino R, Cocchietto M, Laurenczy G,
Geldbach TJ, Sava G, Dyson PJ (2005). In vitro e In vivo Evaluation of Ruthenium
(IN)- Arene PTA Complexes. Journal Med. Chem. 48: 4161-4171

31.Scolaro, C.; Bergamo, A.; Brescacin, L.; Delfino, R.; Cocchietto, M.; Laurenczy, G.;
Geldbach, T. J.; Sava, G.; Dyson, P. J. In vitro and in vivo evaluation of
ruthenium(ll)-arene PTA complexes. J. Med. Chem. 2005, 48, 4161-4171.

32.Silveira-Lacerda EP, Vilanova-Costa CAST, Pereira FC, Hamaguchi A, Pavanin LA,
Goulart LR, Homsi-Brandeburgo MI, Soares AM, Santos WB, Nomizo A (2010). The
Ruthenium Complex cis-(Dichloro)Tetraammineruthenium(lll) Chloride Presents
Immune Stimulatory Activity on Human Peripheral Blood Mononuclear Cells.
Biological Trace Element Research 133:270-283.

33.Silveira-Lacerda EP, Vilanova-Costa CAST, Pereira FC, Hamaguchi A, Pavanin LA,
Goulart LR, Homsi-Brandeburgo MI, Soares AM, Santos WB, Nomizo A (2010b).
The Ruthenium Complex cis-(Dichloro)tetraammineruthenium(lll) Chloride Presents
Selective Cytotoxicity Against Murine B Cell Lymphoma (A-20), Murine Ascitic
Sarcoma 180 (S-180), Human Breast Adenocarcinoma (SK-BR-3), and Human T
Cell Leukemia (Jurkat) Tumor Cell Lines. Biological Trace Element Research
135:98-111.

34.Socinski MA (2004). Cytotoxic Chemotherapy in Advanced Non-Small Cell Lung
Cancer: A Review of Standard Treatment Paradigms. Clinical Cancer Research
10:4210-4214

35.Tang J, Wang Y, Wang D, Wang Y, Xu Z, Racette K, Liu F(2012). Key Structure of
Brij for Overcoming Multidrug Resistance in Cancer. Biomacromolecules,
dx.doi.org/10.1021/bm301661w



63

36.Vock, C. A.; Ang, W. H.; Scolaro, C.; Phillips, A. D.; Lagopoulos, L.; Juillerat-
Jeanneret, L.; Sava, G.; Scopelliti, R.; Dyson, P. J. Development of ruthenium
antitumor drugs that overcome multidrug resistance mechanisms. J. Med. Chem.
2007, 50, 2166-2175.

37.Wagner JM, Karnitz LM (2009) Cisplatin-induced DNA Damage Activates
Replication Checkpoint Signaling Components that Differentially Affect Tumor Cell
Survival. MOLECULAR PHARMACOLOGY 76:208-214.

38.Wang, F.; Chen, H.; Parsons, S.; Oswald, I. D. H.; Davidson, J. E.; Sadler, P. J.
Kinetics of aquation and anation of ruthenium- (Il) arene anticancer complexes,
acidity and X-ray structures of aqua adducts. Chem.;Eur. J. 2003, 9, 5810-5820.

39.Wang, F.; Xu, J.; Habtemariam, A.; Bella, J.; Sadler, P. J. Competition between
glutathione and guanine for a ruthenium-(ll) arene anticancer complex: detection of
a sulfenato intermediate. J. Am. Chem. Soc. 2005, 127, 17734-17743.

40.Wu J, Hu C, Gu Q, Li Y, Song M (2010). Trichostatin A sensitizes cisplatin-resistant
A549 cells to apoptosis by up-regulating death-associated protein kinase. Acta
Pharmacologica Sinica 31:93-101.

41.Yan, Y. K.; Melchart, M.; Habtemariam, A.; Sadler, P. J. (2005) Organometallic
chemistry, biology and medicine: ruthenium arene anticancer complexes. Chem.
Commun. 38:4764-4776.



64

ARTIGO 2

Cisplatin and Ru(lll) metallocomplexes induce diffe  rences on cellular
response and expression of multidrug resistance gen e MDR1(ABCB1)
and cytochrome P450 genes CYP3A4, CYP2C9 and CYP2C1 9 in
human chronic myelogenous leukemia cells (K-562).

Cesar Augusto Sam Tiago Vilanova-Costa® (vilanovacosta@gmail.com)
Hellen Karine Paes Porto® (paesporto@gmail.com)

Flavia de Castro Pereira® (pereirafc@gmail.com)

Aliny Pereira de Lima® (alinypereiralima@gmail.com)

Lucas Carlos Gomes Pereira? (pereira.lcg@gmail.com)

Bruno Pereira Carvalho? (brunocarvalhoufg@gmail.com)

Wagner Batista dos Santos® (wbsantos32@yahoo.com.br)

Elisangela de Paula Silveira-Lacerda® (silveiralacerda@gmail.com)

®Laboratério de Genética Molecular e Citogenética, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Goias - UFG, Goiania, Goiés, Brazil.
P|nstituto de Quimica, Universidade Federal de Mato Grosso - UFMT, Barra do Garca,
Mato Grosso, Brazil.
*Corresponding author: Elisingela de Paula Silveira Lacerda

E-mail: silveiralacerda@gmail.com

Laboratério de Genética Molecular e Citogenética

Instituto de Ciéncias Bioldgicas - ICB | - Sala 200

Universidade Federal de Goias

Campus Samambaia (Campus II)

Cx. Postal: 131

Goiania-GO, Brasil — 74

Phone/Fax +55-62-3521-1481

Cell Phone +55-62-9293-3121



65

Abstract

The multidrug resistance phenotype (MDR) is considered one of the major causes of
failure in cancer chemotherapy and it is associated with the over-expression of P-
glycoprotein (P-gp or MDR1) in tumor cell membranes. While cytochrome P450 proteins
are responsible for phase | metabolism of xenobiotics, P-gp, the product of the MDR1
gene, is an ATP-dependent pump that transports a wide variety of structurally diverse
compounds out of the cell, resulting in a decrease of its intracellular accumulation and it
is among the strongest prognostic factors in acute myeloid leukemia. The present study
aimed to investigate the relationship between the expression of MDR1 and CYP450
genes in human chronic myelogenous leukemia cells (K-562) treated with Cisplatin
(cisPt) and two Ruthenium-based coordinated complexes [ciSCRu(lIl) and cisDRu(lll)].
The tested compounds induced apoptosis in K-562 tumor cells as evidenced by
caspase 3 activation. Results also revealed that the amplification of P-gp gene is
greater in K-562 cells exposed to cisPt and cisCRu(lll) than cisDRu(lll). Taken together
all these results strongly demonstrate that MDR-1 over-expression in K-562 cells could
be associated to a MDR phenotype and moreover, it is also contributing to the Platinum,

and structurally-related compound, resistance in these cells.

Keywords: Cisplatin;  cis-(dichloro)tetrammineruthenium(lll)  chloride; cis-

tetraammine(oxalato)ruthenium(lll) dithionate, K-562, MDR-1, CYPs, Apoptosis.
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1. INTRODUCTION

Leukemia is a major type of cancer affecting a significant segment of the
population, and especially children. In fact, leukemia is the most frequent childhood
cancer, with 26% of all cases, and 20% mortality. Chemotherapy is a common
treatment for leukemia [1]. Chronic myelogenous leukemia (CML) cells are
characterized by the presence of a bcr-abl fusion gene, which produce a chimeric
protein known as Bcr-Abl with constitutive tyrosine kinase activity [2-3]. Imatinib
mesylate emerged as a very useful compound for clinical development, since it potently
inhibits all of the ABL tyrosine kinases and it has proven to be highly effective in the
treatment of the CML [4]. However, some leukemia relapse can occur and several
mechanisms of resistance were well described [5].

The multidrug resistance phenotype (MDR) is considered one of the major
causes of failure in cancer chemotherapy and it is associated with the over-expression
of P-glycoprotein (P-gp or MDR1) in tumor cell membranes. While cytochrome P450
proteins are responsible for phase | metabolism of xenobiotics, P-gp, the product of the
MDR1 gene, is an ATP-dependent pump that transports a wide variety of structurally
diverse compounds out of the cell, resulting in a decrease of its intracellular
accumulation [6 - 7] and it is among the strongest prognostic factors in acute myeloid
leukemia [8].

Heavy metal coordination complexes such as platinum, gallium and ruthenium
have been investigated for their possible antitumor activity [8-9]. Among the most
studied metal complexes, cisplatin and related platinum-based drugs have drawn much
attention. Since cisplatin [cis-diamminedichloroplatinum (Il)] was approved by the
American Food and Drugs Administration (FDA) for cancer therapy in 1978, it has
become the most widely used anticancer drug, with an estimated 70% of patients
receiving the compound as part of their treatment [10-11].

Whilst the chemotherapeutic success of platinum is undeniable, it is by no means
the perfect drug. It is not effective against many common types of cancer, toxicity and
drug resistance are common and it has a deplorable range of side effects, which can
include nerve damage, hair loss and nausea [12].

To overcome these limitations, some compounds based on ruthenium have been
developed and tested against cancer cell lines. Several studies have been shown that

ruthenium compounds present relevant antineoplastic activities towards several tumor
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lineages in vitro and in vivo, as well as antimetastatic properties with lower systemic
cytotoxicity, when compared to platinum-based compounds; additionally, these
ruthenium compounds were shown to have a greater effect on tumor cells than on
normal cells [13-14].

The molecular mechanism of multidrug resistance to chemotherapy remained
largely unknown in leukemic K-562 cells. Since previous studies show that the
resistance to chemotherapy exhibited in multidrug-resistant human leukemic K-562 cells
was mediated by P-gp and others CYP450 proteins, the present study aimed to
investigate the relationship between the expression of MDR1 and CYP450 genes in
human chronic myelogenous leukemia cells (K-562) treated with Cisplatin and two
Ruthenium(lll) compounds.

2. MATERIAL AND METHODS
2.1. Ruthenium (1ll) compound synthesis, Cisplatin and Chemicals

The Ruthenium(lll) complexes cis-(dichloro)tetrammineruthenium(lil) chloride
{cis-[RuCl>(NH3)4JCIl} and cis-tetraammine(oxalato)ruthenium(lll)  dithionate {cis-
[RU(C202)(NH3)4]2(S206)} were synthesized at the Chemistry Institute of Universidade
Federal de Mato Grosso by the methods described in detail previously [15, 16, 17].
Cisplatin [cis-diamminedichloroplatinum (I)] was obtained from Sigma-Aldrich (Sigma-
Aldrich Corp, St. Louis, MO, USA).

The stock solutions of Ru(lll) complexes and cisplatin were freshly prepared
before use in DMSO (Sigma-Aldrich Corp, St. Louis, MO, USA). The final concentration
of DMSO in cell culture medium did not exceed 0.25% (v/v).

2.2. Cell culture

The human chronic myelogenous leukemia cells (K-562 ATCC®# CCL-243™)
were purchased from the American Type Culture Collection (ATCC, Rockville, MD,
USA). Tumor cells were cultured in RPMI 1640 medium (pH 7.2 — 7.4) at 37 °C, under a
5% CO, humidified atmosphere. Media were supplemented with 100 U mL™ penicillin G,
100 pg mL™ streptomycin, 2 mM L-glutamine, 1.5 g L™ sodium bicarbonate, 4.5 g L™
glucose, 10 mM HEPES, 1.0 mM sodium pyruvate and 10% fetal calf serum (FCS) (w/v)
(all reagents were obtained from Gibco®, Invitrogen, Carlsbad, CA, USA) and
subcultured 2—-3 times a week at an appropriate plating density.
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2.3. Cell viability determination by MTT assay.

The cytotoxic activity of Ruthenium(lll) compound was measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as previously
described [18]. Cisplatin and Ru(lll) metallodrugs were added to final concentrations
from 0 to 500 yM. The logarithmically growing K-562 cells were washed twice with
supplemented RPMI medium and centrifuged at (1,000 rpm) 300xg/15 min/10 °C. Cells
were plated at a density of 5x10* cells/well into flat-bottomed 96-well microplates
(Techno Plastic Products, Trasadingem, Switzerland) and cultured for 24 h.

Cell death was evaluated after tumor cells were exposed to the complexes for 24
h; then, after removal of of medium with the complexes, a fresh medium was added,
and cells were incubated for 48 h of recovery time. Then, 10 pL MTT (5 mg mL™)
(Sigma-Aldrich, St. Louis, MO, USA) was added to each well and incubated for an
additional 6 h. The microplates were then centrifuged (300xg/15 min/10 °C) and the
culture media were discarded. Then, 200 pL of PBS/20% of SDS was added to each
well and plates were kept in the dark overnight.

Absorbance was measured at 545nm (ODs4snm) USINg an automated microplate
reader (Stat Fax 2100, Awareness Technology Inc, Palm City, FL, USA). The viability
rate was calculated as follows: Viability (%) = (absorbance of the treated
wells)/(absorbance of the control wells)x100%. The ICso values (compound
concentration that produce 50% of cell growth inhibition) were calculated from curves
constructed by plotting cell survival (%) versus drug concentration (uM) using GraphPad
Prism 4.02 for Windows (GraphPad Software, San Diego, CA, USA). All experiments

were made in triplicate.

2.4. Cell toxicity measurement with LDH assay

LDH is a cytoplasmic enzyme, and LDH reduction is often associated with cell
membrane damage and cell death [19]. The activity of LDH was measured
spectrophotometrically by assaying reduced nicotinamide adenine dinucleotide (NAD)
oxidation at 510 nm during LDH-catalyzed reduction of pyruvate to lactate. Briefly, cells
were cultured at a density of 5x10* cells/well into flat-bottomed 96-well microplates
(Techno Plastic Products, Trasadingem, Switzerland) and incubated for 24 h with
Cisplatin and Ruthenium(lll) complexes at 1Cso concentrations. After 24h of incubation,
the cell culture supernatant was removed and centrifuged to eliminate nonadherent

particles and cell debris. Samples of supernatant for each drug tested were then
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analyzed for DHL activity using a DHL colorimetric kit (Doles LTDA, Goiania, GO,

Brazil). All experiments were made in triplicate.

2.5. Reverse transcription and Real time quantitati  ve PCR

The human chronic myelogenous leukemia cells K-562 were treated with
different concentrations of Ru(lll) complexes and Cisplatin for different periods. Total
RNA was extracted with Tri Reagent® (Sigma-Aldrich Co., St. Louis, MO, USA)
following the manufacturer’s protocol. Total RNA (2.0 ug) was used to produce cDNA
with ABgene one-step Verso™ RT-PCR Kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA) in a total of 25 pL reaction mixture according to the manufacturer’s protocol.
Real-time PCR reactions were then carried out by a LineGene K fluorescence
guantitative PCR detection system (Hangzhou BIOER Tech Co., Tokyo, Japan). Homo
sapiens apoptosis-related cysteine peptidases (Caspases) 3, 8 and 9 mRNAs
expression were quantified for apoptosis cell profiling using specific primers (Table 1).

Futhermore, MDR-1 mRNA [Homo sapiens ATP-binding cassette, sub-family B
(MDR/TAP), member 1 (ABCB1)]; CYP3A4 mRNA (Homo sapiens cytochrome P450,
family 3, subfamily A, polypeptide 4); CYP2C9 mRNA (Homo sapiens cytochrome
P450, family 2, subfamily C, polypeptide 9) and CYP2C19 mRNA (Homo sapiens
cytochrome P450, family 2, subfamily C, polypeptide 19) were detected in order to
evaluate the expression profile of these genes in cells exposed to the Cisplatin and
Ruthenium(lll) complexes (Table 1).

A total of 25 pL reaction mixture: 2 puL of cDNA, 10 pL of SYBR Green PCR
Master Mix (LGC Biotecnology, Middlesex, UK), 2.5 pL of each forward and reverse
primer (100nM.pL™). The PCR program was initiated at 15 minutes at 95°C before 40
thermal cycles, each of 30s at 95°C and 30s at 55°C and 30s at 72°C. Data were
analyzed according to relative quantification method. Each sample was normalized by
the expression of following endogenous genes: GAPDH (Homo sapiens
glyceraldehyde-3-phosphate dehydrogenase) and B2M (Homo sapiens beta-2-
microglobulin) (Table 1). Checking of the products was performed by melting curve

analysis and agarose gel eletroforesis of qPCR products.
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Table 1. Primers sequences used in Reverse Transcription Real Time Quantitative Polymerase Chain
Reactions.

. Amplicon
Primer Sequence length
Homo Sabiens Casbase 3 Forward 5-CCTCTTCCCCCATTCTCATT-3’ 192 ob
P P Reverse 5-CCAGAGTCCATTGATTCGCT3' P
Homo sapiens Caspase 8 Forward 5-GGAGTTAGGCAGGTTAGGGGE? 188 ob
P P Reverse 5-GCTTCCTTTGCGGAATGTAGS P
Homo saniens Caspase 9 Forward 5'-AACAGGCAAGCAGCAAAGTT-3' 108 ob
P P Reverse 5-CATGCTCAGGATGTAAGCCA-3' P
. Forward 5-CTATGCTGGATGTTTCCGGT-3
Homo sapiens MDR-1 Reverse 5- GCTTTGGCATAGTCAGGAGC-3 147 pb
. Forward 5'- GAAACACAGATCCCCCTGAA-3'
Homo sapiens CYP3A4 Reverse 5'- CATGTACAGAATCCCCGGTT-3 250 pb
. Forward 5'- TCTGGTTGACCCAAAGAACC-3'
Homo sapiens CYP2C9 Reverse 5'- AGGCCATCTGCTCTTCTTCA-3' 110 pb
. Forward 5'- GCTGCATGGATATGAAGTGG-3’
Homo sapiens CYP2C19 Reverse 5-GCTTCCTCTTGAACACGGTC-3 219 pb
. Forward 5'- ACAGTCAGCCGCATCTTCTT-3
Homo sapiens GAPDH Reverse 5-GTTAAAAGCAGCCCTGGTGA-3 127 pb
Homo sapiens B2M Forward 5-GTGCTCGCGCTACTCTCTCT-3 143 pb

Reverse 5-TCAATGTCGGATGGATGAAA-3’

2.6. Statistical analysis

Statistical analysis of the results was performed using one-way ANOVA and
Tukey’s post test for multiple comparisons with controls. All statistical analyses were
performed using the statistical software GraphPad Prism 4 (GraphPad Software Inc., La
Jolla, CA, USA). A probability of 0.05 or less was deemed statistically significant. The

following notation was used throughout: *p<0.05, **p<0.01, relative to control.

3.0. RESULTS

3.1 The dose dependent cytotoxicity of  cisPt, cisCRu(lll) and cisDRu(lll) on K-562
tumor cells
The anticancer drug cis-diamminedichloroplatinum(ll) [cisPt] and two

Ruthenium(lll) complexes, cis-(dichloro)tetrammineruthenium(lll) chloride [cisCRu(lIl)]
and cis-tetraammine(oxalato)ruthenium(lll) dithionate [cisDRu(lll)] (Fig. 1), were
evaluated in a comparative in vitro MTT cell viability assay with human chronic

myelogenous leukemia cell line K-562.
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Fig. 1 Chemical structure of cis-diamminedichloroplatinum(ll)[a], cis-(dichloro)tetrammineruthenium(lil)
chloride [b] and cis-tetraammine(oxalato)ruthenium(lll) dithionate [c].

Cell viability was detected after the cells were treated with cisPt, cisCRu(lll) and
cisDRu(lIl) at concentrations from 0.2 to 500 uM for 24 h.

Measurement of the number of living cells using MTT or similar assays in drug-
treated and control cultures is the most commonly used method in cell-based screening
experiments. The results can be interpreted as an indicator for the cytotoxic selectivity
of the applied drug toward tumorigenic tissue. The 1Cso values for compounds tested are
depicted in Table 2. The data indicate that cisDRu(lll) is the less cytotoxic compound of

three on tested cell line, followed by cisPt and cisCRu(lll) (Fig. 2).

Table 2. ICy, values of compounds cisPt, cisCRu(lll) and cisDRu(lll) on tumorigenic K-562 cell line after
48 h of incubation, determined using the MTT Assay. Results are expressed as means (z error) of at least
two independent experiments

Compound ICs59 K-562 (UM)
cisPt 81.01 (+ 6.42)

cisCRu(lIn) 80.40 (£ 6.16)

cisDRu(lll) 46.51 (+ 6.56)

Although the cytotoxicity of cisDRu(lll) on K-562 presented be lower than the
others two metallocomplexes, the results show that K-562 tumor cells treated with
different concentration of cisPt and Ruthenium complexes cisCRu(lll) and cisDRu(lll),
Ruthenium-based coordinated complexes, presented moderate cytotoxic and

antiproliferative activities.
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Fig. 2 Effect of cisPt, cisCRu(lll) and cisDRu(lll) (0.2 - 500 uM) upon cell viability, determined by MTT
assay in human K-562 tumor cells. Data are mean + SD (n = 3).

3.2. Cytomembrane damage of K-562 cells induced by cisPt and Ruthenium(lll)
complexes
The lactate dehydrogenase (LDH) release experiments (Fig. 3) using K-562 ICsg

concentrations of cisPt, cisCRu(lll) and cisDRu(lll) showed loss of cell vitality, which
corroborates results observed on MTT assays. The compound cisDRu(lll) caused K562
cytomembrane damage on a scale higher than cisPt and cisCRu(lll). Thus, under the
same condition, cisDRu(lll) a DHL release induction approximately 3.4 fold than
negative control, while cisCRu(lll) and cisPt, showed a induction of 2.2 and 2.3 fold,

respectively.
c
600~
_*.f.*_
500
b
- 400- -
S 300-
T
a
= 200+ a
100
0 . : T
N N D
(¢ \)Q\ QQQ
9 < 3
o & S
K & &
&
X\
(o
\'\Q;
\)Q

Fig. 3. Effect of cisPt, cisCRu(lll) and cisDRu(lll) (ICsq concentration) upon K-562 cellular membrane
integrity determined by LDH activity (U.l./L), in human K-562 tumor cells. Data are mean + SD (n = 3).
Significant differences from the untreated control are indicated by **p < 0.01; ***p < 0.001. Means among
bars without a common letter are statistically different (Tukey’s test, p < 0.05).
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3.3. Caspase activity and apoptosis on K-562 tumor cell line

The effects of cisPt, cisCRu(lll) and cisDRu(lll) on mRNA expression of caspase
3, caspase 8 and caspase 9 were analyzed by Real-Time Quantitative PCR after 6
hours of treatment. Activation of caspase 3 plays the central role in the initiation of
apoptosis and is a hallmark of apoptosis in response to death inducing signals
originated from cell surface receptors, mitochondria or endoplasmic reticulum [20]. The
MRNA expression of caspase 3 on K-562 tumorigenic cell line was increased after 6h
exposure to cisPt (1.35 fold), cisCRu(lll) (1.43 fold) and cisDRu(lll) (1.6 fold) (Fig. 4).
The activities of caspase 8 and caspase 9 changed modestly in treated cells when
compared to untreated control cells. As caspase 3 was reported to be an important key
executioner of apoptosis (Dorrie et al. 2001), the most preeminent induction of caspase
3 expression by cisDRu(lll) when related to cisPt and cisCRu(lll) levels, could probably
explain the relative low ICsq of cisDRu(lIl).

39 Untreated K-562 cells
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Fig. 4. Alterations of caspases expression after treatment with cisPt, cisCRu(lll) and cisDRu(lll), for 6h.
Samples are in relation to the untreated control cell line with a transcription rate set up to a value of one.
The data are expressed as meantSEM of n=3. Significant differences from the untreated control are
indicated by **p < 0.01. Means among bars without a common letter are statistically different (Tukey’s
test, p < 0.05).

3.4. Determination of multidrug resistance phenotyp e in K-562 tumor cell line

The levels expression of MDR and CYPs genes in K-562 tumor cells were
evaluated by real-time reverse-transcription PCR using specifics primers. Although K-
562 tumor cells have never been exposed to cisPt, cisCRu(lll) and cisDRu(lll) before
these experiments, gPCR analysis revealed that the amplification of MDR-1 and CYPs

genes are greater on K-562 cells treated with metallocomplexes compared to untreated
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cells. As shown in Fig. 5, treatment of K-562 with cisPt, cisCRu(lll) and cisDRu(lll)
resulted in significantly induced MDR-1 expression levels. K-562 tumour cells treated
with cisCRu(lll) and cisDRu(lll) for 24h shown that MDR1 gene expression was up-
regulated by 8.1 to 9.3 and 4.2 to 6,1 fold for 24 and 48h respectively, as compared to
control. Not withstand, the K-562 cells treated with cisPt shown an increase of MDR

expression by 21.9 and 23.1 for 24 and 48h treatment.

Untreated K-562 cells
[IcisCRu (80uMm)

I cisDRu (50uM)

I cisPt (80uM)

MDR-1 mRNA Transcription rates

Fig. 5. Alterations of MDR1-mRNA expression using RT-gPCR after treatment with cisPt, cisCRu(lll) and
cisDRu(lll), respectively, for 24 and 48h. Samples are in relation to the untreated control cell line with a
transcription rate set up to a value of one. The data are expressed as mean+SD of n=3. Significant
differences from the untreated control are indicated by **p < 0.01; **p < 0.001. Means among bars
without a common letter are statistically different (Tukey’s test, p < 0.05).

To evaluate the clinical relevance of the observations that certain anticancer
drugs are able to induce Cytochrome P450 (CYPs) genes activity, and mRNA and
protein expression levels, expression levels of CYPs was quantified by real-time PCR

after treatment with metallodrugs (Fig. 6).
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Fig. 6. Alterations of CYPs mRNAs expression using RT-gPCR after treatment with cisPt, cisCRu(lll) and
cisDRu(lll), respectively, for 24 and 48h. Samples are in relation to the untreated control cell line with a
transcription rate set up to a value of one. The data are expressed as mean+SD of n=3. Significant
differences from the untreated control are indicated by **p < 0.01; **p < 0.001. Means among bars
without a common letter are statistically different (Tukey’s test, p < 0.05).

CYP2C9 is an important cytochrome P450 enzyme with a major role in the
oxidation of both xenobiotic and endogenous compounds. The metallocomplexes did
not exert a significant effect on induction of CYP3A4 expression on K-562 cells. On the
other hand, cisPt, cisCRu(lll) and cisDRu(lll) enhanced CYP2C9 and CYP2C19 mRNAs
expression levels; cisDRu(lll) caused a fivefold CYP2C9 increase, while cisPt and
cisCRu(lll) were shown to increase the expression of CYP2C9 by three and fourfold,
respectively, after 48 hours or treatment. CYP2C19 also showed an increasing on

MRNA levels, although they were more modest than those presented by CYP2C9.

4.0. DISCUSSION

Metal-based chemotherapy for cancer treatment has been broadly used for many
decades, and cisplatin, an inorganic platinum complex, is one of the most widely used
metal-based anticancer drugs [21]. Cisplatin is known to exert its anticancer effects by
interacting with DNA and inducing programmed cell death and has proven to be a highly

effective chemotherapeutic agent for treating a variety of cancers, especially testicular
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cancer, for which it has a >90% cure rate [22]. Unfortunately, similar to most
chemotherapeutic agents, cisplatin is nonselective and attacks other types of rapidly
dividing cells in the body, such that nearly all people treated with cisplatin experience
gastrointestinal problems, including intense nausea and vomiting [21].

The issue of drug resistance should also be considered. The cellular
mechanisms leading to MDR are still not fully understood, and several factors seem to
be of importance [23]. Most frequently discussed are (a) lowering of the intracellular
concentration of the drug either by blocking uptake or increasing efflux, (b) increased
rates of repair of the drug damage, and (c) accelerated rates of drug inactivation by
protein binding (e.g., metallothionine and glutathione-S-transferase) and conjugation to
small molecules such as glutathione [7].

It has been shown that MDR cells overexpress certain efflux proteins, which
leads to a significantly lower intracellular level of chemotherapeutical agents. The most
prominent example of this superfamily of proteins, for which a similar mechanism of
action is assumed, is P-glycoprotein (P-gp) or MDR protein (MRP1). MRP1 mainly
transports neutral and charged molecules in unmodified form, but it can also accept
metabolized substrates such as GSH, glucuronide, or sulfate conjugates [24, 25].

In this study, we have investigated the effects of Platinum and Ruthenium-based
compounds on transmembrane transport proteins involved in drug efflux (MDR-1).
Furthermore, the expression of cytochrome P450 genes was also analyzed. Results
demonstrate that human chronic myelogenous leukemia cells K-562 expressed high
levels of P-gp, as detected by RT-PCR analyses (Fig. 5). This is in line with previous
reports, in which MDR-1 expression was detected in K-562 tumor cells treated with
cisPt.

Results also revealed that the amplification of P-gp gene is greater in K-562 cells
exposed to cisPt and cisCRu(lll) than cisDRu(lll). It's important to note that structurally-
related compounds might act relatively equally, inducing the expression of these
proteins. K-562 tumor cells treated with the metal complexes cisPt and cisCRu(lll),
pretty similar compounds, have much higher levels of MDR-1 expression than cells
treated with cisDRu(lll), a broader and more complex compound. These results strongly
demonstrate that P-gp overexpression in K-562 cells could be associated to a MDR
phenotype and moreover, it is also contributing to the Platinum, and structurally-related
cisCRu(lIl) compound, resistance in these cells.
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All metal compounds used in this study induced specific members of cytochrome
P450 families. The three compounds tested, cisPt, cisCRu(lll) and cisDRu(lll),
enhanced CYP2C9 and CYP2C19 mRNAs expression levels but only cisDRu(lll)
affected CYP3A4 mRNA expression levels (Fig. 6).

CYPs isoforms are involved in the metabolism of a number of therapeutic drugs
[26]. Pharmacogenetic variations in CYP2C family leads to inappropriate concentration
of drugs and their metabolites, which may result in toxicity and risk of adverse drug
reactions, or lack of therapeutic benefits [27]. Poor metabolizer (PM) and extensive
metabolizer (EM) phenotypes has been demonstrated based on the ability to metabolize
CYP2C substrates [28]. Our results suggest that cisDRu(lll) induces CYP2C9 and
CYP2C19 activity, in a manner much more intense than cisPt and cisCRu(lll), and this
activity could be involved in cisDRu(lll) mechanism of action, since CYP2C family is
known to be involved in the bioactivation of some environmental procarcinogen(s) and
therapeutic agents to reactive DNA binding metabolites [29, 30, 31]. We also observed
an increase CYP3A4 mRNA expression in human erythroleukemic K562 cells treated
with cisDRu(lll). This compound also shows the lower IC5y concentration and MDR1
gene expression levels. Together, with the high expression of caspase 3 and caspase
9, results indicate apoptosis as a consequence of oxidative stress induced by intrinsic
pathway. This stress induced apoptosis may occurs by a mechanism that involves
altering mitochondrial permeability and subsequent cytocrome release and formation of
the Apoptosome, a catalytic multiprotein platform that activates Caspase9. Activated
Caspase9 then cleaves Caspase3 resulting in downstream events involved in cell
death. Ruthenium complexes have been shown to have DNA-binding activities that can
inhibit tumor cells growth. It also have been demonstrated that treatment with
Ruthenium(lll) complexes causes DNA damage and oxidative stress in a number
cancer cells [8, 17, 32].

Cell death under physiological conditions usually occurs via apoptosis.
Morphologically, the most obvious characteristics of this form of cell death are
cytoplasmatic and nuclear condensation, followed by internucleosomal DNA cleavage,
membrane blebbing, and finally cell fragmentation [33]. Cell death due to apoptosis has
received much attention, since it has been found that many chemotherapeutic drugs
induce apoptosis in a variety of tumour cell [34].

The mechanisms of apoptosis mainly involve two signaling pathways identified

according to the initiator caspase: the death receptor pathway involving caspase-8
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(extrinsic), and the mitochondrial pathway (intrinsic), in which various signals can trigger
the release of harmful proteins by mitochondria into the cytoplasm, leading to activation
of caspase-9. Both pathways result in the downstream activation of caspase-3.
Caspase-3 is able to cleave a variety of substrates, thereby contributing to the typical
morphological and biochemical features observed in apoptosis inducing DNA
fragmentation [35, 36, 37, 38].

In the present study, our results showed clearly that cisPt, cisCRu(lll) and
cisDRu(lll), induced apoptosis in K-562 tumor cells as evidenced by caspase 3
activation. However, only a slight increase in caspase 8 and 9 activation was observed
in K-562 treated cells. This result could be related to the fact that caspase 8 and 9 are
considered to be an important initiating event in apoptosis, whereas caspase 3 is
involved in the effector phase of the apoptotic process [38]. Based on this evaluation, it
is possible that caspases play an important role in the activation and executioner phase
of Platinum and Ruthenium compounds-induced apoptosis.

Several studies have shown that ruthenium complexes, such as Nami-A,
KP1019, and RAPTA-C, induce apoptosis through caspase activation, particularly
caspase 3 [40, 41]. On the other hand, it has been described that P-gp protects MDR
cells from apoptosis by inhibiting caspases-8, as P-gp positive cells have been found to
resist the apoptotic death [42 - 44]. In our leukemic cell model K-562, the acquisition of
the MDR phenotype is associated with high levels of P-gp activity on cells treated with
cisPt. However, taking into account the diversity of the intrinsic factors involved in the
regulation of apoptotic pathways in different cancer cells, we cannot exclude the
possibility that there may be other factors, apart from P-gp expression, that may block
the caspase 8 and even caspase 3 enzymatic activities. Additionally, at present it
cannot be ruled out that the induction of 170-kDa P-gp expression has other effects on
key cellular metabolic pathways, which could influence the cellular sensitivity to
apoptosis inducers. Further experiments should be made to clarify this issue.

In summary, the data presented here clearly show that cisPt, cisCRu(lll) and
cisDRu(lll) induces apoptosis in human K562 cells, as verified by caspase 3 activation.
Although some genes that confer multi-drug resistance are known, it is clear that many
other genes remain to be identified. Based on this investigation, we propose that
Cytochrome P450 genes represent a useful chemosensitivity marker in K-562 cells,
especially Cyp3A4. We plan to investigate other cell lines and other P450 proteins that

may be associated with in its role in drug-resistance. It is anticipated that the continued
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identification and characterization of novel mechanisms of drug resistance will enable
the development of a new generation of anti-cancer drugs that increase cancer

sensitivity and/or represent more effective chemotherapeutic agents.
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6.0. CONCLUSOES

O ataque indiscriminado promovido pelas drogasnaaplasicas as células de rapida
proliferacdo, indistintivamente cancerosas e nasnmabduz os indesejaveis efeitos colaterais ou
toxicos (Kelland, 2007). Atualmente, os complexastaticos de platina sdo muito utilizados no
tratamento de uma variedade de neoplasias. Porémuycesso clinico desses farmacos
antitumorais platinados € limitado pelos efeitomtewais significantes causados nos pacientes e
pela resisténcia adquirida ou intrinseca de vano®res (Wu et al., 2010). Devido a sua relativa
inespecificidade, estes antineoplasicos tornanBgEds também para os tecidos saudaveis,
principalmente aqueles que apresentam um maior dgaoroliferacdo. Consequentemente, 0s
esforcos dos pesquisadores agora estéo direcionadeentido de se estudar e produzir agentes
antitumorais mais seletivos. Estudos de sintesevadiagdo farmacoldgica de compostos
contendo ions metalicos diferentes de platina téspertado grandes interesses na terapéutica do
cancer.

Complexos contendo ruténio, um metal do grupo déina, tém demonstrado potencial
antitumoral, com menor toxicidade sistémica quawsdmparados aos de platina (Silveira-
Lacerda et al., 2010b; Lima et al., 2012). Estutksses rutenatos poderéo levar a descoberta de
drogas mais eficazes, que agiriam especificamesgenmecanismos moleculares da neoplasia,
com um grau bem menor de toxicidade. Para istnatorse necessarios estudos que delineiem o
perfil de ac&o bioldgica desses compostos de mténcom base nesse principio que o presente
trabalho foi realizado. Para tanto, utilizamos dmmplexos metélicos de ruténio, o Cloreto de
cis-(dicloro)tetraaminoruténio(lll) e o Ditionato deis-tetraammino(oxalato)ruténio(lll),
compostos que vém sendo estudados por Silveiradace colaboradores, a mais de uma
década (Silveira-Lacerda, 2003; Menezes et al.7,2Béreira et al., 2009; Ribeiro et al., 2009,
Silveira-Lacerda et al., 2010b, Lima et al., 2Qlima et al., 2012).

Foram escolhidas duas linhagens celulares de caacégucemia mieldide cronica
humana (K-562) e o carcinoma de pulmé&o humano (Ap4fa a realizacdo dos estudos. Esta
escolha se norteou pelo fato dos dois tipos seraito iffequentes e ambos apresentarem intensa
resposta de resisténcia, quando em tratamento complexos metalicos de platina em pacientes
(American Cancer Society, 2013). Desta forma, awadis os efeitos bioldgicos de citotoxicidade
e inducdo da expressdo génica de marcadores reddo® a resisténcia e metabolizacdo de
drogas, Glicoproteina-P e Citocromos P450. Esteegyéoram escolhidos devido ao fato de
estarem mais intimamente relacionados aos mecasibioldgicos de resisténcia ao tratamento,

gue levam a uma baixa resposta terapéutica emnpegigatados com quimioterapicos.
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Face aos resultados obtidos nos experimentosadabz podemos concluir que:

1. Os complexos de ruténio cloreto deis-(dicloro)tetraaminoruténio(lll) e ditionato de
cistetraammino(oxalato)ruténio(lll) sdo citotoxicos & células tumorais de leucemia
mielbide crénica humana K-562 e de carcinoma de pmiéo humano A549.

« Dentre o0s dois complexos de ruténio estudados, d¢iondio de cis
tetraammino(oxalato)ruténio(lll) foi o que produznaior efeito citotéxico nos modelos
tumorais estudados, apresentando umg df¢ 175 uM frente ao carcinoma de pulméo
A459 e de 46,51 uM na leucemia mielbide crénicabR:5

* O complexo de ruténio cloreto des-(dicloro)tetraaminoruténio(lll) apresentou atixitk
citotoxica com IGy de 80,40 uM em leucemia mieldide cronica K-562npativel com a
apresentada pela droga antitumoral de platina{dpl@tina, apresentou igde 81,01 uM

na mesma linhagem tumoral K-562.

2. Os complexos de ruténio e de platina induziram moet celular nas linhagens tumorais
estudadas, presumivelmente por apoptose, devido aaumento significativo da
expressao de genes pro-apoptoticos, como Caspasé 8,9.

* Dentre os compostos estudados, o ditionatgisietraammino(oxalato)ruténio(lll) foi o
gue mais induziu a epressdo de caspases, espetmlmeaspase 3 em cerca de 1.5 na
linhagem celular de leucemia mieldide crénica hoenlé562 e 7,3 vezes no carcinoma de
pulm&o humano A549.

3. As linhagens tumorais K-562 de leucemia mieldide @nica humana e A549 de
carcinoma de pulm&o humano expressam MDR1 quandodtadas com complexos de
ruténio(lll) e platina(ll).

e Apesar de todos os complexos metalicos estudadgsresente estudo terem induzido
aumento da expressdo do gene MRD1 nas linhagensraismestudadas, o complexo
ditionato de cis-tetraammino(oxalato)ruténio(lll) foi o que menostimulou a sua

expressao.

4. Foi observado o aumento da expressao das CYPs 3A%C9 e 2C19 em linhagens
tumorais K-562 de leucemia mieléide crénica humana A549 de carcinoma de pulméao
humano, e em diferentes niveis, quando tratadas comomplexos de ruténio(lll) e

platina(ll).
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* O complexo metélico ditionato des-tetraammino(oxalato)ruténio(lll) foi o que mais

estimulou a expressao de CYPs nas células tunKbéid e A549, em especial a CYP2CO9.

5. A estrutura molecular do composto parece estar inthamente relacionada com a sua
capacidade citotéxica, de indugcdo de estresse oxida, de apoptose, e de inducdo na
expressdo de genes de resisténcia a multiplas dregdViIDR) e de metabolismo e

detoxificacdo de farmacos CYPs em células tumoralisucémicas K562 e carcinomas de
pulméo A549.
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7.0. CONSIDERACOES FINAIS

Foi com a descoberta da atividade antimitoticaisiglatina por Rosenberg na década se
1960 e 70, em seu célebre estudo com bactBsakerichia coli que surgiu o interesse em
sintetizar e entender as bases moleculares resgisigelo mecanismo de agdo biolégica dos
compostos metdlicos, visto que a prépria cispldinanicialmente sintetizada por Peyrone nos
idos de 1840.

Os primeiros estudos envolvendo o uso de compleraialicos de ruténio como agentes
antitumorais foram realizados por Tochter no fidas anos 1980 (Dale et al., 1992). Aquela
época, foi inferido que todos os compostos de ii@oresentavam como mecanismo de agéo, a
sua ligacdo com o DNA, formando adutos e desenoddeprocessos celulares de natureza
deletéria que, por fim, levariam a morte celularinteressante lembrar que esse é o mesmo
mecanismo de acdo dos compostos de platina matissages dias atuais.

Sadler e Dyson (2003) estudando compostos de outfre continham cloro em sua
estrutura, como o cloreto deis-(dicloro)tetraaminoruténio(lll) dis-[RuCl(NH3)4|Cl],
observaram que estes compostos apresentavam nmegsarde acdo bioldgica muito parecidos
com os apresentados pela cisplatina [PHNEL,], onde a hidrdlise da ligagcdo Ru—Cl pode ser
fortemente influenciada pela natureza dos coligaptesentes na estrutura do rutenato, como
grupamentos amino ou até mesmo pela presenca mestbe carbono. A alta concentracdo de
cloretos no sangue permite a esses compostos enstdévados por proteinas séricas, chegar até
as células e atravessar sua membrana celular @anudma vez no interior do nucleo, a ligagédo
Ru—CI é hidrolisada, devido a queda abrupta daesdrecdo de cloretos (que é cerca de 25
vezes menor), levando o composto a se ligar ao DiN#is especificamente a posicdo N7 da
base nitrogenada guanina.

Por outro lado, compostos que ndo possuem cloreuanestrutura, parecem apresentar
mecanismos de acao diferentes ao padrao "ligacaDNA'. Sabe-se que compostos que
apresentam carboxilatos em sua molécula, comdbamatina, oxaliplatina e o préprio ditionato
de cis-tetraammino(oxalato)ruténio(Il1Jis-[Ru(C,0,)(NHz3)4]2(S:06)], uma vez no interior das
células, séo hidrolisados muito mais lentamentguw os compostos ricos em cloretos, o que
leva a um acumulo desses compostos no citoplasm@uindo sua migracdo até o nucleo e,
assim reduzindo a sua capacidade de se ligar aa DNA

Mas se o0 DNA nao € o alvo desses compostos, eniéo poderia ser?
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Essa pergunta esta sendo respondida com recemte®ssque revelaram a interacéo
desses compostos, ricos em carboxilatos, com umad®mide proteinas e enzimas, que vao
desde catepsinas, chegando até mesmo a Pgp (M&cBadler, 2008).

Estudos realizados por Dyson e colaboradores (2@@ifigando alguns inibidores da
proteina Pgp, como fenoxazinas e antracenos, auauide com compostos de ruténio,
observaram que estes novos complexos ndo somditarima acdo da enzima, como também
induziram morte celular, demonstrando uma multifomalidade. Seguindo essa linha de
pensamento, acreditamos que a capacidade do campaltionato de cis
tetraammino(oxalato)ruténio(lll) em induzir apomoras células tumorais, assim como 0s
baixos niveis de expressdo de Pgp apresentadasqgédldas tratadas, corroboram os resultados
previamente observados por outros grupos, utilizaenpostos de ruténio similares.

A resisténcia a farmacos mediada por Pgp € o nsmoande MDR mais estudado
atualmente. Apesar do desenvolvimento de novostegemtitumorais, a MDR mediada pela
Pgp protege as células de possiveis agentes dtos)Nimitando a eficacia dos tratamentos
quimioterapicos em pacientes com cancer. Atualmenéxtensa maioria dos inibidores da Pgp
disponiveis estdo associados a varios inconvesientpie limitam o0 seu uso no
reestabelecimento da eficacia da quimioterapianaopilasica, apés o aparecimento do fenotipo
MDR. A procura de inibidores de Pgp alternativosmcum processo sintético exequivel e
efeitos secundarios reduzidos, continua a ser usafidepara os quimicos, farmacéuticos e
pesquisadores. E nesse contexto que estdo sendovdleios e estudados novos agentes
antitumorais que possam agir como inibidores de, Bgpesentando um efeito dual, ou até
mesmo multifuncional, no tratamento clinico daspt@sias malignas.

Muito tem se discutido que a proxima geracdo dendaps antitumorais podera ser
formada por substancias que se ligam a mais daiquanico alvo terapéutico, o que poderia
acelerar tratamento contra a doenca, reduzindonterale a concentracdo de farmacos que
deveriam ser administrados, como 0s coquetéisnatumk utilizados, e até mesmo aumentando a
adesao ao tratamento por parte do paciente.

No presente trabalho, estudamos dois complexositéeio, o cloreto e o ditionato de
ruténio(lll), que se apresentam como promissorepassivel desenvolvimento de um novo
farmaco antitumoral. Essa promessa transparecatoode ambos serem de sintese quimica
relativamente simples (processo sintético exequieprincipalmente, por apresentarem efeito
biologico de interesse em células tumorais, conmtaiicidade e indugcdo de morte celular,

especialmente por apoptose.
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Pelo que foi observado nos resultados de nossalipas@s complexos aqui estudados,
podem constituir um modelo para o estudo de nogestas anticancerigenos com concomitante
capacidade de ndo induzir MDR. Esta caracterisBaaostrou muito evidente sobre a linhagem
leucémica K-562, onde os niveis de expressdo de MRP0Os o tratamento com 0s rutenatos,
foram muito inferiores aos apresentados pelasaluimorais tratadas com o farmaco controle
Cisplatina. Ainda, € importante pontuar que o0 costpo ditionato de cis
tetraammino(oxalato)ruténio(lll) apresentou efatmtoxico em ambas as linhagens tumorais
K-562 e A549, sem contudo induzir altos niveis gpressdo de Pgp (MDR1), apresentados
pelos farmacos platinados.

Assim, estudos mais aprofundados sobre a estraetdisacionamento biol6gico desses
complexos de ruténio, representam um ponto dedpairiteressante para o desenvolvimento de
farmacos multifuncionais e de efeito desejavel,il@ndo na delineacdo de estudos clinicos
dirigidos a grupos selecionados de pacientes quene caracteristicas genotipicas e fenotipicas
preditivas de maxima resposta terapéutica com nainaxicidade. Posteriormente, estes estudos
podem levar as realizacdes de testes diagnostiemmacologicos mais eficazes que poderdo ser
estabelecidos como rotina voltada para uma melb@iniddo de tratamentos. Isso traria um
maior sucesso no teste de novos medicamentos einiados custos e riscos, minimizando o

tempo gasto para aprovacao de um novo medicamensoi@ disponibilizagcéo para a sociedade.
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Abstract Ruthenium complexes have attracted much attention as possible building blocks
for new transition-metal-based antitumor agents. The present study examines the mitotoxic
and clastogenic effects induced in the root tips of Allium cepa by cis-tetraammine(oxalato)
ruthenium(IIl) dithionate {cis-[Ru(C,0,)(NH3)4]>(S,0¢)} at different exposure durations
and concentrations. Correlation tests were performed to determine the effects of the time of
exposure and concentration of ruthenium complex on mitotic index (MI) and mitotic
aberration index. A comparison of MI results of cis-[Ru(C,0,)(NH;3)4]2(S20¢) to those of
lead nitrate reveals that the ruthenium complex demonstrates an average mitotic inhibition
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Abstract Chemotherapeutic agents play an important role in cancer treatment mostly due
their systemic action on human organism allowing access to liquid tumors and even
metastases. Among these drugs, ruthenium compounds have been showing promising
results to treat tumors and represent an important development of new antitumor therapy.
This study presents the evaluation of cis-(dichloro)tetraammineruthenium(III) chloride, cis-
[RuCl,(NH3)4]Cl, genotoxic effects using human peripheral blood lymphocytes cultured in
vitro. Mitotic index (MI), chromosome aberrations (CA), and DNA damage using the
comet assay were analyzed. MI in human peripheral blood lymphocyte cultures treated with
1, 10, 100, and 1,000 ug mL! cis-[RuCl,(NH3)4]C1 were 5.9%, 4.6%, 3.9%, and 0%,
respectively. Doxorubicin chloridate was used as the positive control. CA derived from 1,
10, and 100 ug mL™" concentrations were defined as spontaneous when compared with the
negative control, and at the concentration of 1,000 pg mL ', the cell cycle was inhibited
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1. Introduction

ABSTRACT

Ruthenium(IIl) complexes are increasingly attracting the interest of researchers due to their promising
pharmacological properties. In the present study, we investigated the ability of cis-(dichloro)tetrammin-
eruthenium(IIl) chloride to produce lethal effects in human chronic myelogenous leukemia K562 cells.
The MTT tetrazolium reduction test and the trypan blue exclusion assay revealed that the ICsq for the
compound after 48 h of incubation with K562 cells was approximately 10.74 and 73.45 pM, respectively.
Interestingly, it was observed that this compound exhibits mild cytotoxicity towards MRC-5 human
fibroblast cells (ICso > 383 uM). Flow cytometric analysis revealed that cis-(dichloro)tetramminerutheni-
um(III) chloride was capable of change cell cycle distribution since the percentage of cells in the G1, S
and G2 phases decreased. In addition, treatment with this compound induced apoptotic cell death in
K562 cells, demonstrated by increased DNA content in the sub-G1-peak and a significant increase in
caspase-3 activity. Assay using cyclosporin A, an inhibitor of the mitochondrial permeability transi-
tion pore (MPT) showed that the preincubation of K562 cells with this inhibitor had not effect on
cis-(dichloro)tetrammineruthenium(III) chloride induced caspase-3 activation. In summary, cis-(dichloro)
tetrammineruthenium(IIl) chloride displayed a significant cytotoxic effect through cell cycle arrest and
apoptotic induction in K562 cells, which suggests that cis-(dichloro)tetrammineruthenium(IIl) chloride
might have therapeutic potential against leukemia.

© 2010 Elsevier Ltd. All rights reserved.

and results in a constitutively activated fusion oncoprotein (Bcr-
Abl) with unregulated tyrosine kinase activity (Deininger et al.,

Chronic myelogenous leukemia (CML) is a hematological disor-
der characterized by the Philadelphia chromosome, which is
formed by the reciprocal translocation of chromosomes 9 and 22

Abbreviations: A-20, Murine B-cell lymphoma; cis-[RuCl,(NH3)4]Cl, cis-
(dichloro)tetrammineruthenium(IIl) chloride; ICsy, concentration that produces a
50% reduction in cellular viability; K562, chronic myelogenous leukemia cell line;
MPT, mitochondrial permeability transition; MRC-5, human fibroblast cell line;
MTT, 3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyl tetrazolium bromide; PBMC, human
peripheral blood mononuclear cells; PI, propidium iodide; SK-Br-3, human breast
adenocarcinoma; S180, Murine sarcoma 180; TNF, tumor factor necrosis.
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E-mail address: silveiralacerda@gmail.com (E. de Paula Silveira Lacerda).
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2000). The tyrosine kinase activity of Bcr-Abl, which is the princi-
pal driving force behind its oncogenic potential, is responsible for
mediating tyrosine phosphorylation of specific cellular proteins
and Bcr-Abl itself (Hantschel and Superti-Furga, 2004). The result-
ing Bcr-Abl protein product is an oncoprotein that confers resis-
tance to apoptosis induced by many anticancer drugs
(Fernandez-luna, 2000; le Coutre et al., 2000; Gorre et al., 2001).
Heavy metal coordination complexes such as platinum, gallium
and ruthenium have been investigated for their possible antitumor
activity (Jakupec et al., 2008; Alama et al., 2009). Among the most
studied metal complexes, cisplatin and related platinum-based
drugs have drawn much attention. However, the development of
these metallo-drugs is hindered by some major problems such as
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Abstract Ruthenium compounds in general are well suited for medicinal applications.
They have been investigated as immunosuppressants, nitric oxide scavengers, antimicrobial
agents, and antimalarials. The aim of this study is to evaluate the immunomodulatory
activity of cis-(dichloro)tetraammineruthenium(Ill) chloride (cis-[RuCl,(NH;3)4]Cl) on
human peripheral blood mononuclear cells (PBMC). The cytotoxic studies performed here
revealed that the ruthenium(IIl) complex presents a cytotoxic activity towards normal human
PBMC, only at very high concentration. Results also showed that cis-[RuCl,(NH3),]Cl presents
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The ruthenium complex cis-(dichloro)tetrammineruthenium(III)
chloride induces apoptosis and damages DNA in murine
sarcoma 180 cells
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Ruthenium(III) complexes are increasingly attracting the interest of researchers due to their promising pharmacological
properties. Recently, we reported that the cis-(dichloro)tetrammineruthenium(III) chloride compound has cytotoxic
effects on murine sarcoma 180 (S-180) cells. In an effort to understand the mechanism responsible for their
cytotoxicity, study we investigated the genotoxicity, cell cycle distribution and induction of apoptosis caused by cis-
(dichloro)tetrammineruthenium(III) chloride in S-180 tumour cells. cis-(dichloro)tetrammineruthenium(III) chloride
treatment induced significant DNA damage in S-180 cells, as detected by the alkaline comet assay. In the cell cycle
analysis, cis-(dichloro)tetrammineruthenium(IIl) chloride caused an increase in the number of cells in G1 phase,
accompanied by a decrease in the S and G2 phases after 24 h of treatment. In contrast, the cell cycle distribution of
S-180 cells treated with cis-(dichloro)tetrammineruthenium(III) chloride for 48 h showed a concentration-dependent
increase in the sub-G1 phase (indicating apoptosis), with a corresponding decrease in cells in the G1, S and G2 phases.
In addition, cis-(dichloro)tetrammineruthenium(III) chloride treatment induced apoptosis in a time-dependent manner,
as observed by the increased numbers of annexin V-positive cells. Taken together, these findings strongly demonstrate
that DNA damage, cell cycle changes and apoptosis may correlate with the cytotoxic effects of cis-(dichloro)tetramm-
ineruthenium(III) chloride on S-180 cells.

[Lima A P, Pereira F C, Vilanova-Costa C A S T, Ribeiro A S B B, Pavanin L A, Santos W B S and Silveira-Lacerda E P 2010 The ruthenium
complex cis-(dichloro)tetrammineruthenium(III) chloride induces apoptosis and damages DNA in murine sarcoma 180 cells; J. Biosci. 35 371-378]
DOI 10.1007/s12038-010-0042-2

1. Introduction

apoptosis may represent a useful mechanistic approach to

Apoptosis is an active physiological process that results in
cellular self-destruction involving specific morphological
and biochemical changes in the nucleus and cytoplasm
(Kerr et al. 1994; Kaufmann and Hengartner 2001). Agents
that suppress the proliferation of malignant cells by inducing

Keywords.

both cancer chemoprevention and chemotherapy. While
many anticancer agents have been developed, unfavourable
side-effects and resistance to apoptosis are serious problems
(Lowe and Lin 2000; Fesik 2005). Thus, there is growing
interest in the design, synthesis and pharmacological
evaluation of metal-based antitumour agents for the

Apoptosis; cis-(dichloro)tetrammineruthenium(III) chloride; cell cycle; DNA damage; S-180

Abbreviations used: A-20, murine B-cell lymphoma; cis-[RuCl, (NH,),] CI, cis-(dichloro)tetrammineruthenium(III) chloride; DI, damage
index; FITC, fluorescein isothiocyanate; Jurkat, human T-cell leukaemia; KP1019, indazolium frans-[tetrachlorobis (1H-indazole)
ruthenate(Il)]; NAMI-A, ImH[#rans-RuCl4(DMSO)Im]; PBL, peripheral blood lymphocytes; RDC, ruthenium-derived compound; PI,
propidium iodide; SCGE, single-cell gel electrophoresis; S-180, murine sarcoma 180 cells
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Siolmatra brasiliensis (Cogn.) Baill.,, Cucurbitaceae, acute toxicity
in mice
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RESUMO: “Toxicidade aguda de Siolmatra brasiliensis (Cogn.) Baill., Cucurbitaceae, em
camundongos”. Siolmatra brasiliensis (Cogn.) Baill., Cucurbitaceae, popularmente conhecida
como “pluméria” ou “taiuid” ¢ utilizada na medicina popular brasileira para diversos fins
terapéuticos. O estudo de toxicidade aguda do extrato bruto etanolico (EBE) de Sio/matra
brasiliensis foi investigado em camundongos. Nenhuma mortalidade ou sinais de toxicidade
foram observados nas doses de 10 e 100 mg/kg, entretanto em doses administradas de 1000 e
2000 mg/kg levou as diversas alteracdes comportamentais e mortalidade. A DL50 para o EBE
foi de 1000 mg/kg. Andlise macroscopica dos drgdos demonstrou alteragdes morfologicas no
coracdo dos animais tratados com 1000 e 2000 mg/kg. Por meios destes resultados conclui-se
que o EBE de Siolmatra brasiliensis ¢ seguro em doses de 10 and 100 mg/kg e apresentou
toxicidade nas doses de 1000 e 2000 mg/kg.

Unitermos: Siolmatra brasiliensis, toxicidade, camundongo, Cucurbitaceae.

ABSTRACT: Siolmatra brasiliensis (Cogn.) Baill., Cucurbitaceae, commonly known as
“pluméria” or “taiuia”, is widely used in different ways in Brazilian popular medicine to treat
several diseases. Acute toxicity of Siolmatra brasiliensis crude ethanolic extract (CEE) was
investigated in mice. No mortality or signs of CEE toxicity were observed at the doses of 10
and 100 mg/kg bw, but the administration of 1000 and 2000 mg/kg bw caused several adverse
behavioral effects and mortality. Macroscopic inspection of the organs showed morphologic
alterations in the heart of animals treated with doses of 1000 and 2000 mg/kg bw. According
to our results, S. brasiliensis CEE has an LD50 of 1000 mg/kg bw. We conclude that S.
brasiliensis CEE was safe at the doses of 10 and 100 mg/kg bw and presented toxicity at the
doses of 1000 and 2000 mg/kg bw.

Keywords: Siolmatra brasiliensis, toxicity, mice, Cucurbitaceae.

INTRODUCTION

A Word Health Organization survey indicated
that about 65-80% of the world’s population relies on
non-conventional medicine, mainly of herbal source, in
their primary healthcare (Calixto, 2000). Nevertheless,
various plants used in folk medicine still need better
quality control since scientific reports indicate they can
present bioactive principles that may cause adverse effects
(Calixto, 2000; Capasso et al., 2000). Consequently, in

*E-mail: elacerda@jich.ufg.br;, Tel. +55 62 3521 1481, Fax: +55 62 3521 1078.

order to certify their safety and efficacy, all the products
employed in alternative medicine should be evaluated
using the same methods applied to test new synthetic
drugs (Talalay & Talalay, 2001).

Many species of the Cucurbitaceae family are
edible (fruit) or used for medicinal purposes (roots,
leaves, and fruits), whereas others are highly toxic
(Gomes-Klein, 1996). The frequent occurrence of core
substances, named cucurbitacins, in members of the
family Cucurbitaceae has been reported (Cronquist,

Article

ISSN 0102-695X
DOI: 10.1590/S0102-695X2010005000046

917



Biol Trace Elem Res (2010) 135:98-111
DOI 10.1007/s12011-009-8498-3

The Ruthenium Complex
cis-(Dichloro)tetraammineruthenium(III) Chloride
Presents Selective Cytotoxicity Against Murine B Cell
Lymphoma (A-20), Murine Ascitic Sarcoma 180 (S-180),
Human Breast Adenocarcinoma (SK-BR-3), and Human
T Cell Leukemia (Jurkat) Tumor Cell Lines
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Abstract The aim of present study was to verify the in vitro antitumor activity of a
ruthenium complex, cis-(dichloro)tetraammineruthenium(III) chloride (cis-[RuCly(NH;3)4]Cl)
toward different tumor cell lines. The antitumor studies showed that ruthenium(III) complex
presents a relevant cytotoxic activity against murine B cell lymphoma (A-20), murine
ascitic sarcoma 180 (S-180), human breast adenocarcinoma (SK-BR-3), and human T cell
leukemia (Jurkat) cell lines and a very low cytotoxicity toward human peripheral blood
mononuclear cells. The ruthenium(Ill) complex decreased the fraction of tumor cells in
GO0/G1 and/or G2-M phases, indicating that this compound may act on resting/early
entering GO/G1 cells and/or precycling G2-M cells. The cytotoxic activity of a high
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Molecular Detection of Adenoviruses in Lakes

and Rivers of Goiania, Goias, Brazil

Hugo D. Silva - Ludimila A. C. Wosnjuk - Sonia F. O. Santos -
Cesar A. S. T. Vilanova-Costa - Flavia C. Pereira - Elisangela P. Silveira-Lacerda -
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Abstract Adenoviruses are a highly important public
health issue, since they are among the most persistent and
ubiquitous viruses present in water and associated with a
variety of clinical manifestations. The aim of this study
was to use molecular techniques for the detection of ade-
novirus in public and recreational water supplies in Goia-
nia, Brazil. From December 2007 to November 2008, 54
water samples were collected in 5 different sites in 2 lakes
and 2 rivers of the city. The samples were filtered in a
positively charged nylon membrane, and the DNA was
extracted using the phenol-chloroform—isoamyl alcohol
method. Semi-nested PCR was used to detect adenovirus
DNA, and sequence analysis of the semi-nested PCR
products was performed to identify the recovered viruses.
Adenovirus DNA was detected in 43% (24 of 54) of
samples collected. Considering all examined sites, MP1
presented the highest occurrence of adenovirus (6 positive
from 10 collected samples), followed by MP2 (3 positive
from 6 collected samples), JL (10 positive from 21
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collected samples), VB (3 positive from 9 collected sam-
ples), and BB (2 positive from 8 collected samples),
respectively. The methodology employed proved to be
feasible, fast, low-cost, and suitable to be used as screening
approach on adenovirus detection in water for public san-
itation companies.

Keywords Adenoviruses - Untreated water -
Nested-PCR - Public health

Introduction

Goiania, the capital of the state of Goias, located in the
Midwestern Region of Brazil, has ca. 1,221,654 inhabitants
and is considered a regional metropolis, among the major
Brazilian cities that receive a large number of migrants
(Alves and Chaveiro 2007). As a result, the city faces
problems of disorderly and unsustainable urban growth
with a consequent increase in superficial waste, which is a
continuous source of contamination of water courses.

The current sources of public water supply for the city of
Goiania, the Meia Ponte river basin and its tributary river
Jodo Leite, are constantly submitted to degradation pro-
cesses due to anthropic action, such as agriculture, inten-
sive livestock production, and urbanization. And although
all the water supplies of Goidnia come from this basin
(52% from the Jodao Leite River and 48% from the Meia
Ponte River), this municipality is its largest polluter.

Among the microorganisms that contaminate the aquatic
environment, special attention should be given to enteric
viruses. More than 140 different viruses are shed in the
gastro-intestinal tract of infected humans (Hurst 1991) and
can be found in surface waters (Cho et al. 2000; Hot et al.
2003). Their presence in water courses is considered a
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Environmental Monitoring of Opportunistic Protozoa in Rivers
and Lakes in the Neotropics Based on Yearly Monitoring
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Abstract The goal of this study was to standardise and
use parasitological and molecular techniques in the analysis
and seasonal monitoring of opportunistic protozoa in water
from fluvial systems for human usage in the municipality
of Goiania, the capital of the state of Goids, in the mid-
western region of Brazil. We focused on Cryptosporidium
sp. Cyclospora cayetanensis, Isopora belli, Microsporidia
and Giardia lamblia. Water samples were collected monthly
from February 2006 to January 2007 and concentrated using
vacuum filtration and a positively charged membrane. Sev-
eral methods were used to identify the different protozoa of
interest. To detect coccidia (Cryptosporidium sp., Isospora
belli, and Cyclospora cayetanensis), we used a Kinyoun hot-
staining method and a modified Ziehl-Neelsen technique.
Enteral microsporidia were detected by a hot-chromotrope
technique while a MERIFLUOR® Cryptosporidium kit was
used to confirm the presence of Cryptosporidium sp. Finally,
we used PCR to detect Cryptosporidium parvum/hominis.
Water is of vital importance to living beings; however, due to
anthropic action, several microorganisms are disseminated
into aquatic environments. Among them are opportunistic
protozoa that infect mainly immunodepressed and immuno-
suppressed individuals, children and elderly people. These
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protozoa pose a significant health hazard. Nevertheless, the
presence of these pathogens is underestimated because they
are not considered during routine environmental monitor-
ing. In our study, we were able to observe the presence
of Giardia cysts, Cryptosporidium sp. and Cryptosporidium
parvum oocysts in the bodies of water monitored in this re-
search.

Keywords Environmental monitoring - Lakes -
Neotropics - Opportunistic protozoa - River

Introduction

Water is a natural resource of vital importance to living be-
ings. Due to anthropic action, several microorganisms are
disseminated into aquatic environments. Opportunistic pro-
tozoa, such as coccidia (Cryptosporidium parvum, Isospora
belli, and Cyclospora sp.), microsporidia, an emergent
pathogen which infects the gastrointestinal tract (Gomes et
al. 2002), and Giardia lamblia which causes diarrhea (States
et al. 1997), can be spread through water.

In developing countries, over one billion people do not
have access to clean, properly treated water, and approxi-
mately three billion people do not have access to adequate
sanitary facilities (Kraszewski 2001). This lack of clean wa-
ter is probably a consequence of increased environmental
degradation, depletion of water resources, and constant con-
tamination of bodies of water with wastewater and industrial
effluents (Pedro and Germano 2001), which cause microor-
ganisms from soil, faeces, decomposing organic matter, and
other pollutant sources to spread into water.

The magnitude of the danger that enteric protozoa pose
to public health should be emphasised because of their high

@ Springer
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TIVIDADE CITOTOXICA DO EXTRATO BRUTO ETANOLICO DE SPERMACOCE
POAYA A. SAINT-HILAIRE (RUBIACEAE) EM CELULAS NORMAIS E
TUMORAIS IN VITRO
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Resumo: Spermacoce poaya € uma espécie pertencente a familia Rubiaceae, tribo Spermacoceae, géne-
ro Borreria, popularmente conhecida no Brasil como poaia-do-campo, poaia-rasteira e poaia-do-arador.
Sua infusdo é utilizada em casos de bronquite, asma e pneumonia. Nenhum estudo fitoquimico, farma-
coldgico e/ou toxicoldgico foi encontrado na literatura acerca dessa espécie até o presente momento.
No presente estudo, foi investigada a atividade citotdxica do extrato bruto de S. poaya por meio dos
testes colorimétricos MTT e azul de tripano. As linhagens celulares HFF-1 e K-562 foram expostas por
24 h a diferentes concentragdes do extrato bruto etandlico das folhas de S. poaya. Os resultados mos-
traram que, para as células normais (HFF-1), o extrato bruto é antiproliferativo nas concentracdes de
0,001 mg.mL*e 0,1 mg.mL?; ja para as células tumorais (K-562), ndo apresentou efeito citotdoxico em
nenhuma das concentragles testadas. Torna-se necessaria a continuagdo dos estudos com essa planta
utilizando outras linhagens celulares tumorais e, principalmente, células normais, para que seu efeito
citotéxico possa ser comprovado.

PaLavras-cHAVE: Azul de tripano, citotoxicidade celular, MTT, proliferagdo celular, Spermacoce poaya.

CYTOTOXIC ACTIVITY OF THE ETHANOLIC CRUDE EXTRACT OF SPERMACOCE POAYA A. SAINT-HILAIRE

(RUBIACEAE) IN NORMAL AND TUMOR CELLS IN VITRO

ABSTRACT: Spermacoce poaya is a species that belongs to the family Rubiaceae, tribe Spermacoce, and
genus Borreria, popularly known in Brazil as “poaia-do-campo”, “poaia-rasteira”, and “poaia-do-arador”.
The infusion is used in cases of bronchitis, asthma, and pneumonia. So far, no phytochemical, pharma-
cological, and/or toxicological studies about this species have been found in the literature. In the present
study, we investigated the cytotoxic activity of S. poaya crude extract using the colorimetric assays MTT
and trypan blue. The cellular strains HFF-1 and K-562 were exposed for 24 h to different concentrations

of the ethanolic crude extract of S. poaya leaves. The results showed that, for normal cells (HFF-1),
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STUDO DA ATIVIDADE CITOTOXICA DO EXTRATO BRUTO ETANOLICO
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Resumo: A utilizagdo de plantas medicinais tornou-se um recurso terapéutico alternativo de grande
aceitagdo pela populacdo e vem crescendo também na comunidade médica, desde que suas atividades
bioldgicas, eficacia e seguranca tenham sido investigadas cientificamente e comprovadas. Por isso, in-
vestigamos o potencial citotdxico do extrato bruto etandlico de Psychotria prunifolia em células tumorais
e células normais, usadas como controle para as células tumorais. Para tal, foram utilizados dois testes
independentes: MTT e azul de tripano. Os resultados sugerem que essa planta tem atividade citotdxica
em células tumorais, embora esta atividade também tenha sido observada em células normais. Assim,
torna-se necessario proceder a estudos mais detalhados, ja que a planta se mostrou promissora no que
diz respeito a atividade antitumoral.

PaLavras-cHAVE: Atividade citotoxica, azul de tripano, MTT, Psychotria prunifolia.

STUDY OF CYTOTOXIC ACTIVITY OF PSYCHOTRIA PRUNIFOLIA (RUBIACEAE) CRUDE ETHANOLIC EXTRACT IN
NORMAL AND TUMOR CELLS IN VITRO

AesTtrAacT: The use of medicinal plants has become a widely accepted therapeutic alternative by the
population and it has been also growing in the medical community, provided that their biological activities,
efficacy, and safety have been scientifically investigated and proved. Therefore we investigated the
cytotoxic potential of the crude ethanolic extract of Psychotria prunifolia in tumor and normal cells, used
as the control for tumor cells. To do this, we used two independent tests: the MTT and trypan blue. The
results suggest that this plant presents cytotoxic activity in tumor cells, although this activity could also
be observed in normal cells. Thus, it is necessary to perform more detailed studies, since the plant has
proved promising with regard to antitumor activity.

Key worbps: Cytotoxic activity, trypan blue, MTT, Psychotria prunifolia.
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Abstract Lung cancer is one of the leading causes of death in
the world, and non-small cell lung carcinoma (NSCLC)
accounts for approximately 75-85% of all lung cancers. In
the present work, we studied the cytotoxic activity, cell cycle
arrest and induction apoptosis of the compound cis-(dichloro)
tetramineruthenium(Ill) chloride {cis-[RuCl,(NH3)4]ClI} in
human lung carcinoma tumor cell line A549. The results of
MTT and trypan blue assays showed that cis-[RuCl,(NH3),]
Cl causes reduction in the viability of A549 cells when
treating with 95 and 383 puM of the compound for 48 and
72 h. Lower concentrations of the compound (19, 3.8 and
0.38 uM), however, only slightly affected cell viability. The
ICs( value for the compound was about 383 puM. Survival
analysis of the A549 cells after treatment with ruthenium(III)
compound using long term clonogenic assay showed that it
reduced colony formation ability at concentrations of 0.38 and
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3.8 uM, and at concentrations of 95 and 383 uM no colonies
were observed. Cell cycle analysis showed that compound
ruthenium led to an accumulation of A549 cells in S phase
and increased in the sub-G1 peak. In addition, cis-(dichloro)
tetramineruthenium(IIl) chloride treatment induced apoptosis,
as observed by the increased numbers of annexin V-positive
cells and increased messenger RNA expression of caspase-3.
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Introduction

Lung cancer is one of the leading causes of death in the
world, and non-small cell lung carcinoma (NSCLC)
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