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Remember when you were young,
You shone like the sun.

Shine on you crazy diamond.

Now there's a look in your eyes,
Like black holes in the sky.

Shine on you crazy diamond.

You were caught on the crossfire
Of childhood and stardom,

Blown on the steel breeze.

Come on you target for faraway laughter,
Come on you stranger, you legend,
You martyr, and shine!

You reached for the secret too soon,
You cried for the moon.

Shine on you crazy diamond.
Threatened by shadows at night,
And exposed to the light.

Shine on you crazy diamond.

Well you wore out your welcome
With random precision,

Rode on the steel breeze.

Come on you raver, you seer of visions,
Come on you painter, you piper,
You prisoner, and shine!

Nobody knows where you are,
How near or how far.

Shine on you crazy diamond.
Pile on many more layers and
I'll be joining you there.
Shine on you crazy diamond.
And we'll bask in the shadow
Of yesterday's triumph,

And sail on the steel breeze.
Come on you boy child,

You winner and loser,

Come on you miner for truth and delusion,
and shine!

Pink Floyd
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RESUMO

O tamoxifeno (TAM) é um agente sintético, anti-estrogénico e ndo esteroidal, que
comumente é prescrito no tratamento de pacientes com cancer de mama. Varios efeitos
colaterais estdo associados ao seu uso, como alteragdes vaginais, irregularidade
menstrual, formacdo de pdlipos no endométrio, cistos ovarianos, tromboembolismo,
hepatocarcinoma, entre outros. Alguns produtos naturais sdo uma excelente estratégia na
busca de novas drogas antitumorais, devido ao conhecimento popular de seu uso. A
associacdo de produtos naturais as drogas quimioterapicas classicas tem mostrado um
efeito sinérgico de grande interesse para a terapia antitumoral. A atividade citotoxica da
curcumina é bem estabelecida em varios tipos de linhagens de células tumorais e tem
sido amplamente estudada. A vanilina também tem mostrado atividade sobre as células
tumorais devido aos seus efeitos citotoxicos e citostaticos. Ja os efeitos da apocinina sdo
devidos, principalmente, a sua eficiente inibicio do complexo NADPH-oxidase, e
consequentemente, de espécies reativas de oxigénio. O objetivo deste trabalho foi
avaliar o efeito dos metoxi-catecdis apocinina, curcumina e vanilina sobre a
citotoxicidade em células normais, hemécias e leucdcitos polimorfonucleares, e em
celulas de leucemia mieldide cronica humana (K562) exercida pelo TAM, como
também a atividade antioxidante destes compostos. A citotoxidade foi analisada em
hemécias através da liberagdo de hemoglobina e K*, e a curcumina foi o Unico
composto que diminuiu a citotoxicidade do TAM sobre essas células. Em relacdo aos
leucdcitos polimorfonucleares foi possivel observar que a apocinina, a curcumina e a
vanilina aumentaram significativamente a viabilidade de células expostas ao TAM,
avaliado pelo teste de exclusdo do azul de tripan. A atividade citotoxica sobre a
linhagem celular de leucemia mieldide crénica humana (K562) atraves do (3-[4,5-
dimetiltiazol-2-il] -2,5-difenil-tetraz6lio, brometo de MTT) em intervalos de 24, 48 e 72
h mostrou que entre os metoxi-catecois (em associagdo com o TAM), a vanilina
apresentou a maior atividade seguida pela apocinina e curcumina. A atividade
antioxidante também foi verificada a fim de observar se havia relacdo com os efeitos
evidenciados. Esta atividade foi analisada através do radical &cido 2,2'-azinobis-(3-
etilbenzotiazolina-6-sulfonico), ABTS™, e a apocinina foi a que apresentou atividade
mais pronunciada, seguida por curcumina e vanilina; entretanto ndo houve relagéo entre
a atividade antioxidante dos metoxi-catecois com os resultados citados. Os resultados
apontam para o potencial terapéutico do TAM em associacdo com 0s metdxi-catecois
testados, especialmente a curcumina, que além de potencializar o efeito citotoxico sobre
as células K562 foi capaz de diminuir a citotoxicidade exercida pelo TAM sobre
hemécias.

Palavras-chave: tamoxifeno, apocinina, curcumina, vanilina, citotoxicidade



ABSTRACT

Tamoxifen (TAM) is a synthetic nonsteroidal anti-estrogen, commonly prescribed to
treat patients with breast cancer. Documented adverse effects of chronic TAM use
include vaginal changes, menstrual irregularities, formation of endometrial polyps,
ovarian cyst formation, thromboembolism, liver cancer, among others. Natural products
are excellent candidates for new antitumor drugs, as they are widely-available and
generally display low toxicity. Natural products may be more useful in combination
with other chemotherapeutic drugs to obtain synergistic antitumor effects. The cytotoxic
activity of curcumin has been shown in multiple tumor cell lines and has been widely
studied. The vanillin has also shown activity on tumor cells due to their cytotoxic and
cytostatic. Since the effects of apocynin are primarily due to its efficient inhibition of
NADPH oxidase complex, and consequently, reactive oxygen species. It was studied the
effect of treatment with the methoxy-catechols apocynin, curcumin and vanillin on
tamoxifen (TAM)-induced cytotoxicity in normal and tumor cells. By assessing the
release of hemoglobin and K*, the curcumin to be the only compound that decreased the
cytotoxicity of TAM in red blood cells; however, in polymorphonuclear leukocytes, it
was observed that apocynin, curcumin and vanillin all significantly increased the
viability of cells exposed to TAM. Citotoxic activity was assessed in the human chronic
myeloid leukemia (K562) cell line by (3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyltetrazolium bromide, MTT) at 24, 48 and 72 h post-treatment. Among the
methoxy-catechols (in association with TAM), vanillin presented the highest cytotoxic
activity, followed by apocynin and curcumin. Measurement of antioxidant activity by
the 2, 2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) radical cation decolorization
assay revealed apocynin to have the highest activity, followed by curcumin and vanillin.
No relationship was found between the antioxidant activities of the methoxy-catechols
and the ability of these compounds to influence TAM-associated cytotoxicity. These
results point to the potential therapeutic value of the tested methoxy-catechols in
combination with TAM, particularly that of curcumin, which potentiates the cytotoxic
effects of TAM on tumor cells (K562) and also decreases TAM-associated cytotoxicity
in red blood cells.

Keywords: tamoxifen, apocynin, curcumin, vanillin, cytotoxicity
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1. INTRODUCAO

1.1. Cancer

O cancer ¢é considerado um problema de saude publica tanto em paises
desenvolvidos quanto em paises em desenvolvimento (GUERRA et al., 2005). O
seu surgimento caracteriza-se pelo crescimento desordenado de células anormais
que escapam dos mecanismos de restri¢cdo, que normalmente controlam a expansao
desfavoravel dessas células. Esta proliferacdo celular tende a ser rapida, agressiva e
incontrolavel, favorecendo a propagacdo (metastase) para outros tecidos do
organismo (RUMYANTSEYV, 2010).

Segundo um relatério da Agéncia Internacional para Pesquisa em Cancer
(IARC)/OMS, foi estimado para o ano de 2011 a ocorréncia de 12,4 milhdes de
novos casos e 7,6 milhdes de 6bitos por cancer no mundo. Destes, destacam-se 0
cancer de pulmdo (1,52 milhdes), mama (1,29 milhdes), colon e reto (1,15
milhdes); prevalecendo o cancer de prdstata entre os homens e o cancer de mama
entre as mulheres (INCA, 2011).

1.1.1. Carcinogénese

O cancer é ocasionado por alteracdes no DNA, através da acdo de fatores
fisicos, bioldgicos, quimicos ou hereditarios (BERTRAM, 2001). Entre 0s genes
passiveis de sofrer mutacdes genéticas, podem-se citar 0s proto-oncogenes, genes
supressores, genes que regulam a apoptose e genes que regulam o reparo do DNA
danificado. Os proto-oncogenes sdo responsaveis por codificar proteinas essencias
ao crescimento e diferenciacdo celular. Quando alterados, também chamados de
oncogenes, podem ocasionar a oncogénese e o crescimento descontrolado. Os genes
supressores sdo responsaveis por inibir o processo de divisao e diferenciacdo das
células que sofreram mutacdo. Outra classe de genes que podem sofrer alteracdes
sdo 0s genes reguladores de apoptose, responsaveis por ocasionar a morte de
células danificadas e que ndo foram reparadas. Por fim, a classe dos genes que
regulam o reparo do DNA danificado, se alterados, influenciam na capacidade de
regenerar erros ocasionados ao DNA durante a divisio celular (FILHO & GATTAS,
2001; WARD et al., 2002).



A carcinogénese € um processo lento e consiste em trés etapas principais:
iniciacdo, promog&o e progressdo (Figura 1). A iniciacdo ocorre através da acéo de
carcindgenos que modificam um ou mais genes. Na fase da promocao, é necesséria
a exposicdo continua ao carcindgeno para que a célula iniciada seja transformada
em célula maligna, logo podemos dizer que esta fase é reversivel. J& a progressdo é
uma etapa irreversivel, em que ocorre a multiplicacdo celular desordenada das
células tumorais (BERTRAM, 2001; ALMEIDA et al., 2005).

CARCINOGENOS

d

MUTACAO ADQUIRIDA MUTACAO HEREDITARIA

e

INICIACAQ MUTAGAO GENETICA
_ TRANSFORMAGAQ DA
PROMOGAQ CELULA INICIADA

PARA CELULA TUMORAL

l

PROGRESSAQ MULTIPLICACAO CELULAR
DESORDENADA

Figura 1. Etapas da Carcindgenese.

Concomitante a multiplicacdo celular desordenada, o desenvolvimento de
vasos sanguineos (angiogénese) é essencial para nutrir e suprir as células tumorais,
garantindo seu crescimento e desenvolvimento (CARMELIET & JAIN, 2000).

1.1.2. Vias de sinalizacao
A proliferagéo e o crescimento celular s&o regulados por inUmeras vias de

sinalizagdo. A exposicdo das células ao estresse continuo (fatores internos e/ou

externos) associado a falha no sistema de homeostasia favorece a ocorréncia de



alteracdes nestas vias de sinalizacdo, contribuindo para o surgimento do cancer.
Entre as muitas vias de sinalizagdo que estdo relacionadas ao cancer, como fatores
de transcri¢do, fatores de crescimento, receptores e enzimas (HANAHAN &
WEINBERG., 2000), a via do fator nuclear kappa B (NF-kB) é uma das mais
estudas e compreendidas. Compostos como a curcumina e a vanilina tém sua
atividade antitumoral atribuida a regulacdo desta via (BAVA et al., 2011;
LIRDPRAPAMONGKOL et al., 2010).

1.2.1.1. NF-kB

O NF-kB é um fator de transcri¢do nuclear que regula a expressdo do gene
que codifica a cadeia B da imunoglobulina dos linfocitos B (GLEZER et al., 2000).
Este complexo é formado por dimeros que podem se recombinar entre cinco
subunidades (p65, p50, cRel, RelB e p52). Essa associacdo tende a ser especifica
dependendo do tipo de célula (NAUGLER & KARIN, 2008). O NF-kB fica
ancorado no citoplasma, ligado a proteina inibitéria (IkB), que regula a sua
atividade (LIN et al., 1998). Alguns dos fatores que ativam o NF-kB sdo citocinas,
fator de necrose tumoral, lipopolissacarideos, neurotransmissores, medicamentos,
radiacédo ultra-violeta, entre outros (GLEZER et al., 2000; AHN & AGGARWAL,
2005). Quando ativado, ocorre uma fosforilagio na IkxB, degradando-a e
consequentemente permitindo a translocacdo do NF-xB para o nucleo (GLEZER et
al., 2000). O NF-kB tem atribuices na regulacdo da transcricdo (ativador);
regulacdo da apoptose (anti-apoptdtico); e regulacdo da proliferagdo (promotor)
(LIN et al., 1998). A ativacdo do NF-xB estd diretamente relacionada ao cancer,
induzindo a proliferacdo celular, inibindo a apoptose, participando da metastase e
da angiogénese, assim como a resisténcia ao tratamento quimioterapico
(PARRONDO et al., 2010; NAUGLER & KARIN, 2008). Inibidores do complexo
NF-xB representam um interessante foco na pesquisa de estratégias terapéuticas
para prevencdo e tratamento de tumores. Um exemplo € a curcumina, um produto
natural cuja atividade anticarcinogénica esta associada a sua capacidade de inibir o
NF-xB (SINGH & AGGARWAL, 1995; THANGAPAZHAN et al., 2006).



1.2. Tamoxifeno

A cirurgia, a radioterapia e a quimioterapia sdo algumas das formas de
tratamento para o cancer. Utilizadas isoladamente ou combinadas, o0 objetivo €
curar e/ou melhorar a qualidade de vida do paciente. Entre elas, a quimioterapia € a
forma de tratamento mais utilizada e consiste na adminsitracdo de farmacos que
atuam a nivel celular, reduzindo e/ou impedindo o crescimento das ceélulas
tumorais. A grande maioria dos agentes quimioterapicos, ndo somente provocam a
morte das células tumorais, como também induzem o surgimento de severos danos
as células normais do homem, causando grandes dificuldades na adesdo ao
tratamento devido aos sérios efeitos colaterais (SANTOS & CRUZ, 2001).

O tamoxifeno (TAM) é um agente sintético anti-estrogénico ndo esteroidal
comumente prescrito no tratamento de pacientes com cancer de mama ou como
paliativo em mulheres com alto risco de desenvolver o tumor (PETINARI et al.,
2004).

Quimicamente, o TAM 1-[4-(2-dimetil-aminoetoxi)fenil]-1, 2-difenil-1-
buteno) (1) (TABASSUM et al., 2006) € um isdbmero derivado do trifeniletileno,
sendo encontrado tanto na configuragdo cis quanto trans, mas somente a forma

trans é farmacologicamente ativa (LAZARUS et al., 2009).

O TAM pertence a familia dos moduladores seletivos dos receptores de

estrogénio, que representam moléculas que se ligam com alta seletividade e
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afinidade pelos receptores de estrogénio, resultando na atividade molecular e
biol6gica (MOCANU & HARRISON, 2004)

O TAM ¢é um farmaco lipofilico, facilmente absorvido, e possui alta
afinidade pela albumina, sendo encontrada fortemente ligado a esta proteina na
corrente sanguinea. Quando o TAM ¢ metabolizado, da origem a outros
compostos farmacologicamente ativos. Primeiramente é formado o N-
desmetiltamoxifeno, composto menos ativo e posteriormente, o endoxifeno e 4-
hidroxitamoxifeno, compostos com maior atividade devido a alta afinidade pelos
receptores de estrogénio. A metabolizacdo do TAM (Esquema 1) ocorre através da
acdo de enzimas citocromo P-450, sendo a isoforma CYP3A4/5 responsavel pela
formacdo do metabdlito N-desmetiltamoxifeno e endoxifeno e a isoforma
CYP2D6, pela formacdo do 4-hidroxitamoxifeno e endoxifeno (OSENI et al.,
2008; BRAUCH & JORDAN, 2009).

TAMOXIFENO

L5

CYP3A4/5 CYP2D6

o

<4

N-DESMETILTAMOXIFENO 4-HIDROXI-TAMOXIFENO

v

<4

CYP2D6 CYP3A4/5
ENDOXIFENO ENDOXIFENO

Esquema 1. Processo de metabolizacdo do TAM.

Apbs a difusdo pela membrana celular, 0 TAM e seus metabdlitos ligam-
se aos receptores de estrogénio no ndcleo. Ha duas isoformas de receptores de

estrogénio, a e . Os receptores de estrogénio o sdo encontrados na mama, Gtero,
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hipotdlamo, hipdfise e ovarios. Ja os receptores de estrogénio f estdo presentes
nos pulmdes, rins, timo, hipotadlamo, prostata, ovario, testiculos, sistema
digestorio e mama (OSENI et al., 2008). Quando ligados aos receptores de
estrogénio, o TAM e seus metabdlitos alteram sua conformacdo espacial,
resultando na exposicdo de diferentes aminoacidos, facilitando a ligacdo de
moléculas regulatdrias. Estas moléculas podem tanto ativar (co-ativadores) quanto
reprimir (co-repressores) a transcricdo génica, promovendo a resposta estrogénica
(MOCANU & HARRISON, 2004; OSENI et al., 2008).

Segundo Goetz et al. (2008), a ligacdo do TAM e seus metabolitos aos
receptores de estrogénio produzem um complexo que possui acdo tanto agonista
(ossos e sistema cardiovascular) quanto antagonista (células mamarias); entretanto
sua atividade efetiva ou toxica é dependente da concentracao.

O TAM e seus metabolitos sdo eliminados por glucuronidacéo, através da
enzima UDP-glucuronosiltranferase, sendo excretados predominantemente através
da bile (LAZARUS et al., 2009).

A acdo antitumoral do TAM ndo se deve somente a acdo agonista e
antagonista aos receptores de estrogénio. Entre 0s mecanismos propostos pode-se
citar a interacdo com biomembranas (lipidios e proteinas). Estas modificagdes
morfoldgicas e estruturais propiciam tanto a atividade antitumoral (SILVA et
al.,1999) quanto a atividade antifungica (DOLAN et al., 2009), e também os
efeitos toxicos, como anemia hemolitica. Outros efeitos do TAM como inibicdo da
proteina C quinase, inibicdo AMPc fosfodiesterase, inducdo da apoptose, ainda
ndo tem seus mecanismos de acdo completamente elucidados (SILVA et al.,1999;
ENGELKE et al., 2001).

O uso do TAM induz varios efeitos colaterais, como irregularidade
menstrual, fadiga, depressdo, risco de gravidez maltipla (MUNSHI & SINGH,
2008), hiperplasia, formacdo de p6lipos do endométrio (SENKUS-KONEFKA et
al., 2004), adenocarcinoma, cistos ovarianos, tromboembolismo, hepatocarcinoma
(MOCANU & HARRISON, 2004; SINGH & KHAR, 2006) e retinopatia
(HUANG et al., 2009).

12



13

1.3.  Metoxi-Catecois
1.3.1. Apocinina

A apocinina é um composto isolado das raizes da Picrorhiza kurroa
(Figura 2), uma planta nativa das montanhas da india, Nepal, Tibet e Paquistio
(STEFANSKA & PAWLICZAK, 2008). A Picrorhiza kurroa, tradicionalmente,
tem sido utilizada para tratamento de desordens hepaticas, gastrointestinais
(BANERJEE et al., 2008) e patologias associadas ao trato respiratorio (WANG et
al., 2008).

Figura 2. llustragdo da Picrorhiza kurroa.

(http://www.nacop.in/picrorhiza-kurroa.htm)

A apocinina (4-hidroxi-3-metoxiacetofenona) (2) é uma acetofenona que
possui algumas caracteristicas, como um leve odor de baunilha, capacidade de
formar cristais na &gua, baixa toxicidade e poucos efeitos colaterais
(STEFANSKA & PAWLICZAK, 2008).
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A apocinina é conhecida devido a sua capacidade de inibir o complexo
enzimatico nicotinamida adenina dinucleotideo fosfato (NADPH) oxidase. A
NADPH-oxidase é a enzima que catalisa a formacdo do radical anion superoxido
(O27), um precursor de varias espécies reativas, as quais sdo produzidas para
destruir microorganismos invasores e/ou tecidos danificados (BABIOR, 1999).

A enzima NADPH oxidase é formada por cinco subunidades ( p40™°%,
p47 PHOX, p67 PHOX, p22 PHOX e gpg

subunidades, p40™"°%, p4 , p67 PHOX
2 PHOX 1 PHOX

1 PHO%) Quando a enzima esta inativa, as

7 PHOX encontram-se complexadas no citosol e

as subunidades, p2 encontram-se na membrana. Através de

e gp9
estimulos fisioldgicos, as subunidades do citosol migram para se juntar as
subunidades da membrana, ativando o complexo NADPH-oxidase e iniciando a
transferéncia de elétrons do NADPH para o oxigénio, formando o O, (BABIOR,
1999).

A enzima mieloperoxidase (MPO), expressa por neutréfilos (células
fagociticas), € extremamente importante para a acdo inibitdéria da apocinina
(XIMENES et al., 2007). Na célula fagocitica, em presenca da MPO e per6xido
de hidrogénio, a apocinina forma um dimero e consequentemente inativa o
complexo NADPH-oxidase (Figura 3) (TOUYZ, 2008). Em celulas ndo-
fagociticas (células vasculares, células endoteliais), ou seja, células que néo
apresentam MPO, a apocinina atua como antioxidante, reduzindo as espécies

reativas ja formadas (TOUYZ, 2008; HEUMULLER et al., 2008).
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Figura 3. Mecanismo de inibi¢do do complexo NADPH-oxidase pela apocinina.
Adaptado de TOUYZ (2008).

Multiplos processos fisiopatologicos estdo associados as espécies reativas,
como envelhecimento, doencas cardiovasculares, neurodegenerativas,
respiratdrias e tumorais (BABIOR, 2000). Esses processos inflamat6rios ocorrem
devido ao aumento da atividade NADPH-oxidase ou ao desequilibrio no balango
redox.

Na hipertensdo e aterosclerose, devido a atividade NADPH-oxidase
aumentada, ocorre um desequilibrio no balanco redox. A apocinina, nestas células,
atua como antioxidante, prevenindo os riscos dessas doencas, ou até mesmo,
tratando-as (HEUMULLER et al., 2008; TOUYZ, 2008). A apocinina também
inibe a formacdo do radical peroxinitrito. Este radical esta relacionado as lesbes
no epitélio, hiperresponsividade e liberacdo de mediadores quimicos, fatores
caracteristicos de inflamacdo no trato respiratério como ocorre na asma e que
podem ser amenizados com 0 uso da apocinina (STEFANSKA & PAWLICZAK.,
2008).

Segundo Lafeber et al. (1999), a apocinina poderia ser um possivel alvo
terapéutico no tratamento da artrite reumatoide devido a sua capacidade de inibir
algumas citocinas importantes neste processo inflamatério, como as interleucinas
(IL-1, IL-4, IL-10) e interférons (TNF-a, TNF-y).
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A formacdo de espécies reativas ocasionado pela atividade da NADPH-
oxidase tem um papel importante na fisiopatologia do céncer, estimulando o
crescimento e a angiogénese das celulas tumorais (USHIO-FUKAI &
NAKAMURA, 2008). Inibidores deste complexo, NADPH-oxidase, poderiam ser
uma efetiva estratégia terapéutica para o tratamento desta patologia, melhorando a

qualidade de vida destes pacientes.

1.3.2. Curcumina

A curcumina é um pigmento extraido da raiz do acafrdo-da-india
(Curcuma longa). A Curcuma longa (Figura 4) é a espécie mais freqliente do
género, amplamente cultivada em regibes tropicais, principalmente da Asia. E
utilizada como um estimulante aromatico e confere ao acafrdo-da-india a sua cor
amarela (ARAUJO & LEON, 2001).

Figura 4. llustracdo da Curcuma longa

(http://www.amrutaherbals.com/specifications/Haldi/detail.htm)

Quimicamente, a curcumina [1,7-bis (4-hidroxi-3-metoxifenil)-1, 6-
heptadiene-3, 5-dione] (3) é um bis-a,B-insaturada B-dicetona, a qual exibe
tautomerismo ceto-enol, predominando a forma ceto em meio neutro e acido e a
estavel forma enol em meio alcalino (ANAND et al., 2008).

Diversos fatores afetam a sua biodisponibilidade, como a sua baixa
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absorcéo intestinal e rapida metabolizacéo e excrecdo (ANAND et al., 2008).

OCH,
HO OH

OCHs

As propriedades antiinflamatérias da curcumina sdo conhecidas ha
bastante tempo na India, China e Indonésia, e tém despertado a atencdo dos
pesquisadores para o estudo dos mecanismos moleculares associados a sua
atividade bioldgica. A acao antiinflamatdria da curcumina deve-se, especialmente,
a inibicdo da producdo de citocinas, agentes mediadores do processo inflamatorio
(CHAN, 1995).

A curcumina também possui atividade antimalarica (REDDY et al., 2005),
atividade antioxidante (RUBY et al., 1995), capacidade de inibir a atividade da
monoamino-oxidase B (RAJESWARI & SABESAN, 2008), acdo antiflngica
(CHO et al., 2006 ) e antimicrobiana (PERET-ALMEIDA et al., 2008).

Ha relatos de que a curcumina pode reduzir a incidéncia e a prevaléncia da
doenca de Alzheimer através da reducdo dos danos oxidativos (BEGUM et al.,
2008); e inibir a apoptose de células neuronais atraves da reducdo de espécies
reativas de oxigénio, via a-sinucleina, demonstrando ser uma possivel terapia para
a doenca de Parkinson (WANG et al., 2010).

A curcumina esta entre 0s mais promissores e eficazes agentes
quimiopreventivos (SINGH & KHAR, 2006) e tem se mostrado potencialmente
efetiva contra inimeros tipos de cancer. Ja foram descritas propriedades
antiproliferativas sobre os tumores de pele (LU et al., 1994; LIMTRAKUL et al.,
1997; HUANG et al., 1997), colon (KIM et al.,, 1999; RAO et al., 1995;
KAWAMORI et al., 1999), figado (CHUANG et al., 1992), células pituitarias
(MILLER et al., 2008), préstata (BARVE et al., 2008) e pancreas (LEV-ARI et
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al., 2007).

Os multiplos efeitos terapéuticos da curcumina devem-se a sua habilidade
de modular a atividade de diversas enzimas, a expressdo génica das células
tumorais (WU et al., 2007), e especialmente por ser um potente inibidor de NF-
kB, um fator de transcri¢do implicado na patogénese de diversos tumores
malignos (SINGH & AGGARWAL, 1995).

A curcumina também pode atuar no DNA, modulando a expressdo de
genes supressores (BRCA-1; p53) e de genes que regulam a apoptose (Bax). Em
experimentos utilizando células de cancer de mama (MCF-7) e incubando-as com
curcumina, foi possivel observar um aumento da expressdo da proteina BRCA-1,
e consequente aumento da apoptose (JI, 2010); aumento da expressdo do gene
p53, induzido pelo aumento da expressdo do gene Bax, promovendo, também, a
apoptose celular (CHOUDHURI et al., 2002). A efetividade da curcumina em
promover a apoptose foi demonstrada em outros estudos, utilizando diferentes
linhagens celulares como, células de cancer ovariano (SHI et al., 2006) e células
de cancer de pulmao (PILLAI et al., 2004).

Segundo Banerjee et al. (2008), os inumeros efeitos benéficos da
curcumina podem ser afetados dependendo da sua concentragcdo. Utilizando um
modelo para hemaécias e observando a hemolise, lipoperoxidacdo, concentragdo da
glutationa reduzida e fons potassio (K"), foi possivel constatar a atuacio da
curcumina, em baixas concentracdes (<10uM) como agente antioxidante, e em

altas concentracGes como agente prd-oxidante.

1.3.3. Vanilina

A vanilina € um composto natural encontrado na vagem da orquidea da
Vanilla planifolia (Figura 5) e Amplamente cultivada em Madagascar, México,
Taiti e Indonésia, seus principais produtores mundiais (PACHECO & DAMASIO,
2010).
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Figura 5. llustracdo da Vanilla planifolia.
(http://gardening.savvy-cafe.com/a-few-interesting-facts-about-the-vanilla-
orchids-2008-03-13)

A vanilina, quimicamente conhecida como 3-metoxi-4-hidroxibenzaldeido
(4), é um composto cristalino de cor branca, sollvel em etanol, ésteres, agua
(20°C), entre outros. Um flavorizante muito utilizado em industrias alimenticias
(bolos, sorvetes e bebidas), industrias cosméticas (hidratantes, sabonetes e

perfumes) e industrias farmacéuticas (CLARK, 1990).

O H
OH

OCH;

A vanilina possui mdaltiplos efeitos terapéuticos, como antimicrobiano

(CERRUTI et al., 1997), antioxidante (TAIl et al.,2011) e anticarcinogénico
(CHENG et al., 2007; HO et al., 2009).
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Alguns estudos observaram a atividade antimicrobiana da vanilina em
frutas processadas, como banana, magd e morango, sobre 0 crescimento de
bactérias como S. cerevisae, microorganismos aerobios mesoéfilos, bolores e
leveduras (CERRUTI & ALZAMORA, 1996; CERRUTI et al., 1997;
CASTANON et al., 1999).

O efeito anticarcinogénico da vanilina foi observado em células de
hepatocarcinoma, células carcinégenas do cdlon retal e células de céncer de
mama. Entre alguns mecanismos propostos estdo a inibicdo da migracao células
tumorais, inducdo da apoptose, inibicdo do crescimento celular (CHENG et al.,
2007; HO et al., 2009; LIRDPRAPAMONGKOL et al., 2005), a supressdo da
atividade enzimética da metaloproteinase-9 e inibicdo da enzima DNA-PK
(LIANG et al., 2008; DURANT & KARRAN, 2003).

1.3.4. Sinergismo

Sinergismo é a combinacdo de dois ou mais compostos, onde o efeito
dessa associacdo se torna benéfico, com o objetivo de ter um valor superior ao
valor da soma dos agentes isolados (adi¢do ou potencializagédo). Independente da
atividade ou mecanismo de acdo, diversos trabalhos tem sido publicados,
mostrando essas associacoes.

Inimeras associagbes de compostos naturais com agentes antitumorais
classicos tém provado ser um eficiente alvo terapéutico. Essa combinacdo busca
principalmente reduzir os efeitos citotdxicos, ocasionados por estes farmacos.
Este efeito foi observado, em alguns trabalhos, combinando o TAM com alguns
compostos, como o a-tocoferol e acetato de a-tocoferol (SILVA et al., 1999), o
cha-verde (EL-BESHBISHY, 2005) e a taurina (TABASSUM et al., 2006). Em
um modelo utilizando hemécias, foi possivel observar que o a-tocoferol e acetato
de a-tocoferol foram capazes de reduzir a hemdlise induzida pelo TAM (SILVA et
al., 1999); ja o cha-verde e a taurina foram eficientes quimioprotetores, uma vez
que demonstraram reduzir a hepatotoxicidade induzida pelo TAM (EL-
BESHBISHY, 2005; TABASSUM et al., 2006).

A apocinina e a curcumina, sdo compostos naturais que tém apresentado

uma eficiente atividade quimiopreventiva. Esta atividade foi observada
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combinando a apocinina com a isoniazida e a rifampicina, no qual a apocinina foi
capaz de reduzir o dano hepético ocasionado por estes farmacos (JEYAKUMAR
et al., 2007). Em outro estudo, a associacdo da apocinina a cisplatina reduziu a
nefrotoxicidade induzida pela cisplatina (CHIRINO et al., 2008). Ja a atividade
quimioprotetora da curcumina foi evidenciada sobre a hepatotoxidade induzida
pelo metotrexato, onde a curcumina foi capaz de reduzir a hepatotoxicidade
ocasionado pelo metotrexato (HEMEIDA & MOHAFEZ, 2008).

Muitas associacbes tém a capacidade de potencializar a atividade
antitumoral de diversos farmacos. A curcumina tem demonstrado uma eficiente
atividade sinérgica antitumoral quando associada a outros farmacos
anticarcinogénicos. Segundo Kunnumakkara et al. (2007), os efeitos antitumorais
da gemcitabina foram potencializados pela curcumina em células do cancer de
pancreas. A associacao da curcumina a epigalocatequina galato acarretou em um
efeito sinérgico, diminuindo a proliferacdo do cancer oral (KHAFIF et al., 1998).
Outro estudo observou que a combinagdo da curcumina com 0 TAM aumentou a
liberacdo da fosfatidilserina, a despolarizacdo das mitocondrias e a geracdo de
espécies reativas de oxigénio, em pacientes com melanoma quimio-resistente,
sensibilizados pelo TAM, melhorando sua atividade anticarcinogénica
(CHATTERJEE & PANDEY, 2011).

Nos ultimos anos, produtos naturais vém se tornando objeto de varios
estudos clinicos, que relatam sobre suas atividades preventiva e terapéutica em
diversas doencas cronicas, como o cancer. Sabemos que a grande maioria dos
agentes quimioterapicos ndo somente induzem a morte celular das células
tumorais, mas também severos danos as células normais do homem, causando
sérios efeitos colaterais como também grandes dificuldades na adesdo ao
tratamento. Logo, a proposta deste trabalho é analisar a associacdo dos metoxi-
catecois apocinina, curcumina e vanilina ao TAM a fim de promover reducéo nos
efeitos toxicoldgicos induzidos pelo TAM e maximizar a efetividade terapéutica

sobre as células tumorais.
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2. OBJETIVOS

2.1.  Objetivo geral

Avaliar o efeito dos metdxi-catecdis apocinina, curcumina e vanilina, sobre
a citotoxicidade em células normais, hemacias e leucocitos polimorfonucleares, e
sobre a atividade antitumoral em células de leucemia mieldide crénica humana
(K562) exercida pelo TAM.

2.2.  Objetivos especificos

2.2.1. Avaliar o efeito dos metdxi-catecdis apocinina, curcumina e
vanilina sobre a citotoxicidade induzida pelo TAM em hemacias, através da
liberagdo de hemoglobina e K*; em LPMN, através do teste de exclusdo do azul
de tripan; e em linhagens de células de leucemia mieldide cronica (K562), atraves
do (3 - [4, 5-dimetiltiazol-2-il] -2, 5-difenil-tetrazdlio, brometo de MTT) e

2.2.2. Avaliar a atividade antioxidante do TAM e dos metdxi-catecois

sobre o radical 2, 2’-azinobis-(3-etilbenzotiazolina-6-acido sulfonico).

22



3. ARTIGO

Effect of the methoxy-catechols apocynin, curcumin and vanillin on the

toxicity activity of tamoxifen

Ligia Santos Pedroso, “Giovani Marino Favero, ‘Luciana Erzinger Alves de
Camargo, ‘Rubiana Mara Mainardes, *'Najeh Maissar Khalil.

'Departamento de Farmacia, Universidade Estadual do Centro-Oeste,
Guarapuava, Parand, 85040-080, Brasil.

Departamento de Biologia Geral, Universidade Estadual de Ponta Grossa, Ponta
Grossa, Parand, 84030-900, Brasil.

* Address: Departamento de Farmacia, Universidade Estadual do Centro-Oeste,
Rua Simedo Camargo Vareld de Sa, 03 - Guarapuava, Parana, 85040-080, Brasil;
Tel.: +55-4236298160; Fax: +55-4236298102.

E-mail address: najeh@unicentro.br

Abstract

The effect of treatment with the methoxy-catechols apocynin, curcumin and
vanillin on tamoxifen (TAM)-induced cytotoxicity in normal and tumor cells was
studied. Measurement of antioxidant activity by the 2,2’-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) radical cation decolorization assay revealed
apocynin to have the highest activity, followed by curcumin and vanillin. No
relationship was found between the antioxidant activities of the methoxy-
catechols and the ability of these compounds to influence TAM-associated
cytotoxicity. By assessing the release of hemoglobin and K*, the curcumin to be
the only compound that decreased the cytotoxicity of TAM in red blood cells;
however, in polymorphonuclear leukocytes, it was observed that apocynin,
curcumin and vanillin all significantly increased the viability of cells exposed to
TAM. Cytotoxic activity was assessed in the human chronic myeloid leukemia
(K562) cell line by (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide, MTT) at 24, 48 and 72 h post-treatment. Among the methoxy-catechols

(in association with TAM), vanillin presented the highest cytotoxic activity,

23



followed by apocynin and curcumin. These results point to the potential
therapeutic value of the tested methoxy-catechols in combination with TAM,
particularly that of curcumin, which potentiates the cytotoxic effects of TAM on
tumor cells (K562) and also decreases TAM-associated cytotoxicity in red blood

cells.

1. Introduction

Cancer is considered a public health problem in developed and developing
countries alike (Guerra, Gallo, Azevedo & Mendoncga, 2005). According to the
latest report from the International Agency for Research on Cancer/WHO, the
incidence was estimated at 12.7 million new cases annually, with cancer causing
the deaths of 7.6 million people worldwide per year (INCA, 2011).

Tamoxifen (TAM) is a synthetic nonsteroidal anti-estrogen, it is commonly
prescribed to treat patients with breast cancer (Petinari, Kohn, Carvalho & Genari,
2004). TAM belongs to the family of selective modulators of estrogen receptors.
These are molecules that bind with high selectivity and affinity to estrogen
receptors, resulting in molecular and biological activity (Singh & Khar, 2006).
Additionally, TAM has been proposed to function via an interaction with lipids
and proteins (Silva, Madeira, Almeida & Custodio, 1999), inhibition of protein
kinase C and cAMP phosphodiesterase or induction of apoptosis; however, the
exact mechanisms of TAM action have not been fully elucidated (Engelke,
Bojarski, Blob & Diehl, 1999).

Most chemotherapeutic agents not only induce cell death in tumor cells but
also induce severe damage to normal cells, causing serious side effects as well as
major difficulties in treatment adherence. Documented adverse effects of chronic

TAM use include hyperplasia, formation of endometrial polyps (Senkus-Konefka,
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Konefka & Jassem, 2004), adenocarcinoma, ovarian cyst formation,
thromboembolism, liver cancer (Mocanu & Harrison, 2004) and retinopathy
(Huang et al., 2009).

Studies have shown that some natural compounds possess
chemopreventive activity and, when combined with TAM, minimize its cytotoxic
affects on normal cells without decreasing its antitumor activity. Among such
compounds are a-tocopherol and a-tocopherol acetate (Silva, Madeira, Almeida &
Custodio, 1999), green tea (El-Beshbishy, 2005) and taurine (Tabassum, Rehman,
Banerjee, Raisuddin & Parvez, 2006). Indeed, many natural products have been
studied as potential chemopreventive agents in combination with antitumor
compounds. Apart from exerting protective effects on normal cells, such
compounds may also enhance the anti-proliferative activity of antitumor drugs.

Curcumin [1,7-bis(4-hydroxy-3methoxyphenyl)-1,6-heptadiene-3,5-
Dione] (Figure 1-C) is among the most promising and effective chemopreventive
agents (Singh & Kbhar, 2006). Curcumin is a pigment that is a component of
turmeric (Curcuma longa). The multiple therapeutic effects of curcumin are due to
its ability to modulate the activities of various enzymes as well as gene expression
in tumor cells, thereby affecting cell proliferation and apoptosis (Zhang, Li,
Zhang, Hazarika, Aggarwal & Duvic, 2010).

Apocynin (1-[4-hydroxy-3-methoxyacetophenone) (Figure 1-A) is a
compound extracted from the roots of Picrorhiza kurroa, a plant native to the
mountains of India, Nepal, Tibet and Pakistan. Apocynin has the ability to inhibit
the enzyme complex NADPH oxidase (Stefanska & Pawliczak, 2008).

Vanillin (4-hydroxy-3-methoxybenzaldehyde) (Figure 1-B) is widely used

due to its pleasant aroma and flavor. It can be found in the berries and seeds of
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Vanilla planifolia (Pacheco & Damasio, 2010). Some of the mechanisms proposed
for the antitumoral activity of vanillin involve its ability to suppress the enzymatic
activity of matrix metalloproteinase-9 and inhibit DNA-PK (Liang, Wu, Lo,
Hsiang & Ho, 2009; Durant & Karran, 2003).

Based on these data, this work aims to evaluate the effects of the combined
treatment of the methoxy-catechols curcumin, apocynin or vanillin with TAM on
normal red blood cells and polymorphonuclear leukocytes, as well as cytotoxic

activity through use of the human chronic myeloid leukemia K562 cell line.

2. Materials and Methods
2.1. Chemicals

Apocynin, curcumin, vanillin, (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide, MTT) and 2,2’-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid, ABTS) were purchased from Sigma-Aldrich Chemical Co. (St. Louis,

MO, USA). All of the reagents used for solutions were of analytical grade.

2.2. Antioxidant Activity
2.2.1 ABTS™ Decolorization Assay

An aqueous mixture of ABTS (7 mM) was added to a solution of potassium
persulfate (2.45 mM) and incubated at room temperature in the dark for 12 h to obtain
ABTS™. Subsequently, the ABTS™ solution was diluted to an absorbance of 0.80 at 734
nm in 50 mM PBS (pH 7.4). Following solution preparation, curves were constructed
using different concentrations of methoxy-catechols (3.9-500 pg/mL) +/- TAM (31.2-
500 pg/mL) in the presence of radical ABTS™ for 30 min at room temperature. After,

the absorbance was measured at 734 nm in a microplate reader (Molecular Devices
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Spectra Max 190) (Cataneo, Caliari, Gonzaga, Kuskoski & Fett, 2008). The radical
scavenging activity was calculated as % inhibition. The mean of two 1Csy (concentration
causing 50% inhibition) values of each compound were determined graphically.

Resveratrol was used as standard antioxidant control.

2.3. Cytotoxicity Activity
2.3.1. Preparation of Red Blood Cells

Heparinized venous blood was collected from healthy volunteers. Whole blood
was centrifuged at 1200 x g at 4°C for 5 min to separate plasma from red blood cells.
The red blood cells were washed three times in cold phosphate buffered saline (PBS)
(0.15 mM NacCl, 10 mM sodium phosphate, pH 7.4), and the buffy coat was removed
with each wash. The red blood cells were resuspended in 50 mM PBS (pH 7.4) to obtain
a hematocrit of 1% (Silva, Madeira, Almeida & Custodio, 1999). All experiments
involving human blood were approved by the Ethics Committee of the University

(protocol 128/2010).

2.3.2. Hemolysis Measurements

In the presence or absence of TAM (28 pg/mL), each methoxy-catechol
(concentration range: 0.06-1.66 pg/mL) was incubated with a 1% red blood cell
suspension for 90 min at 37°C with constant shaking. After incubation, the red blood
cell suspension was centrifuged at 1200 x g at 4°C for 5 min. Hemolysis was
determined by measuring the absorbance at 540 nm in a microplate reader (Molecular
Devices Spectra Max 190) (Silva, Madeira, Almeida & Custodio, 1999). The results

were calculated and expressed as % inhibition.
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2.3.3. K’ Release

Red blood cells were incubated with different concentrations of methoxy-
catechols (0.06-1.66 pg/mL) in the presence or absence of TAM (28 pug/mL) for 90 min
at 37°C with constant shaking. After the incubation, the red blood cells were centrifuged
at 1200 x g at 4°C for 5 min, and K" release was measured with an ion-selective
electrode (Roche/AVL 9180) (Silva, Madeira, Almeida & Custodio, 1999). The results

were calculated and expressed as % inhibition.

2.3.4. Cytotoxicity in Polymorphonuclear Leukocytes (LPMN)

Heparinized whole blood was collected, mixed with a solution of 1.5% dextran
in a 2:1 ratio and then incubated at 37°C for 1 h. Following incubation, the mixture was
centrifuged for 5 min at 750 x g at 4°C to isolate LPMN. The supernatant was
discarded, and the cell pellet was washed three times with 50 mM PBS (pH 7.4) in the
absence of Ca®*. The cells were resuspended in PBS buffer (Dulbecco) and counted in a
Newbauer chamber (Ciz & Lojek, 1997).

The cytotoxicity of TAM in LPMNs was measured using the trypan blue dye
exclusion test, in which viable cells do not incorporate the dye and appear brighter than
dead cells upon observation with an optical microscope. The LPMNs (1x10° cells/mL in
PBS-Dulbecco) were incubated at 37°C for 30, 60 and 90 min with each methoxy-
catechol (50 pg/mL) in the presence and absence of TAM (14 pug/mL). After incubation,
the suspension was mixed with a solution of 0.5% trypan blue in a 1:1 ratio for 5 min.
The cells were observed in a Newbauer chamber via microscopy. The total number of
stained and unstained cells was calculated, and the results were expressed as the

percentage of unviable cells (Phillips, 1973). As a control, an equal number of cells was
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suspended in PBS-Dulbecco and similarly analyzed.

2.3.5. Cell Culture

The Human Chronic Myeloid Leukemia (K562) cell line was obtained from
American Type Cell Culture (Rockville, MD, USA). Cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL
of penicillin and 100 mg/mL of amikacin at 37°C in a humidified atmosphere containing

CO, (5%) .

2.3.6. Cell Viability

Briefly, human chronic myeloid leukemia (K562) cells were plated at a density
of 4x10* in 96-well tissue culture plates (Corning, NY). Cells were treated with the
methoxy-catechols (3.1, 6.2 and 12.5 pg/mL) in the presence or absence of TAM (1.5,
3.2 and 6.4 pg/mL) for different time intervals (24, 48 and 72 h). Cell proliferation and
viability were determined by the MTT method. For this assay, following treatment, 0.5
mg/mL MTT in fresh medium was added to the cultures. After 4 h of incubation, the
formazan crystals were dissolved in 100 pL of a 10% sodium dodecyl sulfate/10 mM
HCI solution, and the absorbance was measured at 570 nm in a microplate reader
(BioTek Instruments). Experiments were done in triplicate. For the curcumin groups, a

cell-free blank was performed to subtract for background absorbance.

2.4. Formula of % Inhibition
Values for % inhibition were calculated as follows:
% inhibition = (Ac — Ay)/ A;) X 100, where A. is the control absorbance and A is

the test absorbance.
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2.5. Statistical Analysis
Results are presented as the mean + SD (n=3). Statistical comparisons were
made by the ANOVA method using a 95% confidence interval, and differences were

considered statistically significant at p <0.05.

3. Results
a. Determination of Total Antioxidant Activity

The ability of different concentrations of TAM (31.2-500 pg/mL) and apocynin,
curcumin and vanillin (3.9-500-pg/mL) to scavenge the radical ABTS™ was analyzed.
The dose-response curves revealed that TAM alone did not show significant antioxidant
activity (data not shown). After determination of the ICsy for the methoxy-catechols
(Table 1), we found that apocynin showed the most efficient inhibitory activity,
followed by curcumin and vanillin. No significant differences in antioxidant activity

were observed for the methoxy-catechols alone or in combination with TAM.

3.2. Cytotoxic Activity in vitro in Red Blood Cells

The hemolysis assay was used to determine the effects of each methoxy-catechol
on the cytotoxicity of TAM in red blood cells. The ability of the methoxy-catechols to
inhibit hemolysis was calculated in reference to the positive control (TAM alone). The
absorbance for TAM treatment alone was 1.31 + 0.05, which was higher than that for
the negative control (absorbance of 0.008 + 0.0007, 1% red blood cells only). It
observed curcumin to be the only methoxy-catechol that presented a protective effect
against the cytotoxicity of TAM in red blood cells (Fig. 2). This inhibitory effect of

curcumin on TAM-induced hemolysis was concentration-dependent. Apocynin and
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vanillin, at all tested concentrations showed no significant inhibitory activity (p>0.05).

The concentration of K release was calculated as 4.13 mM =+ 0.22 for the positive con-
trol (TAM alone). In comparison, the negative control (1% red blood cells only) exhib-
ited a concentration of K release of 0.008 mM + 0.0007 (Fig. 3). Consistent with the
hemolysis assay, it observed that only curcumin presented a concentration-dependent,
cell-protective effect. At all concentrations tested, apocynin and vanillin did not affect

K™ release.

3.3. Cytotoxicity on Polymorphonuclear Leukocytes (LPMN)

LPMN viability was measured following incubation with apocynin,
curcumin or vanillin (50 pg/mL) in the presence or absence of TAM (14 pg/mL)
during different time intervals (Fig. 4). LPMN death was observed to increase with the
time of exposure to TAM. The percentage of unviable cells after 30 min was 19 + 5.66,
46.5 £ 3.53 after 60 min, and 100 + 0.0 after 90 min). After 30 min, it was observed that
apocynin, curcumin and vanillin were able to reduce TAM-mediated cytotoxicity in
LPMNSs, with the percentage of unviable cells being 12.5 + 2.12, 155 + 2.12 and 14.0 £
2.83, respectively, but did not significantitly. It was observed for apocynin, curcumin
and vanillin treatment at 60 min with the percentage of unviable cells being 20.5 + 2.12,
19.0 £ 2.83 and 22.5 + 2.12, respectively (p<0.05). After 90 min, the methoxy-catechols
exhibited a cytotoxic effect on LPMNs similar to that observed for TAM at the 30 min
time point; however, apocynin and curcumin still showed a protective effect against
TAM-induced cytotoxicity at this time point, with the percentage of unviable cells
calculated as 59.5 £ 10.6 for apocynin and 55.5 + 2.12 for curcumin (p<0.05). Vanillin
did not have a pronounced effect on TAM-induced cytotoxicity in LPMNs after 90 min

of treatment (% unviable cells = 77.0 £ 12.72).
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3.4. Cytotoxicity in K562 cells

It was investigated the effect of treatment with TAM and each methoxy-catechol
on K562 cell viability at different time intervals (24, 48 and 72 h). The results are
expressed in Table 1. After 24 h, the TAM/methoxy-catechol did not significantly effect
K562 cell viability. However, it was observed significant effects on cell death, when
TAM/methoxy-catechol combination. With regards to curcumin, increased death was
only observed at the highest tested concentrations for both TAM and the methoxy-
catechol (12.5 pg/mL curcumin + 6.2 pg/mL TAM). For apocynin, synergistic effects on
cell viability were observed at the two highest concentrations tested (6.2 pg/mL
apocynin + 3.1 pg/mL TAM and 12.5 pg/mL apocynin + 6.2 ug/mL TAM). Significant
effects were seen at the lowest tested concentrations for vanillin (3.1 pg/mL vanillin +
1.5 pg/mL TAM), however at the highest tested concentrations (6.2 pg/mL vanillin +
3.1 pg/mL TAM, 12.5 pg/mL vanillin + 6.2 pg/mL TAM) it was observed significant
synergistic effects on cell death. Thus, after 48 h of treatment, the methoxy-catechols
showed a significant decrease in K562 cell viability at the two highest concentrations
tested (12.5 and 6.2 pg/mL methoxy-catechol). TAM treatment alone had a similar
effect on K562 cells regardless of concentration. With regards to TAM concentration,
significant effects were observed at the lowest concentrations (1.5 pg/mL TAM + 3.1
pg/mL methoxy-catechol), while at the two highest concentrations (3.1 pg/mL TAM +
6.2 pg/mL methoxy-catechol and 6.2 pg/mL TAM + 12.5 pg/mL methoxy-catechol) it
was observed significant synergistic effect on cell death. Lastely, after 72 h of treatment,
the methoxy-catechols alone showed a similar effect on cell death than 48 h. With
regards to TAM concentration, the three methoxy-catechols at the all concentrations

tested had significant synergistic effect(1.5 pg/mL TAM + 3.1 pg/mL methoxy-catechol,
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3.1 pug/mL TAM + 6.2 pg/mL methoxy-catechol and 6.2 pg/mL TAM + 12.5 pg/mL
methoxy-catechol. In the absence of TAM, vanillin had the greatest effect on cell death,
followed by curcumin and apocynin. In the presence of TAM, vanillin again exhibited
the greatest effect on cell death, followed by apocynin and curcumin. These data show
that combined treatment with methoxy-catechols and TAM has a synergistic effect on

K562 cell death in comparison to treatment with TAM or methoxy-catechol alone.

4. Discussion

Natural products are excellent candidates for new antitumor drugs, as they are
widely-available. Methoxy-catechols constitute one of the largest groups of
phytochemicals that exhibit anti-cancer biological properties. Studies have related the
high consumption of natural products that are rich in phenolic groups with lower rates
of cancer incidence; however, studies have also shown that high concentrations of
natural products are required to achieve effective antitumor activity. For this reason,
natural products may be more useful in combination with other chemotherapeutic drugs,
with the aim being to obtain synergistic antitumor effects. This would be greatly
valuable in cancer therapy, as lower doses of chemotherapy could be used, and the
harmful side-effects caused by treatment could be reduced.

Curcumin, a diferuloylmethane derived from the plant Curcuma longa, has
several antitumor effects. In particular, it has been demonstrated to be an anti-
proliferative agent and induces tumor cell apoptosis. Curcumin is known to function by
directly interfering with cell survival signaling pathways such as the nuclear factor-
kappa-B (NF-kB) pathway (Bava et al., 2011). The cytotoxic activity of curcumin has
been shown in multiple tumor cell lines. Curcumin has been widely studied in recent

years in combination with other chemotherapeutic agents. The cytotoxic effects of
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gemcitabine are potentiated by curcumin in pancreatic cancer through the suppression
of NF-xB-regulated gene products or through effects on other cell signaling pathways
(Kunnumakkara, Guha, Krishnan, Diagaradjane, Gelovani & Aggarwal, 2007).
Curcumin and epigallocatechin gallate have been shown to act synergistically,
decreasing proliferation in oral cancer (Khafif, Schantz, Chou, Edelstein & Sacks,
1998). Recent studies have shown that other methoxy-catechols have effects on tumor
cells. For example, 4-methylcatechol (a metabolite of quercetin) has been shown to
induce the intrinsic apoptotic pathway in metastatic melanoma cells (Payton, Bose,
Alworth, Kumar & Ghosh, 2011). Serving as an example of the beneficial effects of
curcumin in the medical clinic, the combination of curcumin and TAM has been shown
to increase phosphatidylserine flipping, mitochondria depolarization and the generation
of reactive oxygen species in chemo-resistant melanoma (Chatterjee & Pandey, 2011).
Part of the cytotoxic activity of vanillin on tumor cells is also due to its inhibition of
NF-xB activation, which results in enhanced TRAIL-induced apoptotic cell death
(Lirdprapamongkol et al., 2010) as well as cytolytic and cytostatic effects (Ho et al.,
2009). Through the use of models phagocytic and non-phagocytic cell models, the
effects of apocynin have been attributed to its ability to efficiently inhibit the NADPH-
oxidase complex, resulting in the production of reactive oxygen species (Stefanska &
Pawliczak, 2008).

TAM has several detrimental effects on red blood cells, causing hemolytic
anemia in vivo and hemolysis in vitro (Silva, Madeira, Almeida & Custodio, 1999).
These effects are mainly due to the ability of TAM to induce a structural disruption of
biomembranes. Using red blood cells as a model, we demonstrated that curcumin
presented dose-dependent decreases in TAM-associated hemolysis. This effect was not

observed with the other methoxy-catechols tested, vanillin and apocynin. These results
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are in agreement with those we obtained through the measurement of potassium ion
release. The protective effect of curcumin does not appear to be due to its antioxidant
properties, since apocynin, despite having the highest antioxidant activity, did not show
an effect on hemolysis. In LPMN, treatment with TAM resulted in time-dependent
increases in toxicity; however, the three methoxy-catechols were able to protect against
LPMN cell death, particularly after 60 min of treatment.

These studies demonstrated the synergistic effect of the combination of TAM
with the methoxy-catechols on K562 tumor cell death. This effect was concentration-
and time-dependent. After 72 h of treatment, a synergistic effect was observed even at
the lowest tested concentrations of TAM and the methoxy-catechols. Interesting to note
the effect of apocynin, a compound that has not been well-studied effects on tumor
cells. Apocynin had the least effect of the three on K562 cell death but, when combined
with TAM, showed greater increases in cell death than curcumin/TAM.

The use of compounds with antioxidant properties as chemoprotective agents
has become a subject of interest; however, some authors relate that a drug’s antioxidant
properties can decrease its antitumor activity in therapy (Pagano et al., 2001). Here, it
was measured the antioxidant activities of the methoxy-catechols in an effort to
determine if a relationship exists between the antioxidant activity and the cytotoxic or
cyto-protective activities of the drug. It was observed an inverse relationship between
the antioxidant activity and the cytotoxic activity of the methoxy-catechols. Vanillin
presented the lowest antioxidant efficiency, followed by curcumin and apocynin, but
presented the highest cytotoxic activity (followed by curcumin and apocynin). In
association with TAM, vanillin presented the higher cytotoxic activity on tumor cells
(K562), followed by apocynin and curcumin. Although the methoxy-catechols showed

antioxidant properties, they also exhibited cytotoxic activity. In addition, their
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combination with TAM produced not an additive effect, but a synergistic effect.

Reactive oxygen intermediates have been demonstrated to play an etiological
role in anti-cancer drug-induced toxicity. As oxygen radical overproduction occurs
during TAM’s metabolic activation, studies have suggested that oxidative stress might
contribute to the pathogenesis of TAM-induced toxicity (Dragan et al., 1996, Pagano et
al., 2001). In the present study, TAM presented a concentration-dependent toxic effect
in red blood cells and LPMNSs. All of the tested methoxy-catechols were able to
decrease the TAM-induced LPMN death after 60 min of incubation; however, vanillin
was not able to maintain this protective effect after 90 min. This may be explained by
differences in the antioxidant efficacy among the compounds, as vanillin exhibited the
lowest efficacy among the three tested. In red blood cells, we were unable to associate
antioxidant efficacy with the observed protective effects. In this system, only curcumin
was able to protect the cells from the deleterious effects of TAM. Furthermore,
apocynin, which exhibited the highest antioxidant efficiency, also was unable to protect
against cell death.

These results point to the potential therapeutic value of TAM in association with
the tested methoxy-catechols, particularly curcumin, which potentiates the cytotoxic
effects of TAM on tumor cells (K562) while also decreasing TAM-associated
cytotoxicity in normal, healthy red blood cells and LPMNs. Further studies will be
necessary to clarify the mechanisms by which the methoxy-catechols and TAM act

synergistically in these processes.
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Figure Captions

Figure 1. Chemical structures of apocynin (A), vanillin (B) and curcumin (C).

Figure 2. Effect of methoxy-catechols on TAM induced hemolysis. Red blood
cells (1%) were incubated with the indicated concentrations of apocynin,
curcumin and vanillin in the presence of TAM (28 pg/mL) at 37°C for 90 min.
Hemolysis was determined by measuring the release of hemoglobin via

spectrophotometry at a wavelength of 540 nm. (n=3)

Figure 3. Inhibition of the TAM-induced release of K* ions [mM] by methoxy-
catechols. Red blood cells (1%) were incubated in the indicated concentrations of
apocynin, curcumin or vanillin in the presence of TAM (28 pg/mL) at 37°C for 90

min. K" release was measured by an ion-selective electrode. (n=3)

Figure 4. Inhibition of the TAM-induced citotoxicity on LPMN by methoxy-
catechols. Samples of methoxy-catechols (50 pg/mL) in the absence or presence
of TAM (14 pg/mL), were incubate in different times (30, 60 and 90 min). The
LPMN viability was analyzed by trypan blue exclusion assay. *Significantly

different from control cells treated with TAM (p<0.05). (n=3)
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Table 1. Quantitative analysis of the ICso of the ABTS™ obtained by exposure to

different concentrations the methoxy-catechols apocynin, curcumin and vanillin.

(n=3)

Methoxy-Catechol 1Cs0 (Mg/mL)
Apocynin 5.86+£0.53
Curcumin 8.43+0.61

Vanillin 15.10+0.44

Control 2.44+0.09
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Table 2. Effects of TAM, apocynin (APO), curcumin (CUR) and vanillin (VAN) (single
or in combination) on the viability of K562 cells in vitro. Cells (x10%) were treated with
different concentrations of the drug for different time intervals. After the time intervals,
the viabilities were determined using MTT test. *Significantly different from control
cells (p<0.05) and ** significantly different the sum of the individual effect of the
compounds (p<0.05). (n=3)

VIABLES CELLS (x10%)

SAMPLE 24h 48h 72h

Control 454092  6.27+0.81 7.36+0.63
TAM 1.5 ug/mL 4.95+1.20  3.96:0.26* 4.74+0.7*
TAM 3.1 pg/mL 4.79+0.47  3.89+0.40* 4.19+0.7*
TAM 6.2 pg/mL 3.99+0.12  3.68+0.60* 5.24+0.8*
APO 3.1 pug/mL 4.95+0.63  6.08+0.85 6.99+0.23
APO 6.2 ug/mL 5284023  5.60+1.03* 6.53+0.8*
APO 12.5 pg/mL 505£0.96  5.21+1.01* 5.55+0.7%
TAM 1.5 pg/mL+APO 3.1 pg/mL  3.10£0.12  2.89+0.41* 2.19+0.2%*
TAM 3.1 ug/mL +APO 6.2 ug/mL 2.26+0.3**  1.79+0.31**  1.5620.31**
TAM 6.2 ug/mL + APO 125 pg/mL~ 1.754¢0.4**  1.1840.24**  0.8420.17**
CUR 3.1 pg/mL 486032  6.12+0.13 7.01+0.68
CUR 6.2 pg/mL 5.09+1.05  4.69+0.62* 5.86+0.70*
CUR 12.5 pg/mL 4.49+049  3.77+0.33* 3.36+0.34*
TAM 15 pug/mL+ CUR 3.1 ug/mL  3.60+0.40  3.53+0.43* 2.76+0.49**
TAM 3.1 pg/mL + CUR 6.2 ug/mL 3.30+0.19  2.85:0.47**  2.12+0.14**
TAM 6.2 pg/mL + CUR 12,5 pg/mL ~ 2.58+0.59*  1.47+0.28**  1.15+0.07**
VAN 3.1 pg/mL 4.86£0.49  5.94+0.17 6.31+0.55
VAN 6.2 pg/mL 4.39+0.39  4.43+0.59* 5.33+0.39%
VAN 12.5 pg/mL 4.13+0.21  3.45+0.55* 2.95+0.25%
TAM 1.5 pg/mL + VAN 3.1 pg/mL~ 2.67+0.42*%  2.05+0.31* 1.99+0.20%*
TAM 3.1 pg/mL + VAN 6.2 pg/mL~ 1.78+0.17** 154+0.21**  1.1740.23**
TAM 6.2 ug/mL + VAN 125 ug/mL~ 1.27+0.18**  0.79£0.13**  0.41+0.18**




4. CONSIDERACOES FINAIS

Os produtos naturais sdo uma excelente alternativa na busca de novas
drogas antitumorais. O consumo elevado de produtos naturais, principalmente os
que contém grupos fenolicos, tem sido relacionado a reducdo da incidéncia de
cancer. No entanto, vérios trabalhos tém mostrado que sdo necessarias altas
concentragdes desses compostos para alcancar uma atividade efetiva. Logo, no
tratamento do cancer seria interessante a associacdo de produtos naturais as drogas
quimioterapicas classicas, pois devido ao efeito sinérgico, doses mais baixas de
quimioterapicos poderiam ser utilizadas, reduzindo vérios efeitos colaterais, e
contribuindo para uma melhor adeséo ao tratamento.

A curcumina tem varios efeitos sobre as células tumorais, como
antiproliferativo, apoptotico; e interfere diretamente nas vias de sinalizacéo
celular de sobrevivéncia, como o NF-kB (BAVA et al., 2011). Sua atividade
citotoxica é bem estabelecida em vérios tipos de linhagens de células tumorais e
tem sido amplamente estudada, nos dltimos anos, em combinacdo com outros
agentes quimioterapicos. A vanilina também deve parte de sua atividade citotoxica
sobre células tumorias pela inibicdo do NF-xB, e consequente aumento da morte
celular (LIRDPRAPAMONGKOL et al., 2010); e aos efeitos citotoxicos e
citostaticos (HO et al., 2009). Ja o foco principal dos efeitos da apocinina é como
um eficiente inibidor do complexo NADPH-oxidase, e conseqlientemente de
espécies reativas de oxigénio, em modelos que envolvem células fagociticas e
ndo-fagociticas (STEFANSKA & PAWLICZAK, 2008).

O TAM possui efeitos sobre as células vermelhas do sangue, como
alteracdes na membrana, hemolise in vitro e anemia hemolitica (SILVA et al.,
1999). Estes efeitos ocorrem devido ao TAM induzir uma descontinuidade
estrutural nas biomembranas. Em células vermelhas do sangue, foi demonstrado
que a curcumina apresenta um efeito significante, dose-dependente, na inibicdo da
hemolise mediada pelo TAM. Este efeito ndo foi observado pelos outros metoxi-
catecois testados, apocinina e vanilina. Estes resultados corroboram com o obtido
pela determinacdo da liberacio de K'. O efeito protetor evidenciado pela
curcumina nao parece ser devido a suas propriedades antioxidantes, ja que
apocinina ndo mostrou efeito semelhante, apesar de ter a maior atividade

antioxidante, observado pela atividade sequestrante sobre o ABTS™". Em LPMN, o
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TAM apresentou toxicidade tempo-dependente, sendo que o0s trés metoxi-catecois
foram capazes de proteger essas células.

Os resultados apresentados demonstram um efeito sinérgico da associagdo
do TAM com os metoxi-catecOis em células K562. Este efeito foi concentracéo e
tempo-dependente. Em 72 h observou-se que mesmo na menor concentracdo do
TAM e metoxi-catecois associados, houve o efeito sinérgico. E interessante notar
o efeito da apocinina, um composto que possui poucos estudos sobre sua atividade
citotoxica sobre células tumorais, apresentou menor efeito, quando isolada, sobre
as celulas K562, mas em combinacdo com o TAM mostrou resultados mais
significativos que a curcumina.

O uso de compostos com propriedades antioxidantes tem sido explorado
por sua aplicacdo quimiopreventiva. Eles tém sido estudados na prevencao e
tratamento do céncer, mas alguns autores relatam que esta propriedade pode
diminuir sua atividade sobre células tumorais (PAGANO et al., 2001). A
determinacdo da atividade antioxidante dos metdxi-catecois foi avaliada para
verificar se ha uma relacéo entre essa propriedade com atividade sobre as células
tumorais e o efeito quimioprotetor nas células. Os resultados da atividade
citotoxica dos compostos isolados mostraram uma relacéo inversa, uma vez que
entre 0s metoxi-catecdis (isolados), a vanilina apresentou a menor eficiéncia
antioxidante (seguido pela curcumina e apocinina), mas a maior atividade
citotoxica (seguido pela apocinina e curcumina). Em associacdo com o TAM, a
vanilina apresentou a maior atividade antitumoral, seguido por apocinina e
curcumina.

Os resultados indicam o potencial terapéutico do TAM em associa¢do com
0s metdxi-catecois testados, especialmente a curcumina, que potencializa o efeito
citotoxico sobre as células tumorais (K562) e concomitantemente diminui a
citotoxicidade exercida pelo TAM em dois modelos de células testadas. Mais
estudos sdo necessarios para esclarecer os mecanismos envolvidos no sinergismo

observado neste estudo.
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