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RESUMO

Produtos naturais tém originado muitos dos compostos biologicamente ativos usados
clinicamente, destacando-se como importantes fontes de novos agentes terapéuticos utilizados no
tratamento das mais variadas patologias incluindo céncer, HIV/AIDS, Alzheimer e malaria. O
desenvolvimento de novos farmacos a partir de produtos naturais, especialmente os derivados de
plantas, tem desempenhado importante papel na prevengao e tratamento do cancer sendo que, de
todos os antitumorais disponiveis entre 1940 e 2002, aproximadamente 40% eram caracterizados como
produtos naturais ou derivados destes, com outros 8% sendo considerados agentes mimetizantes de
produtos naturais.

No presente trabalho, fisetin (flavondide de origem vegetal) e a vitamina riboflavina foram
avaliados como potenciais agentes antitumorais. Para este propdsito, as linhagens de células
leucémicas HL60 e de cancer prostatico PC3 foram tratadas com riboflavina irradiada ou fisetin por 24
horas e seus efeitos sobre vias de transdugao de sinais responsaveis pela sobrevivéncia e morte celular
foram avaliados. Os resultados obtidos demonstram que riboflavina e fisetin apresentam expressiva
atividade antiproliferativa, induzindo a morte das células tumorais em concentracdes na ordem de uM. A
investigacdo do mecanismo molecular da agéo citotdxica da riboflavina demonstrou que o tratamento de
HL60 e PC3 com a vitamina irradiada induz morte celular através da via extrinseca de inducdo de
apoptose, mediada pela ativagdo do sistema Fas/FasL e aumento na sintese de ceramida. Como
consequéncia da ativagcdo do receptor de morte Fas, uma sequéncia ordenada de eventos leva a
modulacdo de cascatas de sinalizagdo através da alteragao da atividade/express@o de moléculas-chave
associadas a proliferagdo, sobrevivéncia, migragéo e morte celular.

Assim como a riboflavina, fisetin também mostra-se eficiente indutor de morte por apoptose em
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células HL60, modulando cascatas de proteinas quinases e fosfatases e levando a alteragbes na
expressao de NFkB, atividade de MAPKSs, niveis de fosfoproteinas e, também, a inibicdo de enzimas
envolvidas na manutencdo do estado redox.

Os resultados obtidos neste trabalho contribuem para um maior conhecimento sobre a
atividade/funcdo biolégica de algumas moléculas envolvidas na sobrevivéncia e morte de células
leucémicas e prostaticas, sugerindo potenciais alvos para o desenvolvimento de estratégias
terapéuticas mais eficazes no combate a doengas neoplasicas. Além disso, os resultados obtidos
demonstram que a riboflavina irradiada e fisetin sdo potentes indutores de apoptose e promissores
agentes antitumorais, capazes de modular importantes vias de sinalizagéo intracelular através de agao

especifica sobre moléculas-chaves relacionadas a proliferagao, resisténcia e invasividade de células

tumorais.



ABSTRACT

Natural products have been providing numerous clinically used medicines and remain as
essential components in the search for new drugs against various pharmacological targets including
cancer, HIV/AIDS, Alzheimer’s, malaria, and pain. Drug discovery from natural products, especially from
medicinal plants, has played an important role in the chemoprevention and treatment of cancer and, off
all available anticancer drugs between 1940 and 2002, about 40% were natural products per se or
natural product-derived, with another 8% considered natural product mimics.

In the present work, the plant flavonoid fisetin and the vitamin riboflavin are evaluated as
potential anticancer agents. For this purpose, the leukemic cell line HL60 and the human prostate cancer
cell PC3 were treated for 24h with irradiated riboflavin or fisetin and their effects on signal transduction
pathways related to the cell survival and proliferation were evaluated. The results obtained demonstrated
that riboflavin and fisetin have strong anti-proliferative activity, inducing tumoral cell death at yM
concentrations.

The investigation of the molecular death mechanism triggered by riboflavin demonstrated that
the treatment of HL60 and PC3 with the irradiated vitamin induces apoptotic cell death through induction
of the extrinsic pathway mediated by the activation of Fas/FasL system via a ceramide-dependent
pathway. As a consequence of the activation of the death receptor Fas, an orderly sequence of signaling
events leads to the modulation of signaling cascades through alterations in the activity/expression of key
targets molecules related to proliferation, survival, migration and cell death. As well as riboflavin, fisetin
also showed strong apoptotic activity, inducing HL60 cell death through modulation of protein kinase and
phosphatase signaling cascades, leading to alterations in the NFkB expression, MAPKs activities,

phosphoprotein levels and also inhibition of enzymes involved in the redox status maintenance.



The results obtained in this work bring out information about the biologic activity of some
molecules involved in the survival and death of leukemic and prostate cancer cells, indicating among
then potential targets for the development of rational therapeutic strategies. Moreover, the data obtained
demonstrated that irradiated riboflavin and fisetin have potential proapoptotic activity, pointing out these
bioactive compounds as promising antitumoral agents, since they can affect important molecular targets

related to proliferation, resistance and invasibility of cancer cells.
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ABREVIATURAS

7-AAD: 7-amino-actinomicina D

AIF (“apoptosis-inducing factor”): fator de inducdo de apoptose

APAF-1 (“apoptotic protease-activating factor-1”): fator 1 de ativagdo de apoptose

Bad (“Bcl-2 antagonist of cell death”): antagonista de Bcl-2 associado a morte celular

Bak (“Bcl-2 antagonist killer 1”): antagonista de Bcl-2 associado a morte celular

Bax (“Bel-2 associated x protein”): proteina x associada a Bcl-2

Bcl-2 (“B-cell lymphoma protein 2”): proteina inibidora de apoptose detectada primeiramente em linfomas
de células B

BH: dominio de homologia a Bcl-2

Bid (“BH3 interacting domain death agonist”): agonista de dominio de morte associado a BH3

CAD / DFF (“caspase-activated DNase / DNA fragmentation factor”): DNase ativada por caspase
CARD (“caspase activator and recruitment domain”): dominio de recrutamento e ativagéo de caspases
CCCP: 3-clorofenilhidrazona

CD45: tirosina fosfatase hematopoiética célula-especifica

Cdc(s) (“cell division cycle”): proteina(s) reguladora(s) da divisao celular

c-Myc: proteina oncogénica

CREB (“c-AMP response element-binding”): proteina ligante ao elemento de resposta a AMP ciclico
CuZnSOD: isoforma de superoxido dismutase dependente de cobre e zinco

DAXX (“Fas death domain associated protein”): proteina associada a dominio de morte de Fas

DD (“death domain”): dominio de morte

DED (“death efector domain”): dominio efetor de morte

DISC (“death-inducing signaling complex”): complexo intracelular de indu¢do de morte

DNA-PK (“DNA dependent protein kinase”): proteina quinase dependente de DNA

E2F: fator de transcri¢do E2F

ERKSs (“extracellular signal-regulated kinases”): quinases reguladas por sinal extracelular

FAD: flavina adenina dinucleotideo

FADD (“Fas-associated death domain protein”): proteina com dominio de morte associada a Fas

Fas / Apo1/ CD95: membro da superfamilia de receptores TNF
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FasL (“Fas-ligand”): proteina ligante de receptor Fas

FMN: flavina mononucleotideo

GPX: glutationa peroxidase

IAP (“inhibitory apoptosis protein type 1”): proteina inibidora de apoptose

ICAD (“inhibitor of CAD”): inibidor de CAD

IKKa (“I Kappa B kinase alpha”): quinase a de IkB

IRS-1 (“insulin receptor substrate-1”): substrato do receptor de insulina 1

IkB: proteina inibidora de NFkB

JAK (“Janus kinase”): quinase Janus

JNKSs (“c-Jun NH: terminal protein kinases”): proteinas quinases NH - terminal de c-Jun
MAPKAPKs: proteinas quinases ativadas por MAPKs

MAPKK: MAPK quinase

MAPKKK: MAPKK quinase

MAPKPs / MKPs: fosfatases de MAPKs

MAPKSs (“mitogen-activated protein kinases”): proteinas quinases ativadas por mitdgenos
MDR (“multidrug resistance”): fendtipo celular caracterizado pela resisténcia a multiplas drogas
MEK (MAPK ERK kinase): proteina quinase de ERK

MMP-2 (“matrix metalloprotease 2”): metaloproteinase de matriz tipo 2

MMP-9 (“matrix metalloprotease 9”): metaloproteinase de matriz tipo 9

MNKSs (“MAPK-interacting kinases”): proteinas de interacéo a MAPKs

MnSOD: isoforma de superdxido dismutase dependente de manganés

MSKs (“mitogen and stress ativated kinases”): quinases ativadas por estresse e mitdgenos
NFkB: fator nuclear kappa B

Omi/HtrA2 (“Omi stress-regulated endoprotease / high temperature requirement protein A2”): serina protease
inibidora de IAPs

p21: proteina inibidora de quinases dependentes de ciclinas

p53: proteina supressora de tumor p53

PARP (“poli ADP-ribose polymerase”): poli (ADP-ribose) polimerase

PCNA (“proliferating cell nuclear antigen”): antigeno nuclear de proliferagdo celular

PI3K (“phosphatidylinositol 3-kinase”): fosfatidilinositol-3 quinase
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PKA (“protein kinase A”): proteina quinase dependente de AMP ciclico

PKB / Akt (“protein kinase B”): proteina quinase B

PKC (“protein kinase C”): proteina quinase C

PP2A: proteina fosfatase 2A

PPMs: proteinas fosfatases dependentes de magnésio

PPPs: fosfoproteinas fosfatases

PTEN (“phosphatase and tensin homolog”): proteina tirosina fosfatase supressora de tumor

PTPs: proteinas tirosina fosfatases

Raf: serina-treonina quinase implicada na sinalizagéo de crescimento e sobrevivéncia celular.

RAIDD (“RIP associated protein with a death domain”): dominio de morte associado a RIP

Ras (“rat sarcoma viral oncogene”): familia de proteinas GTPasicas reguladoras de diversas vias de
transducao de sinais associadas ao crescimento, diferenciagéo e apoptose celular.

Rb: proteina retinoblastoma

RECK (“reversion inducing cysteine rich protein with kazal motifs”): glicoproteina inibidora da atividade

de metaloproteinases

RIP (“receptor interacting protein kinase”): proteina quinase de interagado com receptor

RSKs (“p90 ribosomal S6 kinase”): quinases S6 ribossomais

SHP1 (“SH2 containing protein tyrosine phosphatase 1”): proteina tirosina fosfatase com dominio SH2
Smac/DIABLO (“second mitochondria-derived activator of caspase / direct IAP binding protein with low PI”):
proteina mitochondrial inibidora de IAPs

SMase: esfingomielinase

SOD: superoxido dismutase

STATSs (“signal transducers and activators of transcription”): moléculas transdutoras de sinal e ativadoras
de transcri¢do

tBid: forma truncada de Bid

TNF (“tumor necrosis factor”): fator de necrose tumoral

TNFR (“tumor necrosis factor receptor”): receptor do fator de necrose tumoral

TRADD (“TNF receptor associated death domain”): dominio de morte associado a TNFR

TRAF (“TNF receptor-associated factor”): fator associado ao receptor TNF

TRAIL / Apo 2L (“TNF receptor apoptosis-inducing ligand”): membro da superfamilia de receptores TNF
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1.1. Compostos bioativos

A procura por substéncias medicinais em compostos naturais € uma pratica antiga na historia
da humanidade, iniciada ha milhares de anos quando o homem aprendeu a utilizar as plantas,
inicialmente na forma de tinturas, chas, pds e emplastros, para cura e alivio de suas enfermidades. Em
nossa historia mais recente, o uso de compostos naturais como medicamento evoluiu da administragéo
de simples extratos para o isolamento e caracterizagdo de compostos farmacologicamente ativos a
partir de suas fontes de origem (Balunas and Kinghorn, 2005).

Compostos biologicamente ativos, em particular os derivados de plantas medicinais,
destacam-se como potenciais farmacos ou candidatos a novas drogas estruturalmente e
funcionalmente diversas, além de constituirem modelos moleculares de referéncia para sintese de
novos compostos medicinais (Koehn and Carter, 2005). De fato, com o seqlenciamento do genoma
humano e a identificagdo de alvos moleculares associados a génese de importantes doengas como
cancer, AIDS e Alzheimer's, muitos compostos biologicamente ativos de origem natural tém
demonstrado atuar de maneira seletiva e promissora sobre determinadas moléculas alvo ou,
adicionalmente, em outras novas moléculas candidatas a potenciais alvos (Lee et al., 2002, Blaskovich
et al., 2003, Kramer and Cohen, 2004).

Compostos bioativos de origem vegetal, originados do metabolismo secundario em plantas
ou derivados destes, tém se destacado na prevencdo e tratamento do cancer. A importancia de
compostos naturais no tratamento do cancer pode ser observada pela porcentagem relativa dessa
classe de drogas em relagdo aos demais tipos existentes. Dados da literatura revelam que de todas as
drogas antitumorais disponiveis entre 1940 e 2002, aproximadamente 40% eram originadas de produtos
naturais, enquanto que outros 8% eram moléculas derivadas de compostos naturais (Newman et al.,
2003; Butler, 2004). Atualmente, quatro principais classes de compostos bioativos originados de

plantas, vinca alcaldides, epipodofilotoxinas, taxanos e camptotecinas tém se prestado a uso clinico,
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cada uma das quais desempenhando suas fungdes antitumorais através de exclusivos mecanismos de

acéo (Balunas and Kinghorn, 2005).

1.1.1. Riboflavina e suas fun¢6es bioldgicas
A riboflavina (7,8-dimetil-10-ribitil-isoaloxazina) € uma vitamina hidrossoluvel pertencente ao

complexo vitaminico B2 (Figura 1).

Cadeia Ribitil

Sistema de Anéis Isoaloxazina

Figura 1. Estrutura da riboflavina. Em destaque, a cadeia ribitil e o sistema de anéis isoaloxazina que
apresenta o sistema 7 conjugado.

A riboflavina € encontrada na maioria dos alimentos como leite, carnes, peixes e,
principalmente, em vegetais verde-escuro (Powers, 2003). E de fundamental importancia em
organismos aerdbios, sendo precursora de importantes coenzimas participantes da cadeia
transportadora de elétrons como a flavina adenina dinucleotideo (FAD) e flavina mononucleotideo

(FMN). Adicionalmente, origina grande numero de flavinas que se encontram ligadas a diversas
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enzimas, todas as quais catalisando importantes rea¢des como as relacionadas ao reparo do DNA e ao
processo fotossintético (Edwards et al., 1999b; Powers, 2003). O metabolismo de lipidios requer
derivados da riboflavina, assim como a degradagéo de drogas e outros compostos quimicos exdgenos
via sistema de hidroxilagdo microssomal. Cofatores de riboflavina séo requeridos para o metabolismo
normal do &cido fdlico, piridoxina e niacina além de serem utilizados por enzimas de eritrocitos como a
glutationa redutase, importante enzima pertencente ao sistema de prote¢ao contra as espécies reativas
de oxigénio (Rivlin et al., 1983).

Por fim, estudos recentes tém demonstrado a acdo da riboflavina na transducdo de sinais
responsaveis pela inducao de apoptose e na regulagéo do relégio bioldgico por mecanismos ainda ndo

completamente esclarecidos (Massey, 2000; Souza et al., 2006; Powers, 2003).

Riboflavina: Um fotossensibilizador bioldgico eficiente

Além das j& mencionadas atuagdes da riboflavina no metabolismo aerdbico, no organismo a
riboflavina ainda possui importante papel bioldégico como sensibilizador fotoquimico, o que esta
associado a sua sensibilidade a radiagdo UV e visivel. Ao absorver luz, a riboflavina alcanga o estado
de triplete ativado que pode tanto interagir com o oxigénio molecular gerando oxigénio singlete
(mecanismo tipo Il) como agir diretamente com um substrato (mecanismo tipo 1), levando & sua
fotooxidagéo, geracdo de radicais intermediarios e espécies reativas de oxigénio, tais como anion
superoxido, radical hidroxil e peréxido de hidrogénio (La Rochette et al, 2000; Edwards and Silva, 2001).
Essa capacidade pode ser Util ao organismo, como no caso de enzimas que requerem luz visivel para o
desempenho de suas atividades cataliticas, tais como enzimas participantes do processo de
fotossintese e enzimas de reparo do DNA, cujos grupos prostéticos agem como substratos do triplete

excitado de riboflavina.
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A capacidade fotossensibilizadora da riboflavina em sistemas bioldgicos esta relacionada ao
alto potencial redox de sua forma triplete ativada. Embora o potencial redox da riboflavina seja — 0,3V
em pH 7,0 (Meisel and Neta, 1975), sua irradiagéo e ativagéo ao estado triplete eleva o potencial redox
a 1,7V que € bem maior que o potencial redox de importantes biomoléculas como aminoacidos,
proteinas, lipidios e &acidos nucléicos, que desta forma, podem sofrer fotodegradagdo em presenca de
riboflavina (Joshi, 1985; Suzuki et al., 1982). Desta maneira, a riboflavina irradiada reage com os
aminoacidos triptofano, tirosina €, em menor extensao, com fenilalanina levando a fotooxidagdo dessas
moléculas, acompanhada pela formagéo de espécies reativas de oxigénio, fotoadutos e fotoprodutos, os
quais sdo toxicos para células tumorais (de Souza et al., 2006; Silva, 1992).

Varios estudos mostram que a irradiagéo de células tumorais com luz visivel em presenca de
riboflavina é capaz de induzir a morte celular. Quando células F9 de teratocarcinoma e NSO/2 murinas
sdo irradiadas em meio de cultura enriquecido com triptofano e riboflavina, alteragdes morfolgicas
similares as de células apoptéticas sdo observadas. O efeito citotoxico tem sido associado a geragéo de
espécies reativas de oxigénio e a formagdo de outros produtos toxicos originados de reagdes
envolvendo o radical anion de riboflavina e radical cation indol do triptofano. Tais fotoprodutos
constituem basicamente formas agregadas de riboflavina, produtos indélicos associados a flavinas,
produtos indolicos com peso molecular maior que o do triptofano, formilcinurenina e outros produtos da
fotodecomposigao do triptofano (Silva et al., 1995).

Além disso, os efeitos da riboflavina irradiada em presenca de triptofano também sao
observados em culturas de células néo irradiadas as quais ndo sofrem os efeitos deletérios das
espécies reativas de oxigénio formadas durante a irradiagdo do meio. Nessas circunstancias, tais
efeitos sdo atribuidos aos demais fotoprodutos gerados, cuja citotoxicidade é ainda mais evidente em
experimentos realizados em atmosfera anaerdbia onde predomina o mecanismo de reagao tipo |

(Edwards et al., 1994; Edwards et al., 1999a). Fotoprodutos derivados de acido 3-indol acético (IsA)
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irradiado em presenca de riboflavina causam danos severos em cultura de células humanas como HL60
e células tumorais murinas NOS/2 (Edwards et al., 1999b). Tais efeitos foram mais acentuados do que
os anteriormente descritos para os fotoprodutos do triptofano, além de aumentarem de acordo com a
elevagdo da concentragdo dos fotoprodutos (Edwards et al, 1999a). Com base em estudos de
microscopia eletronica e analises de citometria de fluxo, demonstrou-se que tais fotoprodutos induzem
morte celular por mecanismo apoptotico. Postula-se que o mecanismo de ativagdo apoptotica esteja
relacionado a atuagdo dos fotoprodutos IsA-RF como ligantes sinalizadores de morte agindo na
superficie celular. Tal afirmagédo baseia-se no fato de que uma quantidade insignificante de riboflavina
adicionada ao meio é incorporada pela célula, comportamento que também pode ser atribuido aos
fotoprodutos (Edwards et al., 1999a).

E interessante mencionar que recentes estudos (Ahmad et al., 2006; Ahmad et al., 2004a;
Ahmad et al., 2004b; Holzer, et al., 2005) voltados para a analise das reagdes de fotodegradacéo da
riboflavina em solugdes aquosas (aspectos fotoquimicos da riboflavina) evidenciaram a formagéo de um
conjunto de fotoprodutos os quais também podem estar relacionados aos efeitos citotdxicos da
riboflavina irradiada. Os resultados obtidos mostram que a riboflavina é degradada através de uma
variedade de reagbes, entre elas fotolise (fotoredugdo intramolecular) e fotoadi¢do (fotoadigéo
intramolecular), tidas como as principais (Ahmad et al., 2006; Ahmad et al., 2004a; Ahmad et al.,
2004b). Como resultado, a fotodegradacéo da riboflavina em solugdes aquosas resulta na formagao de
uma série de produtos, tais como 7,8-dimetil-10-(formilmetil)-isoaloxazina, lumicromo, lumiflavina e
ciclodehidroriboflavina (Figura 2).

Atualmente, a riboflavina e outras substéncias com capacidade fotossensibilizadora tém sido
alvos de estudos relacionados ao tratamento e prevencao de doengas com emprego de luz. Na area
oncoldgica, destaca-se o estudo da Terapia Fotodindmica, uma forma estabelecida de fotoquimioterapia

onde uma substéncia fotossensibilizadora é acumulada num tecido tumoral especificamente irradiado,
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levando a destruicdo das células tratadas (Edwards et al, 1999a; Sol et al, 2006). A Terapia
Fotodindmica tem se mostrado método atrativo para o tratamento de neoplasias induzindo a eliminagéo
das células tumorais por diversas vias de morte, incluindo morte necrética, apoptética e autofagica
(Zaidi and Oleinick, 1993; He et al, 1994; Luo et al, 1996; Kessel et al, 2006; Huang et al., 2005). No
tratamento das leucemias 0 método revela-se ponto chave na determinagdo do sucesso de transplantes
autologos de células tronco hematopoiéticas desde que mostra induzir, de maneira efetiva, a eliminagao

de células leucémicas residuais responsaveis pela recidiva da doenga (Huang et al., 2006).
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Figura 2. Estrutura quimica dos principais fotoprodutos da riboflavina.

1.1.2. Fisetin
Flavondides sdo compostos polifendlicos de baixa massa molecular, freqiientemente presentes
em gréos, frutas citricas, vinho tinto, cha e dleo de oliva. O interesse no estudo das atividades

biologicas dos flavondides teve inicio em 1936 com Rusznydk and Szent GyOrgyi, os pioneiros no
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reconhecimento dos beneficios terapéuticos apresentados por esses compostos. Desde entéo, o estudo
de flavonoides tem despertado cada vez mais interesse, 0 que atualmente pode ser observado pelo
aumento explosivo de pesquisas com flavondides considerados terapeuticamente ativos. Aliando efetivo
poder antioxidante com a capacidade de inibicdo de enzimas especificas, alta poténcia e baixa
toxicidade sistémica, os flavonoides s&o considerados compostos potenciais para a inibigdo seletiva de
vias de sinalizag&o intracelulares. Assim sendo, os flavonoides constituem alternativas promissoras as
tradicionais drogas terapéuticas utilizadas no tratamento de uma variedade de doencas, incluindo
cancer, alergias, AIDS, aterosclerose, isquemia, degenera¢do neuronal € doengas cardiacas, entre
outras (Sengupta et al., 2005; Park et al., 2006). Nesse contexto, a identificagdo de possiveis alvos
moleculares da agéo de flavondides e o estudo da interagao estabelecida entre flavonoides e seus alvos
constituem um importante foco da atual pesquisa farmacoldgica.

Fisetin (3,7,3',4"-tetrahidroxiflavona) é um flavondide bioativo comum da dieta, podendo ser
encontrado em uma variedade de frutas e vegetais (Figura 3). Consumido em uma média de 0,4mg/dia,
fisetin exerce efeitos cardioprotetores e anticarcinogénicos o que tem sido atribuido as suas
propriedades antioxidantes (Van Acker et al., 2000; Pietta, 2000; Lee et al., 2002), citoprotetora,
antiinflamatdria e habilidade de prevenir a proliferacao celular e a angiogénese (Fotsis et al., 1997).

OH
OH

HO

)

Figura 3. Estrutura quimica do fisetin.
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E importante frisar que um crescente nimero de trabalhos na literatura tem demonstrado a
capacidade do fisetin de modular vias de sinalizagéo intracelulares, interferindo na expressao e/ou
atividade de varias enzimas e moléculas sinalizadoras. Desta maneira, fisetin tem atraido interesse
como potencial agente farmacoldgico para o tratamento de importantes patologias como AIDS, cancer,
doengas autoimunes, neurodegenerativas, entre outras.

Estudos tém destacado a agéo do fisetin na inducdo de enzimas de fase Il, como NADPH
quinona-redutase e glutationa S-transferase, e inibicdo de importantes enzimas como proteina quinase
C (PKC) e proteinase HIV-I, sendo esta ultima enzima viral indispensavel para a maturacéo e
processamento do virus da AIDS e, portanto, alvo vidvel para a terapia da doencga (Ferricola et al.,
1989; Brinkworth et al., 1992). Fisetin também mostra acao promissora na prevengao e tratamento de
doencgas inflamatdrias regulando, através de diferentes mecanismos, as vias de sinalizagao
relacionadas a liberagéo de citocinas pré-inflamatérias em diferentes sistemas celulares. De fato fisetin
causa inibicdo da expressao de TNF-qa, IL-1B, IL-4, IL-6 e IL-8 em mastdcitos efeito associado a sua
capacidade de inibir enzimas da familia das proteinas quinases ativadas por mitdgenos (MAPKs) e a
transcri¢do de genes mediada por NFkB (Park et al., 2006).

A capacidade do fisetin em modular a atividade de MAPKs tem despertado interesse nao
somente para o tratamento de doengas inflamatérias, mas também na terapéutica de doencgas
neurodegenerativas e de perda de meméria. Recentemente foi descrita a capacidade do fisetin em
promover, com grande eficiéncia, a diferenciagdo de células nervosas e, também, conferir protegéo a
essas celulas contra morte induzida por estresse oxidativo (Ishige et al., 2001; Sagara et al., 2004). A
inducao de diferenciacao de células nervosas pelo fisetin mostra depender da ativacdo da via Ras/ERK
e da consequente ativagdo de CREB (c-AMP response element-binding protein) promovida pela MAPK
ERK. Como resultado da ativacdo de CREB no sistema nervoso central observa-se uma variedade de

mudancas celulares associadas ao desenvolvimento da meméria de longa duragdo mostrando que a
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ativacdo da via de sinalizagdo Ras/ERK por fisetin poderia ocasionar mudangas no cérebro que
consistiriam a base celular da memaéria (Maher et al., 2006).

Além dos efeitos citoprotetores ja conhecidos, dados da literatura tém mostrado que fisetin
também pode atuar como potente indutor de apoptose de células tumorais. Desta forma, o tratamento
de células da leucemia mielocitica humana HL60 ou células de carcinoma hepético SK-HEP-1 com
fisetin induz o aparecimento de caracteristicas bioquimicas e morfologicas correspondentes as
identificadas em células apoptéticas. Nessas células fisetin leva a ativagdo de caspase 3, fragmentagdo
do DNA nuclear, formagao de corpos apoptéticos e ao estabelecimento de uma populagao na fase sub
G1 do ciclo celular. Importante citar que fisetin também levou a diminui¢do dos niveis intracelulares de
H.O, nas HL60 demonstrando uma intrigante correlagéo entre atividade antioxidante e apoptose
induzida por flavonoides (Chen et al., 2002; Lee et al., 2002).

Recentemente, Haddad et al. (2006) demonstraram que o tratamento da linhagem humana de
cancer prostatico PC3 com fisetin induz inibicdo do ciclo celular na fase G2/M. Além disso, fisetin
mostra ainda inibir competitivamente a captacdo de glicose na linhagem tumoral mieldide U937,
indicando a potencialidade do uso deste flavondide como bloqueador da captagéo de glicose in vitro
(Park, 1999).

Devido as suas propriedades cardioprotetoras e anticarcinogénicas, altas doses de fisetin e
outros flavondides sao freqientemente adicionadas a suplementos nutricionais, uma medida visando a
aumentar seus beneficios bioldgicos. Porém, os efeitos bioldgicos da ingestédo desses compostos em
altas concentragdes ainda ndo s&o conhecidos e evidéncias indicam que, nessas condigdes, fisetin e
outros flavonoides podem interferir em processos celulares vitais. Estudos sugerem que fisetin pode ser
genotdxico mesmo em concentragdes relativamente baixas (Sengupta et al., 2005; Guharay et al.,
2001) e que administracdo de doses progressivamente maiores tendem a aumentar a geracdo de

radicais livres durante a sua oxidagdo, podendo causar lesdes oxidativas, quebras e mutacdes nas
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cadeias de DNA ou inibicdo da enzima topoisomerase Il (Olaharski et al., 2005). Compostos que inibem
DNA topoisomerase Il, enzima nuclear essencial para a replicagdo do DNA, possuem uma clara
tendéncia de induzir a fragmentagdo do DNA dupla fita podendo, desta forma, ser usados no tratamento

de doengas neoplasicas.

1.2. Células usadas no trabalho
1.2.1. Células da leucemia mielocitica humana (HL60)

A leucemogénese é um fendbmeno complexo caracterizado pelo desacoplamento anémalo dos
eventos de proliferacdo e diferenciagdo resultando no bloqueio da maturagdo celular. Células da
leucemia mielocitica humana (HL60) tém servido como sistema modelo para o estudo de compostos
fotosensibilizadores e também para o estudo in vitro da diferenciacdo de células leucémicas e
desenvolvimento de novas drogas que poderéo ser utilizadas na prevencgéo e tratamento dos diferentes
tipos de leucemias (Edwards and Silva, 1999a; Uzunoglu et al., 1999).

As células HL60 séo indiferenciadas (blastos), ndo codificam a proteina p53 (responsavel pelo
reparo do DNA ou indugéo de apoptose) e expressam em grande quantidade as proteinas Bcl-2 e c-
myc, esta Ultima correlacionada com o estado hiperproliferativo dessas células (Blagosklonny et al.,
1996; Wall et al, 1999). Expostas @ agdo de compostos especificos como &cido retindico,
dexametasona, arabinofuranosilcitosina C e vitamina D, as células HL60 podem se diferenciar em
granuldcitos/mondcitos (Uzunoglu et al., 1999), sendo este processo acompanhado por diminuigao
significativa dos niveis da proteina Bcl-2.

O ciclo de células eucarioticas é regulado por varias proteinas, incluindo as proteinas quinases
dependentes de ciclinas e proteinas fosfatases (Tyson, 1999). A fosfatase Cdc25 ativa o complexo
ciclina-quinase estimulando, portanto, a progresséo do ciclo celular. As células HL60 apresentam pelo

menos cinco tipos de proteinas fosfatases: proteina serinal/treonina fosfatases PP1 e PP2A e proteinas
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tirosina fosfatases CD45, SHP-1 e Cdc25. A modulagdo da atividade da CD45 apresenta importante
papel na diferenciacdo e/ou manutengdo de varias linhagens de células leucémicas num estado
antiproliferativo (Buzzi et al., 1992). A proteina tirosina fosfatase SHP-1 também estd envolvida na
regulacdo da diferenciacdo destas células (Uesugi, et al., 1999). PP1 estd envolvida na indugdo de
apoptose pela desfosforilagdo da proteina retinoblastoma (Rb), responsavel pela progresséo do ciclo
celular de G1 para S através da indugédo da expressao de ciclinas e liberagéo do fator E2F (Wang et al.,
2001). PP2A participa na regulacdo do metabolismo, transcrigéo, processamento do RNAm (“splicing”),
traducéo, diferenciagéo, ciclo celular, transformagdo oncogénica e transdugéo de sinal. A agéo anti-
apoptotica das fosfatases PP1 e PP2A foi evidenciada com a utilizagdo de inibidores destas enzimas
(acido okadaico e caliculina, respectivamente) os quais induzem apoptose das células HL60 (Uzunoglu

etal, 1999).

1.2.2. Células do cancer prostatico humano andrégeno-independente (PC3)

O cancer prostatico € uma das mais freqlientes malignidades metastaticas causadora da morte
de homens em decorréncia de cancer. Embora hoje novos métodos de detecgdo e novos agentes
terapéuticos tenham sido desenvolvidos, em geral, pouco progresso tem sido observado no tratamento
da doenga o que esta associado as altas taxas de detecgé@o da doenga em estagios mais avangados ou
metastaticos e a dificuldade do estabelecimento de terapias mais eficientes. Atualmente, 22% dos
novos casos de cancer prostatico sdo detectados em fases avangadas contribuindo para o alto indice
de mortalidade em decorréncia da doenga. Embora novas drogas mais efetivas e menos tdxicas tenham
sido desenvolvidas, tumores prostaticos ainda mostram-se de dificil erradicagdo, freqlentemente
tornando-se androgeno-independentes e de dificil tratamento nos casos de recidiva da doenga (Navarro
et al., 2002; Evans et al., 2003; Diaz et al., 2004; Nelson, 2004). Atualmente, muitos estudos tém se

voltado para a determinag&o de novos alvos moleculares € moléculas biossensoras para o tratamento e
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detecgao precoce da doenca. Nesse contexto, a linhagem celular PC3 tem sido usada como modelo de
cancer prostatico hormonio-refratario para o estudo in vitro dos mecanismos moleculares envolvidos na
diferenciacdo celular e apoptose em resposta a potenciais agentes farmacoldgicos.

PC3 mostra-se resistente a morte induzida por TNFa e, apesar de comumente expressar Fas e
secretar a forma biologicamente ativa de FasL, também mostra resisténcia a morte celular apoptdtica
induzida por Fas (Costa-Pereira and Cotter, 1999; Hyer et al., 2000; Bertran, 2006). Contudo, dados da
literatura demonstram que a inibigdo de PI3K em células de cancer prostatico € capaz de levar a
reativacdo do potencial apoptético da sinalizagéo via Fas (Bertran, 2006).

Curiosamente, em células de cancer prostatico como PC3 a ativagédo da MAPK p38, quinase
frequentemente envolvida na indugéo de apoptose em células tumorais, parece estar mais relacionada
com efeitos anti-apoptéticos e antimetastaticos (Ricote et al., 2005), demonstrando as particularidades
destas células quanto ao mecanismo molecular de indugdo de morte e a emergente necessidade da
determinagdo de seus efetivos alvos moleculares. Nesse sentido, metaloproteases mostram-se
potenciais alvos moleculares na inibicdo da metastase de cancer prostatico, visto que somente células
tumorais prostaticas expressando altos niveis de MMP-2 e MMP-9 mostram capacidade de ocasionar

metastases (Evans and Moller, 2003; Thurairaja et al., 2004; Carlin and Andrioli, 2000).

1.3. Apoptose

Apoptose pode ser definida como um mecanismo de morte celular geneticamente programado e
conservado evolutivamente que capacita as células a desencadearem um processo de morte altamente
regulado em resposta a estimulos inerentes ao desenvolvimento normal ou em situagdes de estresse
celular (Kaufmann and Hengartner, 2001; Degterev et al., 2003; Orrenius et al., 2003). Assim sendo, a
apoptose € considerada a principal forma de “suicidio celular’, desempenhando papel central em varios

processos fisioldgicos e na manuten¢do da homeostase em organismos multicelulares.
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Em geral, a apoptose caracteriza-se por acometer células individuais e esparsas de um tecido,
induzindo um conjunto especifico de alteragbes morfolégicas, entre as quais, encolhimento
citoplasmatico e perda de contato com células vizinhas, aparecimento de vacuolos citoplasmaticos,
formacdo de bolhas ou proje¢des nas membranas nuclear e citoplasmatica, fissdo mitocondrial,
condensagédo da cromatina, fragmentagao nucleossomal do DNA (originando fragmentos com multiplos
de 180-200 pares de bases) e exposicdo da fosfatidilserina na camada externa da membrana
citoplasmatica sendo que, ao final do processo, ocorre fragmentagéo celular em unidades conhecidas
como corpos apoptoticos (Wyllie et al., 1980; McConkey, 1998; Los et al., 2003; Youle and Karbowski,
2005). E interessante citar que, durante todo o processo ndo hé extravasamento de material intracelular
e 0s corpos apoptdticos sdo reconhecidos e rapidamente removidos por células fagociticas sem que
haja desencadeamento de resposta inflamatéria (Israels and Israels, 1999; Liston et al., 2003).

Estima-se hoje que metade das doengas médicas esteja relacionada ao descontrole do
processo apoptotico (Fischer and Schulze-Osthoff, 2005). De fato, assim como os processos de
proliferacdo e diferenciagdo, a morte apoptética constitui evento critico para a manutencdo da
homeostase e falhas no processo podem levar ao acumulo de células indesejaveis (formagédo e
proliferacdo de tumores, resisténcia a quimioterapia), falha na erradicacdo de células aberrantes
(doengas autoimunes) ou desordens levando a inapropriada perda de células (choque séptico,
destruicdo do tecido vascular ap6s processo de isquemia-reperfusdo, AIDS, doencas
neurodegenerativas, injurias hepaticas)-(Kaufmann and Hengartner, 2001; Degterev et al., 2003,
Fischer and Schulze-Osthoff, 2005).

O mecanismo de morte celular apoptotica pode ser desencadeado por uma série de estimulos
intra e extracelulares que levam a ativagdo de cascatas de enzimas proteoliticas especificas
denominadas caspases as quais s&o responsaveis pela iniciagdo, execugdo e regulagdo do processo

apoptotico. Baseadas num mecanismo de clivagem especifica de proteinas as caspases levam ao
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colapso da infra-estrutura celular através da desintegracao do citoesqueleto, desarranjo metabdlico e
fragmentagé@o gendmica. Entre os principais alvos de caspases encontram-se proteinas estruturais e de
funcdes essenciais como proteinas requeridas no reparo do DNA (DNA-PK, PARP), proteinas
reguladoras do ciclo celular (Cdc27, Rb), proteinas envolvidas em patologias humanas e proteinas
diretamente envolvidas na regulagao da apoptose (ICAD, Bid), assim como reguladoras/mediadoras da
sinalizagdo apoptotica (PKB/Akt, RIP quinase)-(Schmitt et al., 1999; Kohler et al., 2002, Ghobrial et al.,
2005).

Além do papel desempenhado na regulagcdo e execugdo do processo apoptotico, muitas
caspases possuem fungdes adicionais ndo relacionadas com a morte celular, estando associadas a
regulacdo da resposta imune, progress@o do ciclo celular e ao processo de diferenciagdo. Assim,
caspase 1 e 11 participam na regulacdo da resposta inflamatoria, caspase 8 esta envolvida na ativagao
de linfocitos T e B, caspase 3 participa na diferenciagdo muscular e a caspase 14 parece estar
envolvida na diferenciacdo de queratindcitos (Donepudi and Grutter, 2002, Los et al, 2003). A
regulacéo da atividade de caspases esta, portanto, implicada nos processos de proliferagéo, apoptose e
diferenciacdo celular (Liston et al., 2003) demonstrando que a ativagdo desse grupo de enzimas em
uma célula ndo deve ser entendida como sinénimo de inducdo de apoptose. Assim sendo, a
determinacgéo do destino celular ndo deve ser somente associada a quantidade de caspases ativas mas
também devem ser levados em consideragao o local onde essas caspases séo ativadas e a presenca

de possiveis inibidores (Los et al., 2003).

1.3.1. Vias de sinalizacao apoptética
O desencadeamento do processo de morte celular apoptética e ativagdo de caspases pode
ocorrer através de duas vias principais, dependendo da natureza do estimulo. A via extrinseca é

desencadeada pela ativagdo de receptores de morte enquanto que na segunda via de indugao
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apoptotica, via intrinseca, a mitocondria € a mediadora chave do processo de morte celular (Assungao
and Linden, 2004).

Na via extrinseca, o sinal de morte ¢ transmitido através de um ligante extracelular, membro da
superfamilia do fator de necrose tumoral (TNF), que se acopla a um receptor da familia dos receptores
de morte (CD95/Fas/Apo1, TNFR1, DR3/Wsl-1/Tramp, DR4/TRAIL-R1, DR5/TRAIL-R2/TRICK2/Killer e
DR6) induzindo sua oligomerizagdo (McConkey, 1998; Donepudi and Gritter, 2002). A multimerizagéo
induzida pelo ligante resulta na formagéo de um complexo intracelular de indugao de morte denominado
DISC (“death- inducing signaling complex”) o qual é formado pela interagéo entre a parte citoplasmatica
dos receptores com mudltiplas moléculas adaptadoras como FADD/MORT1 (Fas associated death
domain protein), TRADD (TNF receptor associated DD), DAXX, RIP (receptor interacting protein kinase),
RAIDD (RIP associated protein with DD) e FLIP. A interagao entre receptor € moléculas adaptadoras se
dé através de dominios de interagé@o proteina-proteina denominados dominios de morte, DD (“death
domain”) presentes em ambas as moléculas (Degterev et al., 2003; Barnhart et al., 2003; Fischer and
Schulze-Osthoff, 2005). Posteriormente, caspases iniciadoras, como as caspases 8 ou 10, séo
recrutadas para DISC onde interagem com moléculas adaptadoras através de dominios efetores de
morte DED (“death effector domains”). A interagdo com proteinas adaptadoras leva a oligomerizagao
das caspases 8 ou 10 em DISC, aumentando a concentragdo local e favorecendo a autoclivagem e
autoativagé@o dessas caspases iniciadoras (Johnstone et al., 2002). Uma vez ativada, a caspase 8 cliva
e ativa caspase 3, induzindo diretamente a fase de execugao do processo apoptético.

A via intrinseca desencadeia apoptose em resposta a danos no material genético, defeitos nos
pontos de checagem do ciclo celular, mitose catastrofica, hipdxia, auséncia de fatores de crescimento,
agentes quimioterapicos, radiagéo, drogas citotoxicas e outros tipos severos de estresse intracelulares
(Gottlieb, 2000; Wang and El-Deiry, 2003; Liston et al., 2003). Esta via envolve a ativagdo de proteinas

pré-apoptéticas da familia Bel-2 que agem na mitocondria, afetando sua permeabilidade seletiva através
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da formacao de poros por onde extravasam fatores apoptogénicos como citocromo c, fator de indugao
de apoptose (AlF, “apoptosis-induncing factor’), Omi/HtrA2, Smac/DIABLO e endo G, entre outras
(Kaufmann and Hengartner, 2001; Wang and El-Deiry, 2003; Youle and Karbowski, 2005).

A liberagdo do citocromo ¢ no citosol, em presenca de dATP, induz a formagdo dos
apoptossomos estruturas que, similarmente ao complexo DISC formado na via extrinseca de ativagao
apoptdtica, associam moléculas adaptadoras intracelulares as formas inativas de caspases iniciadoras
através de dominios de interagdo proteina-proteina do tipo CARD (“caspase activator and recruitment
domain”) presente em ambas as moléculas. O apoptossomo consiste num heptdmero de moléculas
adaptadoras APAF-1, cada uma das quais ligadas a um dimero de caspase 9. O dimero de caspase 9 é
entdo ativado através de mudanga conformacional induzida pelo apoptossomo, atuando
sequencialmente no processamento e ativagdo das caspases efetoras 3 e 7 e iniciando a execugao da
apoptose similarmente a caspase 8. O complexo apoptossémico provavelmente serve como um
regulador alostérico da caspase 9 que, em situagdes onde ndo haja estimulo apoptético, encontra-se
livre no citosol na forma de mondmeros inativos. A integracéo da caspase 9 ao apoptossomo induz sua
dimerizagéo e ativagao, o que faz do apoptossomo uma verdadeira holoenzima na qual a atividade da
caspase ativa chega a ser mil vezes maior que a atividade residual do monémero (Degterev et al,
2003). E importante notar que, contrariamente & ativagdo da caspase 8 que necessita de aproximagao e
atividade proteolitica, a ativacdo da caspase 9 € um evento controlado alostericamente, onde a ativagdo
é alcancada por mudanga conformacional através de dimerizagdo induzida pelo apoptossomo
(Donepudi and Gritter, 2002).

Adicionalmente a ativagdo de caspases, a liberacdo do citocromo ¢ causa vagarosa e
irreversivel perda de fungdo mitocondrial € decréscimo de respiracdo levando a morte celular. Portanto,

a via apoptética mitocondrial parece resultar em um evento que compromete irreversivelmente a célula

33



a morte (“point-of-no-return”) levando a répida ativacdo de caspases acompanhada de morte celular
lenta através de disfungdo mitocondrial (Liston et al., 2003).

E importante notar que as vias intrinseca e extrinseca freqiientemente agem em conjunto nas
fases de indugéo e execugdo do processo apoptético, cooperando na recepgao do sinal de morte e na
amplificacéo da ativacéo de caspases. De fato, as vias extrinseca e intrinseca de inducdo de morte
celular podem comunicar-se entre si em varios niveis fazendo com que a ativagdo de uma possa, em
algum nivel, desencadear a ativagdo da outra, o que vai depender do tipo e contexto celular, tipo e
intensidade do estresse, entre outros fatores. Assim, a ativagdo de receptores de morte pode levar a
subsequente ativagdo da via mitocondrial através da clivagem da proteina pro-apoptética Bid pela
caspase 8. A forma truncada resultante de Bid (tBid) transloca-se para a mitocondria onde ativa Bak e
Bax, induzindo a oligomerizagdo dessas moléculas € a formagdo de poros por onde extravasam
citocromo ¢ e demais fatores apoptogénicos mitocondriais levando a consequente ativagao de caspases
efetoras (Kaufmann and Hengarner, 2001; Barnhart et al, 2003; Scorrano, 2003). Da mesma maneira, a
ativagéo da via intrinseca também pode sensibilizar as células a ligantes de morte extrinsecos atraves
da inducdo da expressdo de receptores de morte mediada por p53. A dependéncia de p53 para
ativacdo da via mitocondrial ap6s danos ao DNA constitui um ponto critico na indugéo de morte de
celulas tumorais através de agentes quimioterapicos. Grande parte dos tipos tumorais apresenta
mutacdes em p53 que acabam levando a ineficacia do tratamento (Wang and El-Deiry, 2003).

Uma terceira via de sinalizacdo apoptética através do reticulo endoplasmaético parece também
fazer parte do arsenal de indugdo apoptotica (Assungdo and Linden, 2004). Postula-se que um estimulo
estressor prolongado sobre o reticulo endoplasmatico leve a ativacdo da caspase 12, localizada na
membrana do reticulo endoplasmatico, sendo esta clivada e ativada por m-calpaina em resposta a
mobilizagdo dos estoques intracelulares de Ca?*. Uma vez ativada, a caspase 12 age em caspases

efetoras induzindo apoptose. Assim, estresse de reticulo endoplasmatico causado por deplec¢do de Ca?*
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ou alteragbes no seu sistema de transporte pode estar relacionado diretamente & ativagdo de caspases

(Kadowaki et al., 2004; Xu et al., 2005).

1.3.2. Familia de proteinas Bcl-2

Os membros da familia de proteinas Bcl-2 sdo mediadores chaves do processo apoptético
estando relacionados tanto a percepgdo do estimulo de morte quanto a ativagdo e regulagdo da
maquinaria de morte celular. Por atuarem em diversos niveis do processo apoptético, mutagdes em
genes que codificam proteinas da familia Bcl-2 podem exercer profundos efeitos no desenvolvimento
embrionario e estdo freqientemente associadas a génese de diversas doengas (Wang et al., 1999;
Kaufmann and Hengartner, 2001; Ghobrial et al., 2005).

A familia de proteinas Bcl-2 engloba proteinas que compartiiham pelo menos um dominio de
homologia a Bcl-2 (BH) conservado. Inclui tanto membros pro-apoptéticos (Bax, Bak, Bok, Bid, Bim, Bik,
Bad, Bmf, Kek, Noxa e Puma) quanto anti-apoptéticos (Bcl-2, Bel-XI, A1, Bel-w e Mcl-1, A1/Bfl1)-(Cory
and Adams, 2002) que, em condi¢des normais, permanecem em equilibrio. Os membros anti-
apoptoticos da familia sdo caracterizados pela presenca de BH1-BH4, sendo que muitas das proteinas
desse grupo também possuem uma cauda hidrofébica C-terminal através da qual se fixam na superficie
citosolica de varias membranas intracelulares, tais como, membrana mitocondrial externa, membrana
nuclear e reticulo endoplasmatico. Membros dessa classe de proteinas Bcl-2 destacam-se também por
possuirem uma regiéo hidrofébica formada pelos residuos de BH1, BH2, BH3 que pode ser ocupada
pela propria cauda hidrofobica ou mediar ligagbes com outras proteinas da familia, através do dominio
BH3. O mecanismo pelo qual previnem a morte celular baseia-se na ligagéo e sequestro de membros
pré-apoptéticos, embora outros mecanismos envolvendo interagdes proteina-proteina também existam
(Kaufmann and Hengartner, 2001). Destaca-se neste subgrupo a acdo de Bcl-2, proteina integral de

membrana com importante fun¢do anti-apoptética. Também fazem parte desse subgrupo proteinas
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como Bcl-XL e Bcl-w que, ao contrario de Bcl-2, somente associam-se fortemente com membranas
apos a sinalizagao de morte (Cory and Adams, 2002).

Os membros pré-apoptéticos da familia Bcl-2 podem ser divididos em duas subfamilias. A
subfamilia de Bax apresenta proteinas com seqliéncias similares aos membros anti-apoptéticos,
especialmente nas regides de BH1, BH2 e BH3, porém parecem ter perdido o dominio BH4. Fazem
parte desta subfamilia proteinas como Bax, Bak e Bok cujas atividades mostram-se necessarias e
possivelmente suficientes para induzir a liberagdo do citocromo c. Bax reside no citoplasma mas em
ocasiéo de estimulo apoptotico transloca para a membrana mitocondrial externa onde sofre mudancga
conformacional e oligomeriza-se, formando poros por onde ocorre a liberagédo do citocromo c. Bak
apresenta-se na forma de oligbmeros integrais da membrana mitocondrial externa mesmo na auséncia
de estimulo apoptotico. Na ocasido de indugdo de morte celular, muda de conformacdo formando
agregados ainda maiores também envolvidos na liberagdo do citocromo ¢ (Cory and Adams, 2002;
Fischer and Schulze-Osthoff, 2005).

A segunda subfamilia de membros pré-apoptéticos consiste de um grande e variado grupo de
polipeptideos que contém apenas um unico dominio BH3 que &, tanto necessario quanto suficiente para
a agao pré-apoptética. Proteinas de dominio BH3 unico (Bad, Bim, Bik, Bid, Bmf, Noxa, Puma)
respondem a uma grande variedade de estimulos apoptoticos (desde remogédo de fatores de
crescimento, alteragdes no citoesqueleto até danos ao DNA) parecendo mesmo “sentinelas”
encarregadas de desencadear apoptose apos estimulo estressor de origem intra ou extracelular. Com
excecao de Bid, agem por ligagéo e neutralizagdo de membros anti-apoptéticos via dominios BH3 (Cory
and Adams, 2002). A proteina Bad, dependendo da origem do estimulo de sobrevivéncia e do tipo
celular, é fosforilada em residuos de Ser-112, Ser-128, Ser-136, Ser-155 e Ser-170 por diferentes
quinases. A fosforilagdo de Bad, principalmente no residuo de Ser-136, resulta em sua associagdo com

proteinas 14-3-3 e retengdo no citosol, 0 que impede que se associe e inative Bcl-2 e Bcl-XL
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mitocondriais. Bid promove a morte celular ativando Bax e Bak e, também, inativando membros anti-
apoptdticos, sendo ambas atividades dependentes de interagdo entre dominios BH3. A exposicdo do
dominio BH3 em Bid ocorre apds clivagem dentro da regido amino terminal, reagdo promovida pela
caspase 8 ou granzima B. Ap6s ativado, Bid transloca-se para a mitocondria onde induz oligomerizagao
de Bax/Bak e a formacao dos poros para liberagao do citocromo ¢ (Schmitt et al., 1999).

Em geral, ambas subfamilias de Bcl-2 pro-apoptoéticas séo necessarias para a iniciagdo da
apoptose. As proteinas de dominio BH3 unico agem como sensores de danos celulares e antagonistas
diretos de proteinas anti-apoptéticas, enquanto membros da subfamilia Bax agem posteriormente,

provavelmente na permeabilizacdo da membrana mitocondrial.

1.3.3. Mecanismos de morte celular

Apesar do grande avango das pesquisas levando a caracterizagdo bioquimica e celular do
mecanismo de morte apoptética, a confusdo entre os termos apoptose e morte celular programada
ainda pode ser observada com freqiiéncia nos meios de divulgagao cientifica, ndo sendo raro o0 uso da
palavra apoptose como sindnimo de morte celular programada.

Morte celular programada ndo é sindnimo de apoptose e pode ser definida como uma
sequéncia de eventos, ndo necessariamente aqueles que levam a uma morfologia apoptética, baseados
no metabolismo celular e que culminam com a morte da célula. De fato, a apoptose ndo é o Unico
modelo de morte celular programada (Assun¢éo and Linden, 2004).

Atualmente, o préprio mecanismo apoptético tem sido revisto e evidéncias sugerem que, na
verdade, este ndo € um mecanismo unico mas um conjunto de maltiplos mecanismos que levam a uma
morfologia apoptética comum. Entre esses varios mecanismos, muitos surpreendem por derrubarem
conceitos que até o presente momento pareciam dogmas do estudo da apoptose. A indugdo de

caspases como resultado de estimulo de morte parece ndo ser mais pré-requisito para o

37



desencadeamento apoptético, desde que a inibi¢do de caspases falha em bloquear a morte celular com
morfologia apoptdtica em varios modelos experimentais (Los et al., 2003; Abraham and Shaham, 2004;
Twomey and McCarthy, 2005). Vias de morte celular independentes de caspases tém sido descritas em
varias formas de morte induzidas por Bax (Jurgensmeier et al., 1998; Twomey and McCarthy, 2005),
bem como em situagbes onde outras proteases, tais como, calpaina e serina proteases sdo ativadas
(Squier et al., 1994; Jurgensmeier et al, 1998; Assefa et al., 2000). Esses dados mostram que a
morfologia apoptética classica pode ser alcangada, tanto pela ativagao de caspases quanto por outras
familias de proteases, embora as exatas caracteristicas citolégicas da degeneragao celular possam
variar levemente entre essas varias formas de apoptose, atualmente designadas como “apoptosis-like”.
Além disso, 0 mecanismo apoptético também mostra ser flexivel em relagéo a ativagao de caspases
especificas, desde que vias alternativas de ativacdo de caspases podem ser ativadas durante o
estimulo apoptético, dependendo da disponibilidade da caspase preferencial (Troy et al., 2001).

Durante os ultimos trinta anos, a morte celular foi classificada segundo um padréo dicotdémico.
De um lado, havia a necrose, morte celular “acidental” e descontrolada e, de outro, a apoptose,
caracterizada como um tipo de morte celular geneticamente programado, apresentando um padréo de
alteragdes morfologicas comuns. Hoje, estudos demonstram que a necrose também pode ser um tipo
de morte celular programada assim como evidenciam a existéncia de outras formas desse tipo de morte
além da apoptose, entre elas a autofagia a qual postula-se ter-se desenvolvido muito antes do processo
apoptotico (Zong and Thompson, 2006).

A morte celular autofagica ocorre em muitas células eucariéticas, sendo considerada uma via
degenerativa que culmina na degradagdo lisossomal de vacuolos citoplasmaticos contendo
macromoléculas e organelas (Assun¢éo and Linden, 2004). O processo é acompanhado por mudangas
morfolégicas especificas que envolvem a formagdo de vaculolos citoplasmaticos, dilatacdo de

mitocdndria e reticulo endoplasmaético, formagé@o de bolhas na membrana citoplasmatica e perda de
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especializagdes, tais como, microvilosidades e complexos de juncdo, além de intensa endocitose
observada nos estagios finais do processo. A autofagia tem sido descrita como um mecanismo de
resisténcia a escassez de nutrientes bem como parte integrante dos processos de diferenciagéo,
metamorfose, envelhecimento e transformagdo celular, entre outros (Dunn, 1990; Abraham and
Shahan, 2004). Contudo, o mecanismo de autofagia e o perfil celular autofagico final estédo sendo
relacionados a reagdes celulares defensivas contra estimulos estressores néo letais e, também, como
uma forma de morte celular programada distinta da apoptose, desencadeada em situagdes de injdrias
letais (Assungéo and Linden, 2004). Interessante citar que além da apoptose, a autofagia também tem
mostrado estar associada a morte de parte das células neuronais em doencas como Parkinson
(Anglade et al., 1997), Alzheimer (Cataldo et al., 1996) a até mesmo em doencas mediadas por prions
(Jeffrey et al., 1992).

Em relagdo ao atual conhecimento do processo necrético, existem crescentes evidéncias de
que as formas de morte celular necréticas e apoptéticas compartiihnem mais similaridades do que
originalmente se pensava. De fato, a necrose tem se mostrado potencial substituta da apoptose durante
0 desenvolvimento embrionério, sendo que algumas formas de necrose podem também ser mediadas
por moléculas chaves do processo apoptético, tais como Bcl-2/Bcl-XL e caspases (Kane et al., 1995;
Oppenheim et al., 2001). Também tem sido sugerida a existéncia de duas vias distintas de morte celular
desencadeadas por receptores de Fas, as quais podem levar tanto a classica ativagdo de apoptose
caspase-dependente ou desencadearem necrose programada (Kawahara et al., 1998). Necrose, ent&o,
tem sido definida como uma morte celular programada que ocorre na auséncia de condensagéo de

cromatina ou com pontos de agrupamento de cromatina (Leist and Jaattela, 2001).
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1.4. Proteinas fosfatases

As células respondem aos estimulos do ambiente através de vias transdugdo de sinais
intracelulares as quais comumente utilizam os mecanismos de fosforilagdo e desfosforilagéo a fim de
promover modificagdo de proteinas de uma maneira rapida e reversivel (Ferreira et al., 2006; Tamura et
al., 2004). De fato, o balango entre fosforilagdo e desfosforilagdo de proteinas é a base para o controle
de diversos eventos bioldgicos disparados por efetores extracelulares como horménios, mitdgenos,
carcindgenos, citocinas, neurotransmissores e substancias ou metabdlitos toxicos (Harrison et al, 1999;
Ostman and Bohmer, 2001). Em eucariotos, a atividade de pelo menos 30% das proteinas pode ser
regulada por fosforilagdo, principal mecanismo que controla uma grande variedade de processos
celulares como sobrevivéncia, diferenciacdo e morte celular (Garcia et al, 2003).

A fosforilagdo de uma proteina pode criar um novo sitio de reconhecimento para interacdes
proteina-proteina, controlar a estabilidade protéica e, ainda, regular a atividade enzimatica. As cascatas
de sinalizagao geralmente s&o formadas por reagdes sequenciais de proteinas quinases, mas o controle
do mecanismo como um todo envolve a agao conjunta de proteinas quinases e fosfatases (Janssens et
al., 2005; Zhang et al., 2002), cujas atividades sdo cuidadosa e fortemente reguladas in vivo. Assim
sendo, alteragdes na atividade dessas enzimas estdo envolvidas no desenvolvimento de inUmeras
doengas genéticas ou adquiridas, tais como diabetes, cancer e autoimunidade (Schonthal, 2001;
Ferreira et al., 2006; Malentacchi et al, 2005). Em particular, a fosforilagdo e desfosforilagédo de
residuos de treonina, serina e tirosina em proteinas tém emergido como eventos chaves na regulagao
da divisdo, diferenciacdo, desenvolvimento celular, apoptose, regulagédo do metabolismo, expressao
génica, contragao, transporte, locomog&o celular, aprendizado e meméria (Harrison et al., 1999; Krebs

and Graves, 2000; Schonthal, 2001; Genoux et al., 2002)
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Com base na funcdo, estrutura, sequéncia, especificidade, sensibilidade a ativadores e
inibidores, as proteinas fosfatases podem ser divididas em dois grandes grupos: serina/treonina

fosfatases e tirosina fosfatases (PTPs) (Jia, 1997; Aoyama et al., 2003).

1.4.1. Proteinas tirosina fosfatases (PTPs)

No genoma humano ja foram identificados 107 genes que codificam enzimas da familia das
proteinas tirosina fosfatases (PTPs)-(Mustelin et al., 2004; Alonso et al, 2004), uma classe de enzimas
sinalizadoras estrutural e funcionalmente diversificada que, juntamente com proteinas tirosina quinases,
modula os niveis celulares de fosforilagdo em residuos de tirosina, controlando processos fisioldgicos
fundamentais como crescimento e diferenciagéo, ciclo celular, metabolismo e fungdes de citoesqueleto
(Zhang, 2003; Andersen et al., 2004).

Classicamente, as PTPs tém sido classificadas como PTPs tipo receptor, PTPs citoplasmaticas,
PTPs de especificidade dual e PTPs de baixo massa molecular. Contudo, trabalhos mais recentes tém
proposto uma nova classificagdo desta familia, baseada nos residuos de aminoacidos presentes em
seus dominios cataliticos (Alonso et al, 2004; Andersen et al., 2004; Ferreira et al., 2006). De acordo
com essa nova classificagdo, as PTPs podem ser agrupadas em quatro classes diferentes:

PTPs da classe |, representadas pelas PTPs “classicas” e PTPs de especificidade dual,
caracterizadas pela utilizacdo de um mecanismo catalitico comum, baseado numa cisteina presente no
sitio ativo, onde um intermediario fosfo-cisteinil € formado e hidrolisado seqliencialmente com o auxilio
de um residuo de é&cido aspartico (Mustelin et al., 2004). A presenga de cisteina no sitio ativo é
responsavel pela caracteristica comum das PTPs desta classe de serem inibidas por pervanadato, p-
cloromercuribenzoato e outros agentes oxidantes (Aoyama et al, 2003).

As PTPs “classicas” sdo divididas entre fosfatases tipo receptor e enzimas citosélicas. As PTPs

tipo receptor (CD45, PTPa, PTPy) séo enzimas modulares consistindo de um segmento extracelular,
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envolvido na comunicag@o célula-célula e transdugdo de sinais, seguido por um unico segmento
transmembrana com um ou dois dominios PTPs citoplasmaticos (Alexander, 2000; Zhang, 2001;
Aoyama et al, 2003). PTPs citosdlicas (PTP1B, PTP2, VH1 e SHP) apresentam um Unico sitio catalitico
e varias extensdes amino e carboxi-terminais contendo dominios extra-cataliticos, tais como dominios
SH2, envolvidos diretamente na regulagédo da atividade catalitica ou enderegamento e reconhecimento
de substratos, estratégia que visa ao aumento da capacidade catalitica dessas enzimas (Zhang et al.,
2002; Aoyama et al, 2003).

PTPs de especificidade dual atuam tanto em residuos de fosfotirosina quanto fosfoserina e
fosfotreonina, possuindo maior afinidade por fosfotirosina. Alguns componentes do grupo agem também
sobre outros substratos além de fosfoproteinas sendo que, em geral, as enzimas do grupo participam
da regulagdo de sinais mitogénicos e desempenham importante papel no controle do ciclo celular (Wu
et al, 1999; Zhang, 2001). Fazem parte deste grupo fosfatases de proteinas quinases ativadas por
mitdgenos (MAPKPs) e fosfatase supressora de tumor (PTEN), entre outras (Zhang et al., 2002;
Aoyama et al, 2003).

A classe Il de PTPs, assim como a classe |, agrupa enzimas com mecanismo catalitico baseado
num residuo de cisteina que parecem ter uma origem mais antiga do que as enzimas da classe I. Em
humanos sao representadas pelas proteinas fosfatases tirosina-especificas de baixa massa molecular
(LMWPTPs) reconhecidas pela capacidade de interagdo com varios receptores tirosina quinase (PDGF,
receptor de insulina, e receptor Eph A2) e proteinas de ancoragem (B-catenina), atuando tanto como
reguladores negativos quanto positivos da proliferagdo celular induzida por fatores de crescimento.
Recentes estudos tém mostrado que o aumento na expressdo de LMWPTPs é suficiente para induzir a
transformacdo celular e que a atividade dessas enzimas esta fortemente correlacionada ao
desenvolvimento e progressdo de tumores em modelos animais (Kikawa et al., 2002; Chiarugi et al.,

2004).
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PTPs da classe Il s&o representadas por fosfatases tirosina/treonina especificas como o grupo
de fosfatases Cdc25 cuja ag&o, também mediada por num residuo de cisteina, constitui evento
importante na progressao do ciclo celular.

A quarta e Ultima classe de PTPs, representada pela familia de proteinas Eya, agrupa enzimas
com mecanismo catalitico baseado num residuo de aspartato e dependente de cation.

Em contraste as proteinas tirosina quinases, que apresentam potencial de promogao de
crescimento, as PTPs podem agir como supressoras de tumor e inibir o crescimento celular. PTPs
também tém sido implicadas na ativagdo de linfécitos B e T e na sinalizagao por insulina, o que faz
destas enzimas alvos atrativos para o desenvolvimento de drogas usadas numa variedade de doencas
como cancer, inflamagao, diabetes e obesidade (Pils and Schultz, 2004; Haugh et al., 2004, Andersen

et al., 2004; Ferreira et al., 2006).

1.4.2. Proteinas serina/treonina fosfatases

A familia de proteinas serina/treonina fosfatases compreende duas subfamilias de enzimas
conhecidas como fosfoproteinas fosfatases (PPP) e proteinas fosfatases dependentes de magnésio
(PPM), as quais apresentam em comum similaridade de estrutura primaria (Van Hoof and Goris, 2003;
Garcia et al., 2003). A subfamilia das PPPs apresenta-se subdividida em PP1, PP2A (incluindo PP4 e
PP6), PP2B (também conhecida como calcineurina), PP5 e PP7, de acordo com caracteristicas de
especificidade por substratos e sensibilidade diferencial a inibidores e ativadores especificos (Van Hoof
and Goris, 2003). De uma maneira geral, PP1, PP2A, PP4 (PPX), PP5, PP6 e PP7 séo caracterizadas
por serem inibidas por toxinas como acido okadaico e microcistina (Garcia et al, 2003), sendo que PP1,
da ordem de nM) do que PP2A e PP2B (inibidas em concentragdes da ordem de uM)-(Klumpp and

Krieglstein, 2002). PP2C, unico membro da familia das PPMs, né&o é afetada por toxinas como &cido
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okadaico e microcistina, apresentando como caracteristica especifica a dependéncia de magnésio para
sua atividade catalitica relacionada a resposta celular ao estresse (Klumpp and Krieglstein, 2002;

Aoyama, et al, 2003).

Proteina PP2A: Enzima chave no processo apoptotico

A fosforilagéo reversivel de proteinas constitui importante mecanismo de regulagdo da morte
celular. Como muitos processos fisioldgicos, o comprometimento celular com o processo apoptotico é
regulado por mecanismo pos-traducional, através da fosforilagao reversivel de proteinas sinalizadoras
de apoptose e, portanto, controlado por um balango entre a atividade de proteinas quinases e proteinas
fosfatases.

A proteina fosfatase tipo 2 (PP2A) é a principal proteina serina/treonina fosfatase envolvida na
regulacdo de vias de transducédo de sinais e de varios processos celulares como progressao do ciclo
celular, replicagdo do DNA, transcri¢éo génica e sintese de proteinas (Van Hoof and Goris, 2003; Yu et
al., 2004; Janssens, 2005). Tal diversidade de fungbes é explicada em parte pela sua complexidade
estrutural e regulatéria. A estrutura central da enzima é composta por uma subunidade estrutural (A) e
uma subunidade catalitica (C) que pode encontrar-se em forma livre ou associar-se a uma terceira
unidade denominada subunidade regulatoria (B), formando o complexo trimérico da holoenzima.
Atualmente, tém sido descritas trés classes de subunidades regulatérias B, sendo que cada uma delas
existe na forma de pelo menos duas isoformas diferentes. A existéncia de multiplas classes e isoformas
das subunidades regulatérias B € consistente com a hipétese de que diferentes complexos de PP2A
executem especificas e distintas fungdes fisioldgicas gragas as especificidades de substrato e
localizag&o celular conferidas pelas diferentes subunidades B (Hahn, 2004).

A fosforilagédo de proteinas intracelulares geralmente ocorre em residuos de serina e treonina e

a PP2A ¢ responsavel por significante fracdo da atividade serina/treonina fosfatase na maioria das
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células, sendo inclusive responsavel pelo controle de pelo menos 50 proteinas quinases (Van Hoof and
Goris, 2003; Yu et al., 2004; Janssens et al., 2005).

PP2A esta envolvida tanto na regulacdo quanto na resposta celular a apoptose, agindo tanto
“‘upstream” quanto “downstream” de caspases efetoras. Provavelmente, varias holoenzimas de PP2A
com distintas subunidades regulatérias, especificidades por substratos e localizagdes subcelulares,
parecem estar implicadas em diferentes niveis da via de sinalizagdo apoptética (Van Hoof and Goris,
2003). A funcdo pro-apoptdtica de PP2A é consistente com seu papel na progressao do ciclo celular,
crescimento e sobrevivéncia celulares, inibindo direta ou indiretamente a quinase cdc2, MAPKs e
PKB/AKkt, respectivamente. Além de regular negativamente o crescimento celular, a atividade de PP2A
também contribui para a natureza transiente das ativagbes de proteinas quinases ativadas por
mitdgenos (MAPKSs) por fatores de crescimento, 0 que evita uma ativagdo constitutiva suficiente para
causar transformacao tumorigénica (Schontal, 2001).

A relacdo da PP2A com a regulagdo do processo apoptético envolve, entre outras agdes, a
desfosforilagdo de proteinas da familia Bcl-2. A familia de proteinas Bcl-2 é formada por membros pré e
anti-apoptéticos, muitos dos quais residindo ancorados a membrana mitocondrial externa. Integrando
sinais de sobrevivéncia e estimulos de morte, membros dessa familia guardam os “portdes”
mitocondriais, controlando a liberacdo de fatores apoptdticos e a subsequente ativagdo de caspases
efetoras. A regulagédo da atividade dessas proteinas envolve principalmente a agdo coordenada de
quinases e fosfatases como MAPKSs e serina/treonina fosfatases (PP1 e PP2A), respectivamente.

A acao de PP2A na regulagdo do processo apoptdtico também ocorre através da regulagao
negativa de vias de sinalizagéo relacionadas a estimulos de sobrevivéncia. A via de sinalizagdo da
proteina quinase ativada por mitdgeno ERK esta relacionada a estimulos de proliferacdo e
sobrevivéncia celulares sendo, também, conhecida sua agao inibitéria de apoptose mediada por

citocinas como Fas, TNFa, e TRAIL. PP2A regula negativamente a via de sinalizacdo MEK/ERK
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desfosforilando e inativando MEK e ERK e, portanto, estimulando o processo apoptdtico (Chiang et al,
2003).

Outra proteina alvo da agdo pré-apoptética de PP2A é a serina treonina quinase PKB,
mediadora chave da sobrevivéncia celular. Quando ativa, PKB fosforila proteinas envolvidas na cascata
apoptotica e regula a expresséo de varias proteinas relacionadas ao mecanismo de morte celular. Entre
os alvos apoptoticos de PKB encontram-se as proteinas Bad, Bid, IKKa, e caspase 9, entre outras
(Song et al., 2005). A fosforilagdo de Bad leva ao seu sequestro no citosol por proteinas 14-3-3 e a
consequente inativagdo de sua atividade pro-apoptética. Bid, outro membro pré-apoptético da familia
Bcl-2 relacionado a apoptose estimulada por Fas, quando fosforilado por PKB, torna-se inacessivel para
ser clivado e ativado pela caspase 8. Além de regular a fosforilagéo e disponibilidade dos substratos de
caspases, PKB também age diretamente sobre a caspase 9, fosforilando Ser-196 e inibindo sua
atividade. Por fim, PKB fosforila e ativa IKKa., quinase que regula a atividade 1xB (proteina inibitéria de
NF«kB) e leva a translocagéo nuclear e ativagéo do fator nuclear NF«kB, relacionado & transcricdo de
uma variedade de fatores de sobrevivéncia (Kimpinski et al., 1999; Cross et al., 2000; Allen and Tresini,
2000; Klumpp and Krieglstein, 2002; Haddad, 2004).

A atividade de PKB é regulada negativamente pela agdo da caspase 3 que cliva e inativa a
enzima. PKB também pode ser inativada pela acédo indireta da caspase 3 que cliva a subunidade
regulatéria Aa. de PP2A, levando ao aumento de sua atividade e a dramética mudanga no estado de
fosforilagdo da célula. PP2A é a principal fosfatase que desfosforila e inativa PKB, além de controlar o
“status” de fosforilagdo de substratos de caspases, como exemplificado pelo caso da proteina Bid (Van
Hoof and Goris, 2003; Klumpp and Krieglstein, 2002).

O conhecimento das atuagdes de PP2A no processo apoptotico e varios trabalhos mostrando

sua atuacdo como inibidora da proliferagdo celular contribuiram para a hipdtese de que PP2A agiria
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como uma verdadeira proteina supressora de tumor e que sua regulagdo poderia ser alvo de
intervengéo terapéutica. Contudo, essa visdo deve ser refinada pois, como j& mencionado, existem
varios tipos de holoenzimas de PP2A com fungles e locais de atuagéo diferentes. Assim, ao mesmo
tempo em que varios trabalhos mostram a a¢ao supressora de tumor de PP2A, outros demonstram sua
acdo como fator estimulador de crescimento e sobrevivéncia celulares, resultados que indicam

participagéo de holoenzimas diferentes em cada processo (Hahn, 2004; Janssens, 2005).

1.5. Proteinas quinases ativadas por mitégenos (MAPKSs)

As células sdo continuamente expostas a uma variedade de estimulos e estresses ambientais,
0 que requer que detenham a capacidade de integrar sinais externos e internos e “decidir’, com base no
tipo e intensidade de estresse, seu proprio destino. Essas decisdes séo feitas através de uma variedade
de vias sinalizadoras usadas para a transmissao de sinais da superficie celular para o citoplasma e
nucleo a fim de obter uma resposta celular. Geralmente, essas vias sdo formadas por multiplos
componentes e funcionam através de etapas de fosforilagdes seqlienciais controladas por proteinas
quinases e fosfatases (Sharrocks et al., 2000; Wada and Penninger, 2004).

Proteinas quinases ativadas por mitdgenos (MAPKs) fazem parte da grande familia de
proteinas serina/treonina quinases da qual também sdo membros a proteina quinase dependente de
AMP ciclico (PKA), proteina quinase B ou Akt (PKB/Akt) e a proteina quinase C (PKC)-(Cano and
Mahadevan, 1995; Cross et al., 2000). As MAPKs sao enzimas conservadas evolutivamente, Unicas em
eucariotos, que conectam receptores de superficie celular a alvos regulatérios dentro das células.
Através de uma via de sinalizagéo constituida por receptores com atividade tirosina quinase intrinseca e
receptores acoplados a proteina G, proteinas adaptadoras e fosforilagbes sequenciais de proteinas
quinases, as MAPKs respondem a uma variedade de estimulos ambientais, tais como fatores de

crescimento ou proliferagdo, citocinas e estresse quimico ou fisico, controlando, portanto, eventos tao
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distintos quanto sobrevivéncia, morte, transformagéo ou adaptagdes celulares (Haneda et al., 1999;
Cross et al, 2000; Nebreda and Porras, 2000; Chang and Karin, 2001; Wada and Penninger, 2004).

A ampla variedade de funcbes desempenhadas por MAPKs é mediada através da fosforilagao
de varios substratos, incluindo fosfolipases, fatores de transcri¢do e tradugédo, moléculas do ciclo
celular, proteinas adaptadoras e proteinas de citoesqueleto, entre outras. MAPKs também catalisam a
fosforilagdo e ativagdo de varias proteinas quinases denominadas “proteinas quinases ativadas por
MAPKs” (MAPKAPKs), entre as quais podemos destacar RSKs (quinases S6 ribossomais), MSKs
(mitogen and stress ativated kinases), MNKs (MAPK-interacting kinases) e MAKPAPKs 2, 3 e 5 (Wada
and Penninger, 2004; Roux and Blenis, 2004).

Dentro da grande familia das MAPKs, trés grupos tém sido caracterizados em mamiferos: a
familia das “extracellular signal-regulated kinases” (ERKSs), “c-Jun NH, terminal kinases” (JNKs) e a
familia das p38 MAPKs. Uma MAPK adicional denominada ERK5 foi recentemente clonada e
caracterizada, sendo candidata a membro de uma nova familia de MAPKs (“Big MAPKS”) que também
deve incluir ERK7 e ERKS8, enzimas cujas fungbes e vias de ativagdo ainda ndo foram bem
caracterizadas (Johnson and Lapadat, 2002; Roux and Blenis, 2004; Wada and Penninger, 2004).

Cada familia de proteinas MAPKs opera através de cascatas de sinalizagdo caracterizadas por
alta especificidade e funcionamento paralelo (Schenk and Snaar-Jagalska, 1999). Embora cada MAPK
tenha suas caracteristicas proprias, um grande numero de caracteristicas & compartilhado por suas vias
sinalizadoras. Cada via de sinalizagdo € composta por um conjunto de trés quinases conservadas
evolutivamente e ativadas em reagdes sequenciais, mecanismo que possibilita a amplificagdo dos sinais
e a regulagdo fina do processo através de “feedback” e “cross-talk” entre vias (Johnson et al., 2005). A
MAPK, uma serina/treonina quinase, ¢ ativada por uma MAPK quinase (MAPKK) de especificidade dual
que fosforila tanto em serina/treonina quanto em tirosina em um motivo Thr-X-Tyr (onde X é glutamato,

prolina ou glicina para ERK, JNK e p38, respectivamente) da MAPK alvo. As MAPKKS, por sua vez, sdo
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fosforiladas e ativadas por MAPK quinase quinases (MAPKKKSs) que recebem sinais de receptores da
superficie celular ativados por um estimulo ou através de interagdes com proteinas de ligagdo a GTP da
familia de Ras ou Rho e/ou outras quinases (Cowan and Storey, 2003; Torres, 2003; Kolch et al., 2005).

Na auséncia de sinais, os constituintes das cascatas de MAPKs retornam ao estado
desfosforilado e inativo, sugerindo papel essencial de proteinas fosfatases na regulacdo de MAPKs.
Serinaltreonina fosfatases, tirosina fosfatases e fosfatases de especificidade dual tém sido implicadas
na regulacdo dessas vias, destacando-se o papel de MAPK fosfatases (MAPKPs) como MAPKP-1,
MAPKP-2, MAPKP-3 e serina treonina fosfatases como PP1 e PP2A (Haneda et al., 1999; Tamura et
al., 2002).

A via das ERKs geralmente esta relacionada ao crescimento celular, diferenciacéo e sinais de
sobrevivéncia (Kolch et al, 2005), enquanto as MAPKs das familias JNK e p38 relacionam-se
primariamente com sinais pro-apoptéticos e inibidores do crescimento, também participando de
respostas pro-inflamatorias. Contudo, a ativacdo de MAPKs especificas e as consequéncias no destino
celular ndo podem ser analisadas de uma maneira simplificada, como exposto acima. Em geral, a
resposta celular a ativagdo de uma determinada MAPK dependera de um conjunto de fatores que
envolvem o tipo celular, a intensidade, amplitude e tempo de estimulo até a integrag@o do novo estimulo
frente as vias sinalizadoras previamente ativas (Kolch et al., 2005). Logo, o que determinaré a ativagéo
de uma MAPK e sua agdo intracelular sera um somatédrio de fatores justificando, assim, dados da
literatura que mostram casos nos quais p38 MAPKs e JNKs também parecem estar envolvidas com
estimulos anti-apoptéticos, de proliferacéo e sobrevivéncia celulares (Liu and Lin, 2005).

As diversas fungbes das MAPKs regulam a trajetéria do desenvolvimento celular e, como
descrito, podem tanto controlar a sobrevivéncia, transformag&o ou morte celular. Quando o delicado
balanco entre ciclo celular, proliferacdo, diferenciagéo e apoptose é desregulado por fatores ambientais

elou genéticos, podem ocorrer transformagdes malignas, génese de doengas neurodegenativas e
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outras condigcbes patoldgicas onde, geralmente, cascatas sinalizadoras de MAPKs encontram-se
desreguladas (Johnson et al., 2005).
Desta maneira, as vias de sinalizacdo de MAPKSs sao alvos potenciais para o desenvolvimento

de novas estratégias de combate ao cancer.
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2. OBJETIVOS

51



O céncer é considerado a principal causa de morte no mundo, tendo sido responsavel por 13%
(7,6 milhdes) do total de mortes ocorridas no ano de 2005. Segundo dados da Organizagdo Mundial da
Saude, o numero de mortes em decorréncia da doencga tende a continuar aumentando ao longo do
tempo sendo esperados 9 milhdes de mortes em 2015 e 11,4 milhdes em 2030. No Brasil, estimativas
do INCA para o ano de 2006 apontam uma incidéncia de 472.050 novos casos de cancer, sendo que 0s
mais incidentes, a exce¢édo de pele ndo melanoma, seréo os de prostata e pulmao no sexo masculino e
mama e colo do Utero no sexo feminino, acompanhando 0 mesmo perfil da magnitude observada no
mundo.

No mundo todo, o cancer de prostata € o mais prevalente entre homens representando 15,3%
de todos os casos incidentes de cancer em paises desenvolvidos e 4,3% dos casos em paises em
desenvolvimento. No Brasil o nimero de casos novos de cancer de prostata estimados para 2006 é de
47.280, correspondendo a um numero estimado de 51 casos novos a cada 100 mil homens. Embora o
céncer prostatico seja considerado tipo tumoral de bom progndstico, a deteccdo da doenga em estagios
mais avangados ou metastaticos é responsavel direta pelas altas taxas de mortalidade em decorréncia
da neoplasia. Nesses casos, embora a terapia hormonal (universalmente aceita como tratamento inicial)
produza bons resultados na maioria dos pacientes, um grande numero das pessoas tratadas sofre
recidiva da doenga numa etapa em que o tumor freqientemente se torna de dificil tratamento em
decorréncia da aquisicdo de resisténcia a manipulagdo hormonal.

Assim como nos casos avangados de tumores prostaticos, a aquisicao de resisténcia frente aos
tratamentos antitumorais convencionais constitui o principal obstaculo no tratamento das leucemias, que
somente no Brasil ttm uma taxa de incidéncia estimada de 9.550 novos casos para o0 ano de 2006,

atingindo principalmente criangas onde demonstra ser o cancer infantil de maior prevaléncia.
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Desta forma, a elucidagdo dos mecanismos que conferem resisténcia as células tumorais a
farmacos com diferentes alvos e estruturas quimicas, “multidrug resistance” (MDR), a determinagao de
alvos moleculares e a busca por potenciais agentes antitumorais e terapias mais eficazes para o
tratamento do céncer, tém sido as principais metas dos pesquisadores nos ultimos 35 anos. O presente
trabalho visa a avaliagdo do potencial antitumoral de dois compostos naturais, riboflavina e fisetin,
constituindo também uma tentativa de contribuicdo para o maior conhecimento molecular do ambiente
intracelular de tumores prostaticos e leucemias e identificacdo de potenciais alvos terapéuticos para o

combate dessas malignidades. Para isso, foram estabelecidos os seguintes objetivos:

1) Avaliar o potencial citotdxico e antiproliferativo da riboflavina e fisetin sobre células HL60 e PC3;

2) Determinar o mecanismo molecular de a¢&o da riboflavina e fisetin nos modelos tumorais estudados,

identificando possiveis candidatos a alvos terapéuticos;

3) Identificar alvos moleculares especificos relacionados a proliferacdo, resisténcia e capacidade

metastatica nos modelos tumorais prostatico e leucémico.
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3. CAPITULO 1
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RIBOFLAVIN: A MULTIFUNCTIONAL VITAMIN. Riboflavin, a component of the B, vitaminic complex, plays important roles
in biochemistry, especially in redox reactions, due to the ability to participate in both one- and two-electron transfers as well as
acting as a photosensitizer. Accordingly, low intakes of this vitamin have been associated with different diseases, including cancer
and cardiovascular diseases. Riboflavin is thought to contribute to oxidative stress through its capacity to produce superoxide but,
interestingly, it can also promote the reduction of hydroperoxides. This peculiar and multifunctional behavior allows riboflavin to
take part in various biochemical pathways as a nucleophile and an electrophile, turning it into a versatile and important biological

compound.

Keywords: riboflavin; electron transfer; oxidative stress.

INTRODUCAO

A riboflavina foi isolada (apesar de ndo purificada) pela pri-
meira vez em 1879 pelo quimico inglés A. Wynter Blyth. Em seus
estudos relacionados a composi¢do do leite de vaca ele relatara a
identificagdo de um pigmento amarelo brilhante que chamou de
“lactocromo” e que hoje nds conhecemos como sendo a riboflavina.
Depois desse antincio, quase cinqiienta anos se passaram até que
algum avango significativo ocorresse com o recém descoberto pig-
mento amarelo-laranja. Entdo, ao final dos anos 20 e inicio da dé-
cada de 30 do século XX, uma grande evolucdo cientifica aconte-
ceu e pigmentos amarelos semelhantes com um brilho esverdeado
fluorescente foram isolados de uma ampla variedade de fontes'. O
interesse por eles tornou-se ainda maior quando o tal pigmento
amarelo foi reconhecido como sendo um constituinte da vitamina
do complexo B, sendo a purificagdo da prépria vitamina ampla-
mente facilitada uma vez que se percebeu que o potencial vitaminico
estava intimamente correlacionado a fluorescéncia da riboflavina.
Alguns dos principais quimicos da época como Richard Kuhn, em
Heidelberg, e Paul Karrer, em Zurich, entraram em uma corrida
acirrada para determinar a estrutura, bem como para prova-la atra-
vés de sintese quimica, sendo que ambos obtiveram sucesso neste
intento quase que concomitantemente. Varios nomes foram pro-
postos para o entdo caracterizado composto, tais como lactoflavina
e ovoflavina a fim de estabelecer correlacdo com a fonte através da
qual o composto havia sido isolado. Mas o prefixo ribo foi consa-
grado no nome pelo qual conhecemos o composto atualmente, por
causa da cadeia ribitil e da cor amarela caracteristica proveniente
do sistema T conjugado nos anéis isoaloxazina'=.

RIBOFLAVINA E SUAS FUNCOES BIOLOGICAS

A riboflavina, 7,8-dimetil-10-ribitil-isoaloxazina, € uma vita-
mina hidrossolivel pertencente a0 complexo vitaminico B,, apre-
senta coloracido amarela e € fluorescente. Além do leite que, como

*e-mail: aoyama@unicamp.br

mencionado, foi uma das primeiras fontes de obteng@o, a riboflavina
¢é encontrada também em carne, peixe e, principalmente, em vege-
tais de cor verde-escura®. A riboflavina proveniente da dieta en-
contra-se na forma das coenzimas flavina adenina dinucleotideo
(FAD) e flavina mononucleotideo (FMN) ligadas a proteinas; no
entanto, quando o bolo alimentar chega ao estomago, o meio acido
propicia a liberacdo das coenzimas. As coenzimas livres sofrerdo a
acdo das pirofosfatases e fosfatases, presentes no intestino delga-
do, levando a liberacdo da riboflavina. Observou-se em nosso la-
boratdrio que a riboflavina é um importante produto das reacdes
catalisadas pelas fosfatases dcidas (proteina tirosina fosfatases) de
baixa massa molecular relativa, purificadas de rim® e pulmao® bo-
vinos, uma vez que a FMN é um potencial substrato fisioldgico
destas enzimas. A riboflavina liberada pode ser absorvida por trans-
porte ativo ou facilitado®*.

A riboflavina é de fundamental importincia em organismos
aerdbios, sendo precursora de importantes coenzimas participantes
da cadeia transportadora de elétrons como a FAD e FMN*"$, Tam-
bém origina muitas das flavinas que se encontram ligadas a diversas
enzimas, as quais atuam na catdlise de um grande niimero de impor-
tantes reagdes como, por ex., as relacionadas ao reparo do DNA. A
féormula estrutural da riboflavina é mostrada na Figura 1.

Cadeia Ribitil

* N N o
T
— NH
7 N~ 2 3
6 5
O
Sistema de anéislsoaloxazina

Figura 1. Estrutura da riboflavina (RF). Em destaque, a cadeia ribitil e o
sistema de anéis isoaloxazina, que apresenta o sistema 7w conjugado
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O metabolismo de lipidios necessita de derivados da riboflavina,
assim como a degradagdo de drogas e outros compostos quimicos
exdgenos (xenobidticos) via sistema de hidroxilagdo microssomal.
Cofatores de riboflavina sdo requeridos para o metabolismo do dcido
folico, piridoxina e niacina, além de serem utilizados por enzimas
de eritrdcitos, como a glutationa redutase que é uma enzima im-
portante pertencente ao sistema de protecdo contra as espécies
reativas de oxigénio (ROS) geradas nessas células’.

Curiosamente, a riboflavina pode tanto contribuir quanto inibir
o estresse oxidativo através da sua dupla habilidade de produzir
superéxido e, a0 mesmo tempo, poder estar envolvida na redugao
de hidroperéxidos'.

Estudos recentes t€m correlacionado a riboflavina ao mecanis-
mo de transduc@o de sinais de células apoptdticas, bem como a
regulac@o do relégio biolégico'!°.

Conseqiiéncias da deficiéncia alimentar

Atualmente, a dose recomendada de ingestdo de riboflavina
varia desde 0,4 mg (na infincia) a 1,3 mg/dia para adultos sendo
que, para mulheres grdvidas, recomenda-se uma dose suplementar
de 0,3 mg/dia durante a gestacdo e 0,5 mg/dia durante o periodo de
lactagdo, ja que estudos mostram que durante o terceiro trimestre
de gestacdo hd uma queda progressiva nos niveis de riboflavina'!-'2,

Como participa de diversas rea¢des de 6xido-redug¢do impor-
tantes no metabolismo através dos cofatores FMN e FAD, os quais
atuam como carregadores de elétrons, dietas inadequadas de
riboflavina poderiam levar a distdrbios no metabolismo intermedi-
ario. Em ratos, a deficiéncia em riboflavina foi associada a uma
reducdo tecido-especifica na atividade da succinato oxidorredutase
(succinato desidrogenase), efeito este que pode ter implicacdes na
producdo de energia através da fosforilacdo oxidativa. Além disto,
a B-oxidagdo de dcidos graxos também é dependente de flavinas
como aceptores de elétrons’.

Em animais, estudos demonstraram que a deficiéncia de
riboflavina estéd relacionada a desenvolvimentos anormais no feto e,
em humanos, varios estudos correlacionam a deficiéncia de
riboflavina com quadros hematolégicos, principalmente com aque-
les relacionados ao sistema hematopoiético. Atualmente, a influén-
cia hematoldgica da deficiéncia de riboflavina tem sido associada a
sua interferéncia no metabolismo do ferro, ja que a mobilizacdo de
ferro a partir da proteina intracelular ferritina é um processo redutivo
e flavinas reduzidas podem agir reduzindo o ferro da ferritina e,
desta maneira, mobilizd-lo em vdrios tecidos em concentragdes fisi-
ologicamente relevantes. Sintomas de neurodegeneragdo e neuropatia
tém sido documentados em vdrios estudos de dietas deficientes em
riboflavina em diferentes espécies, apesar de haver pouca informa-
cdo com relacdo a relevancia desses resultados em humanos, mas
sabe-se que a riboflavina apresenta uma fung¢@o no metabolismo da
tiroxina e sua caréncia poderia contribuir com a patofisiologia de
algumas doengas mentais'*'®,

Pesquisas na drea de satde publica relatam a importancia da
riboflavina como fator de prote¢do contra doencas cardiovasculares
e processos tumorais. Trabalhos publicados durante as décadas de
70 e 80 indicaram que ela poderia apresentar efeitos protetores
contra danos teciduais gerados por oxidac¢do. Devido a sua ndo
toxicidade, a riboflavina é um forte candidato como agente redutor
do ferro presente no grupo heme de proteinas, atuando como pro-
tetor de danos oxidativos em determinados tecidos. No entanto, o
potencial terapéutico desta vitamina neste contexto deve ainda ser
amplamente investigado, ji que a maioria dos estudos até o pre-
sente momento foi realizada em modelos animais®.

Com relacdo a visdo, sabe-se que a riboflavina é um compo-
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nente normal das lentes do olho humano e que apresenta uma ativi-
dade fotossensibilizadora muito forte quando exposta a luz. Desta
forma, radiacdes com comprimentos de onda abaixo de 400 nm
levariam a uma excita¢@o luminosa que acarretaria, nessas circuns-
tancias, danos a visdo. Vascularizag@o e opacidade na cérnea e até
mesmo cataratas tém sido relatadas em animais alimentados com
dietas pobres em riboflavina. Acredita-se que fotorreceptores de-
pendentes de riboflavina (criptocromos) desempenham uma fun-
¢do importante na adaptagdio ao escuro e, portanto, a dieta de
riboflavina poderia influenciar na adaptacdo ao escuro através des-
ses fotorreceptores por interacdo com a vitamina A ou de forma
independente!”'8.

Finalmente, a deficiéncia de riboflavina pode interferir no me-
tabolismo de outros nutrientes, principalmente no metabolismo de
outras vitaminas B, tais como folato, cianocobalamina (vitamina
B,,) e piridoxina (vitamina B,)".

RIBOFLAVINA E CANCER

A deficiéncia de riboflavina tem sido correlacionada como um
fator de risco para o cancer, embora este fato ainda ndo esteja satis-
fatoriamente estabelecido em humanos, sendo que a influéncia de
dietas deficientes em riboflavina na génese e progressdo do cancer
tem sido assunto controverso no meio cientifico onde existem rela-
tos provando, tanto sua a¢do estimulatéria em certos casos, quanto
inibitéria em outros. Em geral, a deficiéncia de riboflavina parece
estar relacionada a diminuicdo do desenvolvimento de tumores es-
pontaneos em animais experimentais mas também, paradoxalmen-
te, a0 aumento da carcinogénese provocada por certos agentes®.

A correlagdo entre riboflavina e cincer é bastante complexa e
pode ser exemplificada nos inimeros efeitos desta vitamina no
metabolismo de drogas. Por ser precursora de flavocoenzimas do
sistema microssomal de hidroxilagdo de drogas, a caréncia de
riboflavina pode retardar a inativacdo de carcinégenos e, portanto,
aumentar sua distribuicdo aos tecidos susceptiveis. Por outro lado,
se a droga tiver menor atividade carcinogénica que seus metabdlitos,
a deficiéncia de riboflavina, possivelmente, terd efeito inibitério
sobre a carcinogénese. Deve-se lembrar também que o mesmo ra-
ciocinio pode ser aplicado em relacdo aos quimioterdpicos em si-
tuacdes nas quais estes podem, nao somente ter seu metabolismo
afetado pela disponibilidade de cofatores derivados de riboflavina,
como também a sua prépria disponibilidade e captagdo celular afe-
tadas, visto que a riboflavina pode complexar-se com certas subs-
tancias e, também, agir como fator regulatério de sua entrada na
célula. Drogas antifolato também podem ter efeito influenciado
pela disponibilidade de riboflavina, uma vez que cofatores de flavina
estdo relacionados ao metabolismo do 4cido félico. Tem sido difi-
cil, contudo, obter evidéncias que suportem ou refutem essas hip6-
teses e as pesquisas agora mudam seu foco para a obten¢do de
dados sobre a real disponibilidade de riboflavina nas células
neopldsicas. Células neopldsicas parecem perder certos mecanis-
mos que regulam o metabolismo de riboflavina em tecidos nor-
mais e caracterizam-se por resistir a deficiéncia de riboflavina, o
que leva a manutengdo de altas concentracdes de FAD, através de
mecanismos ainda ndo determinados®!'*%.

Durante a década de 1990, uma nova abordagem ao tratamento
do cancer foi estudada e, mais uma vez, a riboflavina assumiu um
papel de destaque devido a sua caracteristica peculiar de composto
fotossensivel. Além disso, demonstrou-se que a riboflavina pode
apresentar importante funcdo no transporte e liberacdo controlada
de drogas. Este novo aspecto da utilizagdo da riboflavina veio am-
pliar e consolidar, de maneira significativa, a importancia biolégi-
ca e fisiolGgica deste composto®*.
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ALGUMAS PROPRIEDADES QUIMICAS
FUNDAMENTAIS DA RIBOFLAVINA

A riboflavina, bem como as flavinas em geral, apresenta uma
caracteristica muito importante para o seu papel bioldgico que ¢é a
capacidade de participar de reacdes quimicas com transferéncia
tanto de dois como também de um elétron, o que implica, neste
tltimo caso, a existéncia de estados de semiquinona'.

Em solugdes aquosas e na auséncia de qualquer tipo de enzima,
ocorre um equilibrio entre a forma oxidada e a forma reduzida da
riboflavina (auto-redox) sendo que, neste processo, uma certa quan-
tidade de radical é formada:

RF === RF.2 + 2¢ 1)

RF + 2H"+ 26" === RFqH, 2
2RF + 2H' === RFgH, + RFox ®)
RF:2 4+ RFgqH, === 2RFH"" “)
RFHY" === RF" + H' (5)

Esquema 1. Equilibrios quimicos da riboflavina semiquinona. RF =
riboflavina; ox = oxidada; red = reduzida

Para maior clareza, apresentamos as semi-reagdes de oxidacao
(1) e reducio (2) da riboflavina, sendo que a Equagao 3 corresponde
ao processo global. Os equilibrios 4 e 5, em solugdes aquosas de
riboflavina livre da presenca de qualquer enzima, sdo quase que
totalmente deslocados para a esquerda. Para se ter uma referéncia,
partindo de uma mistura equimolar de riboflavina oxidada e redu-
zida, em pH 7,0, apenas 5% de radical é estabilizado. Contudo, é
importante ressaltar que a presenca de enzimas torna possivel uma
ampla variedade de estados de oxidac@o para a riboflavina, uma
vez que as energias de ativagdo de diversas reagdes redox envol-
vendo a riboflavina sdo significativamente reduzidas em sistemas
enzimdticos. Essa versatilidade de estados de oxidacdo permite
monitorar eventos que ocorrem em catdlise utilizando a riboflavina
como um marcador, jd que suas reacdes sempre sdo caracterizadas
por semi-reagdes, que podem ser acompanhadas separadamente.

Na maior parte dos casos em que a riboflavina é reduzida, o
processo pode ocorrer de duas maneiras distintas. A primeira seria
através da transferéncia de dois elétrons por um substrato (S,) que
¢é entdo desidrogenado, gerando uma flavina reduzida, a qual pode
ser subseqiientemente reoxidada, através de desidrogenagdo, por
outro substrato (S,), conforme ilustrado no Esquema 2.

Sy RF eqH 2 Sz
SH, RF,2 S,H,

Esquema 2. Semi-reag¢des da riboflavina oxidada e reduzida. RF =
riboflavina; red = reduzida; ox = oxidada

A segunda maneira ¢ através de transferéncia de um tnico elé-
tron, gerando um intermedidrio semiquinona. Em alguns casos, o
oxigénio molecular é o substrato fisiolégico mas, devido a
reatividade inespecifica do O, com flavinas em geral, o estudo de
algumas reacdes deve ser realizado em condi¢des anaerdbicas'.
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O Esquema 3 mostra reagdes quimicas que podem ocorrer en-
tre riboflavina reduzida e oxigénio:

Fﬁ R
|
N N_ _N.g O

R B
|
N__N.@ 0 _N_0O
‘ 90 o D ‘ e
NH > ~_NH NH
N o N"oy
‘ Hoo ’
H O c
A

N
o
\ F‘O;
HO, O,
R FIH ou FI

R
N. /NYO N /N (¢]
— > Reagbdes de Baeyer-Villiger
= NH NH
N
o e}
F D 0%
O

_ N
HO, 4

%W
R
N /NYO
NH — > Hidroxilagbes Aromaticas
N
E H 0\O
OH

H20,

Esquema 3. Reagoes entre riboflavina reduzida e oxigénio. R = cadeia ribitil

A reagdo inicial € uma redugdo de O, que se d4 através da trans-
feréncia de um tnico elétron da flavina reduzida (A), gerando um
par radicalar formado pela flavina neutra e anion superéxido (B).
O par radicalar gerado pode, entdo, seguir varias rotas alternativas
como, por ex., levar a formacdo de uma peroxirriboflavina (D) que
¢ um nucleoéfilo. Este intermedidrio pode, por sua vez, ser protonado,
gerando um hidroperéxido de caracteristicas eletrofilicas (E). Além
disso, as espécies peroxiconjugadas de riboflavina podem eliminar
peréxido de hidrogénio e gerar a riboflavina oxidada (F) ou parti-
cipar de processos oxidativos, como hidroxilagdes aromdticas ou
reacdes de Baeyer-Villiger que sdo oxidagdes de substratos que
possuem grupamentos cetonicos e aldeidos para, respectivamente,
ésteres e dcidos carboxilicos. Uma outra possibilidade € a dissocia-
¢do do par radicalar (B) gerando o radical de riboflavina e o radical
super6xido, o qual pode reagir com perdxido para formar radical
hidroxil ou com 6xido nitrico para formar peroxinitrito. Acredita-
se que o radical hidroxil seja um dos principais responsdveis por
estresse oxidativo e danos teciduais, em grande parte através da
reacdo com lipidios que levam a produ¢@o de hidroperoxilipidios.
Além disso, trabalhos recentes t&ém sugerido que o peroxinitrito €
um agente importante no processo de apoptose'?.

Riboflavina: um fotossensibilizador biologico eficiente

Como ja comentado, a riboflavina desempenha um importante
papel biol6gico como sensibilizador fotoquimico. Apresenta, como
caracteristica, sensibilidade a radiagdo UV e visivel**? sendo que,
ao absorver luz, alcanga o estado triplete excitado que pode tanto
interagir com o oxigénio molecular gerando oxigénio singlete (cha-
mado de mecanismo tipo II) ou agir diretamente sobre um substrato
levando a fotoxidacdo deste e a conseqiiente geracdo de radicais
intermedidrios (mecanismo tipo I), além de espécies reativas de
oxigénio, tais como anion superéxido, radical hidroxil e peréxido
de hidrogénio®?. Essa capacidade pode ser til ao organismo como
no caso de enzimas que necessitam de luz visivel para o desempe-
nho de suas atividades cataliticas, tais como enzimas participantes
do processo de fotossintese e enzimas de reparo do DNA, DNA
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liases, cujos grupos prostéticos atuam como substratos para o triplete
excitado de riboflavina®

A capacidade fotossensibilizadora da riboflavina em sistemas
bioldgicos estd relacionada ao alto potencial redox de sua forma
triplete ativada. Embora o potencial redox da riboflavina seja
-0,3V, em pH 7,0%, sua irradiagdo e ativagdo ao estado triplete
eleva o potencial redox a 1,7 V que é bem maior que o potencial
redox de importantes biomoléculas como aminodcidos, proteinas,
lipidios e dcidos nucléicos que, desta forma, podem sofrer fotode-
gradagdo em presenca de riboflavina®32, Desta maneira, apds a
excitagdo, a transferéncia de elétrons dos aminoacidos menciona-
dos para formar os respectivos radicais e, conseqiientemente, gerar
a riboflavina reduzida acaba sendo termodinamicamente favorecida.

A riboflavina irradiada reage com os aminodcidos triptofano
(TrpH), tirosina (TyrOH) e, em menor extensdo, com fenilalanina
(PheH) [neste texto, a fim de tornar mais claras as indicacdes em
reagdes quimicas, utilizaremos uma abreviatura para os aminodcidos
diferente do padrao internacional de uma ou trés letras]. Como
resultado da fotoxidacdo dos aminodcidos mencionados, formam-
se espécies reativas de oxigénio e outros fotoprodutos t6xicos para
as células. Nas proteinas, residuos de triptofano (TrpH) e tirosina
(TyrOH) apresentam potenciais redox de 1,5 e 0,93 V, respectiva-
mente, que os tornam substratos susceptiveis as reacdes de
fotoxidagdo em presenca de riboflavina irradiada®3*. Durante es-
sas reacdes, além da formacgdo de fotoprodutos, como menciona-
do, também pode haver formacdo de fotoadutos entre a flavina ex-
citada e seu substrato, como no caso da reag@o entre riboflavina e
TrpH, na qual se observa o aparecimento de fotoadutos indol-flavina
e indol-indol, entre outros®.

O Esquema 4 mostra possiveis reagdes importantes na fotos-
sensibilizacdo de triptofano e tirosina pela riboflavina:

0. produtos de

2 oxidagéo

3RE* (Tipo 1)

TrpH / TyrOH reagdo em
menor escala

RF {02
RF* | RF(-H) Trp / TyrO'
(Tipo I)

reagao principal

o TrpH / TyrOH
s0ocs TroH / TyrOH RF 0,
RF . Oz / Hzoz produtos
RFH'—> RFH,

Trp / TyrO"

Esquema 4. Possiveis interagdes importantes para a fotossensibilizacdo de
triptofano e tirosina pela riboflavina atuando como fotossensibilizador

A presenca de TrpH e riboflavina tem sido correlacionada a
disfuncdes hepdticas produzidas por nutri¢do parenteral®® e os
fotoprodutos da reacdio t€ém mostrado exercer efeitos letais em cul-
turas de células animais®?’.

Virios estudos t€ém revelado que a irradiag@o de células tumorais
com luz visivel em presenga de riboflavina induz a morte celular.
Quando células F9 de teratocarcinoma e NSO/2 murinas foram
irradiadas em meio de cultura enriquecido com TrpH e riboflavina,
alteragdes morfoldgicas similares as descritas para células apop-
téticas foram observadas. O efeito citotéxico foi atribuido a for-
magcdo de espécies reativas de oxigénio tais como anion superéxido
e oxigénio singlete, gerados através de um mecanismo relativa-
mente complexo (Esquema 5), misto dos mecanismos tipo I e tipo
11722, Além da producdo de ROS, também constatou-se a forma-
cdo de outros fotoprodutos citotéxicos originados de reacdes en-
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volvendo o radical anion de riboflavina e radical cdtion indol do
TrpH. Tais fotoprodutos constituem-se, basicamente, de formas
agregadas de riboflavina, produtos inddlicos associadas a flavinas,
produtos indélicos com peso molecular maior que o do TrpH, bem
como outros produtos da fotodecomposi¢do deste aminodcido®.

RF

Irradiagéo ou
mecanismo
enzimatico

SRF
- . Fotoprodutos /
RF + 102 RF + S*" — Fotoadutos
0, RF™"
RFox + 0-2' RFox + RFredHZ
H,0, ©:
"OH + OH™+ O, RF + Hy0,

Esquema 5. Misto de mecanismos tipo I e tipo Il em presenca de oxigénio
molecular (S representa um composto alvo da riboflavina irradiada)

Os efeitos da riboflavina irradiada em presenga de TrpH tam-
bém sdo observados em culturas de células ndo irradiadas, as quais
ndo sofrem os efeitos deletérios das espécies reativas de oxigénio
transientes formadas durante a irradiacdo do meio. Tais efeitos sdo
atribuidos aos demais fotoprodutos gerados, cujas citotoxicidades
sdo ainda mais evidentes em experimentos realizados em atmosfe-
ra anaerdbica, em que predomina o mecanismo de reagdo tipo I*>3.
Fotoprodutos derivados do 4cido 3-indolacético irradiado em pre-
senca de riboflavina demonstraram causar severos danos em cultu-
ra de células humanas HL60 e células tumorais murinas NOS/2%.
Tais efeitos foram mais acentuados que os anteriormente descritos
para os fotoprodutos do triptofano, além de aumentarem de acordo
com a elevagdo da concentra¢do dos fotoprodutos?. Com base em
estudos de microscopia eletronica e andlises de citometria de flu-
xo, demonstrou-se que tais fotoprodutos induzem morte celular
por mecanismo apoptdtico. Postula-se que o mecanismo de ativa-
¢do apoptotica esteja relacionado a atua¢do dos fotoprodutos [,A-
RF como ligantes sinalizadores de morte, agindo na superficie ce-
lular. Tal afirmagdo baseia-se no fato de que uma certa quantidade
de riboflavina adicionada ao meio € incorporada pela célula, com-
portamento que, analogamente, também pode ser atribuido aos
fotoprodutos.

Outro aspecto importante na atuag@o da riboflavina € sua capa-
cidade de gerar efeitos citotéxicos mesmo quando ndo exposta a
irradiacdo. O estado excitado de flavina triplete também pode ser
alcancado em auséncia de luz por um mecanismo enzimatico me-
diado por peroxidases®, o que explica a ocorréncia de efeitos cito-
toxicos promovidos pela riboflavina ndo irradada®

Atualmente, a riboflavina e outras substincias com capacidade
fotossensibilizadora tém sido alvos de estudos na drea de trata-
mentos e prevengdo de doengas com emprego de luz. Na drea
oncoldgica, destaca-se o estudo da chamada Terapia Fotodinamica,
uma forma de fotoquimioterapia onde uma substincia fotossensi-
bilizadora é acumulada em um tecido tumoral especificamente ilu-
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minado e, subseqiientemente, destruido?. Além disso, trabalhos
recentes t&ém demonstrado, tanto in vitro quanto in vivo, a inicia-
¢éo de apoptose induzida por Terapia Fotodindmica'**.
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Abstract Besides having a pivotal biological function as a
component of coenzymes, riboflavin appears a promissing
antitumoral agent, but the underlying molecular mechanism
remains unclear. In this work, we demonstrate that irradi-
ated riboflavin, when applied at ©M concentrations, induces
an orderly sequence of signaling events finally leading to
leukemia cell death. The molecular mechanism involved is
dependent on the activation of caspase 8 caused by overex-
pression of Fas and FasL and also on mitochondrial ampli-
fication mechanisms, involving the stimulation of ceramide
production by sphingomyelinase and ceramide synthase. The
activation of this cascade led to an inhibition of mitogen ac-
tivated protein kinases: JNK, MEK and ERK and survival
mediators (PKB and IAP1), upregulation of the proapop-
totic Bcl2 member Bax and downregulation of cell cycle
progression regulators. Importantly, induction of apoptosis
by irradiated riboflavin was leukaemia cell specific, as nor-
mal human lymphocytes did not respond to the compound
with cell death. Our data indicate that riboflavin selectively
activates Fas cascade and also constitutes a death receptor-
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engaged drug without harmful side effects in normal cells,
bolstering the case for using this compound as a novel avenue
for combating cancerous disease.
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Abbreviations

ERK extracellular signal-regulated kinase

Fas (CD95) Fas receptor

FasL (CD95L) Fas ligand

HL60 human myeloid leukemia cell line

IAPI inhibitory apoptosis protein type 1

JNK c-jun-NH;-terminal protein kinase

MAPK mitogen-activated protein kinase

MEK MAPK/ERK kinase

PCNA proliferating cell nuclear antigen

PKB protein kinase B

PP2A phosphoprotein phosphatase 2A

RF riboflavin

STAT signal transducer and activator of
transcription

TNF tumor necrosis factor

TNFR tumor necrosis factor receptor

TRAF receptor-associated factor.

Introduction

Photodynamic therapy (PDT) is based on the activation of
a photosensitizer by illumination with visible or UV light,
leading to photochemical tissue destruction. Since 1993
this procedure has been approved for the treatment of sev-
eral oncological and nononcological disorders worldwide
[1]. Nevertheless, the molecular mechanisms by which the
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Fig.1 Chemical structure of
riboflavin and its photoproducts

Riboflavin

(@

photostimulation of photosensitizers induces cell death
remains poorly understood, but are of obvious impor-
tance for the development of a new therapy having en-
hanced specificity for deviant tissue as to non-pathological
cells.

Riboflavin (Fig. 1), 7,8-dimethyl-10-ribityl-isoalloxazine,
one of the components of the B, vitamin complex, is an effi-
cient photosensitizer that has been used in several photody-
namic therapy studies [2]. Riboflavin is particularly sensitive
to UV and visible light and acts via the generation of singlet
oxygen (type II mechanism) or via radical species (type I
mechanism), including reactive oxygen species such as the
superoxide ion, hydroxyl radical and hydrogen peroxide [3].
Although the reduction potential of riboflavin is —0.3 V at
pH 7.0, the redox potential of the excited triplet flavin can be
shifted to 1.7 V [4] which is higher than the redox potential of
important biomolecules such as amino acids, proteins, lipids
and nucleic acids which can undergo photodegradation in
the presence of riboflavin.

Recently, important advances on the effects of radiation
on riboflavin chemistry have been achieved [5-7], demon-
strating that this flavin is degraded through a variety of reac-
tions including photolysis (intramolecular photoreduction)
and photoaddition (intramolecular photoaddtion) as major
reactions. The photodegradation of riboflavin in aqueous
solutions results in a number of products such as 7, 8-
dimethyl-10-(formylmethyl) isoalloxazine, lumichrome and
lumiflavin (Fig. 1). Additionally, near UV light and day-
light fluorescent light irradiated riboflavin produces lethal
effects on mammalian cells in culture and this cytotoxicity
has been attributed to products of the riboflavin-sensitized
photooxidation of Trp and/or Tyr such as a complex mix-
ture of indolic, flavinic and indolic-flavin type aggregates
(photoadducts) [8, 9]. The biological effects following these
reactions are, however, much less clear. It has been suggested
that irradiated-riboflavin induced formation of reactive oxy-
gen species and stable photoproducts that lead to cell death,
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although clear cut evidence is lacking [2, 5, 9, 10]. These
considerations prompted us to investigate the effects of ir-
radiated riboflavin on HL60 cells. In the present work we
demonstrate that irradiated riboflavin induces Fas and FasL.
overexpression followed by activation of caspase 8, modula-
tion of JNK, protein phosphatase and ceramide production.
Irradiated riboflavin effects on leukaemia cell apoptosis were
critically dependent on these events. Taken together, our re-
sults outline a molecular framework for riboflavin-mediated
apoptosis.

Materials and methods
Cell line and reagents

HL60 cells were purchased from the American Type Cul-
ture Collection (ATCC, Rockville, MD). Polyclonal anti-
bodies against, antiphospho-p38 mitogen-ativated protein
kinase p38, antiphospho-p42/44 (ERK1/2), antiphospho-
c-jun-NH,-terminal protein kinase (JNK), antiphospho-
MAPK/ERK Kinase 1/2 (MEK1/2), antiphospho-PKB,
cleaved caspase 8, antirabbit and antimouse peroxidase-
conjugated antibodies were purchased from Cell Signalling
Technology (Beverly, MA). Antibodies against phospho-
PP2A, phosphotyrosine, phosphothreonine, p21, prolif-
erating cell nuclear antigen (PCNA), signal transducer
and activator of transcription 1 (STAT1) and 2 (STAT2),
receptor-associated factor 1 (TRAF1) and 2 (TRAF2),
Bcl2, Bax, TNF receptor 1 (TNFR1), TNF-« receptor-
associated death domain (TRADD) and inhibitory apop-
tosis protein type 1 (IAP1) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Other antibodies
used were anti-Fas receptor (Fas), anti-Fas ligand (FasL)—
(BD Biosciences, San Diego, CA); Fas neutralizing anti-
body was from Upstate Biotechnology, Inc.(Lake Placid,
NY).
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Riboflavin, Safranin O, Succinate, Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) and Fumonisin B1 were
from Sigma. Amplex Red Sphingomyelinase assay kit
(Molecular Probes Inc., Eugene, OP#A-12220). Caspase 3
and Caspase 9 Colorimetric Assay Kits were obtained from
R&D Systems (Minneapolis).

Cell culture

HL60 cells were routinely grown in suspension in RPMI
1640 medium supplemented with 2 mM glutamine,
100 IU/ml penicillin, 100 pg/ml streptomycin and 10% heat-
inactivated fetal bovine serum, at 37°C in a 5% CO, humid-
ified atmosphere. In all experiments, 7 x 103 cells/ml were
treated for 24 h with different concentrations of irradiated
riboflavin.

Irradiation of riboflavin and treatment of HL60 cells

Solutions of riboflavin (25, 50, 75, 100, 150, 200 and
250 uM) were diluted in RPMI 1640 culture medium and
irradiated with UV light for 15 min. Afterwards, a suspen-
sion of 7 x 10° cells/ml was added to the samples so that the
following final concentrations of riboflavin: 5, 10, 15, 20, 30,
40 and 50 uM were reached. The cells were also pre-treated
with 25 M fumonisin B1 or anti-Fas 10 pwg/mL for 1 h and
then, treated with riboflavin. Cell viability was assessed by
trypan blue dye exclusion and MTT reduction assays.

MTT reduction assay

The medium containing irradiated riboflavin was removed
and 1.0 ml of MTT solution (0.5 mg MTT/ml of culture
medium) was added to each well. After incubation for 4 h at
37°C, the medium was removed and the formazan released
by solubilisation in 1.0 ml of ethanol. The plate was shaken
for 5 min on a plate shaker and the absorbance measured at
570 nm [11, 12].

Mitochondrial membrane potential determination (AW)

Mitochondrial AW was estimated through fluorescence
changes of Safranin O [13], on a Hitachi F4500 spectroflu-
orometer with excitation and emission wavelengths of, re-
spectively, 495 and 586 nm, with 2.5 nm slit. After treatment
with different concentrations of irradiated riboflavin for 24 h,
3 x 10° cells/ml (viable cells as detected by trypan blue ex-
clusion) were incubated in 125 mM sucrose, 65 mM KCI,
2 mM potassium phosphate, 1 mM MgCl,, 10 mM Hepes,
pH7.2,1 mM EGTA, 1 mg/ml serum albumin bovine, 5 mM
succinate and 5 puM safranin O. Additions of Digitonin
(17 uM) and CCCP (1 uM) are depicted at the graphics.

Determination of sphingomyelinase activity

Cells were treated with irradiated riboflavin and the sph-
ingomyelinase activity was determined using Amplex Red
Sphingomyelinase assay kit. In this enzyme-coupled assay,
SMase activity was monitored indirectly using 10-acetyl-
3,7-dihydroxyphenoxazine (Amplex Red reagent), a sensi-
tive fluorogenic probe for H,O,. The fluorescence intensity
was read with a fluorescence microplate reader. The activity
of acid SMase was determined at pH 5.5.

Western bloting analysis

Cells (3 x 107) were lysed in 200 L of lysis buffer [50 mM
Tris-HC1 (pH 7.4), 1% Tween 20, 0.25% sodium deoxy-
cholate, 150 mM NaCl, 1 mM EGTA, 1 mM Na3zVO4, 1 mM
NaF and protease inhibitors (1 pg/ml aprotinin, 10 pg/ml
leupeptin, and 1 mM 4-(2-aminoethyl)benzenesulfonyl-
fluorid-hydrochloride)] for 2 h in ice. Protein extracts were
cleared by centrifugation and protein concentrations were
determined using the Lowry method [14]. An equal vol-
ume of 2X sodium dodecyl sulphide (SDS) gel loading
buffer [100 mM Tris-HCI (pH 6.8), 200 mM DTT, 4% SDS,
0.1% bromophenol blue and 20% glycerol] was added to
samples which were subsequently boiled for 10 min. Cell
extracts, corresponding to 3 x 10° cells, were resolved by
SDS-polyacrylamide gel (12%) electrophoresis (PAGE) and
transferred to PVDF membranes. Membranes were blocked
in 1% fat-free dried milk or bovine serum albumin (2%)
in Tris-buffered saline (TBS)-Tween 20 (0.05%) and incu-
bated overnight at 4°C with appropriate primary antibody at
1:1000 dilution. After washing in TBS-Tween 20 (0.05%),
membranes were incubated with antirabbit or antimouse
horseradish peroxidase-conjugated secondary antibodies, at
1:2000 dilutions (in all Western blotting assays), in block-
ing buffer for 1 h. The detection was made using enhanced
chemiluminescence (ECL).

Caspases 3 and 9 activity assays

Caspase activities were determined by the measurement at
405 nm of p-nitroanaline released from the cleavage of cas-
pase 3 (Ac-DEVD-pNA) and caspase 9 (LEHD-pNA) sub-
strates. The enzyme activities were expressed in pmol/min
and the extinction coefficient of pNA was 10,000 M~! cm™!.

Annexin V and 7-amino-actinomycin D Assays

Control and riboflavin-treated cells were collected and re-
suspended in 1X binding buffer (0.01 M Hepes/NaOH, pH
7.4,0.14 mM NaCl and 2.5 mM CaCl,) at the concentration
of 1 x 10° cells/ml. Subsequently, 100 z1 of cell suspension
were transferred to a 5 ml tube and Annexin V FITC (5 ul)
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Fig. 2 Irradiated riboflavin induces toxic effects in HL60 cells. (A)
Cells were treated with different concentrations of irradiated and non-

irradiated riboflavin in RPMI medium. (B) The effect of photoproducts
was also evaluated after 1 h and 24 h after irradiation for 15 min.

and 7-amino-actinomycin D (7-AAD) - (10 pul) were added.
The cells were incubated at room temperature for 15 min,
after which 400 ul of 1X binding buffer were added and
apoptosis assessed by flow cytometry.

Statistical analysis

All experiments were performed in triplicate and the results
shown in the graphs represent the means and standard errors.
Cell viability data were expressed as the means =+ standard
errors of 3 independent experiments carried out in triplicates.
Data from each assay were analyzed statistically by ANOVA.
Multiple comparisons among group mean differences were
checked with Tukey post hoc test. Differences were consid-
ered significant when the p value was less than 0.05. Western
blottings represent 3 independent experiments.

Results

Irradiated riboflavin but not non-irradiated riboflavin
affects HL60 cells viability

HL60 cells were treated with non and irradiated riboflavin in
concentrations up to 50 uM. Cell viability was not affected
by non-irradiated riboflavin (Fig. 2(A)), while irradiated ri-
boflavin had a strong cytotoxic effect with an ICsy value of
10 uM (Fig. 2(A)).

Additionally, the effect of irradiated riboflavin was evalu-
ated 1 h and 24 h after its irradiation. The results showed
that the cytotoxic profile remained the same, indicating
that the anti-proliferative activity of the irradiated com-
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In the absence of compounds, the MTT reduction was considered as
100%. The experiment was performed in a 24 wells plate and results
represent the means =+ standard error of 3 experiments run in triplicate
(P < 0.05)

pound is related to the formation of stable photoproducts
(Fig. 2(B)).

Mitochondrial membrane potential was determined in
these cells after treatment for 24 h with different concentra-
tions of irradiated riboflavin (Fig. 3). Although no significant

Dig
] &
o
i
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| |
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Fig.3 Irradiated riboflavin decreases mitochondrial membrane poten-
tial. Cells (3 x 10° cells/ml) were added to a reaction media containing
125 mM sucrose, 65 mM KCl, 2 mM potassium phosphate, 1 mM
MgCl,, 10 mM Hepes, pH 7.2, 1 mM EGTA, 1 mg/ml serum albumin
bovine, 5 mM succinate and 5 M safranin O. Digitonin (17 M) and
CCCP (1 uM) were added to all traces where indicated by the arrows.
Traces: (a) control and cells treated with irradiated riboflavin at: (b)
5 uM, (c) 10 uM and (d) 50 uM. The results shown are representative
of three experiments
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Fig. 4 Apoptosis analysis of HL60 cells treatment with riboflavin.
(A) Cell samples were prepared as described in Methods and Annexin
V-positive, 7-AAD-positive and Annexin V/7-AAD-positive popula-
tions were analyzed by flow cytometry. (B) Colorimetric assay was

effect on mitochondrial membrane potential was detected at a
concentration of 5 uM (Fig. 3(b)), this concentration induced
a slower safranin uptake and a decrease of mitochondrial
membrane potential which became even more pronounced
when higher irradiated riboflavin concentrations were em-
ployed (Fig. 3(c)—(d)). Thus, irradiated riboflavin seems to
induce mitochondrial-dependent cytotoxicity at concentra-
tions in excess of 5 uM.

performed to determine caspases 9 and 3 activities. (C) Western blot
analysis was performed to assess different set of proteins involved in
cell death cascades

Irradiated riboflavin-dependent cytotoxicity is mediated
by apoptosis

When analyzed by flow cytometry, the exposure of phos-
phatidylserine concomitantly with the 7-AAD exclusion of
the HL60 cells population demonstrated that apoptosis is
the dominant mode of cell death induced by irradiated ri-
boflavin reaching a maximum value (35%) at 10 uM of

9 Springer
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Fig. 5 Effects of Fas neutralising and fumonisin B1 on riboflavin
action. Cells (7 x 10°/ml) were incubated with antibody Fas neutral-
ising 10 pg/ml (A) or 25 uM Fumonisin B1 (B) for 1 h and subse-
quently treated with irradiated riboflavin for 24 h and the cell viability

riboflavin. When the cells were treated with a higher con-
centration of riboflavin (50 ©M), apart from apoptosis, also
substantial necrosis was induced, in addition to an increase
in the Annexin-V/7-AAD double positive compartment (Fig.
4(A)). In apparent agreement, the activation of the direct
markers for apoptosis caspase 8, 9 and 3 (Fig. 4(B) and (C))
was also observed at all the riboflavin concentrations used.
Furthermore, an increase in the ratio Bax/Bcl2 and down
regulation of inhibitory apoptosis protein type 1 (IAP1) was
also detected, effects being most pronounced at riboflavin
concentration of 10 and 50 uM (Fig. 4(C)).

Subsequently, experiments were initiated to establish the
molecular mechanism underlying the activation of the apop-
totic machinery by irradiated riboflavin. For this, we as-

2 Springer
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determined by MTT reduction assay. (C) ASMase activity was deter-
mined at pH 5.5 using 10-acetyl-3,7-dihydroxyphenoxazine (Amplex
Red reagent). Results represent the means =+ standard error of 3 ex-
periments run in triplicate (P < 0.05)

sessed the possible involvement of the death receptor Fas
in the cytotoxic action of riboflavin. Irradiated riboflavin
caused overexpression of Fas and FasL. Together with the
above-described strong activation of caspase 8, these data
infer that the extrinsic pathway mediates, at least, part of the
pro-apoptotic effects of irradiated riboflavin. On the other
hand, TNFR1 and its downstream adaptor molecule TRADD
were downregulated in response to concentrations of irradi-
ated riboflavin higher than 5 uM (Fig. 4(C)). Importantly,
pre-treatment of the cells with Fas neutralising antibodies
prevented apoptosis induction by riboflavin at 5 uM con-
centration suggesting a critical role of this death receptor
in the riboflavin-induced apoptosis at this concentration—
(Fig. 5(A)). On the other hand fumonisin B1, a known
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Fig. 6 Effects of irradiated riboflavin on quinases and protein phos-
phatases in HL60 cells. Cells were treated with irradiated riboflavin (5,
10 and 50 M) and the phosphorylation of kinases, as well as inhibitory
phosphorylation of PP2A were evaluated by immunoblotting. Soluble
lysates were matched for protein content and analyzed on Western
blot

inhibitor of the enzyme ceramide synthase involved in
de novo synthesis of ceramide in the endoplasmic reticulum
and mitochondria, also prevented HL60 cells death when ri-
boflavin was used at the concentrations of 10 and 50 uM
(Fig. 5(B)). In the presence of the ceramide de novo synthe-
sis inhibitor, cell viability remained around 80%, the same
value found for the treatment with riboflavin 5 uM. Addi-
tionally, we also observed that cells treated with irradiated
riboflavin had an increase on acid sphingomyelinase activity,
a plasma membrane enzyme responsible for the production
of ceramide through sphingomyelin hydrolysis (Fig. 5(C)).
Thus, both Fas and ceramide pathways are essential for me-
diating the effect of irradiated riboflavin on leukaemia cell
apoptosis.

Mitogen activated protein kinases, PKB and protein
phosphatases regulation by riboflavin photoproducts

A prediction eminating from the results presented above is
that irradiated riboflavin should produce decreased activity
of survival and apoptotic relevant kinases. To test this predic-
tion, the activation status of members of the MAP kinase fam-
ily was evaluated. As evident from Fig. 6, treatment of HL60
cells with irradiated riboflavin produced inhibition of the
cell survival relevant kinases phospho-JNK, phospho-MEK,
phospho-ERK, whereas p38 MAP kinase phosphorylation,
a kinase mainly relevant for pro-inflammatory responses,
remained unchanged after the treatment. In addition, inhibi-
tion of the serine/threonine phosphatase PP2A and the anti-
apoptotic kinase PKB was detected after treatment of HL60
cells with irradiated riboflavin.

Fig.7 HL6O cell changes in
cell proliferation relevant
proteins corresponds with
decreased cell proliferation. The
expression of p21, PCNA,
STAT1 and 2 was evaluated by
immunoblotting. Soluble lysates
were matched for protein
content and analyzed on
Western blot
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p21

il
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Irradiated riboflavin diminishes expression of proteins
important for leukaemia cell proliferation

The effects of irradiated riboflavin on the expression of a
selected set of proteins involved in the regulation of cell
proliferation were investigated. Substantial up-regulation of
p21 was observed, concomitantly with down-regulation of
PCNA and STATs 1 and 2 (Fig. 7), demonstrating that
the diminished HL60 cell proliferation following treatment
with irradiated riboflavin is reflected in appropriate changes
in the expression of proteins relevant for leukaemia cell
proliferation.

Discussion

Improving chemotherapy for neoplastic disease constitutes
one of the most important challenges in biomedical research.
In relation to leukaemia, the chemotherapeutic treatment out-
come for most adults with acute myeloid leukaemia remains
unacceptable.

Previously, Edwards group has demonstrated that irradi-
ated riboflavin causes HL60 cells death by apoptosis, which
was attributed to the formation of reactive oxygen species and
stable photoproducts [2, 9, 10]. In the present study, we de-
scribe in detail the molecular mechanism by which irradiated
riboflavin acts as an anti-leukaemic agent. We demonstrate
that riboflavin, irradiated 24 h before its application to the
HL60 cells has similar cytotoxic capacity as freshly irradi-
ated riboflavin. As reactive oxygen species are unstable, it is
difficult to envision how our results can be compatible with
a major role for reactive oxidation products or other electron
donors in irradiated riboflavin cytotoxicity. Thus our results
uncover a new mode of action for this photosynthesizer.
This result closely corresponds with those of the Edwards’
group [2, 15] who similarly demonstrate that reactive oxygen
species generated during irradiation cannot affect the cells
after the irradiation is interrupted, due either to their short
lifetimes in aqueous solution or to the low concentration, as
is the case for H,O,.

In order to delineate the molecular details concerning the
cell death induced by irradiated riboflavin, we investigated

9 Springer

67



Apoptosis

the possible molecular mechanisms involved. Our results
showed strong activation of caspases 3 and 8 when com-
pared to caspase 9, indicating that the intrinsic pathway is
not the major signaling pathway responsible for the induction
of the apoptotic process. In agreement with this notion, cy-
totoxicity at a 5 uM irradiated riboflavin concentration was
sensitive to inhibition of the extrinsic (extracellular) pathway
by anti-Fas neutralizing antibodies, whereas such treatment
also induced strong upregulation of both Fas and FasL ex-
pression. Since the apoptosis induction was completely pre-
vented by the anti-Fas neutralizing in the 5 uM and partially
at higher riboflavin concentrations, our data fit best with
the hypothesis that irradiated riboflavin effects are mediated
primarily by the extrinsic pathway dependent on Fas death
receptor system. We feel that a contribution of TNFR1 for
extrinsically-induced apoptosis is not likely, expression of
components of the TNFR1/TRADD/TRAF signaling path-
way does not correlate with the induction of apoptosis and
seems in our system to correlate with the expression of the
p65 subunit of NF-«B (data not shown), more in agreement
with a anti-apoptotic effect of this signaling system rather as
the dominant pro-apoptotic signal delivered by the FasL./Fas
system. Thus, these results demonstrate a specific activation
of FasL/Fas signaling in HL.60 cells in response to irradiated
riboflavin.

Interestingly, our results show that the inhibition of ce-
ramide synthase by Fumonisin B1 with the higher riboflavin
concentrations was able to counteract cell death. In fact,
increase in ceramide generation at the mitochondria, con-
trolled by the ceramide synthase and ceramidase activities,
seems to occur prior to the execution phase of apoptosis.
Recent evidence suggests that this event is due to, at least
in part, the ability of ceramide to form protein-permeable
channels in the outer mitochondrial membrane inducing
then release of cytochrome ¢ and apoptogenic proteins such
as Smac/DIABLO, HtrA2/Omi, and others [16]. In agree-
ment, our results show an increase in Bax/Bcl2 ratio and
downregulation of the Smac/DIABLO target IAP1 at the
higher riboflavin concentrations, together with a decrease
on mitochondrial membrane potential that becomes more
pronounced at higher irradiated riboflavin concentrations.
Therefore our results indicate that at higher concentrations
the effects of riboflavin are partially mediated by the intrinsic
pathway. Additionally, we also observed an increase of acid
SMase activity after treatment of the cells with irradiated
riboflavin. Since this enzyme is associated with hydroly-
sis of shingomyelin in the lysosomes and other membrane
compartments, the results show that increase in the mem-
brane ceramide generation is also important in the effects of
irradiated riboflavin. These results suggest that riboflavin-
induced HL60 cell death is associated with activation of Fas
receptor induced via a ceramide-dependent pathway or vice
versa. Interestingly, previous data from the literature have
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pointed out ceramide as a second lipid messenger that is
involved in the reorganization of lipid rafts into ceramide-
enriched platforms responsible for the increase of Fas clus-
tering and its activation [17-20] and also as a regulator of
JNK [21], but conversely Fas ligation has been described to
lead to ceramide release [22]. Hence, cross-stimulation of
both pro-apoptotic systems may be important. The sphin-
gomyelin pathway, an ubiquitous signaling system that links
specific cell surface receptors and environmental stress to
cellular responses, has been shown to mediate apoptosis in
HL60 cells induced by ionizing radiation and anti-cancer
drugs. Ceramide, the hydrolyzed product of sphingomyelin,
was found to accumulate before the onset of apoptosis and
is often linked to the activation of caspase-3 activity and Fas
receptor/ligand system [22].

Mitochondrial membrane potential was determined un-
der the treatment conditions described above and a dose-
dependent decrease on AW was observed indicating mito-
chondria involvement in irradiated-riboflavin cytotoxicity.
Similar results were also described recently for another pho-
tosensitizer, disulfonated diphthalimidomethyl phthalocya-
nine zinc (ZnPcS;P;) [23]. Additionally, we observed that
the irradiated riboflavin leads to leukaemia cell prolifera-
tion inhibition as shown by the activation of p21 and down-
regulation of PCNA. p21 binds to and inactivates a variety
of cyclin/CDK complexes and thereby regulates the cell pro-
liferation. PCNA is a protein synthesized in early G1 and
S phases of the cell cycle and participate in the cell cy-
cle progression, DNA replication and DNA repair [24, 25].
As HL60 cells are p53 negative of homozygous deletions
[26] and p53 is one of the activators of p21, we investi-
gated if the expression of p21 could be regulated through
STATs which mechanism is p53-independent and can occur
in response to TNFR1 signaling [27]. Our results, however,
indicate that the activation of p21 in HL60 cells treated with
irradiated riboflavin is independent of STATs and TNFR1
signaling. Interestingly, activation of p21 in myelocytic cell
lines such as HL60 are also related to terminal differentia-
tion but the mechanism that regulates p21 expression in these
pS53-independent circumstances is not clear [28, 29].

The reversible phosphorylation of proteins, regulated by
protein kinases and protein phosphatases, influences virtu-
ally all cellular functions and it is an essential mechanism
in the control of proliferation, differentiation and transfor-
mation [30, 31]. The inhibition of the serine/treonine phos-
phatase PP2A observed after the treatment is in agreement
with other work that shows induction of apoptosis by PP2A
inhibitors [32]. Moreover, the inhibition of PP2A is corre-
lated to differentiation of HL60 cells [33, 34] and indicates
that the induction of death may be a result of a terminal
differentiation induced by irradiated riboflavin.

The family of serine/threonine protein quinases MAPKs
regulates diverse cellular activities running the gamut from
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gene expression, mitosis and metabolism to motility, survival
and apoptosis [35]. In order to evaluate the role of MAPKs
in the induction of HL60 death by riboflavin the activation
status of ERK, JNK and p38 MAPK was analyzed. Our
results show that the cytotoxic effects of riboflavin photo-
products are related to downregulation of JNK and ERK1/2
phosphorylation, whereas no change in the p38 MAPK phos-
phorylation status was observed. ERK1/2 signaling has been
implicated as a key regulator of cell proliferation and, for this
reason, inhibitors of the ERK pathway are entering clinical
trials as potential anticancer agents [36, 37]. In this paper we
show that riboflavin photoproducts caused a slight reduction
of ERK activity, which may also be related to the entry in
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f.-.-.—--.--—.-.---.—-’FasL
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Fig. 8 Schematic representation of the molecular mechanism of
flavins-induced HL60 cell death. Data presented in this report re-
vealed that irradiated riboflavin induces apoptosis in HL60 cells via
the extrinsic pathway through activation of the Fas signaling cascade
associated to an increase in ceramide generation. Stimulation of Fas
results in translocation of the vesicles containing acid SMase onto the
extracellular leaflet of the cell membrane. Surface acid SMase releases
ceramide that provides the driving force for the fusion of small rafts
to large ceramide-enriched platforms, which mediates the clustering
of activated receptor molecules and full activation of Fas receptors.
Furthermore, the mechanism seems to be amplified by the intrinsic
pathway mainly at higher riboflavin concentrations, where a decrease
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the terminal stage of differentiation in HL60 cells [38]. Fur-
thermore, ERK1/2 pathway has been related to resistance
of cell death triggered by death receptors and the inhibi-
tion of this cascade shows to sensitize cells to Fas signaling
[39, 40]. HL60 cells are relatively resistant to Fas-induced
death, hence, the downregulation of ERK1/2 by irradiated ri-
boflavin is an important mechanism to sensitization of these
cells by overexpression of Fas and FasL. Moreover, our re-
sults show inhibition of the PKB pathway, which is also
important to influence in the sensitization of cell death by
Fas [35].

Interestingly, the decrease in the JNK and ERK activation
was simultaneously accompanied by downregulation

Oligomerized Fas

Procaspase 8 =————» Caspase 8

I—DCaspase Q =—p Caspase 3

PKE v

Smac/Diablo

{ 1IAP1

on mitochondrial membrane potential, increased expression of Bax and
downregulation of the protein IAP were observed. In fact, our results
show increased cell viability through inhibition of ceramide synthase
by fumonisin B1 indicating that de novo ceramide production is also
important for the effects of irradiated riboflavin at the mitochondrial
level. As recent evidence show ceramide is able to form protein perme-
able channels in the mitochondrial membrane promoting the release of
proapoptotic proteins such as cytochrome ¢ and Smac/Diablo, the later
an inhibitor of IAP [16]. Importantly, the irradiated riboflavin cytotox-
icity also involves inhibition of cell proliferation and survival factors
such as the protein PKB
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of the anti-apoptotic signaling system molecules
TNRF1/TRADD/TRAF that are implicated in the ac-
tivation of ERK and JNK pathways.

The present work demonstrates that irradiated riboflavin
is a potent inducer of apoptotic cell death in HL60 by acti-
vating the extrinsic pathway in a mechanism dependent of
upregulation of Fas and FasL expressions and activation of
ceramide metabolism. Furthermore, our study indicates that
the apoptotic process is preceded by cell proliferation inhi-
bition and terminal differentiation, but additional studies are
necessary to give more detailed insight into riboflavin action
(Fig. 8). Nevertheless, the results presented herein reinforce
the potential of irradiated riboflavin as adjuvant therapeutic
for myeloid leukaemia and contribute to a better knowledge
towards the rational use of this photosensitizer for cancer
treatment.

Acknowledgments The authors are greatful to Prof. Carlos Augusto
Fernandes de Oliveira (Zootecnia and Food Engineering Faculties, Uni-
versity of Sdo Paulo) for donating Fumonisin B1. PhD scholarship from
Fundag@o de Amparo a Pesquisa do Estado de Sao Paulo for A.C.S.
Souza (proc. 02/12539-7) and Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (proc. 302304/2004-5).

References

1. Peng Q, Nesland JM (2004) Effects of photodynamic therapy on
tumor stroma. Ultrastruct Pathol 28:333-340

2. Edwards AM, Barredo F, Silva E, De Ioannes AE, Becker MI
(1999b) Apoptosis induction in nonirradiated human HL60 and
murine NOS/2 tumor cells by photoproducts of indole-3-acetic
acid and riboflavin. Photochem Photobiol 70:645-649

3. Souza ACS, Cavagis ADM, Jucd MB, Ferreira CV, Aoyama H,
Peppelenbosch MP (2005) Riboflavin: a multifunctional vitamin.
Quim Nova 28:887-891

4. Meisel D, Neta P (1975) One electron reduction potential of
riboflavin studied by pulse radiolysis. J Phys Chem 79:2459—
2461

5. Ahmad I, Fasihullah Q, Noor A, Ansari IA, Ali QNM (2004a)
Photolysis of riboflavin in aqueous solution: a kinetic study. Int J
Pharm 280:199-208

6. Ahmad I, Fasihullah Q, Vaid FHM (2004b) A study of simul-
taneous photolysis and photoaddition reactions of riboflavin in
aqueous solution. J Photochem Photobiol B: Biol 75:13-20

7. Holzer W, Shirdel J, Penzkofer AH, Deutzmann R, Hochmuth
E (2005) Photo-induced degradation of some flavins in aqueous
solution. Chem Phys 308:69-78

8. Silva E, Ugarte R, Andrade A, Edwards AM (1994) Riboflavin-
sensitized photoprocesses of tryptophan. J Photochem Photobiol
B: Biol 23:43-48

9. Edwards AM, Silva E (2001) Effect of visible light on selected
enzymes, vitamins and amino acids. J Photochem Photobiol B:
Biol 63:126-131

10. Edwards AM, Bueno C, Saldafio A, Kassab K, Polo L, Jori G
(1999a) Photochemical and pharmacokinetc properties of select
flavins. J Photochem Photobiol B: Biol 48:36—41

11. Mosmann T (1983) Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity assay. J
Immunol Meth 65:55-63

2 Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Denizot F, Lang R (1986) Rapid colorimetric assay for cell growth
and survival: modifications to the tetrazolium dye procedure giving
improved sensitivity and reliability. J Immunol Meth 89:71-77
Akerman KE, Wikstrom MK (1976) Safranine as a probe of the
mitochondrial membrane potential. FEBS Lett 68:191-197
Hartree EF (1972) Determination of proteins: a modification
of Lowry method that give a linear photometric response. Anal
Biochem 48:422-427

Edwards AM, Silva E, Jofré B, Becker MI, De Ioannes AE (1994)
Visible light effects on tumoral cells in a culture medium enriched
with tryptophan and riboflavin. J Photochem Photobiol B: Biol
24:179-186

Siskind LJ (2005) Mitochondrial Ceramide and the induction of
apoptosis. J Bioenergetics and Biomembranes 37:143-153
Cremesti AE, Goni FM, Kolesnick R (2002) Role of sphin-
gomyelinase and ceramide in modulating rafts: do biophysical
properties determine biologic outcome? FEBS Lett 531:47-53
Huang ST, Yang RC, Chen MY, Pang JH (2004) Phyllan-
thus urinaria induces the Fas receptor/ligand expression and
ceramide-mediated apoptosis in HI60 cells. Life Sci 75:339-351
Miyaji M, Jin ZX, Yamaoka S, Amakawa R, Fukuhara S, Sato
SB, Kobayashi T, Domae N, Mimori T, Bloom ET, Okazaki
T, Umehara H (2005) Role of membrane sphingomyelin and
ceramide in platform formation for Fas-mediated apoptosis. J Exp
Med 202:249-259

Rotolo JA, Zhang J, Donepudi M, Lee H, Fuks Z, Kolesnick R
(2005) Caspase-dependent and—independent activation of acid
sphingomyelinase signaling. J Biol Chem 280:26425-26434
Verheij M, Bose R, Lin XH, Yao B, Jarvis WD, Grant S, Birrer
MJ, Szabo E, Zon LI, Kyriakis JM, Haimovitz-Friedman A,
Fuks Z, Kolesnick RN (1996) Requirement for ceramide-initiated
SAPK/INK signalling in stress-induced apoptosis. Nature
380:75-79

Hetz CA, Hunn M, Rojas P, Torres V, Leyton L, Quest AF (2002)
Caspase-dependent initiation of apoptosis and necrosis by the Fas
receptor in lymphoid cells: onset of necrosis is associated with
delayed ceramide increase. J Cell Sci 115:4671-4683

Huang H, Chen Y, Wu Y (2005) Mitochondria-dependent apopto-
sis induced by a novel amphipathic photochemotherapeutic agent
ZnPcS2P2 in HL60 cells. Acta Pharmacol Sin 26:1138-1144
Woods AL, Hall PA, Shepherd NA, Hanby AM, Waseem NH,
Lane DP, Levison DA (1991) The assessment of proliferating cell
nuclear antigen (PCNA) immunostaining in primary gastrointesti-
nal lymphomas and its relationship to histological grade, S +
G2 + M phase fraction (flow cytometric analysis) and prognosis.
Histopathology 19:21-27

XiaL,Zheng L, Lee HW, Bates SE, Federico L, Shen B, O’Connor
TR (2005) Human 3-methyladenine-DNA glycosylase: effect
of sequence context on excision, association with PCNA, and
stimulation by AP endonuclease. J Mol Biol 346:1259-1274
Steinman RA, Huang J, Yaroslavskiy B, Goff JP, Ball ED, Nguyen
A (1998) Regulation of p21 (WAF1) expression during normal
myeloid differentiation. Blood 91:4531-4542

Wang Y, Wu TR, Cai S, Welte T, Chin YE (2000) Statl as a
component of tumor necrosis factor alpha receptor 1-TRADD
signaling complex to inhibit NF-kappaB activation. Mol Cell Biol
20:4505-4512

Das D, Pintucci G, Stern A (2000) MAPK-dependent expression
of p21(WAF) and p27(kipl) in PMA-induced differentiation of
HL60 cells. FEBS Lett 472:50-52

Asada M, Ohmi K, Delia D, Enosawa S, Suzuki S, You A, Suzuki
H, Mizutani S (2004) Brap2 functions as a cytoplasmic retention
protein for p21 during monocyte differentiation. Mol Cell Biol
24:8236-8243

Zhang ZY (2003) Chemical and mechanistic approaches to the
study of protein tyrosine phosphatases. Acc Chem Res 36:385-92

70



Apoptosis

31.

32.

33.

34.

35.

Aoyama H, Silva TMA, Miranda MA, Ferreira CV (2003)
Proteinas tirosina fosfatases: propriedades e funcdes bioldgicas.
Quim Nova 26:896-900

McCluskey A, Ackland SP, Bowyer MC, Baldwin ML, Garner J,
Walkom CC, Sakoff JA (2003) Cantharidin analogues: synthesis
and evaluation of growth inhibition in a panel of selected tumor
cell lines. Bioorg Chem 31:68-79

Uzunoglu S, Uslu R, Tobu M, Saydam G, Terzioglu E, Buyukkececi
F, Omay SB (1999) Augmentation of methylprednisolone-induced
differentiation of myeloid leukemia cells by serine/threonine
phosphatase inhibitors. Leuk Res 23:507-512

Bhoola R, Hammond K (2000) Modulation of the rhythmic
patterns of expression of phosphoprotein phosphatases in human
leukaemia cells. Cell Biol Int 24:539-547.

Brantley-Finley C, Lyle CS, Du L, Goodwin ME, Hall TS, DK,
G P, Chambers T (2003) The JNK, ERK and p53 pathways play
distinct roles in apoptosis mediated by the antitumor agents vin-
blastine, doxorubicin, and etoposide. Biochem Pharmacol 66:459—
469

36.

37.

38.

39.

40.

Lee JT Jr, McCubrey JA (2002) The Raf/MEK/ERK signal
transduction cascade as a target for chemotherapeutic intervention
in leukemia. Leukemia 16:486-507

Roux PP, Blenis J (2004) ERK and p38 MAPK-activated protein
kinases: a family of protein kinases with diverse biological
functions. Microbiol Mol Biol Rev 68:320-344

Chen F, Wang Q, Wang X and Studzinski GP (2004) Up-regulation
of Egrl by 1,25-dihydroxyvitamin D3 contributes to increased
expression of p35 activator of cyclin-dependent kinase 5 and con-
sequent onset of the terminal phase of HL60 cell differentiation.
Cancer Res 64:5425-5433

Holmstrom TH, Schmitz I, Soderstrom TS, Poukkula M, Johnson
VL, Chow SC, Krammer PH, Eriksson JE (2000) MAPK/ERK sig-
naling in activated T cells inhibits CD95/Fas-mediated apoptosis
downstream of DISC assembly. EMBO J 19:5418-5428

Tran SE, Holmstrom TH, Ahonen M, Kahari VM, Eriksson
JE (2001) MAPK/ERK overrides the apoptotic signaling from
Fas, TNF, and TRAIL receptors. J Biol Chem 276:16484—
1690

9 Springer

71



5. CAPITULO 3

72



ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Biochimie 88 (2006) 1859—1873

BIOCHIMIE

www.elsevier.com/locate/biochi

Natural compounds as a source of protein tyrosine phosphatase
inhibitors: Application to the rational design
of small-molecule derivatives

Carmen V. Ferreira **!, Giselle Z. Justo ™', Ana C.S. Souza ?, Karla C.S. Queiroz ?,
William F. Zambuzzi ®, Hiroshi Aoyama °, Maikel P. Peppelenbosch °

& Laboratory of Cell Signaling, Departamento de Bioquimica, Instituto de Biologia, Universidade Estadual de Campinas (UNICAMP),
C.P. 6109, CEP 13083-970, Campinas, Sao Paulo, Brazil
® Laboratory of Enzymology, Departamento de Bioguimica, Instituto de Biologia, UNICAMP, C.P. 6109, CEP 13083-970, Campinas, Sao Paulo, Brazil
¢ Department of Cell Biology, Groningen University Medical Centre, A. Deusinglaan 1, NL-9713 AV, Groningen, The Netherlands

Received 4 January 2006; accepted 25 August 2006
Available online 15 September 2006

Abstract

Reversible phosphorylation of tyrosine residues is a key regulatory mechanism for numerous cellular events. Protein tyrosine kinases and
protein tyrosine phosphatases (PTPs) have a pivotal role in regulating both normal cell physiology and pathophysiology. Accordingly, deregu-
lated activity of both protein tyrosine kinases and PTPs is involved in the development of numerous congenitically inherited and acquired human
diseases, prompting obvious pharmaceutical and academic research interest. The development of compound libraries with higher selective PTP
inhibitory activity has been bolstered by the realization that many natural products have such activity and thus are interesting biologically lead
compounds, which properties are widely exploited. In addition, more rational approaches have focused on the incorporation of phosphotyrosine
mimetics into specific peptide templates (peptidomimetic backbones). Additional factors furthering discovery as well as therapeutic application
of new bioactive molecules are the integration of functional genomics, cell biology, structural biology, drug design, molecular screening and

chemical diversity. Together, all these factors will lead to new avenues to treat clinical disease based on PTP inhibition.

© 2006 Elsevier Masson SAS. All rights reserved.

Keywords: Protein tyrosine phosphatases; PTP inhibitors; Natural compounds; Peptidomimetics

1. Introduction

The ubiquitous nature of protein phosphorylation/dephos-
phorylation underscores its key role in cell signaling metabo-
lism, growth and differentiation. In fact, cells respond to
internal and external stimulus through integrated networks of
intracellular signaling pathways that act via cascades of se-
quential phosphorylation or dephosphorylation reactions
which are governed by the action of protein kinases (PKs)
and protein phosphatases (PPs), respectively [1,2].

* Corresponding author. Tel: 455 19 3788 6659; fax: +55 19 3788 6129.
E-mail address: carmenv @unicamp.br (C.V. Ferreira).
! These authors contributed equally to the preparation of the manuscript.

0300-9084/$ - see front matter © 2006 Elsevier Masson SAS. All rights reserved.
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PPs have been classified by structure and substrate specific-
ity into protein serine/threonine phosphatases (PSTPs) and
protein tyrosine phosphatases (PTPs) [3,4].

PTPs are key regulatory enzymes that dephosphorylate
phosphotyrosine residues and are critical regulators of signal
transduction under normal and pathological conditions. In
conjunction with protein tyrosine kinases (PTKs), they regu-
late the reversible phosphorylation of tyrosine residues in pro-
teins and thereby control fundamental physiological processes
such as cell growth and differentiation, cell cycle, metabolism,
immune response and cytoskeletal function. Furthermore, in-
terfering with the delicate balance between counteracting
PTKSs and PTPs is involved in the development of numerous
inherited and acquired human diseases such as autoimmunity,
diabetes and cancer [5,6].

73



1860
2. PTPs classification

Classically, PTPs were divided into four classes: receptor
type PTPs, non-receptor PTPs, dual-specificity PTPs and low
molecular weight PTPs. However, some authors, have chal-
lenged this classification in very well-designed reviews and
proposed an alternative way to classify this enzyme family,
which is based on the amino acid residues of their catalytic do-
mains [5,7]. In fact, comparison of the crystal structure of the
PTPs that have been solved to date demonstrates that the PTPs
domains are conserved in both sequence and structure. Addi-
tionally the sequences (domains) outside the catalytic domain
are diverse and may regulate PTP activity and/or function
(Fig. 1).

Class I cysteine-based PTPs catalyze the enzymatic reac-
tion in which an active-site cysteine group plays a central
role and which confers PTP susceptibility to oxidant agents
that can lead to the oxidation of the key cysteine and inhibition
of PTP activities. This class constitutes the ‘“‘classical” PTPs
and the ‘““dual specificity”” protein phosphatases (DSPs), both
enzymes evolved from a common ancestor. The ‘“‘classical
PTPs” members are strictly tyrosine specific and according
to their subcellular localization can be further divided into in-
tracellular PTPs (PTP1B and SHP) and receptor-like PTPs
(CD45, PTPa. and PTPy), both containing one or two catalytic
domain(s) of approximately 240 amino acids. The DSPs
(VHI1-like enzymes) are the most diverse group in terms of
substrate specificity and can be distinguished by their ability
to hydrolyze pSer/pThr as well as pTyr residues and non-pro-
tein substrates, such as inositol phospholipids. The DSP family
contains, amongst others, highly specialized types of phospha-
tases, for instance members of this family include mitogen ac-
tivated protein kinases phosphatases (MKPs), members of the
myotubularin family, RNA triphosphatases, and PTEN (phos-
phatase and tensin homologue deleted on chromosome 10)
type phosphatase [5,8].

Class II cysteine-based PTPs are especially common in
bacteria and enzymes of this class appear to be more ancient
than class I PTPs. In humans this class is represented by an
18 kDa tyrosine-specific low M, phosphatase (LMPTP).
LMPTP is able to dephosphorylate tyrosine kinases and their
substrates but its biological functions remain unclear. The cor-
relation between expression and activity of variants of this
PTP with some human diseases, including cancer, indicates
that this phosphatase may be involved in pivotal processes in
cell physiology [9].

Class III cysteine-based PTPs are tyrosine/threonine spe-
cific phosphatases and probably evolved from a bacterial
rhodanese-like enzyme. In humans this class is represented
by the group of Cdc25 phosphatases: Cdc25A, Cdc25B and
Cdc25C. These three cell cycle regulators act by a dephosphory-
lation of Cdks at their inhibitory N-terminal phosphor-Thr/
Tyr motifs; a reaction that is required for the activation of these
kinases to drive progression of the cell cycle [10,11].

The fourth class of PTPs is represented by aspartate-based
PTPs, which use a different catalytic mechanism with a key
aspartic acid and dependence on a cation [12].

C.V. Ferreira et al. | Biochimie 88 (2006) 1859—1873

3. Mechanisms of PTP catalysis

Different experimental approaches, such as X-ray crystal-
lography, directed site mutagenesis and circular dichroism,
have contributed to our understanding of catalysis and substrate
recognition by PTPs. Although the PTPs have conserved cata-
lytic domains and share a common mechanism of action, indi-
vidual PTPs may display substantial substrate specificity, thus
resulting in these enzymes to regulate highly specialized and
often fundamentally important processes.

PTP family shares a strictly conserved active site comprising
the “P-loop” residues (H/V)C(X)sR(S/T) and a conserved
acidic residue [13—15]. In all structurally characterized PTPs
to date, the three-dimensional structure of the active-site com-
ponents is also highly conserved suggesting a common catalytic
mechanism. In general, the catalytic site is located in a groove
at the protein surface, whose size is responsible for explaining
the higher substrate selectivity of classical PTPs [5].

In vitro studies based on model substrates, such as phenyl
phosphate or p-nitrophenyl phosphate, have provided much
of the information on the mechanistic aspects of catalysis. In
particular, it is well established that the enzyme completes
its action in two major steps. In the first step, the phosphoryl
group from the substrate is transferred to the nucleophilic cys-
teine, forming a phosphoenzyme intermediate. In the second
step, this intermediate is hydrolyzed, leading to the regenera-
tion of the enzyme and the release of an inorganic phosphate
[3,16]. Although this two-step mechanism is well established,
some aspects still need to be clarified, such as regulatory and
inhibitory mechanisms.

4. PTPs: key players in normal and pathological
conditions

Since the reversible phosphorylation of tyrosine residues in
proteins critically controls many fundamental physiological
processes, especially the regulation of signal transduction
cascades, it is clear that control of PTK and PTP activities
must be tightly controlled. In fact, impaired functions of these
enzymes are involved in the development of numerous
inherited and acquired human diseases such as autoimmunity,
infections, diabetes, cancer, cardiovascular and neurological
diseases [17]. Consequently, both academia and the pharma-
ceutical industry devote substantial research effort in establish-
ing the basic underlying molecular mechanisms and for the
identification of novel, potentially, clinically useful modulators
of their activity. Strikingly, proportionately much more research
has been focused on PTKs and PTPs were neglected. In recent
years, however, studies on PTPs have substantially increased.
From these studies it has emerged that the importance of the
PTP superfamily of proteins may actually supercede PTKs,
PTP having specific and even dominant roles in setting the
net level of tyrosine phosphorylation. This has kindled interest
in this family as potential pharmacological targets.

This development is best highlighted by the discovery of
PTP1B as a major drug target for diabetes and obesity. Studies
have shown that mice in which this PTP is deleted are healthy
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Fig. 1. Classification and domain structure of the PTP superfamily. According to the amino acid sequences of the catalytic region the PTPs can be classified into
four families. The sequences (domains) outside the catalytic region are diverse and may regulate PTP activity and/or function. Abbreviation: TR, transmembrane
domain; FN, fibronectin-like; MAM, meprin, A2, RPTPp homology; Ig, immunoglobulin-like; CA, carbonic anhydrase like; KIM, kinase interaction motif; FERM,
band 4.1/ezrin/radixin/moesin homology; PDZ, postsynaptic density-95/discs large/Z01 homology; KIND, kinase N-lobe-like domain; SH2, src homology 2;
Secl4p, secl4p homology (or CRAL/TRIO); BRO, baculovirus BRO homology; CI-PTP domain, catalytically inactive PTP domain; GB, glycogen binding;
FYVE, Fabl/Yotb/Vaclp/early endosomal antigen-1 homology; N-pep, N-terminal peptidase-like; CH2, cdc25 homology region 2; PBM, PDZ binding motif;
C1/C2, protein kinase C conserved region 1/protein kinase C conserved region 2; PTB, phosphotyrosine-binding domain; PH-G, pleckstrin homology-GRAM do-

main; PH, pleckstrin motif.

but lean and obesity-resistant, and have reduced plasma levels
of insulin and glucose, a phenotype associated to enhanced
signaling through the insulin and leptin receptors [1,18,19].
Another phosphatase, PTEN, is also related to insulin path-
way. In vivo antisense experiments have validated PTEN as
a bona fide target in diabetes. Furthermore, this enzyme is
a major tumor suppressor (up to half of all human tumors
have deleted or mutated PTEN genes). Hence the use of

PTEN inhibition in diabetes must be weighed against a poten-
tial pro-oncogenic effect [1].

PTPs are also involved in immunity and infections; by ex-
erting both activating and inhibitory influences on the signal-
ing pathways active in the immune system they are required
for a proper physiological immune response, as evident from
the deregulated antigen receptor-mediated lymphocyte activa-
tion and cytokine-induced differentiation following PTP
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inhibition [20]. This is further highlighted by the observation
that all cells of the immune system have high levels of tyrosine
phosphorylation and express more genes encoding PTKs and
PTPs than any other cell type, with the possible exception of
neurons. In fact, together cells of the immune system express
at least half of the 107 PTP genes in the human genome.

CD45 is specifically expressed in lymphocytes and appears
to function as a positive regulator of the lymphocyte T-cell re-
ceptor and B-cell immunoglobulin receptor signaling by de-
phosphorylating the C-terminal negative regulatory tyrosine
residue of the SRC-family PTKs. Thus, blocking CD45 could
be therapeutically useful in autoimmune and inflammatory
disorders, and graft rejection [1,20]. Similar to CD45, two
other PTPs, SHP2 and LMPTP, also seem to have mainly pos-
itive influence on lymphocyte activation. Recent studies have
identified activating mutations in human SHP2 as the cause
of the inherited disorder Noonan syndrome and some forms
of leukemia [21—23].

In contrast to CD45, SHP2, and LMPTPs, other PTPs ap-
pear involved in the suppression of the lymphocyte activation.
Important examples include SHP1, LYP (lymphoid specific
PTP), PTP-PEST, PTH1 and PTP-HSCF (PTP haematopoietic
stem-cell fraction), but many other exist [20]. A missense
polymorphism in PTPN22 which encodes LYP is associated
with type 1 diabetes and with rheumatoid arthritis, SLE and
Graves disease [24—28]. Additionally, the allelic polymor-
phism in the gene encoding LMPTP correlates with increased
IgE levels and atopy [29].

Many other PTPs are candidate drug targets for inflamma-
tion and immunological diseases. PTP-3 could be an effective
drug target in inflammation as an inhibitor of neutrophil and
macrophage extravasation while PTP-¢ is a potential target
in septic shock and osteoporosis [1,30]. PTP-¢ has also been
suggested as a target in osteoporosis since the osteoporosis
drug alendronate is a PTP-¢ inhibitor. Another potential target
of inhibition for osteoporosis treatment is the PTP GLEPP1
(glomerular epithelial protein-1 precursor) as this enzyme is
a positive regulator of osteoclastic resorption inducing ana-
bolic effects in osteoporosis [31].

Recent evidences have shown that PTPs have both tumor-
suppressor and oncogenic effects on cancer-associated sig-
naling process, and that the deregulation of PTP function is
associated with tumorigenesis in different types of human
cancer [32]. Indeed some PTPs function in a positive manner
in growth-stimulatory signaling pathways triggered by cell-
surface receptors. Accordingly gain-of-function mutations in
these PTPs seem likely to have oncogenic effects, as in the
case of SHP2 which transduces mitogenic and pro-migratory
signals from various types of receptors. SHP2 activity has
been associated with the transforming capacity of constitu-
tively active forms of EGFR, FGFR3 and BCR—ABL and
also has been implicated in Helicobacter pylori-induced gas-
tric cancer mediating the transformation of gastric epithelial
cells by interacting with the CagA protein, which is a H. pylori
virulence factor [33—36].

In addition to SHP2, other PTPs related to oncogenic trans-
formation have been studied as potential drug targets for
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cancer treatment. Prl-3 protein tyrosine phosphatase is specif-
ically amplified and overexpressed when primary tumors me-
tastasize, and is a new and exciting target. Cdc25B is
overexpressed in a high proportion (> 30%) of primary breast
tumors and is currently being explored by several companies
as a potential drug target [1]. PTP-a dephosphorylates and ac-
tivates protooncogene Src-family kinases, leading to cell trans-
formation. In agreement, increased PTP-oo mRNA levels were
demonstrated in late-stage colorectal tumors and high PTP-
a protein levels are present in about one-third of primary
breast carcinoma, which indicates that blocking PTP-o could
be beneficial in these cases [37,38]. Interestingly, overexpres-
sion of PTP-a. in breast carcinomas is also correlated with re-
duced tumor aggressiveness, demonstrating the complexity of
PTP functions in cellular signaling and highlighting the diffi-
culties in predicting whether a specific PTP will be a good tar-
get for cancer, also as a consequence of the cellular context
and tumor type-specific effects of PTPs.

PTPs can also function as tumor-suppressor agents and mu-
tation with loss-of-function effects in PTPs has been correlated
with transformation of different cells. PTPBAS, PTPD2,
PTPHI1, PTPp, LAR and PTPy inactivating mutations were
identified in samples of colorectal cancer [39] while overex-
pression of DEP1 seems able to revert the transformed pheno-
type of different tumor cells as breast cancer, pancreatic,
thyroid and colon cancer cells [40—43]. The latter observation
has been attributed to the antagonistic role of DEP1 in growth
signaling through the direct dephosphorylation of tyrosine ki-
nase receptors such as PDGFR [44] as well as to its involve-
ment in stabilization of the cyclin-dependent kinase inhibitor
p27 promoting cell cycle arrest [41]. Furthermore, DEP1
seems to have pro-apoptotic functions which contribute to its
tumor-suppressor activity. Finally, SHP1 can act as an antago-
nist of growth-factor signaling in ephitelial and haemato-
poietic cells and its inactivation has been described in T-cell
lymphomas, anaplastic large-cell lymphoma, in different
forms of leukemia, and in multiple myeloma [45—48].

From the aforementioned examples it is clear that PTPs are
involved in a multitude of physiological processes and in
many cases their impaired functions is directly responsible
for disease, making PTPs attractive potential targets for drug
development. Development of PTP inhibitors in this fashion
will require to obtain a better understanding of the exact
role of PTPs in the regulation of signaling pathways both in
normal cellular physiology and under pathogenic conditions.
Additionally, for PTPs-based treatments further insight must
be gained into the role of the cellular context for the effects
of PTP inhibition, as such inhibition may produce different
and even opposite effects of PTPs depending on these condi-
tions, in order to minimize unwanted side effects and increase
the success of PTP inhibition therapy.

5. Medicinal chemistry of PTP inhibitors
Protein kinases have been a major focus of recent molecu-

lar targeted drug discovery efforts, producing drugs such as
imatinib mesylate (Gleevec®) and gefitinib (Iressa®), and the
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success of these drugs has prompted a substantial effort to tar-
get other kinases. Based on their roles in a multitude of signal-
ing pathways and altered expression in disease state, there has
been increasing interest in identifying PTP inhibitors that are
more potent and selective than the general tyrosine phospha-
tase inhibitor sodium orthovanadate [7]. Such targeted agents
may provide value as therapeutics for cancer and other dis-
eases. Despite the strikingly conserved nature of the PTPs ac-
tive site, several groups have identified lead compounds with
favorable selectivity, making phosphatase-selective inhibition
plausible.

5.1. Natural compounds and derivatives as PTP
inhibitors

Nature is an inexhaustible source of natural compounds
with interesting biological activities [49]. In the literature there
are many compounds from plants, algae and microorganisms
that inhibit different types of enzymes, including PTPs. De-
spite acting at low concentrations, natural compounds gener-
ally have low stability, which limits their use. However,
these natural molecules are attractive starting points for the
synthesis of analogues with higher stability and selectivity
[50,51].

One of the most attractive therapeutic targets for the devel-
opment of potent and selective inhibitors is PTP1B, which has
been shown to play a role in diabetes and obesity, which are
linked diseases [1,52].

Type 2 diabetes is common and its incidence is rapidly in-
creasing. In more than 90% of patients, the disease is charac-
terized by either abnormal insulin secretion or impaired
insulin bioactivity. Insulin resistance is central to type 2 diabe-
tes and is known to involve decreased tyrosine phosphoryla-
tion of insulin receptors despite normal insulin levels [52].
Insulin signaling begins with the activation of the insulin re-
ceptor (IR) via tyrosine phosphorylation and culminates in
the uptake of glucose into cells by the glucose transporters
(GLUTs) via a phosphoinositol-3-kinase (PI3K) catalyzed
pathway. The activated IR must then be deactivated and re-
turned to a basal state, a process that involves the direct inter-
action with PTP1B [53]. Therefore, the use of specific PTP1B
inhibitors represents a novel strategy for the treatment of type
2 diabetes [54].

The natural product dephostatin, a 2,5-dihydroxynitrosoani-
line, isolated from Streptomyces spp., was found to be a com-
petitive PTP inhibitor, active in a micromolar dose [55,56].
However, sufficient amounts of dephostatin were difficult to
obtain from the natural source; thus, chemical synthesis of de-
phostatin and more stable derivatives were required. Studying
the structure—activity relationship of dephostatin revealed that
the two hydroxyl groups were indispensable for binding of
these classes of compounds to the active site of PTPases and
that substitution of these functional groups also influenced de-
phostatin bioactivity. Among the derivatives produced, those
having an alkyl side chain bind well to the pharmacological
target PTP1B, the alkyl groups essentially functioning as tyro-
sine mimics. An example of this class of synthetic derivatives

is the Et-3,4-dephostatin (compound 1, Fig. 2), which has been
evaluated as an antidiabetic agent [50]. Et-3,4-dephostatin en-
hanced insulin-related signal transduction and showed antidia-
betic activity and no toxicity after oral administration in an
animal model. It was found to activate the PI3K-independent
pathway leading to Glut4 translocation, thus enhancing cellu-
lar glucose uptake and lowering blood glucose levels. Since
Et-3,4-dephostatin contains the potentially carcinogenic nitro-
samine moiety, nitrosamine-free dephostatin analogues were
designed by molecular modeling, using the concept of CH/m
interaction. Methoxime- and hexyl-methoxime-3,4-dephosta-
tin activated insulin-related signal transduction and showed
antidiabetic activity in vivo, suggesting that the CH/m interac-
tion molecular design approach may be useful in the design of
clinically bioactive molecules [50] for PTP1B inhibition.

A series of novel benzofuran isoxazolines via 1,3-dipolar
cycloaddition reaction using karanjin and kanjone (compounds
2 and 3, respectively, Fig. 2) was synthesized by Ahmad et al.
[57]. Karanjin was isolated from Pongamia pinnata fruits and
previously shown to possess antihyperglycemic activity in
vivo. Based on this property, a novel synthetic strategy to cou-
ple the benzofuranoid moiety from active compound 2 to the
known PTPase inhibitor isoxazoline pharmacophore was de-
signed. Among the synthesized compounds, analogues 4 and
5 (Fig. 2) displayed promising inhibitory activity against
PTPIB (IC50=80.4 and 79.6 uM, respectively) when
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Fig. 2. Natural product-derived PTP inhibitors. Et, ethyl group; Me, methyl
group; Ph, phenyl group.
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compared to the reference compound sodium vanadate
(ICs9=56.2 uM) [57].

Recently, Wiesmann et al. [58] proposed allosteric inhibi-
tion as a promising strategy for selectively targeting PTP1B
and enhance insulin signaling in cells. A novel binding site lo-
cated at ~20 A from the catalytic site was identified through
the crystallographic studies of PTP1B/allosteric inhibitor com-
plexes. Allosteric inhibitors binding to this novel site prevent
the formation of the active form of the enzyme by blocking
mobility of the catalytic loop. The conservative nature of
PTP structure arouses hopes that a similar strategy may enable
the identification of novel inhibitors for other PTPs.

The strong evidence indicating a relationship between
Cdc25 overexpression and oncogenic transformation has stim-
ulated research on the development of inhibitors of this protein
class. Progression through the cell cycle is achieved by de-
phosphorylation and activation of the cyclin-dependent ki-
nases (Cdks) by Cdc25 phosphatases [59]. A number of
natural products with diverse chemical structures, as well as
their derivatives, have been reported as inhibitors of the
dual-specificity phosphatases Cdc25 and VHR (vaccinia virus
phosphatase VHI-related protein) [11,59,60]. The sesterter-
pene dysidiolide (compound 6, Fig. 3), isolated from the ma-
rine sponge Dysidea etheria, was the first natural inhibitor of
the dual specificity phosphatase Cdc25A (ICso=9.4 uM),
thereby preventing G1/S transition and inducing cell cycle ar-
rest [61]. This was consistent with the observed antitumoral
activity in vitro at micromolar concentrations [60,61]. The hy-
drophilic residue y-hydroxybutenolide of the compound was
suggested to act as a phosphate surrogate, whereas the octahy-
dronaphthalene framework occupies a hydrophobic binding
pocket of Cdc25A [50,61]. In addition to asymmetric total

=
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Compound 6
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Compound 7

Fig. 3. Natural product-derived PTP inhibitors.
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synthesis of dysidiolide [62,63], new unnatural derivatives
with inhibitory activity against Cdc25A and B were synthe-
sized [62,64,65]. Based on these findings, combinatorial syn-
thesis of dysidiolide analogues was obtained and a library of
such analogues was screened against Cdc25C and several tu-
mor cell lines, showing that the anticancer activity of these an-
alogues did not necessarily parallel that of phosphatase
inhibition [66,67]. Recent studies have shown that substitution
of the hydrophobic residue of dysidiolide with certain steroid
framework, by structural hybridization with vitamin D3, gen-
erated a new class of potent inhibitors of Cdc25A
(ICs50 =0.44—0.89 uM) [50]. Koch et al. [68] used a different
approach for the development of a small library of y-hydrox-
ybutenolides and closely related a,B-unsaturated five-mem-
bered lactones derived from the naturally occurring inhibitor
dysidiolide. Exploiting protein structure similarity clustering
and natural product frameworks with multiple biological activ-
ities, they identified biologically relevant and drug-like ligands
for Cdc25A with ICsy values that range between 0.35 and
2.3 uM.

Wright et al. [69] isolated a bicyclic, sulphated sesquiterpe-
noid with an aliphatic chain terminating in a furan (sulfircin —
compound 7, Fig. 3) from a deep-water sponge of the genus
Ircinia, which exhibited phosphatase inhibitory activity
against Cdc25A (IC59=7.8 uM) and VHR (ICs5y=4.7 uM)
[70]. In addition, sulfircin analogues were synthesized in order
to study the importance of its three core structures namely, the
sesquiterpenoid tricycle, the alkylfuryl moiety and the sul-
phate group. This study indicated that the length of the ali-
phatic chain, the sulphate group and the sesquiterpenoid core
were crucial for the activity [70].

Some authors have indicated vitamin K and derivatives as
potent PTP inhibitors [71—74]. Menadione (Vitamin K; —
compound 8, Fig. 4) was found to inactivate the Cdc25B
(ICs50=3.6 uM) in an irreversible manner by covalently bind-
ing to its active site [72,75]. Moreover, an antiproliferative ac-
tivity of menadione, either alone or in combination with other
antitumor agents, was shown in parental cancer cell lines and
their multidrug-resistant derivatives. Its lower level of toxicity
in vivo compared with other quinone-type chemotherapeutics
suggests the potential utility of this agent in cancer therapy
[71,76—78].

A number of other PTP inhibitors have been shown to pos-
sess a quinone as a functional group, which is capable of redox
cycling. In addition, compounds with quinone moieties have
demonstrated the highest potency as well as considerable spec-
ificity in DSPase screens [59]. Two tricyclic polyketide ortho-
quinone antibiotics, nocardiones A and B (compounds 9 and
10, respectively, Fig. 4), were found to inhibit the activity of
Cdc25B with an ICs; of 17 pM, although selectivity over other
PTPs was poor. The benzoquinone antibiotics dnacins (com-
pounds 11 and 12, Fig. 4) were isolated from the Nocardia
strain C-14482 (N-1001). Kinetic analysis indicated that the
dnacins modestly inhibited Cdc25B in a non-competitive man-
ner. In addition, a covalent modification of the enzyme by
a 1,4-Michael-type nucleophilic addition must occur [79]. An-
other class of inhibitors which has been explored for its ability
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Fig. 4. Natural product-derived PTP inhibitors. Me, methyl group.

to modify different residues within the active-site loop of
Cdc25 are the quinolinediones [80]. Recently, these com-
pounds were used to test the hypothesis that quinone inhibitors
of Cdc25 regulate phosphatase activity through redox mecha-
nisms [81], showing selective inhibition of Cdc25 phospha-
tases in vitro in an irreversible and time-dependent manner,
and cell cycle arrest in the G1 and G2/M phase. In addition,
these compounds rapidly induced intracellular reactive oxygen
species production. Analysis of Cdc25B by mass spectrometry
revealed sulfonic acid formation on the catalytic cysteine of
Cdc25B after in vitro treatment with compound 13 (Fig. 4),
suggesting that irreversible oxidation of the catalytic cysteine
of Cdc25B is indeed a mechanism by which these quinoline-
diones inactivate this protein phosphatase. The newest struc-
turally distinct class of Cdc25 inhibitor with cellular activity
described is the naphthofurandione group, which has in vitro
ICsy values of 2.5—11 pM against recombinant Cdc25 [82].
These compounds cause reversible inhibition of Cdc25B and
display competitive inhibitor kinetics. Moreover, docking
studies suggest they also bind in the pocket adjacent to the ac-
tive site. In cell-based assays, the naphthofurandione 3-ben-
zoyl-naphtho[1,2-b]furan-4,5-dione (compound 14, Fig. 4)
induced G1/S and G2/M arrest and caused a concomitant in-
crease in the inhibitory phosphorylation of Cdkl.

A series of compounds containing the ortho-quinone func-
tional group were characterized as competitive and reversible
inhibitors of the CD45. Cavagis et al. [83] reported that tetra-
hydroxyquinone (compound 15, Fig. 5) generated the forma-
tion of significant amounts of H,O,, which was responsible
for a reduction in leukemic cell survival. This action was cor-
related with the inhibition of PTPs. In this same direction,
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Fig. 5. Natural product-derived PTP inhibitors. Ac, acetyl group.

violacein (compound 16, Fig. 5), a purple-coloured pigment
produced by one of the Amazonian strains of Chromobacte-
rium violaceum, caused inhibition of PTPs as observed by
the profile of phosphorylated proteins in tyrosine residues,
which was higher in HL60 treated cells [84,85]. A series of
compounds, namely phenanthrenediones was shown to inhibit
CD45 at micromolar concentrations. In addition, they were
also active against cathepsin L and S [86].

The hexadecanoyl-5-hydroxymethyl tetronic acid RK-682
(compound 17, Fig. 5), isolated from the Streptomyces strain
88-682, was identified as a more potent competitive inhibitor
than vanadate toward VHR and CD45. RK-682 also blocked
the cell cycle progression at Gl phase in mammalian cells,
but not the phosphatase activity of Cdc25B [87]. In fact, RK-
682 exhibited some selectivity toward VHR (IC59 =2.0 uM)
over the related enzyme Cdc25B (ICsy> 100 uM) [87,88].
Similar to the benzoquinones (compounds 11 and 12, Fig. 4),
RK-682 might also interact with the enzyme by a Michael ad-
dition, resulting in a covalent modification of the enzyme.
Moreover, structure—activity relationship studies demonstrated
that the highly acidic 3-acyltetronic acid residue of the mole-
cule functions as a phosphate mimic. The alkyl side chain at
C3 and the enolic hydroxyl group at C4 were important for
VHR inhibition, whereas the hydroxy group at C5 did not
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interfere with inhibition [88]. Based on the crystallographic
structure of VHR, molecular modeling studies and detailed ki-
netic analysis, a model in which the acyltetronic acid anion is
a phosphate mimic with multiple hydrogen bonds to the ac-
tive-site loop (Cys124-R 130) was proposed [89]. A second
molecule of tetronic acid is involved in the inhibition and inter-
acts with an arginine residue (Arg158) in a second sequence re-
gion that is less conserved among various phosphatases. Both
alkyl side chains interact with the hydrophobic site of the en-
zyme [89]. Based on these studies, a dimeric inhibitor was de-
signed. This approach conferred increased inhibitory potency
as compared to the natural compound and constitutes a second
generation of highly selective PTP inhibitors [88,89].

The 4-isoavenaciolide (compound 18, Fig. 5) was identified
as a potent irreversible PTP inhibitor, binding to the SH group
of cysteine residues by a Michael addition. This compound
was isolated as a stereoisomer of avenaciolide from a fungal
strain of Neosartorya sp. [90], and it irreversibly inhibits VHR
phosphatase activity with an ICs, of 1.2 uM. In addition, 4-iso-
avenaciolide potently inhibits other non-receptor type phospha-
tases, such as VHR, Cdc25, and PTP1B, although no effects on
receptor type phosphatases (CD45 and LAR [leukocyte com-
mon antigen-related]) have been described yet. Detailed inves-
tigation of the inhibitory mechanism of 4-isoavenaciolide
against VHR showed that two molecules of the compound cova-
lently bind to cysteine residues located in two different frag-
ments of VHR: the catalytic domain (Cys124) and the o6
helix positioned surface domain (Cys171) [90].

The stevastelins (compounds 19 and 20, Fig. 5), a class of
depsipeptides isolated from Penicillium spp. [91], have been
shown to possess calcineurin-independent immunosuppressive
properties and to inhibit the dual-specificity phosphatase
VHR, thus promoting cell cycle arrest [7]. Even though com-
pound 19 was more potent against VHR in vitro than com-
pound 20 (ICso=2.7 and 19.8 uM, respectively), it showed
little effect on cellular preparations. These results were attrib-
uted to a poor permeability of compound 19 across the cell
membrane, whereas the uncharged compound 20 can be acti-
vated intracellularly by either sulfatation or phosphorylation of
the threonyl hydroxyl group [7,60].

5.2. Peptidomimetics development: a rational concept in
the design of PTP inhibitors

Natural products have been a rich source of PTP inhibitors,
providing interesting biologically lead compounds for the
development of compound libraries with higher selective phos-
phatase inhibitory activity. However, more rational approaches
have focused on the incorporation of phosphotyrosine mimetics
into specific peptide templates (peptidomimetic backbones). In-
terestingly, only recently, the development of selective small-
molecule PTP inhibitors has emerged as a growing field of
investigation, fostered by the observation that gene disruption
of PTP1B acts as a negative regulator of insulin signaling, rais-
ing hopes that a small-molecule inhibitor of this PTP would be
an effective therapeutic agent [18,92]. Thus, the chemical de-
sign of competitive and reversible PTP inhibitors can be
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extremely useful in delineating the role of target PTPs in cellu-
lar signaling and may constitute a valuable approach for
therapeutic development. In this context, in silico docking,
NMR-based methods, high-throughput crystallization and spe-
cific chemistry have been successfully applied in the develop-
ment of specific small-molecule inhibitors against PTPs
[7,93,95,97—99].

Early studies were based on the design of competitive inhib-
itors that target the active site of PTP1B [1,7,93—97]. A number
of mimetic structures containing a nonhydrolyzable phospho-
tyrosine group have been developed through the replacement
of the phosphotyrosyl group by sulfotyrosyl [100], thiophos-
phoryltyrosyl [101], o-dithiophosphoryltyrosyl [102], o-bora-
nophosphoryltyrosyl [102], phosphonomethylphenylalanine
[Pmp] [103], o-malonyltyrosyl [104], fluoro o-malonyltyrosyl
[105], and difluorophosphonomethylphenylalanine (F,Pmp)
groups [106—108]. The last one showed increased binding af-
finity due to the hydrogen bonds formed between the fluorines
in F,Pmp and the active site of PTP [106].

Despite their strong PTP inhibitory activity, most polya-
nionic phosphotyrosine mimetics displayed poor permeability
through the cell membrane and are not suitable for cell-based
studies or more physiologically relevant settings, such as ani-
mal models. In addition, their nondrug-like properties could
prevent them from reaching the required level of bioavailabil-
ity. Therefore, studies have been conducted to develop
successful inhibitors able to translate their potencies into de-
sirable in vivo effects.

Dufresne et al. [109] have described a series of difluorome-
thylphosphonate derivatives with ICs, values toward PTP1B in
the nanomolar range. Even though in vivo efficacy in a diet-in-
duced obesity model and oral bioavailability were obtained
with compound 21 (Fig. 6), only poor selectivity over the
closely related phosphatase T-cell PTP (TCPTP) was ob-
served. Although it is not evident that co-inhibition of TCPTP
(with PTP1B) will result in serious adverse effects, mice lack-
ing the TCPTP gene die within 3—5 weeks after birth from de-
fects in hematopoiesis and immune function [110]. Hence, it is
highly desirable to design PTP1B inhibitors that are selective
over TCPTP as potential therapeutic agents particularly as
type 2 diabetes is a chronic disease.

Leung et al. [111] incorporated the difluoromethylenesul-
fonic acid (F,Smp) into peptides and compared it with other
phosphate mimetics in the same template, such as the F,Pmp.
PTP inhibitors with benzofuran or benzothiophene rings, with
ICso values of 20—50 nM and oral glucose lowering effects,
were developed by Malamas et al. [112]. Among them, com-
pound 22 (Fig. 6) was identified as a selective PTP1B inhibitor
(ICs50 =0.32 uM), having promising in vivo activity. It was
shown that it normalizes plasma glucose levels after oral admin-
istration at 25 mg/kg and intraperitoneal administration at
1 mg/kg. Investigation of the structural interaction between
PTP1B and the inhibitor by X-ray crystallographic studies re-
vealed that the carboxylic acid group acts as a phosphate mimic
of the substrate, since it binds to two water molecules that
bridge the guanidine group of Arg221, which normally bonds
the phosphate group of the substrate. The binding of the
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Fig. 6. Synthetic PTP inhibitors. Ph, phenyl group.

biphenyl ring close to the carboxylic acid to Tyr46 and Phe182
resembles the binding of the phenyl ring to phosphotyrosine
substrates. Hydrophobic interactions that also contribute to
the high affinity of the inhibitor are the bindings of the second
biphenyl ring to the ammonium group of Lys120 and the 2-ben-
zyl-benzofuran residue to Lys116 and the aromatic ring of
Phel82 [112].

Other researchers reported a series of small-molecule pep-
tidomimetics containing novel phosphotyrosine bioisostere
with K; values against PTP1B in the submicromolar range
and improved insulin-stimulated glucose transport by L6 my-
ocytes [113—115]. In order to improve permeability and po-
tency, one carboxylic acid residue of the phosphotyrosine
mimic o-carboximethoxybenzoic acid group was replaced by
a tetrazole moiety, rendering a tetrazole analogue (compound
23, Fig. 6) that was equipotent to the corresponding dicar-
boxilic acid (K; =2 pM). Moreover, the compounds showed
selectivity over other PTP enzymes (LAR and SH2 domain-
containing phosphatases [SHP2]). The combination of high-
throughput screening, X-ray crystallography studies and

rational drug design allowed Novo Nordisk to develop similar
phosphotyrosine mimetics, the 2-(oxalylamino)-thiophenecar-
boxilic acid series, with strong PTP1B inhibition (K; in the
nanomolar range) and good oral bioavailability in rats
[116,117]. The PTP1B inhibitor 24 (Fig. 6) has a reported
K; of 18 nM.

A major problem in the design of specific PTP inhibitors is
the highly conserved nature of the PTP active site. Kinetic and
structural studies of PTP1B with pTyr-containing peptides
showed that pTyr alone is not sufficient for high-affinity bind-
ing, and that additional binding pockets positioned in the vi-
cinity of the conserved active site may be targeted to
enhance affinity and selectivity [16,118—120]. These studies
led to the development of more potent and specific bidentate
ligands, which interact with both independent sites, the pTyr
catalytic site and a peripheral site, which is less conserved
among phosphatases [121]. A combinatorial library/high-
throughput screening approach was used to yield potent
PTP1B inhibitors. This approach has led to the identification
of the most potent corresponding nonhydrolyzable phosphate
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mimetic (compound 25, Fig. 7) against PTP1B (K; = 2.4 nM),
which exhibited exquisite selectivity over other PTPs, includ-
ing TCPTP (10-fold). This specificity was further confirmed
by crystallographic studies of a related analogue bound to
PTP1B [122]. Whereas the active-site-targeting phenyldifluor-
omethylphosphonyl group bound the active site in the ex-
pected fashion, the authors found that the aspartic acid
linker and the distal difluoromethylphosphonyl group devel-
oped interactions mainly with Lys41, Arg47 and Asp48. Fi-
nally, cell permeable and fluorescent analogues were
synthesized to study PTP1B function in insulin signaling path-
ways [98]. The results demonstrated that PTP1B inhibitors can
act synergistically with insulin to increase the phosphorylation
levels of insulin receptor (IRB) and insulin receptor substrate 1
(IRS-1). In addition, the compound also increased activation
of Akt and extracellular signal-regulated protein kinases 1
and 2 (Erk1/2) either alone or in combination with insulin.
Consistent with the positive effect on Akt, the inhibitor also
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Fig. 7. Synthetic PTP inhibitors. Me, methyl group.
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boosted basal glucose uptake in a dose-dependent manner, in
different insulin-sensitive cell lines [98,123].

This same approach was employed by other researchers,
which identified an oxalylarylaminobenzoic acid series by
NMR-based screening, which inhibited other PTPs such as
LAR, SHP2 and CD45 at much higher concentrations
[124,125]. Although good phosphatase inhibitors, the com-
pounds showed poor cellular membrane permeability. There-
fore, a prodrug approach was used, leading to the
identification of a diester (compound 26, Fig. 7), which dem-
onstrated increased insulin-induced protein kinase B phos-
phorylation of FAO cells [126]. Furthermore, a 30-fold
increase in selectivity over TCPTP and no inhibition of other
phosphatases (LAR, CD45, Cdc25 and SHP2) up to 300 uM
was obtained when the oxamic acid moiety was replaced by
isoxazole carboxylic acid, rendering one of the most selective
PTP1B inhibitors (compound 27, Fig. 7) with cellular activity
in COS-7 cells, reported to date [127].

Even though a remarkable advance in the development of
more potent inhibitors of PTPs was achieved using this strat-
egy, there has been some reservation concerning the issue of
selectivity, as some of the residues involved in the binding
of the second aryl moiety (especially Arg47) are also present
in phosphatases other than PTPIB, in particular TCPTP.
Therefore, other structural determinants between PTP1B and
TCPTP, which may be exploited alone or in conjunction
with other selectivity determinants to increase potency and
elicit selectivity, have been targets of research [128]. In this re-
gard, a recent study has successfully exploited the conserva-
tive Leull19 (PTP1B) to Val substitution between the two
enzymes to synthesize a PTPIB inhibitor (compound 28,
Fig. 7) that is an order of magnitude more selective over
TCPTP [129]. Structural analyses of PTP1B/inhibitor com-
plexes showed a conformation-assisted inhibition mechanism,
i.e. the ability to induce an ordered conformation out of the
otherwise unstructured loop 110—121 upon the inhibitor bind-
ing, as the basis for selectivity. As the structured loop residues
110—121 is positioned fairly close to the active site of PTP1B,
targeting Leul19 should facilitate the design and synthesis of
selective inhibitors that are less bulky compared to inhibitors
designed to target the secondary phosphotyrosine-binding
site denoted by Phe52 (PTP1B numbering). Such inhibitors
will have a better chance of achieving oral bioavailability, an-
other important issue associated with the design and synthesis
of PTP1B inhibitors as therapeutic agents.

6. Concluding remarks

The efficient characterization of more selective and specific
small molecules that modulate PTP function in vitro and in
vivo is at the heart of chemical biology and medicinal chemistry
research and the development of new therapies and diagnostics
for disease. In this review we have presented a few structurally
different classes of natural products as well as synthetic mole-
cules that have been described in the literature as PTP inhibitors.
If one compares both types of inhibitors, increased interest has
been paid to synthetic nonhydrolyzable phosphotyrosine
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mimetics. However, in most cases these compounds exhibit non-
drug-like properties due to the highly charged phosphotyrosine
moiety or adjacent binding sites that increase their molecular
weight and/or their lipophilicity and could lead to solubility or
metabolic problems, thus preventing them from reaching desir-
able bioavailability [61]. Natural products, on the other hand,
may have undesirable structural complexity, being prone to un-
desired contaminants, and having technical problems with re-
gard to assay development and optimization to be truly
competitive with chemical collections [130,131]. Nevertheless,
natural products offer a potentially infinity source of chemical
diversity unmatched by any synthetic chemical collection or
combinatorial chemistry approach and their exploitation have
greatly enhanced our understanding of biology, and have led
to the development of many of today’s drugs [131,132]. Further-
more, the underlying structures of evolutionary selected natural
products define structural prerequisites for binding to proteins.
Their structural scaffolds represent the biologically relevant
and prevalidated fractions of chemical structure space explored
by nature so far [132,133]. Consequently, the probability that
compound libraries designed to mimic the structures and prop-
erties of natural products will be useful is high, and it is also to be
expected that natural product-guided compound library design
[133,134] will prove to be a rationale key for the identification
of small molecules as truly PTP inhibitors for drug development.
Additionally, more direct methods that allow the study of the in-
teraction between protein partners in their natural subcellular
compartment, as for example recently described for PTP1B
and the insulin receptor using bioluminescence or fluorescence
resonance energy transfer (BRET and FRET, respectively)
[53,135], are promising tools to follow in real time the dynamics
of these interactions in the presence of PTP inhibitors.

In summary, the discovery of new natural bioactive mole-
cules, facilitated by a deeper understanding of the nature of
the regions of chemical space that are relevant to biology, in-
tegrated with the powerful tool of combinatorial chemistry and
compound library development will advance our knowledge of
biological processes and lead to new strategies to treat disease
based on PTP inhibition.
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Abstract
Flavonoids, polyphenolic phytochemicals, are ubiquitous in plants and are present in the common human
diet. They may exert diverse beneficial effects, including antioxidant and anticarcinogenic activities. The
present study was designed to evaluate three biomolecules that play important roles in the apoptotic
process: mitogen-activated protein kinases, protein phosphatases and NFxB, using HL60 cells treated
with fisetin as an experimental model. Our results demonstrated that cells treated with fisetin presented
high expression of NF«kB, activation of MAPK p38 and increase of phosphoprotein levels; inhibition of
enzymes involved in redox status maintenance were also observed. Our findings reinforce the hypothesis
that fisetin is likely to exert beneficial and/or toxic actions on cells not through their potential as
antioxidant but rather through its modulation of protein kinase and phosphatase signaling cascades.
Additionally, our results also indicate that the cellular effects of fisetin will ultimately depend on the cell
type and the extent to which they associate with the cells, either by interactions at the membrane or by

uptake into the cytosol.

Keywords: Fisetin, flavonoids, HL60, NF kB, MAPK, phosphatases.
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1. INTRODUCTION

Flavonoids are polyphenolic compounds
widely found in plants [1]. Components of fruits,
vegetables and beverages, such as wine and tea,
many flavonoids are present in a regular diet [2].
Flavonoids exhibit a variety of effects such as
inhibition of malignant cell growth [1], regulation
of lymphocyte activation, cell proliferation and
differentiation [2-4]. These biological effects of
flavonoids on cells can be due to the inhibition of
different key enzymes. For these reasons, the
flavonoids can be considered potential compounds
in the selective blocking of signal transduction
pathways and in the design of more potent
analogues for the use in proliferative disease
therapies.

Several studies have demonstrated that,
depending on their structures, flavonoids can be
potent inhibitors of several kinases involved in
signal transduction, mainly protein kinase C (PKC)
[5] and tyrosine kinases [6]. On the other hand,
some flavonoids can activate cell differentiation
through activation of Ras-ERK cascade [7]. Fisetin
is a common dietary component found in several
fruits and vegetables [8]. Some
authors have demonstrated different biological
activities for this flavonoid: inhibition of
topoisomerase II, a nuclear essential enzyme for
DNA  replication [9,10], neuroprotective,
cardioprotective and anti-carcinogenic activities,
which have been attributed to its antioxidant
properties  [7,11-13], inhibition of cellular
proliferation and in vitro angiogenesis [14] and

induction of apoptosis in leukemic cells [13].

'corresponding author (Hiroshi Aoyama)
Tel: 55-19-3521-6141 Fax: 55-19-3521-6129

e-mail address: aoyama@unicamp.br

Recently, Haddad et al. [15] have
demonstrated that fisetin (Figure 1) caused cell
cycle arrest (G2/M) in prostate cancer human cell
line PC3. In addition, fisetin can also inhibit glucose
uptake in a competitive manner in a myeloid cell
(U937), which indicated that this flavonoid could be
used as an alternative blocker of glucose uptake in
vitro [16].

The present study was designed to evaluate
three biomolecules that play important roles in the
apoptotic process: mitogen-activated protein kinases
(MAPKS), protein phosphatases and NFkB, using
HL60 cells treated with fisetin as an experimental
model. Our results demonstrated that cells treated
with fisetin presented high expression of NFkB,
activation of MAPK p38 and increase of
phosphoprotein levels; inhibition of enzymes
involved in redox status maintenance was also

observed.

OH
OH

HO

)

Figure 1. Molecular structure of fisetin

2. MATERIALS AND METHODS
Materials

HL60 cells were purchased from ATCC
(Rockville, MD). Fisetin was purchased from Sigma
Chemical Co. (St. Louis, MO). The polyclonal
antibodies  against antiphospho-p38  mitogen-

activated protein kinase (p38), antiphospho-p42/44
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(ERK 1/2), antiphospho-c-jun NH,-terminal protein
kinase (JNK), antirabbit and antimouse peroxidase
conjugated antibodies were obtained from Cell
Signaling Technology (Beverly, MA). Antibodies
against phosphotyrosine and phosphothreonine were
purchased from Santa Cruz Biotechnology (Santa

Cruz, CA).

Cell culture

HL60 cells were routinely grown in
suspension in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 1% penicillin—
streptomycin (10,000 U/mL penicillin and 10 mg/
mL streptomycin) and 1% glutamine, grown at 37°C
under a humidified 5% CO, atmosphere. In all
experiments 3 x 10° cells/mL were seeded, and after
72 hours the cells were treated with fisetin for 24
hours. Fisetin dissolved in dimethyl sulfoxide
(DMSO) was added to the culture medium and
adjusted to a final DMSO concentration of 0.1%.

Cell viability
Cell viability was assessed by the trypan
blue dye exclusion and the MTT reduction assays as

previously described [17].

Western blotting

Cells (3 x 107) were lysed in 200 pL cell
lysis buffer (50 mM Tris-HC1 pH 7.4, 1% Tween
20, 0.25% sodium deoxycholate, 150 mM NaCl, 1
mM EGTA, 1 mM o-vanadate, 1 mM sodium
fluoride, and  protease inhibitors (1 pg/mL
aprotinin, 10 pg/mL leupeptin, and 1 mM
phenylmethylsulfonyl fluoride (PMSF)) for 2 hours
on ice. Protein extracts were cleared by
centrifugation, and the protein concentration was

determined using Lowry method [18]. A twice

volume of sodium dodecyl sulfate (SDS) gel
loading buffer (100 mM Tris-HCIL, pH 6.8, 200 mM
dithiothreitol, 4% SDS, 0.1% bromophenol blue,
and 20% glycerol) was added to the samples and
boiled for 10 minutes. Cell extracts, corresponding
to 3 x 10° cells, were resolved by SDS-
polyacrylamide gel (12%) electrophoresis (PAGE)
and transferred to polyvinylidene difluoride (PVDF)
membranes. Membranes were blocked for 1 h in 1%
fat-free dried milk or bovine serum albumin (2%) in
Tris-buffered saline (TBS) - Tween 20 (0.05%) and
incubated overnight at 4°C with appropriate primary
antibody at 1:1000 dilutions. After washing in TBS-
Tween 20 (0.05%), membranes were incubated with
antirabbit or antimouse horseradish peroxidase-
conjugated secondary antibodies, at 1:2000
dilutions (in all Western blotting assays), in
blocking buffer for 1 hour. Detection was
performed by using enhanced chemiluminescence

(ECL).

Antioxidant enzyme activities

Total superoxide dismutase (SOD) activity
was determined from the rate of inhibition of
ferrocytochrome c¢ oxidation, at 550 nm, in a
standard reaction medium [19]. The manganese
superoxide dismutase (MnSOD) activity was
measured after inhibition of the Cu/Zn isoenzyme
by addition of 1 mM KCN [20]. Catalase activity
was determined by measuring the decrease in
absorption of H,O, at 240 nm [21]. Glutathione
peroxidase (GPX) activity was determined by
measuring the NADPH oxidation rate in the

presence of GSH and GSH redutase [22].

Oxidative stress enzyme activity of markers
Aconitase activity was measured at 25° C

by following the change in the absorption at 340
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nm, due to NADP' reduction [23]. Fumarase
activity was measured at 25 °C by following the
increase in absorbance at 240 nm at 25° C in a
standard reaction mixture [24]. All the
measurements were carried out in a UV-VIS

spectrophotometer (Hitachi, model U-2001).

Statistical evaluation

The Western blots represent three
independent experiments. Cell viability was
expressed as the mean + standard error of three
independent experiments run in triplicate. Data for
each assay were statistically evaluated by analysis

of variance (ANOVA).

3. RESULTS AND DISCUSSION
Differential effect of fisetin on HL60 cells and
normal human lymphocytes viabilities

We have previously described the
cytotoxic effects and the mechanism of action of
different compounds on cancer cells [25-27]. Other
natural products have also been reported as
important sources of potential chemotherapeutic
agents [28-30]. Flavonoids, widely distributed in
vegetables, fruits, and wine, have been shown to
exert anticarcinogenic effects [10,13,15,31].
However, the molecular mechanisms by which
flavonoids can act against cancer cells need to be
elucidated. To establish the specificity of fisetin
action on HL60 cells we checked, in parallel, the
effect of this compound on normal human
lymphocytes viability using MTT assay. We
observed that after 24 hours of fisetin treatment of
HL60 cells, the mitochondrial activity was
decreased, displaying an ICs, value around 30 pM
(Figure 2). In agreement to other authors [13], we

also observed that fisetin induced HL60 cells death

by apoptosis. Interestingly, human lymphocytes
viability remained unchanged, even in the presence
of fisetin up to 200 uM. These results suggest that
fisetin can be an interesting candidate for cancer

treatment with a cellular-specific mechanism of

action.
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Figure 2. Cytotoxicity of fisetin in leukemic cells and normal
human lymphocytes. HL60 cells (m) and normal human
lymphocytes (A) were treated with different concentrations of
fisetin for 24 hours. In the absence of fisetin, the MTT reduction
was considered as 100%. The experiment was performed in a 24-
well plate. Results represent the means + standard error of three

experiments run in triplicate (P <0.05).

Effect of Fisetin on MAPKs phosphorylation and
NF«B expression in HL60 cells

To obtain more insight into the molecular
mechanisms mediated by fisetin on HL60 cells, we
examined the phosphorylation state of total proteins
and MAPKSs, in response to fisetin in concentrations
up to 50uM. Fisetin caused activation of p38 and
JNK MAPKSs, while ERK was inhibited (Figure 3).
Williams et al. [32] have demonstrated that
flavonoids and their metabolites differentially acted
on PI3-kinase, Akt/protein kinase B (Akt/PKB),
tyrosine kinases, PKC, and MAPK signaling
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cascades. Inhibitory or stimulatory actions at these
pathways are likely to profoundly affect cellular
function by altering the phosphorylation state of

target molecules and/or by modulating gene

expression.
S
&
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Figure 3. Effect of fisetin on MAPKs phosphorylation in
HLG60 cells. Cells were treated with different concentrations of
fisetin (10, 20, 30 and 50 uM). Soluble lysates were matched for
protein content and analyzed by Western blot. One representative

immunoblot of three independent experiments is presented.

In addition, we also observed that cells
treated with fisetin presented high expression of
NFkB  (Figure 4). Decrease in MAPKs
phosphorylation (Figure 3) and in the expression of
NF«B p65 (Figure 4) in HL60 cells at fisetin
concentrations higher than 20uM could be ascribed
to different steps of apoptosis. Our results indicate
that depending on the fisetin concentration two
steps of apoptosis can be reached: early and late
apoptosis. Apparently, fisetin concentrations up to
20uM caused early apoptosis, that was reinforced
by the overexpression of NFkB. Recently, Kanno et
al. [33] demonstrated that the overexpression of
NF«B is a pivotal event for apoptosis in HL60 cells
induced by the flavonoid naringenin It has been

shown that the transcription factor NF«B

participated of the cell growth, differentiation,
inflammatory responses induced by different signals
related to the regulation of apoptosis and neoplastic
transformation [34,35]. The pro- and antiapoptotic
regulatory functions of NFkB have been shown to
depend on the cell type, the differentiation state of
the cell, and the nature of the apoptotic stimulus
[35]. Our data provided evidence that the
overexpression of the subunit NFkB p65 in cell
death was associated to ROS generation. Some
authors observed that ROS per se were potent
inducers of apoptosis [36] and that the hydrogen
peroxide-induced apoptosis required the release of
mitochondria-derived ROS and the activation of
NF«B [37]. Our results demonstrating the ability of
NF«B p65 overexpression to induce apoptosis, are
in agreement with published data implicating NFxB
to the induction of cell death in certain cells such as
neurons, Schwann cells, prostate carcinoma, and

embryonic kidney cells [38-42].

NFxB p65

Figure 4. Fisetin changes the expression of NFkB p65. After
HL60 cells treatment with different concentrations of fisetin for
24 hours, equal amounts of protein (50 pg) of total lysates were

subjected to immunoblot analysis with NFkB (p65) antibodies.

Effects of fisetin on proteins phosphorylation in
HL60 cells

In order to analyze the phosphorylation
state on HL60 cells treated with fisetin, we
examined the tyrosine and  threonine

phosphorylation on the cellular proteins. Both

93



residues phosphorylation increased in the cells
treated with fisetin, excepting a decrease in the
tyrosine phosphorylation at 50 uM fisetin (Figure
5). Our results indicated that the fisetin action in
HL60 cells was accompanied by increasing in
tyrosine and threonine phosphorylations. We have
observed that fisetin inhibited cytosolic phosphatase

activities in HL60 cells (not shown).

Figure 5. Effect of fisetin on protein phosphorylation levels.
Cells were treated with fisetin (10, 20, 30 and 50 uM), and the
tyrosine (A) and threonine (B) phosphorylations were evaluated
by immunoblotting. One representative immunoblot of three

independent experiments is presented.

Fisetin induces oxidative stress and decrease in
antioxidant enzymes activities in HL60 cells

In order to analyze the cellular redox status
after treatment of HL60 cells with fisetin we
quantified the activities of aconitase, fumarase,
catalase, glutathione peroxidase and two isoforms of
superoxide dismutase (SOD), the MnSOD
(mitochondrial isoform), and  the CuZnSOD
(cytosolic isoform). Treatment of HL60 cells with
fisetin resulted in inactivation of mitochondrial

aconitase, an enzyme sensitive to oxidative stress,

but not fumarase, a mitocondrial enzyme insensitive

to oxidative stress (Table 1). Fisetin caused also an

expressive decrease of the antioxidant enzymes

Enzyme Specific activities
Control + Fisetin
Aconitase 2.32 mU/mg 0.11 mU/mg
Fumarase 0.029 mU/mg 0.029 mU/mg
Catalase 0.23 pmolesmg | 0.11 pmoles/mg
GPX 0.66 mU/mg 0.22 mU/mg
MnSOD 6.22 U/mg 2.46 U/mg
CuZnSOD 11.74 U/mg 3.33 U/mg

Table 1. Effects of fisetin on antioxidant enzymes activities of
HL60 cells. Cells were treated with fisetin (50 uM) and enzyme

activities were determined as described in Methods.

catalase, MnSOD, CuZnSOD and GPX. Ours
results suggest that fisetin can induce oxidative
stress through ROS production. ROS can lead to
cell death through inactivation of the mitochondrial
aconitase, an iron-sulfur (Fe-S) protein [43]. Recent
studies showed that ROS are emerging as obligatory
mediators of cell death signaling in response to
stimulation of TNF receptors and induction of JNK
and p38 signaling [44-47]. A MAPK phosphatase
(MKP) was identified as a critical molecular target
of ROS during TNFa-induced apoptosis, due to
oxidation of an essential cysteine residue to sulfenic
acid [46]. MKP plays a critical role in the regulation
of the activity of MAPKs [48, 49]. Thus, ROS-
dependent inhibition of MKPs caused persistent
activation of JNK by TNFoa and, ultimately,
programmed cell death via either a necrotic or an
apoptotic pathway [47]. These findings are in
agreement with our results since, besides activating
JNK and p38, fisetin also caused an increase of
phosphoprotein levels which can be due to either

inactivation of protein phosphatases or activation of
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protein kinases, which activities are highly

sensitives to oxidant agents.

4. CONCLUSION

In summary, our results have reinforced the
hypothesis that fisetin was likely to exert beneficial
and/or toxic actions on cells not through their
potential to act as antioxidant but rather through its
modulation of protein kinase and phosphatase
signaling cascades. Additionally, our results also
indicated that the cellular effects of fisetin
ultimately depended on the cell type, and on the
extent to which it associated with the cells, either by
interactions with the membrane or by uptake into

the cytosol.
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Abstract
Because of unsatisfactory treatment options for prostate cancer there is a need to develop novel
treatment approaches for this malignancy. We have shown previously that irradiated riboflavin
induces apoptosis in HL60 cells. In the present study, we provide evidence that irradiated riboflavin
treatment to androgen-independent human prostate cancer cell, PC3 result in a dose-dependent
inhibition of cell growth. To define the mechanism of this anti-proliferative effect of riboflavin, we
determined its effect on critical molecular events known to regulate the cell apoptotic and
extracellular remodeling machineries. PC3 cells treated with irradiated riboflavin presented
upregulation of adaptor protein FADD and downregulation of TNFRI1. In addition, anti-Fas
neutralizing antibody abrogated the irradiated riboflavin effect. We also investigated the
participation of ceramide in the cell death process. We found that ceramide synthase presented a
pivotal role in the apoptotic cascade triggered by irradiated riboflavin, since cell death was
prevented by Fumonisin B1, a typical ceramide synthase inhibitor. Importantly, at sub-lethal dose
(20 uM) irradiated riboflavin caused RECK protein overexpression. Altogether, the results showed
here, indicate that apoptosis induction by irradiated riboflavin is dependent on Fas and ceramide
signaling pathways. Our findings pointed out riboflavin as a promising antitumoral agent, since this
compound affected important molecular targets related to proliferation, resistance and invasibility of

prostate cancer cells.

Key Words: PC-3, Riboflavin, RECK
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1. INTRODUCTION

Prostate cancers are among the most
frequent metastatic malignancies that contribute
to cancer death in males. Although recent years
have seen an improvement in prostate cancer
detection and a few new therapeutic agents, not
much progress has been made in the treatment of
the disease. Unfortunately, even with new drugs
such as Flutamide®, which may be more effective
and less toxic than traditional cytotoxic therapies,
prostate tumors are still difficult to destroy, and
often become androgen independent. Besides,
when primary treatment fails, the disease develops
along an intractable course for which no long-
term effective therapy exists (Navarro et al., 2002;
Diaz et al., 2004; Nelson, 2004). Another
important factor is that up to 22% of newly
diagnosed patients present with advanced or
metastatic disease, in this way, the incidence of
nonlocalized cases and mortality has remained
almost constant (Evans and Moller, 2003;
Thurairaja et al., 2004; Carlin and Gerald 2000).
Nowadays, many studies have been performed to
provide new and efficient target and biosensors to
follow prostate cancer. PC3 line has been used as
a model of the hormone refractory prostate
cancer.

Recently, Souza et al (2006)
demonstrated in details the action mechanism of
riboflavin photoproducts as apoptosis inductors.
The photodegradation of riboflavin in aqueous
solutions results in a number of products such as
7, 8-dimethyl-10-(formylmethyl) isoalloxazine,
lumichrome and lumiflavin (Silva et al, 1994;
Edwards and Silva, 2001; Ahmad et al, 2006) -
(Figure 1).
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Basically, in leukaemia cells the photoproducts
activated Fas/FalL expressions and also ceramida
production (Souza et al., 2006).

Herein, we demonstrated that riboflavin
photoproducts also caused PC3 cell death. In
prostate cancer cells riboflavin photoproducts
action was expressively dependent on ceramide
synthase activation, since fumonisin B1 prevented
these cells death. Besides, the photoproducts also
sensitised Fas receptor. In addition we detected
downregulation of STATS and inhibition of p38.
Importantly, we also observed inhibition of
MMP-2 and 9 and upregulation of RECK.
Overall, our findings pointed out riboflavin as a
promising antitumoral agent, since this compound
affected important molecular targets related to
proliferation, resistance and invasibility of

prostate cancer cells.

2. MATERIALS AND METHODS
Cell line and reagents

PC3 cells were purchased from the
American Type Culture Collection (ATCC,
Rockville, MD). Polyclonal antibodies against,
antiphospho-p38 mitogen-ativated protein kinase
(p38 MAPK), antiphospho-c-jun-NH,-terminal
protein kinase (JNK), antiphospho-Akt/PKB,
antirabbit, antigoat and antimouse peroxidase-
conjugated antibodies were purchased from Cell
Signaling Technology (Beverly, MA). Antibodies
against phospho-PP2A, phosphotyrosine,
phosphothreonine, signal transducer and activator
of transcription 5b (STAT5b), Bel2, Bax, TNFR1
receptor, TNFa receptor associated death domain
(TRADD), Fas-associated death domain protein
(FADD), c-myec, I kappa B kinase alpha (IKKa),
(NFxB), RECK, phosphatidylinositol 3-kinase
(PI3K), B-actin were purchased from Santa Cruz
Biotechnology  (Santa  Cruz, CA). Fas
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Figure 1. Chemical structure of riboflavin and its photoproducts

neutralizing was from Upstate Biotechnology,
Inc. (Lake Placid, NY). Riboflavin, and
Fumonisin B1 were from Sigma. Caspase 3
Colorimetric Assay Kit was obtained from R&D

Systems (Minneapolis).

Cell culture

PC3 cell was purchased from American
Type Culture Collection (Rockville, MD). Cells
were routinely grown in RPMI 1640 containing
10% fetal bovine serum, 100 units/mL penicillin,
and 100 mg/mL streptomycin at 37°C in a

humidified incubator with 5% CO, in air.

Irradiation of riboflavin and treatment of PC3

cells

Solutions of riboflavin (250 uM) were
diluted in RPMI 1640 culture medium and
irradiated with UV light. Afterwards, semi-
confluents cells were added to the samples so that
the following final concentrations of riboflavin: 5,
10, 15, 20, 30, 40 and 50 uM were reached. The
cells were also pre-treated with 5uM, 10uM and
25 uM of fumonisin B1 or anti-Fas 10pug/mL for
30 min and, afterwards, treated with riboflavin.
Cell viability was assessed by MTT reduction,
neutral red uptake and nucleic acids content

assays.
MTT reduction assay

The medium containing irradiated

riboflavin was removed and 1.0 mL of MTT
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solution (0.5 mg MTT/mL of culture medium)
was added to each well. After incubation for 4 h
at 37°C, the medium was removed and the
formazan released by solubilisation in 1.0 mL of
ethanol. The plate was shaken for 5 min on a plate
shaker and the absorbance measured at 570 nm

(Mosmann, 1983).

Neutral red uptake

After removing the medium from the plates, 1
mL of neutral red solution (50 ug/mL of culture
medium) was added to each well followed by
incubation for 3 h at 37°C. The cells were then
washed rapidly with phosphate-buffered saline
containing calcium (PBS-Ca”") after which 1 mL
of 1% glacial acetic acid-50% ethanol was added
to each well to fix the cells and extract the neutral
red incorporated into the lysosomes. The plates
were shaken for 20 min on a plate shaker and the
absorbance then measured at 540 nm (Riddell ez

al., 1986; Renzi et al., 1993).

Nucleic acid content

The cell monolayer was solubilized with
1 mL of 0.5 M NaOH at 37°C for 1 h after which
the absorbance of the solution in each well was
measured at 260 nm and the results expressed as a

percentage of the control A, (Cingi et al., 1991).

Western blotting

Cells (3 x 107) were lysed in 200 uL cell
lysis buffer (50mM Tris [tris
(hydroxymethyl)aminomethane]-HCl [pH 7.4],
1% Tween 20, 0.25% sodium deoxycholate, 150
mM NaCl, 1 mM EGTA (ethylene glycol
tetraacetic acid), 1 mM O-Vanadate, | mM NaF,
and protease inhibitors [1 pg/mL aprotinin, 10
pg/mL leupeptin, and 1 mM 4-(2-amino-ethyl)-
benzolsulfonyl-fluorid-hydrochloride]) for 2 hours

on ice. Protein extracts were cleared by

centrifugation, and the protein concentration was
determined using Lowry method (Hartree 1972).
An equal volume of 2 x sodium dodecyl sulfide
(SDS) gel loading buffer (100 mM Tris-HCI1 [pH
6.8], 200 mM dithiothreitol [DTT], 4% SDS,
0.1% bromophenol blue, and 20% glycerol) was
added to samples and boiled for 10 minutes. Cell
extracts, corresponding to 3 x 10° cells, were
resolved by SDS-polyacrylamide gel (12%)
electrophoresis (PAGE) and transferred to
polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked in 1% fat-free dried
milk or bovine serum albumin (2%) in Tris-
buffered saline (TBS)-Tween 20 (0.05%) and
incubated overnight at 4° C with appropriate
primary antibody at 1:1000 dilutions. After
washing in TBS-Tween 20 (0.05%), membranes
were incubated with antirabbit, antigoat and
antimouse horseradish  peroxidase—conjugated
secondary antibodies, at 1:2000 dilutions (in all
Western blotting assays), in blocking buffer for 1
hour. Detection was performed by using enhanced

chemiluminescence (ECL).

Caspase 3 activity assay

Caspase 3 activity was determined by the
measurement at 405 nm of p-nitroanaline released
from the cleavage of caspase 3 (Ac-DEVD-pNA)
substrate. The enzyme activity was expressed in
pmol/min and the extinction coefficient of pNA

was 10,000 M em™.

Zymographic analysis

Proteolytic activity of MMP-2 and
MMP-9 was assayed by gelatin zymography as
described by Souza et al. (2000). After the cell
treatment in the presence of FBS or in a FBS-free
condition, the culture medium was collected and
stored at -20°C in the presence of 1| mM PMSF

(phenyl-methyl sulphonyl fluoride-serine-protease
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enzyme inhibitor). Samples were diluted in non-
reducing buffer (0.1M Tris-HCIL, pH 6.8, 20%
glycerol, 1% SDS and 0.001% bromophenol
blue). Samples, corresponding to 150 pg of
protein, were resolved by SDS-polyacrylamide
gel (10%) and 4% gelatin. Protein renaturation
was performed in 2% Triton X-100 for 1 h
followed by incubation with 50mM Tris-HCI and
10mM CaCl, (pH 7.4) at 37°C for 18 h. Gels were
stained with 0.5% Comassie Blue G 250 for 30
minutes and then washed in a 30% methanol and

10% glacial acetic acid solution.

Statistical evaluation

All experiments were performed in
triplicate and the results shown in the graphs
represent the means and standard errors. Cell
viability data were expressed as the means =+
standard errors of 3 independent experiments
carried out in triplicates. Data from each assay
were analyzed statistically by ANOVA. Multiple
comparisons among group mean differences were
checked with Tukey post hoc test. Differences
were considered significant when the p value was
less than 0.05. Western blottings represent 3

independent experiments.

3. RESULTS
Effect of the Irradiated riboflavin on PC3 cells
viability

The effect of riboflavin on cell viability
was determined employing neutral red uptake,
nucleic acid content and MTT assays. PC3 cells
were treated with non and irradiated riboflavin in
concentrations up to 50 uM. Cell viability was not
affected by non-irradiated riboflavin. Unlike,
irradiated riboflavin demonstrated a strong
cytotoxic effect on PC3 cells after 24h of
treatment, with 1Csy values around 15 and 40uM

for nucleic acid content and MTT reduction,

respectively (Figure 2). In this concentration
range the lysosomal membrane integrity was not
significantly affected. Importantly, irradiated
riboflavin can acts as an antiproliferative agent in
low dose. For further mechanistic studies a dose
of 20, 40 and 50 puM irradiated riboflavin was

selected.
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Figure 2. Irradiated riboflavin presents toxic effect on PC3
cells. The cells were treated with different concentrations of
irradiated and non-irradiated riboflavin in RPMI medium. The
effect of photoproducts were evaluated by MTT (3-(4, 5-
dimethylthiazol-2, 5-diphenyl-tetrazolium bromide) reduction,
neutral red uptake and nucleic acids absorbance at 260 nm. In
the absence of riboflavin, cell viability was considered as
100%. The experiment was performed in a 24 wells plate.
Results represent the means + standard error of 3 experiments

run in triplicate (P < 0.05).

Fas neutralising prevents the toxic effect of
riboflavin photoproducts

The involvement of death receptor in the
cytotoxic action of riboflavin was also checked.
Prostate cancer cells death by riboflavin
photoproducts requires Fas signalling pathway
since Fas neutralising almost completely
abolished their toxic effect (Figure 3A). In
agreement, we observed upregulation of FADD.

On the other hand, apparently the TNFR1 did not
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participated in this process, once the riboflavin
treatment caused downregulation of this receptor
(Figure 3B). These data suggest that irradiated
riboflavin treatment induces apoptosis through

extrinsic pathway involving the death receptor.

Figure 3. Apoptosis induction of prostate cancer cells by
irradiated riboflavin. Semi-confluents cells were incubated
with antibody Fas neutralising 10ug/mL for 30 min and after
treated with irradiated riboflavin for 24 h and the number of
viable cells was determined by MTT reduction assay (A). The
expression of TNFR1, FADD and TRADD was evaluated by
immunoblotting. Soluble lysates were matched for protein
content and analyzed on Western blot (B). Colorimetric assay
was performed to determine caspase 3 activity (C). Results
represent the means + standard error of 3 experiments run in

triplicate (P < 0.05).
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Caspases are responsible for many of the
biochemical and morphological changes that
occur during apoptosis. We determined whether
treatment of PC3 cells with irradiated riboflavin
leads to activation of caspase. Colorimetric assay
depicted in figure 3 indicates that riboflavin
photoproducts treatment of PC3 cells leds to

activation of caspase 3 (Figure 3C).

Ceramide presents a pivotal role in the riboflavin
photoproducts action

Fumonisin B1, a known inhibitor of the
enzyme ceramide synthase involved in de novo

synthesis of ceramide in the endoplasmic
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reticulum and mitochondria, prevented the toxic
effect of irradiated riboflavin. Prostate cancer
cells present an increase of ceramide production
via ceramide synthase, which is essential for the
apoptosis induction. According to the figure 4, the
cell viability remains almost 100% when the cells
were pre-treated with fumonisin B1.
Protein kinases, phosphatases and
metalloproteinases  activities and  STATS
expression are affected by irradiated riboflavin

A set of proteins was analysed (Figure

5), cells treated with irradiated riboflavin had
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Figure 4. Fumonisin B1 prevents riboflavin toxic effect in
prostate cancer cells. Semi-confluents cells were incubated
with 5 uM, 10 uM and 25 pM Fumonisin B1 for 30 min and
afterwards treated with irradiated riboflavin for 24 h and the
number of viable cells was determined by MTT reduction

assay.

inhibition of p38 MAPK and PI3K while JNK
activity remains unchanged. IKKo was inhibited
by the photoproducts, and NFxB expression was
not affected. The profile of phosphoprotein in
tyrosine or threonine residues indicates activation
of protein phosphatases or inhibition of other
types of kinases.  Additionally, protein
serine/threonine  phosphatase  (PP2A) was
significantly inhibited by irradiated riboflavin.
Metalloproteinases 2 and 9 were also inhibited,
and their inhibitor RECK was slightly upregulated
at the concentrations of 20 and 40 uM (Figures 5
and 6).

It is now well established that STATSs
represent a major family of transcription factors
mediating the downstream effects of growth
hormones. Therefore this transcription factor
plays a pivotal role in prostate cancer
development. As can be seen in Figure 5 cells
treated with irradiated riboflavin presented an

expressive decrease in the STATS level.
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Figure 5. Riboflavin causes differential effect on the
expression of proteins involved in proliferation, resistance
and invasibility of prostate cancer cells. The expression of a
set of proteins was evaluated by immunoblotting. Soluble

lysates were matched for protein content and analyzed on

Western blot.
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Figure 6. Effect of riboflavin on PC3 matrix
metalloproteinase activities. Riboflavin reduced the
activation of both MMPs in a dose-dependent fashion. Note
that the upper bands (92 kDa) corresponds to the activity of
MMP-9 while the bands below (72 kDa) represents the MMP-
2 activity. (A: treatment in a FBS enriched medium, B: FBS-

free medium condition)
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4. DISCUSSION

Tumor development of human prostate
gland is critically dependent of the deregulated
balance between different growth regulators such
as androgenic hormones, growth factors and their
receptors. The management of prostate cancer
remains complex. Therefore, the discovery of new
anticancer agents as well as to identify its
molecular target can bring out a novel perspective
for the patients treatment. In an effort to devise
more optimal protocols, we employ PC3 cells as a
suitable model system for studying cell
differentiation and apoptosis in response to
potential pharmacologically active compounds in
vitro and using the experimental accessibility of
this system for characterizing the molecular
details underlying the effects seen. In the present
study, we focus on riboflavin, an important
photosensitizer, which has been considered as a
promising anticancer agent (Souza et al., 2006).

In this paper we described the action
mechanism of irradiated riboflavin as mediator of
prostate cancer cells death. The toxic effect of the
photoproducts was observed at concentrations
lower than 40 puM. Interesting, the membrane
integrity was not affected in this condition, since
the neutral red uptake by the lysosomes, remains
unchanged.

In order to delineate the molecular
details concerning the cell death induced by
irradiated riboflavin, we investigated possible
molecular mechanisms involved. We
demonstrated that riboflavin photoproducts
reduce the levels of TNFRI1. This action is
interesting since PC3 cells show a death
resistance promoted by TNFa. However, our
results indicated that extrinsic pathway is a major
signaling responsible for the induction of the
apoptotic process by riboflavin since anti-Fas

neutralizing was able to maintain cell viability. In

agreement, we observed that the treatment of PC3
cells with riboflavin photoproducts induced up-
regulation of FADD. Fas and FasL are commonly
coexpressed in prostate cancer cells. Despite
expression of both cell-surface Fas and FasL as
well as constitutive secretion of biologically
active soluble FasL, prostate cancer cells are
resistant to Fas-mediated apoptosis (Costa-Pereira
and Cotter, 1999; Hyer et al., 2000; Bertran,
2006). However, there are some reports in the
literature that demonstrated the reactivation of
apoptotic potential of autocrine Fas signal in
prostate cancer cells when PI3K is inhibited
(Bertran, 2006). Our findings also indicate that
inhibition of PI3K represents a pivotal role in the
riboflavin-mediated PC3 death. Therefore, our
data imply that PI3K inhibition—induced prostate
cancer cells death occurs through the action of
FasL secreted by the cell acting on itself and
neighboring like cells and/or through the action of
Fas/FasL interactions on the cell surface of same
cell or between like cells.

Intriguingly, our results show that the
inhibition of ceramide synthase by Fumonisin B1
was able to counteract cell death provoked by
riboflavin at concentrations of 20, 40 and 50 uM,
suggesting that riboflavin-induced PC3 cell death
is associated to activation of Fas receptor induced
via a ceramide-dependent pathway or vice versa.
Interestingly, previous data from the literature
have shown that ceramide as a second lipid
messenger is involved in the reorganization of
lipid rafts into ceramide-enriched platforms
responsible for increase of Fas clustering and its
activation (Verheij et al 1996; Cremesti et al.,
2002; Hetz et al., 2002; Huang et al, 2004; Miyaji
et al., 2005; Rotolo et al., 2005; Siskind, 2005;
Souza et al., 2006) and also as a regulator of JINK
(Verheij et al 1996). Conversely Fas ligation has

been described to lead to ceramide release (Hetz
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et al.,, 2002). In fact, increase in ceramide
generation at the mitochondria, controlled by the
ceramide synthase and ceramidase activities,
seems occur prior the execution phase of
apoptosis and recent evidence suggests that these
event is due at least in part to the ceramide ability
to form protein-permeable channels in the outer
mitochondrial membrane inducing then release of
cytochrome ¢ and apoptogenic proteins such as
Smac/DIABLO, HtrA2/Omi, and others (Siskind,
2005).

The reversible phosphorylation of
proteins, regulated by protein kinases and protein
phosphatases, influences virtually all cellular
functions and it is an essential mechanism in the
control of proliferation, differentiation and
transformation (Aoyama et al., 2003; McCluskey
et al., 2003; Ferreira et al., 2006). Riboflavin
photoproducts decrease the phosphorylation level
of both threonine and tyrosine residues.
Interestingly, the decrease in
phosphotyrosine/threonine residues indicates an
inhibition of kinases or activation of protein
tyrosine phosphatases and reinforce that the
cytotoxic effects of irradiated riboflavin are
mediated overcoat by the production of stable
photoproducts, since it is known that tyrosine
phosphatases are inhibited by oxidative stress.
The inhibition of the serine/treonine phosphatase
PP2A observed after the treatment is in agreement
with other works that show induction of apoptosis
by PP2A inhibitors (McCluskey et al., 2003).

The family of serine/threonine protein
quinases MAPKs regulates diverse cellular
activities running the gamut from gene
expression, mitosis and metabolism to motility,
survival and apoptosis (Lee and McCubrey,
2002). In order to evaluate the role of MAPKs in
the induction of PC3 death by riboflavin the
activation status of JNK and p38 MAPK was

analyzed and our results show that the cytotoxic
effects of riboflavin photoproducts are related to
the inhibition of p38 MAPK. p38 MAPK is a key
protein for apoptosis induction in cancer cells, but
in prostate cancer cells this kinase seems to be
related to anti-apoptotic and metastatic processes
(Ricote et al., 2005, Ricote et al., 2006a, Ricote et
al., 2006b). IKK inhibition by riboflavin can also
be considered as an important action for blocking
the cellular proliferation. NFkB is known to be
critically important for tumor cell growth,
angiogenesis and development of metastatic
lesions. These processes occur, in part, due to the
upregulated activity of IKK.
Additionally, we observed
downregulation of STATS in PC3 cells treated
with irradiated riboflavin. Various hormones and
growth factors have been implicated in
progression of prostate cancer, but their role and
the underlying molecular mechanisms involved
remain poorly understood. Growth hormone
receptors usually activate cascade pathways
which leading to involvement of intracellular
signalling mediators, particularly Janus kinase
(JAK) family of intracellular tyrosine kinases and
the STAT transcription factors. In addition to
activation of this pathway, signalling through
Ras/Raf/MAPK and insulin receptor substrate-1
(IRS-1)/PI3K/Akt pathways has been reported to
be activated by growth hormones, under various
conditions and in certain cell types, including
prostate cancer cells (Weiss-Messer et al., 2004).
Another important finding revealed in
this present study was the inhibition of MMP-2
and 9 and RECK upregulation. RECK was
originally found to suppress transformation in v-
Ki-ras-transformed NIH3T3 fibroblasts. The
glycoprotein RECK has serine protease inhibitor-
like domains and a C-terminal tail of

glycophosphatidylinositol anchoring the protein
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extracellularly to the cell membrane where it
inhibits MMPs. Prostate cancer is characterized
by the occurrence of bone metastases in about
65% to 80% of patients with advanced disease.
Animal studies have also shown that only prostate
cancers expressing high levels of MMP-2 and
MMP-9 have the ability to metastasize (Evans and
Moller, 2003; Thurairaja et al., 2004; Carlin and
Gerald, 2000). In normal tissue these enzymes are
highly regulated.

One of the contributing factors to high
mortality rate from prostate cancer is the extreme
resistance of prostate cancer to apoptosis induced
by traditional therapies (radio and chemotherapy).
Thus, the specific induction of apoptosis in
prostate cancer cells could play a strategic role for
this cancer treatment. In this way, our findings
pointed out riboflavin as a promising antitumoral
agent, since this compound affected important
molecular targets related to proliferation,

resistance and invasibility of prostate cancer cells.
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8. DISCUSSAO
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Embora a busca por compostos naturais capazes de prevenir ou curar doengas seja uma
pratica antiga na histéria da humanidade, o interesse no conhecimento da atividade biolégica desses
compostos e o desenvolvimento de novas moléculas, potencialmente mais efetivas que as de origem,
tém impulsionado as mais diversas areas de pesquisa atuais. De fato, a natureza parece ser uma fonte
inesgotavel de moléculas estruturalmente diferentes capazes de exercer os mais variados efeitos
biolégicos e, por isso, tidas como potenciais agentes terapéuticos. Nesse sentido, muitos compostos
naturais (ou derivados sintéticos destes) tém sido estudados e avaliados como potenciais agentes
terapéuticos na prevencdo e tratamento do cancer, considerado a principal causa de mortes na
populagdo mundial, de acordo com a Organizagdo Mundial da Saude.

No presente estudo, riboflavina e fisetin foram avaliados quanto a potencialidade de agéo
antitumoral em linhagens de céncer prostatico humano (PC3) e leucemia mieléide (HL60). Visando a
um maior conhecimento sobre 0 mecanismo de agéo molecular desses compostos e a determinagéo de
potenciais alvos terapéuticos, moléculas sinalizadoras-chave foram avaliadas quanto a expressdo e/ou
atividade apds tratamento das células tumorais. Células HL60 foram tratadas com riboflavina ou fisetin
por 24 horas, enquanto que células tumorais prostaticas PC3 foram submetidas a tratamento com
riboflavina pelo mesmo periodo de tempo.

Os resultados demonstram que, tanto a riboflavina irradiada quanto fisetin atuam como efetivos
indutores de morte das células PC3 e HL60, levando a uma reducdo de 50% na viabilidade celular
quando utilizados em concentragdes na faixa de micromolar. Em relagéo a riboflavina, observa-se que
quando submetida a irradiacdo adquire propriedade citotdxica ndo encontrada na molécula nédo
irradiada, como demonstrado pela comparagao de tratamentos com riboflavina ou riboflavina irradiada
nas células HL60 e PC3. Neste caso, pode ser observado que o tratamento com a vitamina na sua

forma nao irradiada ndo € capaz de reduzir a viabilidade celular mesmo em tratamentos com riboflavina
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na concentracdo de 50uM. Contrariamente, quando irradiada a riboflavina revela-se eficaz redutora de
viabilidade, apresentando valores de ICso de 10uM ou entre 15 e 40uM para células HL60 e PC3,
respectivamente.

Interessante observar que o efeito citotoxico da riboflavina ainda pode ser detectado mesmo em
células tratadas com riboflavina irradiada 24 horas antes do tratamento, indicando que os efeitos anti-
proliferativos da riboflavina estdo relacionados a acdo de fotoprodutos estaveis. Resultados
concordantes obtidos pelo grupo de Edwards (Edwards et al, 1994; Edwards et al., 1999b)
demonstraram que as espécies radicalares geradas durante a irradiagao da riboflavina ndo sao capazes
de afetar as células assim que o processo de irradiagdo € interrompido devido ao reduzido tempo de
vida ou a baixa concentragdo em que sao formadas essas espécies, como € o caso do H20,. Recentes
estudos (Ahmad et al., 2006; Ahmad et al., 2004a; Ahmad et al., 2004b; Holzer, et al., 2005) tém
investigado a natureza dos fotoprodutos gerados durante a irradiagéo da riboflavina em solugdes
aquosas e a fotoquimica das reagdes que os originam. Os resultados obtidos mostram que a riboflavina
quando submetida a radiacdo UV ou visivel é degradada através de uma variedade de reagdes entre as
quais reagbes de fotolise (fotoredugédo intramolecular) e fotoadi¢do (fotoadi¢do intramolecular),
resultando na formagdo de uma série de produtos, tais como 7,8-dimetil-10-(formilmetil)-isoaloxazina,
lumicromo, lumiflavina e ciclodehidroriboflavina.

A investigacao do mecanismo molecular de ag¢do da riboflavina em células HL60 e PC3 mostrou
que em ambas as linhagens o processo de indugdo de morte é bastante similar, tendo como base a
acao da riboflavina como moduladora de vias de transdugdo de sinal relacionadas a sobrevivéncia,
proliferacdo e morte celular. Basicamente, os efeitos citotoxicos da riboflavina estéo relacionados a sua
capacidade de induzir a via extrinseca de ativagdo da maquinaria apoptotica através do aumento da
expressdo do receptor de morte Fas e seu ligante FasL. Desta forma, a inibicdo do receptor Fas,

através da acdo de anticorpo anti-Fas neutralizante, mostra ser capaz de proteger quase que
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completamente, tanto células HL60 quanto PC3 dos efeitos citotdxicos da riboflavina sendo a ativagao
do sistema Fas/FasL evento indispensavel & inducéo de morte dessas células. E Interessante frizar que,
tanto HL60 quanto PC3 sdo reconhecidas pela resisténcia a morte celular mediada pelo sistema
Fas/FasL, fato este indicador de que 0 mecanismo molecular de agao da riboflavina também, de alguma
forma, mostra sensibilizar as células tumorais a inducao de apoptose pela via extrinseca.

A resisténcia adquirida ou inata a indugcdo de morte pelas células tumorais frente aos
tratamentos antitumorais convencionais, constitui o principal obstaculo no tratamento de pacientes com
cancer, especialmente nos casos de neoplasias hematolégicas onde, ao contrario do que ocorre com
tumores sdlidos, o tratamento cirurgico mostra-se pouco viavel, fazendo com que a quimioterapia ainda
seja a principal conduta terapéutica de escolha (Kappelmayer et al, 2004). Uma vez que células
tumorais freqlientemente respondem a tratamentos antitumorais com aumento de sintese e acimulo de
ceramida endogena, tem sido postulado que o desequilibrio do metabolismo da ceramida, resultando
em diminuicdo de sua concentragdo, pode contribuir para a resisténcia a indugdo de apoptose das
células tumorais frente aos tratamentos radio e quimioterapicos (Kester and Kolesnick, 2003; Ogretmen
and Hannun, 2001). A agao citotdxica da riboflavina irradiada sobre as células HL60 e PC3 demonstrou
ser dependente da atividade das enzimas ceramida sintase e esfingomielinase acida, indicando que o
mecanismo molecular de indugdo de morte pela riboflavina esta associado a capacidade da vitamina
irradiada em estimular o aumento da sintese de ceramida, promovendo a sensibilizagéo celular ao
estimulo de morte. Visto o reconhecido papel da ceramida na reorganizagéo de “rafts” de membrana e
favorecimento da agregacéo e ativagdo de receptores de morte, a agdo citotdxica da riboflavina
irradiada mostra-se mediada ndo somente pelo aumento na expresséo de FasL e do receptor de morte
Fas, mas também pela sensibilizagdo das células tumorais as vias extrinseca e intrinseca de ativagéo
apoptotica, num mecanismo dependente do aumento na geragdo de ceramida na membrana plasmatica

e nas mitocondrias. Assim sendo, a ativagao do sistema Fas/FasL e 0 aumento na sintese de ceramida
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constituem eventos primarios indispensaveis a sensibilizagdo de células tumorais ao estimulo de morte
e a inducgéo de apoptose pela riboflavina irradiada.

E importante notar que, apesar do mecanismo de agdo da riboflavina ser mediado
primariamente pela ativagdo da via extrinseca de morte celular, o tratamento das células leucémicas e
prostaticas com riboflavina irradiada depende também em maior ou menor grau, da concentragao de
riboflavina utilizada, do tipo celular e também da ativagdo concomitante da via apoptética mitocondrial.
Como demonstrado, o pré-tratamento das células tumorais prostaticas e leucémicas com Fumonisina
B1 (inibidora da enzima ceramida sintase) € capaz de proteger significativamente, tanto HL60 quanto
PC3, indicando a importancia do aumento da sintese de ceramida na mitocondria e/ou reticulo
endoplasmatico para o mecanismo de citotoxicidade da riboflavina irradiada. De fato, recentes trabalhos
tém demonstrado a habilidade da ceramida em formar poros na membrana mitocondrial, induzindo a
ativacdo da via intrinseca apoptética. Assim sendo, pode-se afirmar que 0 mecanismo citotoxico da
riboflavina irradiada depende da amplificacdo da maquinaria apoptotica, através da ativagéo da via de
morte celular intrinseca a qual parece ser de fundamental importancia, principalmente na indugéo de
morte das células PC3 ou em tratamentos de HL60 com maiores concentragdes de riboflavina. Desta
maneira, tratamento de células HL60 com riboflavina 5uM em condigdes onde haja indisponibilidade do
receptor Fas, como nos tratamentos com anticorpo Fas neutralizante, mostra que, na auséncia do
receptor de morte, os efeitos citotoxicos da riboflavina irradiada séo completamente anulados,
revelando que, em baixas concentragfes, a via apoptotica extrinseca é a indutora priméria de morte
celular e que nessas condigdes a via mitocondrial somente ndo é suficiente para induzir a morte de
celulas HL60.

Além do aumento na sintese de ceramida, 0 mecanismo de morte celular induzido pela
riboflavina parece sensibilizar as células-alvo ao estimulo de morte, através da inibicdo de importantes

vias de sinalizagéo relacionadas a proliferacdo e sobrevivéncia celulares além de, simultaneamente,
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contribuir para a ativagdo da maquinaria apoptética, inibindo a progressao do ciclo celular e estimulando
a expressao/ativacdo de fatores apoptogénicos. Células HL60 e PC3 tratadas com riboflavina irradiada
mostraram sofrer completa inibicdo de PI3K/Akt, via de sinalizacdo chave na sobrevivéncia celular, além
de terem diminuidas as expressdes de STAT1/2 e STATSb, moléculas mediadoras do crescimento
celular. E importante destacar que o tratamento de PC3 com riboflavina irradiada mostrou também inibir
a atividade de IKKa prevenindo, portanto, a ativagdo de NFkB (fator de transcrigédo associado ao
estimulo do crescimento tumoral, da angiogénese e do desenvolvimento de lesdes metastaticas). Ainda
em células HL60, a riboflavina irradiada foi capaz de inibir a progresséo do ciclo celular de maneira p53-
independente, através da inibicao da expresséo de PCNA e aumento da expresséo de p21, contribuindo
também para a criagdo de um ambiente intracelular favorecedor da ativagdo de caspases, como
indicado pela diminuicdo da razdo Bcl-2/Bax, alteragdo do potencial de membrana mitocondrial e
diminuigao da expresséo de IAP1.

E interessante mencionar que a agdo da riboflavina irradiada nas células HL60 e PC3 parece
estar fortemente associada a sua capacidade de modular a atividade de proteinas quinases e
fosfatases. Desta maneira, o tratamento das células HL60 e PC3 com riboflavina alterou, de maneira
célula-especifica, os niveis de proteinas fosforiladas em residuos de treonina ou tirosina. Os resultados
obtidos mostram que a agdo citotdxica da riboflavina irradiada nas células HL60 é mediada pelo
aumento do nimero de proteinas fosforiladas em treonina (Figura 4, Anexos), enquanto que um efeito
contrario pode ser observado no tratamento das células PC3, nas quais 0 mecanismo citotdxico da
riboflavina irradiada parece estar mais associado a reducdo do numero de residuos de fosfotreonina.
Porém, em relagdo a fosforilagdo em residuos de tirosina, o tratamento com riboflavina levou a
resultados iguais em ambas as linhagens, nas quais pode-se observar diminuigdo nos niveis de
proteinas fosforiladas em tirosina o que, entre outras coisas, indica o possivel papel da riboflavina como

indutora da atividade de proteinas tirosinas fosfatases ou inibidora de proteinas tirosina quinases. Esses
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resultados reforcam a hipotese de que os efeitos citotdxicos da riboflavina irradiada sejam mediados
pela agdo de fotoprodutos estaveis, desde que proteinas tirosina fosfatases apresentam como
caracteristica sensibilidade a agentes oxidantes os quais provocam a inibigdo da atividade dessa familia
de enzimas.

O papel da riboflavina irradiada como moduladora da atividade de proteinas quinases e
fosfatases em células HL60 e PC3 pode ainda ser demonstrado pela agéo dessa vitamina inibindo a
atividade da serina/treonina fosfatase PP2A, principal proteina serina/treonina fosfatase envolvida na
regulacdo de vias de transducédo de sinal e de varios processos celulares (Van Hoof and Goris, 2003;
Yu et al., 2004; Janssens, 2005). Apesar de a atividade de PP2A estar altamente correlacionada a
supressao do crescimento e desenvolvimento tumoral, varios trabalhos tém associado a inibigdo da
atividade dessa enzima com induc&o de morte celular por apoptose (McClusKey et al., 2003). Além
disso, a supressdo da atividade de PP2A tem sido correlacionada ao processo de diferenciagdo em
celulas HL60 (Uzunoglu et al., 1999; Bhoola and Hammond, 2000), indicando que a indugdo de morte
nessas células possa ser resultado de um processo de diferencia¢do terminal induzido pela riboflavina.

A familia das proteinas quinases ativadas por mitogenos (MAPKs) é conhecida pelo importante
papel na regulagdo dos mais variados processos celulares. De fato, os diferentes membros dessa
familia de proteinas serina treonina quinases controlam eventos tdo distintos quanto a proliferagéo e a
morte celular o que, conseqlientemente, torna os membros desta familia potenciais alvos terapéuticos.
O mecanismo antiproliferativo da riboflavina irradiada nas células HL60 e PC3 mostrou envolver
alteragao da expressao das formas ativas de MAPKs de maneira especifica em cada tipo celular, como
pode ser observado pela inibicdo de ERK, MEK e JNK nas células leucémicas, enquanto que nas
células tumorais prostaticas, a p38 destaca-se como alvo de inibicdo pela riboflavina irradiada. Nas
células HL60, a inibicdo da via MEK/ERK confirma a importancia dessa familia de MAPKs na

sobrevivéncia e proliferagdo celular, sendo que a inibi¢do dessa via mostra-se importante mecanismo
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sensibilizador a morte apoptética induzida por Fas nessa células (Holmstrom et al., 2000; Tran et al.,
2001). E interessante citar que a p38, MAPK conhecida pela importante atividade indutora de apoptose
em células tumorais, teve sua expressao inibida em PC3 mostrando que, neste tipo tumoral especifico,
a inibigdo de p38 constitui valiosa estratégia terapéutica (Ricote et al., 2005). Assim sendo, fica evidente
a importancia da atividade de MAPKs na determina¢do do destino celular e a necessidade do
conhecimento da atividade biologica de cada membro da familia nos diferentes tipos celulares, a fim de
se desenvolverem estratégias terapéuticas mais eficazes no tratamento das doengas neoplasicas.

Além das atividades antiproliferativa e pré-apoptéticas, a riboflavina irradiada também exerce
importante atividade antimetastatica, conforme verificado por seu efeito inibidor de metaloproteinases
em células PC3. Nessas células, o tratamento com riboflavina irradiada induziu inibi¢do da atividade das
metaloproteinases 2 e 9 (MMP-2, MMP-9) num mecanismo envolvendo aumento da expressado da
glicoproteina RECK, regulador negativo da atividade dessa classe de proteases. Uma vez que, somente
tumores prostaticos que apresentam altos niveis de atividade de MMP-2 e MMP-9 tém mostrado evoluir
para uma condicdo metastatica (Carlin and Gerald, 2000; Evans and Moller, 2003; Thurairaja et al.,
2004), o tratamento com riboflavina irradiada mostra-se capaz de ndo somente induzir a morte das
células tumorais, mas também evitar a evolugdo do cancer prostatico a fases mais avangadas, em que
a possibilidade de tratamento eficaz é altamente reduzida, levando as altas taxas de mortalidade
associadas a esse tipo tumoral.

Assim como o tratamento de células HL60 com riboflavina, o flavondide fisetin também mostrou
ser efetivo indutor de apoptose nessa linhagem celular, reduzindo pela metade o numero de células
viaveis quando utilizado na concentracao de 30uM. Outros dados da literatura mostram também a agao
citotoxica do fisetin sobre células tumorais, embora 0 exato mecanismo molecular de ag&o desse
flavondide ainda n&o seja completamente conhecido (Chen et al., 2002; Lee et al., 2002). Os resultados

obtidos revelam que a agéo citotoxica do fisetin estd associada a ativagdo da caspase 3 e a sua
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capacidade de alterar direta ou indiretamente a atividade de proteinas quinases e fosfatases, como
demonstrado pelo aumento nos niveis de proteinas fosforiladas em tirosina e treonina e pela inibicao de
proteinas fosfatases citosolicas. O tratamento de células HL60 com fisetin alterou a expressdo e
ativacdo de MAPKs, induzindo aumento da expressao das formas ativas de JNK e p38 e diminuicao da
expressdo de ERK fosforilada. Da mesma maneira o tratamento de células HL60 com riboflavina inibiu a
ativacdo de ERK revelando que nessas células ERK esta diretamente relacionada a vias de
sobrevivéncia e proliferagdo sendo, portanto, potencial alvo molecular para a indugdo de morte de
células leucémicas. E importante citar que, a quantificacdo da atividade das enzimas aconitase,
fumarase, catalase, glutationa peroxidase e superoxido dismutase (MnSOD e CuZnSOD) indicou que o
tratamento de HL60 com fisetin induz estresse oxidativo. Uma vez demonstrado o papel de ROS na
inibicdo da atividade de MAPKs fosfatases (MKPs), importantes enzimas associadas a regulagdo da
atividade de MAPKs (Davis, 2000; Vadim et al., 2005), os resultados obtidos sugerem que fisetin
estimula a atividade das MAPKs UNK e p38, provavelmente através de um mecanismo associado a
producédo de ROS e inibigdo de MKPs. Adicionalmente, o fato de fisetin inibir a atividade de fosfatases
citosdlicas quando adicionado ao extrato celular indica que a capacidade desse composto de inibir a
atividade de enzimas fosfatases pode ndo somente ser mediada pela agdo de ROS, mas também por
interacdo direta do fisetin com a proteina alvo. Embora flavondides sejam reconhecidos por agirem
como importantes agentes antioxidantes, os resultados aqui apresentados revelam que a atividade
anticarcinogénica desses compostos pode, ao contrario, estar associada a indugédo de geragdo de ROS
no ambiente celular. Os resultados obtidos reforcam a hipotese de que a agéo celular do fisetin, assim
como de muitos outros flavondides e seus metabdlitos, esté fortemente associada a sua capacidade
direta ou indireta de modular a atividade de importantes proteinas quinases e fosfatases, tais como

PI3K, PKB/Akt, tirosina quinases e MAPKs mostrando, portanto, o potencial anti-leucémico de tais
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compostos como reguladores da expressdo génica e moduladores de importantes vias de transdugao
de sinal relacionadas a determinagéo do destino celular.

Importante destacar que a indugéo de estresse oxidativo pelo tratamento das células HL60 com
fisetin mostrou estar associada a diminui¢cdo da atividade de enzimas antioxidantes e ao aumento da
expressao do fator de transcrigdo NFkB. Embora ROS sejam reconhecidos como potentes indutores de
apoptose, os resultados obtidos no presente trabalho reforcam dados da literatura (Kroemer et al., 1997;
Dumont et al., 1999) que associam essas espécies ao aumento da expressao de NFkB e estimulagéo
de sua atividade como agente pré-apoptético. Embora a maior parte dos trabalhos encontrados na
literatura reportem a atividade indutora de sobrevivéncia e proliferacdo de NFkB, um nimero crescente
de estudos tem associado a acdo desse fator de transcricdo como indutor de morte celular sob certas
condigdes (Lin et al., 1995; Carter et al., 1996; Grill and Memo, 1999; Grimn et al., 1996; Lin et al.,
1999). Assim sendo, a inibigdo ou estimulagdo de NFkB com finalidade terapéutica deve levar em
consideragéo a atividade fisiologica dessa molécula no tipo celular a ser tratado e, também, o efeito de
um estimulo especifico na indugao das atividades pré ou anti-apoptoticas de NFkB.

Diante dos resultados obtidos no presente trabalho, riboflavina e fisetin demonstram promissora
atividade antitumoral, desde que estes compostos tem a capacidade de modular vias de transdugéo de
sinal, afetando importantes alvos moleculares relacionados a sobrevivéncia, proliferagdo, migragéo e
resisténcia de células tumorais. Adicionalmente, ambos os compostos ndo exercem atividade citotoxica
quando utilizados no tratamento de linfécitos humanos (dado ndo mostrado) indicando que além de
potentes indutores de morte tumoral ainda se destacam pela especificidade de acdo e reduzida

toxicidade sobre células ndo transformadas.
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9. CONCLUSAO
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Produtos naturais séo fontes inesgotaveis para o desenvolvimento de farmacos com diferentes
mecanismos de agdo. Nesse contexto, o estudo de transdugao de sinal apresenta-se como ferramenta
interessante para a identificagdo de alvos moleculares, e conseqiientemente definicdo da especificidade
e direcionamento terapéutico. No presente trabalho, ficou evidente o potencial da riboflavina e do fisetin
como antitumorais, apresentando algumas caracteristicas interessantes:

- Riboflavina e Fisetin sdo potentes agentes indutores de apoptose em células tumorais. Ambos
os compostos afetam profundamente a fungéo celular, alterando o estado de fosforilagdo de moléculas
alvos e/ou modulando a expressao génica. Por essa razdo, riboflavina e fisetin podem ser considerados
compostos naturais promissores para a terapéutica de doengas neoplasicas, capazes de modular
seletivamente importantes vias de transdugéo de sinais.

- Os efeitos citotdxicos do fisetin estdo associados ao aumento da geragdo de ROS e a
modulagdo de cascatas de sinalizagdo controladas por proteinas quinases e fosfatases. Células HL60
tratadas com este flavonodide apresentaram aumento na expressdo da subunidade p65 do fator de
transcri¢édo NFkB, ativagdo das MAPKs p38 e JNK, aumento nos niveis de fosfoproteinas e inibigédo de
enzimas envolvidas na manutenc¢ao do estado redox.

- O mecanismo molecular envolvido na agéo citotoxica da riboflavina sobre as células HL60 e
PC3 é dependente da ativagao da via extrinseca de indugéo de apoptose, resultado dos aumentos na
expressdo de Fas e FaslL, da sintese de ceramida e amplificacdo da atividade da maquinaria
intracelular de morte, através do recrutamento mitocondrial. O processo € acompanhado por alteragao
da atividade de MAPKSs, inibicdo de moléculas mediadoras de sobrevivéncia e proliferagdo celular,
alteragao dos niveis de fosfoproteinas e redugao na atividade de metaloproteinases. Desta maneira, a
riboflavina mostra atuar sobre importantes alvos moleculares relacionados a proliferagao, resisténcia e
migragdo celular, mostrando-se potencial agente antileucémico e promissor agente terapéutico no
tratamento das formas horménio-refratarias de tumores prostaticos.

- De maneira interessante, o tratamento das células tumorais com riboflavina resultou em
inibicdo das atividades de PP2A e p38, as quais estdo freqlientemente associadas a supressdo do
crescimento tumoral, enquanto que o tratamento de HL60 com fisetin estimulou a atividade pro-
apoptdtica de NFkB. Logo, a escolha de alvos moleculares para o tratamento das doengas
proliferativas deve levar em consideragéo a natureza do estimulo promotor de morte bem como o tipo
celular especifico, fatores que irdo determinar a natureza da atividade exercida por uma molécula frente

ao estimulo de morte.
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Figura 4. Efeitos dos fotoprodutos de riboflavina na atividade de proteinas quinases e fosfatases.
Células HL60 foram tratadas por 24hs com riboflavina irradiada e os niveis de fosforilagdo em residuos
de tirosina e treonina foram determinados através de Western blotting. (controle: células ndo tratadas)
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