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RESUMO

Azevedo, Ricardo Alexandre. Efeitos antitumorais do mastoparano e do peptideo
INKKI em modelos de melanomas experimentais “in vitro” e “in vivo”. 2014. 210f.
Tese (Toxinlogia) Instituto Butantan, Sdo Paulo, 2014.

O mastoparano (INLKALAALAKKIL) é um tetradecapeptideo a-hélice e anfipatico
obtido do veneno da Vespula lewissi. O casoparano é um peptideo catiénico (INKKI)
isolado a partir da hidrélise da B-caseina bovina e apresenta motivo homdélogo ao
matoparano. O objetivo deste trabalho foi avaliar o efeito antitumoral “in vitro” e “in
vivo” do mastoparano e do INKKI em modelo de melanoma experimental. A
viabilidade foi avaliada em linhagens tumorais e ndo tumorigénicas através do
método MTT. Adicionalmente, os efeitos do INKKI foram avaliados sobre a cinética
de crescimento, adesdo, migracdo e invasdo celular em culturas de B16F10. O
estudo das fases do ciclo celular foi analisado por citometria de fluxo. A via de
sinalizacao foi padronizada por Western blotting. Os modelos metastéaticos e dorsais
in vivo foram padronizados em animais C57BL/6 e em modelo NOD/SCID/y.,™".
Simultaneamente, a morte celular por apoptose induzida pelo mastoparano foi
determinada pelo ensaio de Anexina V-FITC/PI. A perda do potencial de membrana
mitocondrial (A¥Ym) foi avaliada por citometria em células marcadas com sonda
TMRE. A geracdo da espécie reativa de oxigénio (ROS) foi padronizada usando a
sonda DHE. A fragmentacdo do DNA foi avaliada por eletroforese em gel de agarose
e a condensacdo da cormatina foi analisada pela marcacdo nuclear com DAPI. O
estudo in vivo foi padronizado sobre o modelo de melanoma dorsal. Os resultados
mostraram que 0 mastoparano apresentou atividade citotoxica e o INKKI apresentou
atividade antiproliferativa. Em adicdo, os dados mostraram que o INKKI foi capaz de
inibir o crescimento celular, a adesao, a migracao e invasao. Em complemento, a
andlise das proteinas mostraram reducdo nos niveis de GSK3f3, N-caderina, fosfo
Src Tyr 416 e fosfo FAK Tyr 925 e 397. A analise do ciclo celular mostrou que
peptideo INKKI foi capaz de aumentar a porcentagem da populacdo na fase G1 e
diminuicdo da proporcdo da fase S. Esses dados foram confirmados por Western
blotting onde o tratamento mostrou reducéo nos niveis das ciclinas D1, D3, NFk- e
Erk1/2. Adicionalmente, os resultados dos ensaios in vivo mostraram que o INKKI
reduziu a formagdo de metastases, inibiu o crescimento do melanoma cutéaneo,
aumentou a taxa de sobrevida, porém, ndo apresentou efeito em camundongos
imunocomprometidos. Os resultados com o mastoparano mostraram que o peptideo
foi capaz de induzir aumento da populacdo de células positivas para Anexina V.
Além disso, induziu diminuicdo do potencial de membrana mitocondrial, aumentou a
geracdo de ROS, induziu fragmentacdo do DNA e condensacdo da cromatina.
Também, o mastoprano aumentou a expressao das caspases clivadas 3, 9 e 12,
PARP, Bim, Bak, citocromo ¢, bem como reducdo da expressdo de fosfo BAD



(S112), VDAC, PHB1 e Bcl-XL. Mais importante, o mastoparano reduziu o
crescimento do melanoma cutdneo e aumentou a sobrevida. Em conclusédo, o
mastorparano e INKKI apresentam diferentes mecanismos de a¢do. O mastoparano
induz morte celular através da via mitocondrial intrinseca e o peptideo INKKI induz
parada no ciclo celular. N6s também demonstramos que o INKKI teve um efeito
antimetastatico e inibiu o volume tumoral in vivo. O mastoparano apresentou efeito
terapéutico in vivo.

Palavras chave: Mastoparano, peptideo INKKI, efeito  antitumoral in vivo ,
parada do ciclo celular; apoptose.



ABSTRACT

Azevedo, Ricardo Alexandre. Antitumor effects of mastoparan and INKKI peptide on
“in vitro” and “in vivo” experimental model melanoma. 2014. 210p. PhD Thesis

(Toxinlogy). Instituto Butantan, Sdo Paulo, 2014.

Mastoparan (INLKALAALAKKIL) is a a-helical and amphipathic tetradecapeptide
obtained from wasp venom Vespula lewissi. Casoparan is a cationic peptide (INKKI)
originated from the hydrolysis of bovine B-casein, exhibit a motif homology with
mastoparan. The aim of this study was to evaluate the effect in vitro and in vivo of
mastoparan and INKKI on an experimental melanoma model. Cytotoxicity was
evaluated on tumor or non-tumor lines by MTT assay. INKKI effects on growth
kinetics, adhesion, migration and invasion assay on B16F10 cells were evaluated.
Study of the cell cycle phases was analyzed by flow cytometry. Cell signaling was
carried out by Western blotting. Metastatic and dorsal model in vivo tumor was
standardized using C57BL/6 male mice and NOD/SCID/y.™" mice. Simultaneously,
tumor cell death by apoptosis induced by mastoparan was determined using the
Annexin V-FITC/PI assay. The loss of mitochondrial membrane potential (A¥m) was
evaluated by cytometry on staining cells with TMRE probe. Generation of reactive
oxygen species (ROS) was performed using DHE probe. DNA fragmentation was
evaluated by electrophoresis in an agarose gel and chromatin condensation was
assessed by DAPI staining. In vivo study was performed on dorsal melanoma model.
The results showed that mastoparan presented cytotoxic activity and INKKI exhibited
antiproliferative effects. In addition, date showed that INKKI was able to inhibit growth
kinetics, cell adhesion, invasion and migration. Complement, protein analyzes
showed decrease of GSK3[, phosphor Src Tyr 416, phosphor FAK Tyr 925 and 397
levels. Cell cycle analysis showed that the INKKI was able arrest in the GO/G1lphases
and decreased the proportion of the S phase. These data were confirmed by
Western blotting, showing that INKKI reduces of Cyclin D1 and D3, NFK-B and
MAPK/Erk1/2 expression. Additionally, the treatment with INKKI induced reducing
metastasis, inhibit of melanoma cutaneous growth, increase of survive rate and did

not showed antitumor activity on immunocompromised mice. The results with



mastoparan showed that peptide was able to induce increase positive cells
populations for annexin V. Furthermore, induced decrease of AWm, increased
generation (ROS), induced DNA fragmentation and chromatin condensation. Also,
mastoparan increases the expression of cleaved caspases-3, -9 and -12, PARP,
Bim, Bak, Cytochrome c as well as decrease of expression of phospho Bad (S112),
VDAC, PHB1 and Bcl-2. Most importantly, mastoparan reduced the growth of
subcutaneous melanoma and increases of survive. In conclusion, mastoparan and
INKK presents different mechanism action. Mastoparan induces apoptosis in
melanoma cells through of intrinsic mitochondrial pathway and INKKI induces arrest
cell cycle. We also demonstrated that INKKI has antimetastatic effects and inhibited
growth of the volume tumor on melanoma cutaneous. Mastoparan presented

therapeutic effects in vivo.

Keywords: Mastoparan; INKKI peptide; in vivo antitumor effects; cell cycle arrest;

apoptosis
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1. INTRODUCAO

1.1 Mastoparanos

Mastoparanos sdo peptideos que apresentam de 10 a 14 residuos de
aminoacidos e classificados como degranuladores de mastocitos (ARGIOLAS;
PISANO, 1983; HIRAI et al., 1979; NAKAJIMA et al.,, 1986; KATSU et al., 1990;
MENDES et al., 2004). Sao obtidos a partir do veneno de insetos da familia Vespidae
(NAKAJIMA, 1986) e compartilham importantes caracteristicas bioquimicas como
cationicos, residuos hidrofébicos, possuem regiao C-terminal amidado e normalmente
estdo em conformacdo helicoidal anfipatica quando interagem com biomembranas
(KATSU et al., 1989). Esses peptideos apresentam um grande espectro de atividade
bioldgica como, por exemplo, antimicrobianos, acao hemolitica (ARGIOLAS; PISANO,
1983; Nakajima et al. 1986), aumento da acao quimiotatica para macrofagos humanos
e leucdcitos polimorfonucleares (NAKAJIMA et al.,, 1986), ligacdo a calmodulina
(NAKAJIMA et al., 1986), regulacdo da proteina G (HIGASHIJIMA et al., 1990),
estimulacao das fosfolipases A2 e C (ARGIOLAS; PISANO, 1983; KATSU et al., 1990)
e permeabilizacdo de bicamadas planares a cations (KATSU et al., 1990; NAKAJIMA
et al., 1986;).

A classe dos mastoparanos foi assim denominada devido ao seu primeiro alvo
reconhecido, os mastocitos (HIRAI et al., 1979). Juntamente com os basobfilos, sédo
células pertencentes ao sistema imunoldgico e responsavel por desencadear reacdes
alérgicas (IVANOVA et al.,, 2001). Além apresentarem efeitos contra infeccées por
algumas bactérias e parasitas, também estdo envolvidos em desordens
cardiovasculares, neuroldgicas e gastrointestinais. Quando estimulados os mastocitos
induzem a liberacdo de compostos como a histamina dos basdfilos, serotonina das
plaquetas, catecolaminas e acidos adenilicos de células adrenais, citocinas e produtos
recém-produzidos como prostaglandina D2, leucotrieno C4 e hidroxi-4cidos graxos.
(ENGELS et al., 1997; NAKAJIMA et al., 1986).

Os venenos de vespas sociais sao ricos em peptideos biologicamente ativos,
responsaveis por dores prolongadas, edemas, eritemas, reacfes alérgicas e
sistémicas (LORENZI, 2002). Estes venenos sdo constituidos por varios tipos de
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aminas biogénicas, peptideos e proteinas (NAKAJIMA et al., 1986).
Constitutivamente, os componentes peptidicos mais abundantes desses venenos sao
0s peptideos pertencentes a classe dos mastoparanos. Esses peptideos sdo ricos em
aminoacidos hidrofébicos, como leucina, isoleucina e alanina, e também apresentam
algumas lisinas em suas sequéncias primarias, encontradas geralmente nas posi¢coes
quatro, onze e doze da molécula. Normalmente possuem o residuo C-terminal
amidado, com sequéncias primarias compostas de residuos de aminoacidos basicos e
hidrofobicos (NAKAJIMA et al., 1986).

Os mastoparanos de diversas espécies da familia Vespidae apresentam
diferentes graus de homologia em sua estrutura primaria. Porém, é possivel observar
que algumas sequéncias (motivos) sao conservadas entre as espécies e por se
localizarem em posicfes estratégicas em sua conformacdo espacial, aparentemente
sdo importantes para o desencadeamento dos diversos efeitos biologicos. A Tabela 1
demonstra uma lista dos principais mastoparanos isolados de venenos de vespas,
com as respectivas sequéncias primarias. E importante observar em destaque que o
motivo lisina, lisina e isoleucina (KKI) sdo conservados em pelo menos em 04 (quatro)
das 10 espécies apresentadas. Nas outras 06 (seis) espécie € possivel notar que o
motivo KK (lisina, lisina) esta amplamente conservado (NAKAJIMA et al., 1986; HO et
al., 1994; HIRAI et al., 1979b; ARGIOLAS; PISANO, 1984; MENDES et al., 2004b; de
SOUZA et al., 2004; KONNO et al., 2000).

Tabela 1: Sequéncia priméaria dos mastoparanos de di  versas espécies de vespas

Espécie Peptideo Sequéncia Primaria

Vespula lewisii Mastoparanol INLKALAALAKKIL
Vespa tropica Mastoparano-T1 INLKAI AAFAKKIIL
Vespa orientalis Mastoparano-111 INLKALLAVAKKIL
Vespa crabro Mastoparano-C1 INWKALLAVAKKIL
Vespa analis Mastoparano Al IKWKAILDAVKKVL
Vespa basalis Mastoparano B2 LKLKSIESWAKKVL
Vespa mandarina Mastoparano-M1 INLKAITAALAKKLL
Vespa orientalis HR-I* INLKALAALVKKVL
Vespa xanthoptera Mastoparano-X3 INWKGIAAMAKKLL
Protonectarina sylveirae Protonectarina-MP 1 INWKALLDAAKKVL
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Trabalhos publicados anteriormente relataram que em solugdo aquosa o0s
mastoparanos apresentam uma conformacdo aleatdria ou estrutura secundéria néo
mensuravel. Contudo, em solucéo com trifluoretanol (TFE) exibem hélice- a anfipatica
(CHUANG et al., 1996). Essa conformacao espacial expde os residuos hidrofobicos
para um lado da hélice, e na outra face os positivamente carregados como 0 grupo
amina e residuos de lisina (Figura 1) (KATSU et al., 1990; JONES; HOWL, 2006).
Esta configuracdo € fundamental para acdo toxica destes peptideos, ja que a
interacdo da parte carregada dos fosfolipideos da bicamada ocorre com a parte
catidnica desses peptideos (KONNO et al., 2000).
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Figura 1. Predicao conformacional da estrutura em a-hélice do mastoparan Vespula lewisii (MP)
dos peptideos sintéticos analogos Aib-MP e Masl7 . Esses modelos suportam a hipotese
da formacdo em a-hélice apresentando a exposicao das faces hidrofébicas, hidrofilicas e a
distribuicao das cargas positivas (JONES; HOWL, 2006).

As diversas atividades biolégicas desempenhadas pelo mastoparan podem
estar diretamente relacionadas com as interacdes dos peptideos com membranas
bioldgicas assumindo uma conformacdo em hélice-a anfipatica (MATSUZAKI et al.,
1996; SCHWARZ; BLOCHMANN,1993), a qual pode causar perturbacées nas

membranas, conduzindo para um aumento na permeabilidade, e consequentemente,
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induzir morte celular devido a formacao de poros (DANILENKO et al., 1993; MELLOR,;
SANSOM, 1990).

Os mastoparanos facilitam as acdes da fosfolipases purificadas, que causam
mudancas na composicao dos fosfoliildeos na membrana plasmatica, no qual esta
associada com a degranulagdo de mastocitos. Essas Fosfolipases, que
preferencialmente hidrolisam fosfatidilcolina (PC), provocam a degranulagdo em
células RBL-2H3, uma linhagem de mastoécitos de mucosa (IVANOVA et al., 2001).

Outro importante efeito bioldgico da classe dos mastoparanos esta
correlacionado com a regulacdo das funcdes da familia da proteina G. Esses
peptideos atuam de maneira semelhante a dos receptores ligando-se a sitios
negativamente carregados da proteina G. Apresentam ainda forte afinidade por
fosfolipideos, assumindo uma conformacédo ordenada ao se ligarem a eles nas
membranas das células-alvo. Assim, a classe dos mastoparanos podem assumir uma
orientacdo adequada em relacdo as moléculas da familia da proteina G e com isso
aumentando a sua concentracdo efetiva na superficie da membrana, proximo as
moléculas dos receptores. Os efeitos de ativacdo pelos mastoparanos sdo seletivos
dentre as proteinas G (WAKAMATSU, 1992).

Os mastoparanos também sdo considerados ativadores das fosfolipases A2 e
C, induzindo um aumento na producdo de &cido araquidonico. Peptideos homélogos
isolados do veneno de Vespa crabro e Vespa orientalis também sdo capazes de
estimular a fosfolipase A2 (PLA2) e causam liberacdo de histamina de mastocitos
peritoniais (ARGIOLAS; PISANO, 1984; NAKAJIMA et al., 1986).

Nas mitocondrias, 0s mastoparanos podem desempenhar importantes
atividades que conduz a apoptose. A estrutura a-hélice € requerida para que o0
mastoparanos penetre na membrana mitocondrial através de um mecanismo o qual é
dependente do potencial de membrana, alterando a permeabilidade de transi¢cao (PT)
mitocondrial, induzindo a célula a entrar em apoptose (ARMSTRONG, 2006). Desta
forma os mastorapanos podem apresentar-se como uma possivel estratégia
terapéutica contra com cancer.

O mastoparano (INLKALAALAKKIL) foi isolado e descrito pela primeira vez por
Hirai et al., (1979). E um tetradecapeptideo catiénico, obtido do veneno da Vespula
lewisii, possui conformacao especial em a-hélice e diversos efeitos biolégicos (Figura

2). Esse peptideo € amplamente reconhecido como receptor independe e regulador
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alostérico da proteina G. Além de modular a atividade da proteina G, esse peptideo
pode se ligar a alvo intracelular como Ca**-ATPase e promover a liberacdo de Ca** a
partir do reticulo endoplasmatico. Também pode se ligar a pequenas proteinas
monomeéricas GTP como Rho e Rac, fosfolipase D e a membrana mitocondrial.
Sendo assim, os efeitos biolégicos do mastoparano isolado da Vespula lewisii, pode
downrregular como consequéncia da ativagdo da proteina G ou desencadear outros
fendmenos totalmente independentes (JONES; HOWL, 2006).

MASTOPARANO

INLKALAALAKKTIL

Figura 2. Estrutura tridimensional e conformacdo es pacial do mastoparano . Estrutura
demonstrando a a-hélice do mastoparano obtida a partir do software livre Marvin no endereco
eletronico http://chemaxon.com.

1.2 Peptideo derivado do leite com motivo homdlogo ao mastoparano

As proteinas do leite tém sido conhecidas pelo seu potente valor como
alimentos funcionais e bebidas que confirmam os beneficios e cuidados com a
saude (FIAT et al., 1993). Essas proteinas sdo sintetizadas na glandula mamaria na
forma de precursores de alto peso molecular, sofrem modificacbes pods-
transcricionais no complexo de Golgi, posteriormente sdo processadas por
proteases e secretadas (FIAT et al., 1993).

No leite humano a caseina representa somente de 30-36% do total de
proteinas e subdivide-se em, B-caseina, k-caseina e ag;-caseina. A cadeia as; da
caseina humana é homologa em sua porgdo N-terminal quando comparada com as
cadeias as; de outras espécies, como a bovina, de ovelha, de rato, de coelho, e de
cabra. A B-caseina humana possui 47% de homologia com a [B-caseina bovina
(MEISEL, 1997).
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A cadeia B da caseina é a mais abundante quantitativamente, e dependendo
da forma de obtencéo, ela pode ser desmembrada na cadeia y, que corresponde ao
fragmento 29-209 da cadeia 3 (LAHOV; REGELSON, 1996).

A B-caseina bovina é uma proteina de estruturas abertas, com 5 residuos de
fosfoserina localizados na porcdo N-terminal, peso molecular de 23 a 980 Da e
predominéancia de estruturas primarias (randomizadas), o que se deve em parte, aos
altos teores de prolina distribuidas em toda cadeia polipeptidica. A B-caseina bovina
apresenta tanto formacéo de estruturas em a-hélice quanto em folha B-pregueadas e
sdo proteinas relativamente hidrofébicas. Os residuos hidrofébicos, polares e
carregados ndo se apresentam uniformemente distribuidos, sendo encontrado
principalmente na por¢éo C-terminal (residuos 136-209) (KUMOSINSKI et al., 1993).
Regibes fosforiladas podem desempenhar importante papel na ativacdo das células
do sistema imunolgdgico. Zhang e Otani (2003) em um estudo in vivo utilizando
linhagens murinas relataram que os anticorpos reconhecem as regides fosforiladas
da B-caseina bovina (Ser(P)- Ser(P)- Ser(P)) como epitopos intactos ou parte deles.

Dentro dessa cadeia da B-caseina bovina encontram-se diversas sequencias
de aminoacidos que podem gerar peptideos bioativos. Esses peptideos encontram-
se na forma inativa dentro das cadeias polipeptidicas das proteinas originais,
chamados de precursores peptidicos. Evidéncias indicam que os fragmentos
peptidicos gerados apdés a hidrolise dessas macromoléculas, sdo capazes de
atravessar o intestino delgado, atingir os tecidos periféricos, via circulacéo sistémica,
podendo apresentar acdes especificas no trato gastrointestinal ou em sitios mais
distantes, alterar o metabolismo celular ou ainda, atuar como vasorreguladores,
fatores de crescimento, liberadores de horménios ou neurotransmissores
(ROBERTS; ZALOGA, 1994).

Nos ultimos anos diversos autores veem descrevendo varias atividades
bioldgicas atribuidas aos peptideos gerados pela caseina. As atividades opiaceas
como a tolerancia, dependéncia, sedacéo, indugdo ao sono, depressao respiratoria,
bradicardia e hipotensdo foram as primeiras a serem descritas. Todas essas
atividades foram observadas com as B-casomorfinas e morficetina, além do que,
altas concentracdes desses peptideos sdo encontradas em leite previamente
digerido no sangue de recém-nascidos, sendo capazes de diminuir o choro dos
bebés e aumentar seu tempo de sono (FIAT; JOLLES, 1989).

23



Entre os peptideos biologicamente ativos liberados a partir de fragmentos da
caseina, um dos mais estudados e caracterizados sao os fosfopeptideos. Esses
fosfopeptideos podem formar complexos com o ion de célcio e inibir a formacéo de
precipitado entre o calcio e fosfato (OTANI et al., 2001). O aumento da absorcédo de
calcio foi demonstrado em ratos cuja dieta rica em caseina leva a formacédo e
acumulo de fosfopeptides (OTANI et al., 2001). As culturas de células esplénicas de
camundongos incubadas com os fosfopeptideos demonstram capacidade de
estimular a proliferacéo de linfocitos T e B e aumentar os niveis de imunoglobulinas
IgA, IgM e IgG (OTANI et al., 2001).

Em outro trabalho, Kawahara et al. (2004) mostraram que a sequéncia de
aminoacidos da B-caseina (1-28) exerce expressivo efeito mitogénico em linfocitos T
de linhagens celulares HUT-78, Clone Jurkat E6-1 e MOLT-4, em linfocitos B das
linhagens de células BALL, KHM-1B e U266B1 e em mondcitos das linhagens de
células U939 e HL-60. Nesse trabalho também ficou evidenciado o aumento dos
niveis de IgA pela expressao intracelular de IL-6 em culturas de U266B1 e KHM-1B.

A partir da B-caseina bovina foi isolado o peptideo YPVEP correspondendo a
sequéncia de aminodacidos (114-118), o qual exerce uma atividade quimiotaxica em
macréfagos e mondcitos, aumentando 0s niveis de peroxidases responsaveis pela
modulacdo da resposta imune inata, e por induzir a migracdo e ativacdo de
macrofagos residentes (KITAZAWA et al., 2007).

Outros autores como Maruyama e Suzuki (1982) e Henriques et al. (1987)
descreveram peptideos com atividades anti-hipertensiva agindo como inibidores da
Enzima Conversora de Angiotensina (ECA). Esses inibidores podem também
aumentar a atividade da bradicinina em varias preparacdes bioldgicas. Aléem dessas
atividades, outros trabalhos mostraram que os peptideos obtidos pela hidrolise
apresentam propriedades antimicrobianas e antitumorais (LOPES-EXPOSITO;
RECIO, 2008).

Estudos anteriores realizados no Laboratério de Bioquimica e Biofisica do
Instituto Butantan isolou, caracterizou e sintetizou o peptideo INKKI. Esse peptideo
inicialmente foi denomiado de casoparan, por apresentar motivo de lisinha, lisina e
isoleucina (KKI) homodlogo ao motivo do mastoparano. Ele corresponde ao
fragmento 41-46 da cadeia B da caseina, localiza-se inserido dentro de uma

estrutura B-pregeadas, proximo de uma regiao fosforilada com uma sequéncia de
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serina fosfato e compartilha importante caracteristica catiénica (Figura 3). Possui
atividade potenciadora da bradicinina, aumento em até 80% a fagocitose dos
macréfagos residentes peritoniais de camundongos e aumento na liberacédo de H,0,
por macrofagos (LEBRUN et al., 2004; LEBRUN et al., 1995).

INKKI

Figura 3.Estrutura do peptideo INKKI gerada computa  cionalmente representando o calculo da
distribuicdo das cargas (hidrofilicicidade/lipofili cidade) usando o método de
ClogP/ClogD do software livre Marvim  http://www.chemaxon.com. O ClogP (coeficiente
de particdo n-octacnol/aguats) expressa lipofilicidade e ClogD considera a ionizacdo da
molécula. A superficie verde representa a regido pouco hidrofilica e a cor azul regides mais
hidrofilica (AZEVEDO et al., 2012)

1.3 Melanoma

Fatores ambientais como a urbanizagdo, industrializacdo e exposicdo a
agentes mutagénicos contribuem de forma decisiva para o0 aumento na incidéncia de
cancer. No Brasil, em 2014, estima-se que surgirdo 576 mil novos casos (INCA
2014). Dentre todos os tipos de cancer descritos pela literatura, o cancer de pele
continua apresentando alta incidéncia para ambos o0s sexos. Apesar de sua
letalidade ser considerada baixa, em alguns casos, principalmente onde o
diagnéstico é realizado de forma tardio, pode levar a ulceracdes e deformidades
fisicas graves. O melanoma foi descrito pela primeira vez por Hipocrates no século V
sendo o termo melanoma proposto por CARSWELL em 1938, que relatou as
caracteristicas malignas do tumor (ROBERTS et al., 2002; ALONSO et al., 2004).
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Apesar de apresentar uma baixa incidéncia dentre os tipos de cancer de pele,
3,03 casos por 100 mil, o melanoma apresenta elevada letalidade, com sobrevida
abaixo dos 10% (INCA, 2014; STANLEY et al. 2011). O prognoéstico desse tipo de
cancer pode ser considerado bom, se detectado nos estagios iniciais. Nos ultimos
anos houveram significativas melhoras na sobrevida dos pacientes com melanoma,
principalmente devido & detecc¢do precoce (INSTITUTO NACIONAL DO CANCER,
2014).

O melanoma € um tipo de neoplasia que surge pela proliferacdo sem controle
dos melanoblastos, células precursoras dos melandcitos, que sao responsaveis pela
producdo do pigmento da pele. Embora represente apenas 4% dos tipos de cancer
de pele, o melanoma é considerado o mais grave devido a sua alta capacidade
metastatica. Podem ocorrer em qualquer ponto da derme ou no leito ungueal,
mesmo em locais ndo diretamente expostos ao sol, como os olhos, membranas
mucosas (boca e genitais), ou dos 6rgaos internos (ELLERHORST et al., 2004). No
processo de transformacdo e progressao das células tumorais ocorrem interacdes
reciprocas onde ha perda de contato com o0s queratindcitos, que sao parceiros
dominantes da epiderme capaz de controlar o crescimento, morfologia e fenétipo
antigénico dos melandcitos. Esses fenbmenos ocorrem através do estabelecimento
de contato direto entre as células, feito pelo receptor de adesédo E-caderina, que é
uma molécula expressa por células endoteliais, e que se encontra mais
frequentemente alterada em tumores (LI GANG et al., 2004). Na epiderme,
queratinécitos e melandcitos formam jungdes aderentes mediadas por proteinas de
adesdo e jungdes comunicantes por intermédio das conexinas. A perda de
interacOes da glicoproteina E-caderina esta associada a translocacao de (-catenina
para 0 nucleo, com consequente transcricdo de genes associados a duplicacao
celular. Frequentemente, melandcitos ndo tumorais sdo encontrados na juncdo
dermo-epidérmica, onde passam a interagir com fibroblastos estromais (LI GAN e
HERLYN, 2000; HSU et al., 2000).

Os melandcitos sao células originarias da crista neural, que migram durante o
desenvolvimento embrionério para a epiderme e cuja principal funcdo é a sintese e
transferéncia dos granulos de melanina para 0s queratindcitos circunvizinhos
(SOUZA, 2004; ALBERTO et al., 2004). O tipo de granulo de melanina sintetizado

pelo melandcito pode ser composto por eumelanina (pigmento marrom ou preto),
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feomelanina (pigmento amarelo ou vermelho) ou uma mistura de ambos, que ir4
determinar a coloracao da pele (SLOMINSKI, 2004). A progresséo do melanoma pode
ser dividida em algumas etapas, segundo modelo proposto por Clark et al. (1984). A
primeira etapa corresponde & geracdo de uma lesdo hiperplasica, lesdo névica ou
nevo maduro caracterizado pela proliferagdo aumentada de melandcitos. Esta lesdo &
comumente considerada um marcador de exposicdo a agentes com potencial
carcinogénico como, por exemplo, luz ultravioleta. Alguns individuos apresentam
lesGes névicas com atipias arquiteturais importantes, sendo denominados de nevos
displasicos (CLARK, et al., 1984; CLARK, 1991). O melanoma de crescimento radial
(invasivo in situ) caracteriza-se por apresentar celulas neoplasicas com capacidade de
proliferacéo limitada a epiderme; embora células tumorais possam ser encontradas na
derme nestas lesdes, mas ndo ha evidencias de que estas células proliferem
ativamente neste compartimento. No melanoma fase de crescimento vertical, 0 seu
crescimento € acelerado através da espessura da pele, formando nddulos visiveis e
palpaveis e manifestando-se como uma lesdo profundamente invasiva, capaz de
sofrer metastases precoces. Eles invadem a cavidade da membrana radialmente para
a epiderme onde em seguida, se infiltrando verticalmente na derme e o tecido
subcutéaneo, finalmente entram na microvascularizagdo invadindo os ganglios
linfaticos (GRAY-SCHOPFER et al., 2007).

O modelo de estudo de melanoma cutaneo além de ser um excelente modelo
para a triagem e estudos pré-clinicos de compostos candidatos a agentes
antitumorais, também é considerado um modelo de facil acompanhamento e avaliacdo
do tratamento. A literatura tem descrito como um modelo clinico para estudo de
metastases tumorais (STANLEY et al. 2011).

Desde o surgimento do emprego da quimioterapia para o cancer na década de
40 pos-guerra foram identificados muitos caminhos pelos quais as células cancerosas
“escapam” dos agentes quimicos. Embora a terapia atual para o cancer dependa
principalmente do emprego de cirurgia, radioterapia, quimioterapia e imunoterapia a
evolucdo na compreensdo da biologia da transformacéo maligna e das diferencas no
controle da proliferacdo e morte das células normais e tumorais, proporcionaram a
descoberta de novos alvos possiveis para o tratamento do cancer. Neste contexto,
como 0 mastoparano mantém conservado um importante motivo, possivelmente,

correlacionado com os efeitos biologicos e o peptideo da B-caseina também possui
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esse motivo de lisina, lisina e isoleucina (KKI), o presente trabalho busca validar
experimentalmente o emprego desses peptideos como agentes terapéuticos ou
adjuvantes, visando aumentar a eficacia do tratamento e diminuindo a incidéncia de

efeitos adversos.
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2.0BJETIVOS

2.1 Objetivo geral

O principal objetivo do presente trabalho foi avaliar os efeitos antitumorais “in
vitro” e “in vivo” do mastoparano isolado do veneno de vespa e do INKKI em modelo

de melanoma experimental.
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3.MATERIAIS E METODOS

3.1 Obtencéo dos peptideos

O mastoparano foi adquirido comercialmente da Peptide2.0. Os peptideos
(INKKI) e seus anélogos (NKKII, INAAI, INDDI, ANKKI, INRRI e INKKY) foram
sintetizados em fase sélida pelo método Fmoc (N-(9-fluorenil-metoxicarbonil). Ap6s a
fase de sintese a solucéo teve seu pH ajustado para 4 utilizando-se acido acético e
carregada em um cartucho Sep-Pak C18 (Water Associates) equilibrado com agua
acidificada. Em seguida foram eluidos com acetonitrila 60% em &gua acidificada,
concentrados em centrifuga a vacuo e purificados por cromatografia liquida de fase
reversa, utilizando-se uma coluna preparativa (Aquapore RP 300 C8, 150 x 10 mm,
BrownleeTM). O peptideo INKKI marcado com FITC foi adquirido comercialmente da
Peptide2.0 (Chantilly, VA, USA).

3.2 Culturas de linhagens nao tumorigénicas

A linhagem de melandcito murinho melan-A foi fornecida por Mary C.S.
Armelin (Departamento de Bioquimica, do Instituto de Quimica da Universidade S&o
Paulo). A linhagem de queratindcitos humanos HaCaT foi gentilmente cedida pela
Dra. Norma Yamanouye (Laboratério de Farmacologia do Instituto Butantan, Séo
Paulo/Brasil). As células foram cultivadas em garrafas de cultura de 75 cm2 em meio
de cultura (DEMEN), suplementado com 10% de soro fetal bovino (SFB) inativado,
10 mM de HEPES, 24 mM de bicarbonato, 40 pg/mL de sulfato de gentamicina e
mantidos em estufa contendo atmosfera umida com 5% de CO, a 37<C. Antes das
células atingirem a confluéncia de 100%, foram subcultivadas para ampliagdo e
congelamento em solugcdo contendo 10% de DMSO em SFB e estocadas em
nitrogénio liquido (MATSUO et al., 2011).
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3.3 Culturas de Linhagens Tumorais

As linhagens tumorais de melanoma murino B16F10-Nex2, melanoma
humano A2058, leucemia de células T JurKat, adenocarcinoma de mama humano
de linhagens MCF-7, MDA-MB-231 e SKBR-3, carcinoma de células escamosas
uterino SiHa e glioblastoma humano U87 foram obtidas pelo Instituto Ludwig para o
Cancer e Pesquisa, Sado Paulo, Brasil. As células foram cultivadas em garrafas de
cultura de 75 cm? em meio de cultura (RPMI - 1640), suplementado com 10% de
SFB inativado, 10 mM de HEPES, 24 mM de bicarbonato, 40 mg/mL de gentamicina
e mantidos em estufa contendo atmosfera imida com 5% de CO; a 37<C. Antes das
células atingirem confluéncia foram subcultivadas para ampliagdo e congelamento
em solugdo contendo 10% de DMSO em SFB, estocadas em nitrogénio liquido
(MATSUO et al., 2010

3.4 Preparo da solugéo de MTT

A solucdo de Brometo de 3-[4,5-dimetiltiazol-2-il]-2,5-difeniltetrazdlio (MTT) foi
obtida pela diluicdo de 50 mg do p6é em 10 mL de PBS (5 mg/mL). A solucéo foi

armazenada ao abrigo da luz e em geladeira.

3.5 Avaliacao da viabilidade celular ap6s o tratame nto com o mastoprano, do

INKKI e de seus analogos. Determinacéo da concentra  ¢&o inibitoria (IC sp).

Para a avaliacdo da viabilidade celular foi utilizado o teste colorimétrico do MTT
[3-(4,5-dimetiltiazol-2-1)2,5-difenil tetrazélio brometo]. As diversas linhagens tumorais
e normais foram plaqueadas em triplicata na concentracéo de 10%/poco em placas de
96 pocos e cultivadas por 24 horas em estufa contendo 5% de CO, a 37C. Apss o
periodo de incubacgdo as células foram tratadas com concentra¢des de 15,6 a 500 uM
do mastoparano, do INKKI e seus analogos (NKKII, INAAI, INDDI, AIKKI e INRRI) e

incubadas por 24 horas.
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Apés incubacdo foram adicionados 5ul de MTT (5mg/mL) as células e
incubadas por 3 horas. Apos este periodo foram adicionados 100 puL de SDS 30% e
as placas foram deixadas overnight e entdo foi realizada a quantificacdo da
absorbancia foi mensurada em comprimento de onda de 570 nm por
espectrofotometria (Spectramax-M2, Software Molecular Pro 5.4, Sunnyvale, CA,
EUA). A viabilidade celular foi expressa com valores de percentagem em

comparacao com as células néo tratadas.

3.6 Método de excluséo por azul de Tripan

Foi preparada inicialmente uma solugdo estoque do corante a 0,4 % da
seguinte maneira: 400 mg do corante azul de Tripan foram adicionados a 90 mL de
agua bidestilada (Milli-Q) contendo 810 mg de NaCl e 60 mg de K,HPO,. Em
seguida, o volume da solucao foi ajustado para 100 mL com agua bidestilada (Milli-
Q). A solucao foi aquecida até solubilizacdo completa e o pH ajustado para 7,2 com
auxilio da solucéo de NaOH 1 N. Essa solucédo estoque foi diluida a concentracao de

0,2 %, com agua bidestilada (Milli-Q) e armazenada em geladeira.

3.7 Avaliagdo das alteragbes morfologica das cultur  as de melanoma murino
B16F10-Nex2

A morfologia celular foi avaliada em culturas de melanoma murino B16F10
apos o tratamento com o mastoparano 500 uM e INKKI 500 uM. Apds obtencéo da
confluéncia, 10*poco de células de melanoma murino B16F10-Nex2 foram
plagueadas em triplicata. Com objetivo de correlacionar a morfologia celular com
viabilidade celular ap6s o tratamento, as células foram acondicionadas em diferentes
temperaturas (37C e 4 ). Apés o tratamento a mor fologia foi acompanhada e
microfotografada nos tempos de 0, 8 e 24 horas utilizando microscopio Optico
invertido Nikon (MATSUO et al., 2010).
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3.8 Efeitos do INKKI e do peptideo scramble sobre a  proliferacéo celular

Os efeitos do INKKI e seu scramble sobre a proliferacdo celular foram
avaliados em linhagem tumoral de melanoma murino B16F10-Nex2. As células
foram plaqueadas com concentracdo de 10° cel/poco em placas de 96 pocos e
incubadas por 4 horas em estufa contendo 5 % de CO, a 37<C. Apds o periodo de
incubacédo as células foram tratadas com 500 uM do INKKI e scramble e incubadas
por até 72 horas. A cinética do crescimento celular foi quantificada através da
contagem das células viaveis utilizando o método de exclusdo do azul de Tripan nos

tempos de 24, 48 e 72 horas.

3.9 Inibicdo da adesédo celular em cultura de melano  ma murino B16F10-Nex2

tratadas com o INKKI e scramble

A adeséo celular foi avaliada em cultura de melanoma murino B16F10-Nex2.
Foram empregadas uma monocamada de células B16F10-Nex2, o matrigel e o
poliestireno da placa de 96 pogcos como substratos para a aderéncia celular. O
preparo da monocamada celular foi iniciado no dia anterior ao tratamento, onde as
células foram plaqueadas na concentracéo de 10° cel/poco com o objetivo de obter a
confluéncia celular. No dia do tratamento, matrigel foi plagueado em placas de 96
pocos e incubados por 2 horas em estufa contendo 5% de CO, a 37T para a
polimerizacdo. Apos os tempos de incubacdo da monocamada celular e do matrigel,
as células B16F10 na concentracdo de 10* células/poco foram pré-tratadas com 500
1M de INKKI e scramble. O controle negativo foi padronizado com o meio RPMI e o
veiculo utilizado para diluir os peptideos. ApOs o pré-tratamento, as células foram
plagueadas sobre os substratos previamente preparados e sobre a superficie de
poliestireno da placa de 96 pocos e incubadas por 4 horas em estufa contendo 5 %
de CO, a 37<C. Apos o periodo de incubacéo os pocos foram lavados com PBS e as
células aderentes foram tripsinizadas e quantificadas utilizando o método de

exclusédo do azul de tripan e contadas em camara de Neubauer.
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3.10 Estudo do efeito inibitério da migracdo celula  r em cultura de melanoma

murino B16F10-Nex?2 tratadas com o INKKI e scramble

A avaliagdo da migracdo celular foi padronizada em células de melanoma
murino B16F10-Nex2. As células foram plaqueadas na concentracdo de 2,5x10°
células/poco e incubadas por 24 horas em estufa contendo 5% de CO, a 37<C. Apés
obtencéo da confluéncia foi realizado um "risco” no centro de cada po¢o com auxilio
de uma ponteira para micropipetas P1000. Em seguida os pocos foram lavados com
PBS e as células tratadas com 500 uM de INKKI e scramble. O controle negativo foi
padronizado com o meio RPMI e o veiculo utilizado para diluir os peptideos. As
imagens foram adquiridas nos tempos de 0, 4, 8 e 24 horas e a quantificacdo da
migracdo foi determinada pela &rea percorrida pelas células e expressas em
porcentagem utilizando o Software Wimasis Image Analisys.

3.11 Inibicdo da invasdo celular in vitro em cultura de células B16F10-Nex2

tratadas com o INKKI e Scramble

Para o ensaio de invasdo em matrigel foi utilizado o sistema BioCoat Matrigel
Chambers (BD Biosciences) em placa de 24 pocgos e poros de 8 um. Durante a
preparacdo do sistema, o matrigel foi diluido em PBS gelado, adicionado no
compartimento interno do transwell e incubado por 30 minutos a 37 T e 5% CO ..
Apés a polimerizacdo do matrigel, as células de melanoma B16F10-Nex2 foram
plaqueadas no compartimento interno do transwell com concentracdo de 2,5x10° em
meio RPMI sem adicéo de SFB e tratadas com 500 uM de INKKI e scramble. O meio
RPMI suplementado com 10% de SFB foi utilizado como agente quimiotatico. Foram
plaqueados 500 pL desse meio completo no compartimento externo ao transwell. O
controle negativo foi padronizado com o meio RPMI e veiculo utilizado para diluir os
peptideos. O sistema foi incubado por 24 horas em estufa contendo 5% de CO; a
37<C.

Apés 24 horas as células que migraram através do matrigel foram fixadas
com glutaraldeido 5% diluido em PBS, lavado 3x com agua destilada e entéo

coradas com Giensa. Apds nova lavagem com agua destilada para retirada do
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excesso do corante, o compartimento interno do Transwell foi limpo com haste de

algodao. As células que invadiram foram contadas sobre lupa com aumento de 4x.

3.12 Andlise das fases do ciclo celular das células B16F10-Nex2 tratadas com

o0 INKKI e scramble

Para o estudo das fases do ciclo celular do ciclo celular as células de
melanoma murino B16F10-Nex2 foram plaqueadas em placas de 12 pocos na
concentracdo de 2x10° cellpoco. Para sincronizacdo, as células B16F10 foram
plagueadas com meio RPMI sem adicdo de SFB. ApGs 24 horas de incubacdo o
meio sem SFB foi aspirado e as células foram tratadas com 500 uM de INKKI e
scramble diluidos em meio RPMI suplementado com 10% de SFB e incubado por
mais 24 horas em estufa contendo 5% de CO, a 37C. O controle negativo foi
padronizado com o meio RPMI e veiculo utilizado para diluir os peptideos. Ap6s o
periodo de incubacéo do tratamento, 10° células B16F10-Nex2 foram tripsinizadas e
centrifugadas a 240 g por 5 minutos. O pellet foi ressuspenso em 300 puL de HSF
(0.1% DE Triton X-100, 0.1% de citrato de sodio e 50 ug/mL de lodeto de Propideo,
10 pg/mL de RNAse (Sigma) e incubados a 4C por 1 hora na auséncia de luz. Os
dados foram adquiridos em citometria de fluxo (BD FACSCanto Il, Franklin Lakes,
NJ, EUA). Para a determinacdo da porcentagem de células em cada fase do ciclo,
utilizou-se o algoritmo Dean Jett-Fox, do software FlowJo (TreeStar Inc., Ashland,
OR, EUA).

3.13 Preparacao do extrato do lisado celular das cé lulas B16F10-Nex2 tratadas

com o INKKI e scramble

As células B16F10-Nex2 na concentracdo de 10° foram tratadas com 500 puM
do INKKI e scramble e incubadas por mais 24 horas em estufa contendo 5% de CO,
a 37C. O controle negativo foi padronizado com o meio RPMI e o veiculo utilizado
para diluir os peptideos. Apos a incubacgdo, as células foram lavadas com PBS e
lisadas adicionando 100 pL de tampéo de amostra de SDS 1x (62.5 mM Tris-HCI, pH
6.8 at 25T, 2% w/v SDS, 10% glicerol, 50 mM DTT, 0.01% w/v azul de bromofenol).

O lisado foi transferido para tubos de microcentrifugas na presenca de gelo. As
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amostras foram sonicadas por 15 segundos, e desnaturadas a 95T por 5 minutos,

centrifugadas a 240 g por 10 min e armazenadas a -20C.

3.14 Andlise da sinalizacao celular induzida pelos peptideos

Para andlise dos mediadores do ciclo e migracao celular, foi padronizado o
ensaio de Western blotting a partir dos lisados celulares obtidos da cultura das
células de melanoma B16F10-Nex2 tratadas com os peptideos, conforme descrito
acima. As proteinas de cada amostra foram separadas por eletroforese em gel de
SDS-PAGE 10% e em tampao contendo 2,5 mM de Tris-HCI (pH 8,0), 19 mM de
glicina e 0,3 mM de SDS. A seguir as amostras foram transferidas para membranas
de nitrocelulose (Protran, Schleicher e Schuell, EUA) em tampé&o contendo 1,2 mM
de Tris-HCI (pH 8,0), 9,6 mM de glicina e 20% de metanol. A eficacia das
transferéncias foi verificada através da coloracdo das membranas com o corante
Ponceau S (Sigma), seguida por blogueio em solucédo contendo 5% de leite em po
desnatado (Nestlé, Brasil) diluido em PBS. ApoOs o bloqueio foram realizadas 03
(trés) lavagens de 10 minutos com TTBS (20 mM Tris-HCI (pH 7,6), 150 mM de NaCl
e 0,1% de Tween 20 (pH 7,6)) por 2 horas. ApGs as lavagens as membranas foram
incubadas por 24 horas, a 4C sob agitagdo constante com os seguintes anticorpos
primarios: anti-ciclina D1 mouse, anti-ciclina D3 mouse, anti-ciclina A mouse, anti-
NFk-B rabbit, anti-fosfo Akt (Thr308) rabbit, anti-B-Cadenina rabbit, anti-c-Raf, anti-
fosfo c-Ras, anti-fosfo p38 (Thr 180/Tyr182) rabbit, anti-fosfo MAPK rabbit, anti-fosfo
GSK3pB (Ser 9) rabbit; anti-N-Caderina rabbit, anti-Src rabbit, anti-fosfo Src (Tyr 416)
rabbit, anti-FAK rabbit, anti-fosfo FAK (Tyr 925) rabbit e anti-fosfo FAK (Tyr 397)
rabbit. Todos os anticorpos primarios foram adquiridos da Cell Signaling Technology
(Beverly, MA). Apés a incubagdo com os anticorpos primarios, as membranas foram
lavadas com TTBS por 30 minutos e incubadas por 1 hora a temperatura ambiente
sob agitacdo com o anticorpo secundario conjugado com IgG horseradish
peroxidase, adquirido da Sigma-Aldrich (St. Louis, MO). Apés a incubacdo com o
anticorpo secundéario, as membranas foram lavadas com TTBS e adicionado o
substrato quimioluminescente Luminata™ e as membranas foram reveladas e
analisadas em sistema Fotodocumentador ImageQuant LAS4000 (GE). Todas as

bandas foram normalizadas pela da banda da beta-actina.
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3.15 Preparagdo de células da medula 6ssea de camun dongos C57BL/6 e

diferenciacdo de macroéfago

Células frescas de medula 6ssea de camundongos C57BL/6 foram utilizadas
para obtencdo de macréfagos, por meio de sua incubagdo com sobrenadante de
meio condicionado de células L929, como fonte de fator estimulante de colbnia
granuldcito/macréfago (GM-CSF) conforme descrito por Fischer, et al (1988). As
células foram suspendidas em 10 mL de meio de diferenciacdo de medula 6ssea, o
qual consiste de RPMI-1640 (Gibco, Grand Island, NY, EUA) suplementado com
20% SFB, 30% de sobrenadante de meio condicionado de células L929, 100 U/mL
de penicilina, 100 pg/mL de estreptomicina e 2nM de I-glutamina (Sigma-Aldrich, St.
Louis, MO, EUA). As células foram semeadas em placa de Petri Optilux (BD
Biosciences, Franklin Lakes, NJ) e incubadas em uma atmosfera de 5% de CO, a 37
T. Apos 4 dias, 10 mL de meio fresco foram adicion ados, seguindo-se incubacéo
adicional de 3 dias foi procedida. Para a obtencdo dos macréfagos, o sobrenadante
das culturas foi descartado e as células aderidas (macréfagos) foram lavadas com
15 mL de PBS estéril. Em seguida, as células foram centrifugadas a 240 g por 5 min,

resuspensas em 10 mL de RPMI-1640 e utilizadas nos experimentos descritos.
3.16 Ensaio de ativacdo de macrofagos por dosagem d e 6xido nitrico (NO)

Para estudar a resposta da imunidade inata mediada pelos peptideos que
apresentaram potencial protetor in vivo, foi analisada a producao de NO induzido em
macrofagos derivados de medula 6ssea. Os macrofagos derivados de medula 6ssea
foram isolados de fémur de camundongos sacrificados por deslocamento cervical.
As patas traseiras foram dissecadas e cada fémur isolado em solugdo salina estéril.
As extremidades de cada fémur foram removidas e com o auxilio de uma seringa de
10 mL estéril, a medula 6ssea foi obtida em placa de petri estéril pela adicdo de 10
mL de meio L (50% RPMI, 30% sobrenadante de cultura de células L929, 20% SFB)
no interior de cada fémur. As placas foram incubadas a 37 °C e 5% de CO, por 7
(sete) dias para diferenciacdo das ceélulas progenitoras em macréfagos. Apds o

periodo de incubacdo, 5x10° macréfagos foram plaqueados em placas de 24 pocos
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e incubados por 6 h a 37 T e 5% CO ,. Apds o periodo de incubacao, os macrofagos
foram tratados com o INKKI nas concentracdes de 100 a 0.1 pM e em seguida, 0s
macrofagos foram ativados com IFN-y (100 U/mL) e LPS (200 ng/mL) e incubados
por até 72 h a 37 T e 5% CO,. Aliquotas de 100 puL do sobrenadante de cultura
foram obtidas e quantificadas com 100 pL de reagente de Griess nos pontos de 24
h, 48 h e 72 h a 550 nm em leitora de placas.

3.17 Avaliacédo da internalizacao do peptideo INKKI por microscopia confocal

em linhagem de melanoma murino B16F10-Nex2

Os efeitos biolégicos desencadeados através do tratamento pelos diversos
compostos estdo diretamente correlacionados com sua localizacdo, seja na
superficie celular, no citoplasma ou no ndcleo. Determinar a localizacao e trafego do
peptideo foi um importante passo que trouxe evidéncias sobre o mecanismo de
acao. A localizacao foi avaliada por microscopia confocal em células de melanoma
murino B16F10-Nex2 na presenca de 500 uM do INKKI marcado com FITC (verde).
As células obtidas da cultura foram cultivadas na concentracéo de 10* em laminulas
redondas e incubadas por 1 e 24 horas a 37 € . Ap0s o tratamento, as células
foram lavadas com PBS e fixadas com formaldeido 2% por 30 minutos a
temperatura ambiente. Logo em seguida as células foram permeabilizadas com
0,1% de Triton X-100 por 30 minutos. As células foram lavadas novamente com PBS
e incubadas com 10 pg/mL de 4’,6-diamidino-2-fenilindol (DAPI, Invitrogen,
Carlsbad, CA, EUA) por 10 minutos a temperatura ambiente. As células B16F10-
Nex2 duplamente marcadas com o INKKI FITC e DAPI foram adquiridas utilizando o

microscopio Carl Zeiss LSM780, 488nm argdnio com aumento de 40 e 60x.

3.18 Andlise da condensacao da cromatina

Células de melanoma murino B16F10-Nex2 na concentracdo de 10*/poco
foram cultivadas em placa de 96 pocos e incubadas com 165 pM de mastoparan por
18 horas. Em seguida, as células foram lavadas com PBS, fixadas por 30 minutos a

temperatura ambiente com formaldeido 2% e coradas com 10 pg/mL de DAPI
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(Invitrogen, Carlsbad, CA, EUA), por 10 minutos para avaliacdo da cromatina. Apds
esse periodo as células foram observadas em microscopio de fluorescéncia
empregando objetiva de 20 e 40x. As analises de fluorescéncia foram conduzidas
em microscopio Olympus BX-51 e filtros com comprimento de onda de excitacéo de
340 nm e de emisséo de 450 nm objetiva de 40X. As imagens foram analisadas com
software ImagJ (HTTP://rsb.info.nih.goV/ij/).

3.19 Degradagéao de DNA

Células B16F10-Nex2 na concentracdo de 5 x 10°/poco foram plaqueadas em
placas de 6 pocos e incubadas por 6 horas a 37C. A p0Gs o periodo de incubacéo, as
células foram tratadas com 165 pM de mastoparano e incubadas por 3 horas a 37
C. O DNA foi isolado ap0és lise das células em tamp do TELT (50nM Tris-HCI pH 8,0,
Triton X-100 0,4%, 2,5 mM EDTA pH 9,0 e 2,5 M de LICl). O lisado foi centrifugado
por 20 min (240 g) a 4 €. O tampéao fenol equilibrado (1:1 v/v) foi adicionado,
seguido por centrifugacdo e adicao de cloroformio (1:1 v/v) para a formacao da fase
aquosa. Os tubos foram centrifugados (15 min, 240 g, 4 ), a fase aquosa foi
coletada e o DNA foi precipitado com acetato de sédio 3 M, pH 7,0 e etanol absoluto
(1:0,1:2,5 v/v) apoés incubacdo a -80 ° por 20 min. O DNA foi precipitado e diluido
em 50 pg/mL de RNAse-A (Invitrogen, Carlsbad, CA, EUA). O DNA extraido foi
submetido a eletroforese em gel de Agarose 1% com brometo de etidio (0,5 pg/mL)
em tampao TBE (2 nM de EDTA, 90 nM Tris-HCI, 90 nM de acido bdrico, pH 8,0) a
100v. O maracador de peso molecular de mil pares de bases (1Kb) (Gibco, Grand
Island, NY, EUA) foi utilizado para comparacado dos tamanhos das bandas obtidas.
Apés a eletroforese, o DNA foi fotografado e analisadas em sistema
Fotodocumentador ImageQuant LAS4000 (GE) ap6s exposi¢cdo a luz ultravioleta
(UV).

3.20 Determinacgédo dos efeitos pro-apoptoticos atrav ~ €s do teste da Anexina V

As proporcdes de células apoptéticas foram detectadas utilizando o teste que

marca a externalizacdo da fosfatidilserina exposta na superficie extracelular da
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membrana plasmatica, marcado com Anexina V (Boehringer-Mannheim GmbH,
Mannheim-Germany) e Isotiocianato de fluoresceina-FITC (Sigma®). As células
também foram marcadas com iodeto de propideo-ficoeritrina-PE (Sigma®) o que
permite a identificacdo da populacdo que apresentou perda da integridade da
membrana plasmaética. A concentracdo de 5 x 10° células de melanoma murino
B16F10-Nex2 foram tratadas e incubadas por 12 horas com o mastoparano a 165
UM. Apdés o periodo de incubacdo as células foram separadas com tripsina 2% e
lavadas com PBS a 37T, centrifugadas a 834 g por 10 minutos a 4C. As células
foram incubadas com 4ug/mL anexina V e 1,8ug/uL de PI por 1 hora a 37°C,
centrifugadas a 240 g por 10 minutos a 4T e ressuspensas em 400uL de tampéo de
ligacdo fornecido pelo fabricante. Foram analisados 10.000 eventos para cada
amostra citbmetro FACSCanto Il (BD Bioscience, Franklin, NJ, EUA) e analisadas

utilizando o software FlowJo (TresStar Inc., Ashland, OR, EUA).

3.21 Andlise ultraestrutural por Microscopia Eletré nica de Transmissao

Apoés 3 e 12 horas de tratamento com 165 uM de mastoparano, as células de
melanoma murino B16F10-Nex2 foram lavadas 2 vezes com PBS e fixadas com
glutaraldeido 2,5%, paraformaldeido 4% e tampéo fosfato 0.1M pH 7.2, por 2 horas
a 4°C. As células foram descoladas da placa de 6 pogos com um cellscraper e
centrifugadas a 240 g por 10 minutos. Posteriormente, as células foram fixadas em
tetroxido de 6smio a 1% (diluido em tampao fosfato) por 30 minutos. As células
foram lavadas novamente, desidratadas em acetona e embebidas em Epon. As
seccOes foram contrastadas com acetato de uranila por 30 minutos e citrato de
chumbo por 5 minutos. As grades contendo as células foram analisadas em um

Microscopio Eletrénico de Transmissao Jeol 1200 EXII (Tékio, Japao).

3.22 Avaliacdo do aumento nos niveis de anion super O6xido intracelular

induzido pelo mastoparano

A producdo de anion superoxido foi determinada através do ensaio com
dihidroetidio (DHE, Invitrogen, Carlsbad, CA, EUA), que quando oxidado pelo radical

anion superoxido, é convertido em etidio e emite fluorescéncia em vermelho. As
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células de melanoma murino B16F10-Nex2 na concentracdo de 5 x 10% foram
cultivadas em placas de 24 pocos e tratadas com 165 pM de mastoparano e
incubadas com 3 e 6 horas a 37 T e 5% CO,. O controle positivo foi padronizado
utilizando 5 mM H,0, (perdxido de hidrogénio) a 37 T por 40 min. A analise por
microscopia por fluorescéncia foi analisadas em no microscépio Olympus BX-51,
com objetiva de 40X. As imagens foram analisadas com software ImagJ
(HTTP://rsb.info.nih.gov/ij/).

3.23 Avaliacdo do efeito de N-acetilcisteina (NAC) na morte celular induzida

pelo mastoparano

As células de melanoma murino B16F10-Nex2 (10*/poco) foram cultivadas em
placas de 96 pocos na presenca ou auséncia de 4 mM de NAC por 4 horas. Logo
apos esse periodo, as células foram tratadas com concentragfes de 15,6 a 500 uM do
mastoparano e incubadas por 24 horas.

Apés incubacdo foram adicionados 5ul de MTT (5mg/mL) as células e
incubadas por 3 horas. Apos este periodo foram adicionados 100 uL de SDS 30% e
as placas foram deixadas overnight e entdo foi realizada a quantificagcdo da
absorbancia foi mensurada em comprimento de onda de 570 nm por
espectrofotometria (Spectramax-M2, Software Molecular Pro 5.4, Sunnyvale, CA,
EUA). A viabilidade celular foi expressa com valores de percentagem em

comparacao com as células ndo tratadas.

3.24 Andlise do potencial de membrana mitocondrial (Awm)

O corante catibnico lipofilico tetrametilrodamina éster etilico (TMRE) entra na
célula na forma de um éster que € subsequentemente hidrolisado e convertido a
tetrametilrodamina, o qual dependendo do potencial de membrana mitocondrial pode
ser reversivelmente acumulado na matriz mitocondrial carregada negativamente.
Para analise do Awm apés o tratamento com 165 pM de mastoparano, 10° células
B16F10-Nex2 foram incubadas por 1 e 3 horas em placa de cultura de 12 pocos a

37 T e 5% CO ,. Apos o periodo incubacéo, as células foram lavadas com PBS e
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incubadas com 20 nM de TMRE (Molecular Probes, OR, EUA) por 10 minutos a 37
C. As células foram coletadas com solu¢cdo PBS/trip sina 0,02%/EDTA 0,02% e a
fluorescéncia foi mensurada em FACSCanto Il (BD Bioscience, Franklin, NJ, EUA) e
analisadas empregando os softwares FACSDiva (BD Bioscience, Franklin, NJ, EUA)
e FlowJo (TresStar Inc., Ashland, OR, EUA).

3.25 Determinacdo da cascata de sinalizacdo da apop tose ativada pela via

mitocondrial intrinseca induzida pelo mastoparano

A analise dos mediadores da via mitocondrial intrinseca de apoptose, foi
padronizada pelo ensaio de Western blotting a partir dos lisados das células de
melanoma B16F10-Nex2 tratadas com 165 yM de mastoparano e incubado por 3 e
12 horas. As proteinas de cada amostra foram separadas por eletroforese em gel de
SDS-PAGE 10% e em tampao contendo 2,5 mM de Tris-HCI (pH 8,0), 19 mM de
glicina e 0,3 mM de SDS. A seguir as amostras foram transferidas para membranas
de nitrocelulose (Protran, Schleicher e Schuell, EUA) em tampé&o contendo 1,2 mM
de Tris-HCI (pH 8,0), 9,6 mM de glicina e 20% de metanol. A eficacia das
transferéncias foi verificada através da coloracdo das membranas com o corante
Ponceau S (Sigma), seguida por blogueio em solucéo contendo 5% de leite em po
desnatado (Nestlé, Brasil) diluido em PBS. ApOs o bloqueio foram realizadas 03
(trés) lavagens de 10 minutos com TTBS (20 mM Tris-HCI (pH 7,6), 150 mM de NaCl
e 0,1% de Tween 20 (pH 7,6)) por 2 horas. ApGs as lavagens as membranas foram
incubadas por 24 horas, a 4C sob agitacdo constante com os seguintes anticorpos
primarios: anti-B actina rabbit, anti-pr6 caspase 3 rabbit, anti-caspase 3 clivada
rabbit, anti-pré caspase 8 rabbit, anti-caspase 8 clivada rabbit, anti-pr6 caspase 9
rabbit, anti-caspase 9 clivada rabbit, anti-pr6 caspase 12 rabbit, anti-caspase 12
clivada rabbit, anti-PARP clivado rabbit, anti-fosfo Bad (Ser 112) rabbit, anti-Bcl-XL
rabbit, anti-Bim rabbit, anti-Bak rabbit, anti-citocromo c rabbit, anti-VDAC rabbit e
anti-PBB1 rabbit. Todos os anticorpos primérios foram adquiridos da Cell Signaling
Technology (Beverly, MA). Ap6s a incubacdo com 0s anticorpos primarios, as
membranas foram lavadas com TTBS por 30 minutos e incubadas por 1 hora a

temperatura ambiente sob agitacdo com o anticorpo secundario conjugado com IgG
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horseradish peroxidase, adquirido da Sigma-Aldrich (St. Louis, MO). Apé6s a
incubacdo com o anticorpo secundério, as membranas foram lavadas com TTBS e
adicionado o substrato quimioluminescente Luminata™ e as membranas foram
reveladas e analisadas em sistema Fotodocumentador ImageQuant LAS4000 (GE).

Todas as bandas foram normalizadas pela da banda da beta-actina.

3.26 Atividade Enzimatica Caspase 3

3.26.1 Preparo do tampéo de lise para ensaio de atividade enzimética

A solucdo utilizada para extracdo das proteinas e também como meio
reacional para medicao da atividade de caspases foi composta pelo tampédo HEPES
20 mM, NaCl 100 mM, EDTA 1mM, sacarose 10% e o detergente CHAPS 0,1%.

3.26.2 Ensaio de atividade enzimatica da Caspase 3

A caspase-3 € uma enzima efetora comum as vias intrinseca e extrinseca da
apoptose. O aumento da atividade enzimatica caracteriza a apoptose caspase
dependente (COHEN, 1997). As células de melanoma murino B16F10-Nex2 foram
tratadas e incubadas por 6 horas com o mastoparano 165 uM. ApGs o periodo de
incubacéo, a atividade desta enzima foi mensurada através do ensaio fluorimétrico,
onde o peptideo Asp-Glu-Val-Asp (DEVD), substrato especifico para caspase-3,
ligados ao fluoréforo 7-amino-4-trifluorometil cumarina (AFC) séo incubados por 2
horas a uma concentracdo final de 70 uyM com o extrato das células lisadas,
adicionado de DTT a uma concentracdo final de 10 mM. As caspases ativadas
clivam a ligacdo peptideo-AFC liberando o fluordforo, que é entdo dosado por
fluorimetria, em comprimentos de onda de 400nm para excitagdo e 505 para
emisséo (VON EULER et al., 2002; PERCHELLET et al., 2004).
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3.27 Modelo in vivo de estudo

3.27.1 Declaracéao de ética

Este estudo foi realizado de acordo com 0s principios em pesquisa com
animais aprovado pelo Comité de FEtica para Experimentacdo Animal da
Universidade Federal de Sao Paulo (UNIFESP) (processo numero CEP1234/2011).

3.27.2 Implantes das células tumorais e delineamento animal

Diferentes grupos de camundongos das linhagens C57BL/6 e NOD/SCID/y ™"
foram mantidos no biotério do Departamento de Biologia Celular, Unidade de
Oncologia Experimental da Universidade Federal de Sao Paulo, com
aproximadamente 25 g, idade aproximada de seis a oito semanas, dieta de agua e
racdo. As suspensdes celulares obtidas da cultura de melanoma murino B16F10
foram desprendidas com PBS-EDTA. Em seguida as células foram centrifugadas,
lavadas por 3 vezes com PBS e ressuspensas com meio RPMI sem adi¢do de SFB.
A concentragéao celular foi ajustada por contagem em camara de Neubauer, sendo a
viabilidade celular superior a 97%. Nos animais de linhagem C57BL/6 foi injetado o
volume final de 100 pL de células B16F10 subcutaneamente na concentragéo de 10°
por animal e no plexo retro-orbital 5x10° por animal. Para inducdo das metastases
pulmonares nos animais NOD/SCID/y.™" foram injetados 5x10* de células B16F10

por animal.

3.27.3 Avaliacdo dos efeitos antitumorais em modelo singénico de melanoma dorsal

A progressao tumoral foi acompanhada apés o 12° dia do implante tumoral e
0s animais foram eutanasiados por deslocamento cervical quando apresentaram
volume tumoral de 3000 mm?®. A eficAcia do tratamento no modelo descrito foi
acompanhada pelas analises macroscopicas dos tumores dorsais, taxa de sobrevida
animal e volume tumoral. O tamanho dos tumores foram avaliados de dois em dias

com ao auxilio de um paquimetro digital e o volume foi mensurado em milimetros
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ctbicos (mm?) através da equacdo V=(0.52xD1°xD2), onde D1 e D2 correspondem

ao menor e maior didmetros em milimetros, respectivamente.

3.27.4 Avaliacéo da atividade antimetastatica em modelo de metastase pulmonar

Os efeitos antimetastaticos foram quantificados apos o 14° dia do implante.
Os pulmdes dos animais eutanasiados foram inspecionados e as coloniza¢cdes
metastaticas (micros e macros nédulos metastaticos) foram quantificados em lupa

com magnitude de 20x.

3.28 Delineamento experimental

3.28.1 Inibicdo do crescimento do melanoma cutaneo em animais tratados com o

INKKI e scramble

ApoOs o implante das células tumorais, foram delineados 03 (trés) grupos
experimentais com 05 (cinco) animais cada grupo. O tratamento teve inicio apés 0s
tumores atingirem 100mm?3. O grupo controle foi tratado com PBS (veiculo) e os
grupos experimentais foram tratados com 2,5 mg/Kg com o INKKI e scramble por 5

dias consecutivos através da via intraperitoneal.

Implante das células

. N Término
tumorais (S-:) Inicio dos Término dos avaliagéio volume
B16F10 10 tratamentos tratamentos tumoral
l l l l Sobrevida
>
Di | 1 1 | | | | | L 1 1 | I | | |
e, r rrrrrrrrr—rrrr >
0 1 S

10 \12 13 14 135 16}13 19 21 25 35 40

PES (controle) (1.p)
INKKI 2,5 mg’Kg (i.p)
Scramble 2,5 mg’Kg (i.p)
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3.28.2 Efeitos antimetastaticos em animais C57BL6 tratados com o INKKI e

scramble

Foram delineados 03 (trés) grupos experimentais com 05 (cinco) animais
cada grupo. Apés 24 horas da inoculagdo, o grupo controle foi tratado com PBS
(veiculo) e os grupos experimentais foram tratados com 2,5 mg/Kg com o INKKI e
scramble durante 5 (cinco) dias consecutivos apés a inoculagcédo, através da via
intraperitoneal. Os pulmdes foram inspecionados no 14°dia apds a inoculacdo das

células B16F10 para a quantificagdo dos nédulos metastaticos.

Inspeciiopubinonar e

Iinplante das células tunor ais {1.v) Fiinl dos quantificacio dos
BLsF10 3x10° tratamnentos nodulos metastatic os
THas | | | 1 | | | | |
i 1 ] 1 | | 1 1 >
0 1 2 3 4 S B 14 20

J 1

|

PBS (controle} {i.p)}
INKKI2 SmgKg (1p}
Scranble ' Smg kg ip)

3.28.3 Efeitos antimetastaticos em animais imunocomprometidos NOD/SCID/y.™"

tratados com o INKKI

Foram delineados 02 (dois) grupos experimentais com 05 (cinco) animais
cada grupo. Apos 24 horas da inoculacdo, o grupo controle foi tratado com PBS
(veiculo) e o grupo experimental foi tratado com 2,5 mg/Kg com o INKKI durante 5
(cinco) dias consecutivos ap0s a inoculacdo, através da via intraperitoneal. Os
pulmdes foram inspecionados no 14°dia apos a inocu lacdo das células B16F10 para

a quantificacdo dos nddulos metastaticos.
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Inspecio pulmonar e

Implante das células tumorais (i.v) Final dos quantificacio dos

B16F10 5x10¢ tratamentos nodulos metastaticos

l l l

: | | | | | | | | |
Dias =——q | | 1 | | 1 | 1
0 \ 1 2 3 4 5} 12 14 20

|

PES (controle) (i.p)
INKKI 2.5 mg/Kg (Lp)

3.28.4 Efeito antitumoral do mastoparano em modelo singénico de melanoma

murino.

Foram delineados 02 (dois) grupos experimentais com 05 (cinco) animais

cada grupo. Apés os tumores dos animais atingiram 100 mm?®, foi iniciado o

tratamento sendo que o grupo controle foi tratado com PBS (veiculo) e o grupo

experimental foi tratado com 5 mg/kg com o mastoparano por 5 dias consecutivos

através da via peri-tumoral.

Implante das células

. . Término
tumorais (S-:) Inicio dos Término dos avaliagéio volume
EB16F10 10 tratamentos tratamentos turoral

l l l l Sobrevida

Dias HE N N N NN NN NN N N B N N A

| |
1 r 1 1 1 i i I T 11 1 1 1
0 1 5§ 10 \12 13 14 15 16} 18 19 21 25 35 40

PES (controle)
mastoparano 5,0 mg'Kg
via peri-tumoral
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3.29 Andlise Estatistica

As taxas de sobrevida dos camundongos foram submetidas ao teste
estatistico de Kaplan-Meyer seguido do teste de log-rank. Os outros dados foram
analisados pela distribuicdo (Gaussiana ou Normal), seguido do teste t student para
a comparacao entre os dois grupos utilizando o Software Graph Prism. Para a
comparacao entre trés ou mais grupos os dados foram analisados pelo método de
variancia ANOVA seguido de teste comparativo multiplo de Tukey-Kramer utilizando
o Software Graph Prism. Os valores foram expressos em média + desvio padrao
(DP) de trés experimentos independentes, considerando-se como valores
significantes *p<0,05; ** p<0,01; **p<0,001.
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4. RESULTADOS

4.1 Avaliacao da viabilidade do mastoparano e INKKI em células de melanoma

B16F10, melandcitos melan-A e queratindcitos HaCaT

O estudo dos efeitos sobre a viabilidade celular foi o primeiro delineamento
realizado para obtencdo da ICsp que possibilitou a utilizagdo desses valores para 0s
estudos dos possiveis mecanismos antitumorais. A viabilidade das células tratadas
com o mastoparano e INKKI foi avaliada nas linhagens nao tumorigénicas de
melandécitos melan-A e queratinécitos HaCaT e tumoral de melanoma murino
B16F10-Nex2. Os resultados obtidos ap0s o tratamento e incubacao por 24 horas
mostraram que 0 mastoparano é um potente agente citotdéxico para as células de
melanoma murino B16F10-Nex2 nas concentracbes de 62,5 a 500 pM com o ICsg
(165 puM). Em células de melandcitos murinos melan-A e queratindcitos humano
HaCaT, o mastoparano exibiu menor citotoxicidade em relacdo a linhagem de
B16F10-Nex2, mostrando-se toxico entre as concentragfes de 250 e 500 pM em
ambas as linhagens com o IC5p de 411,5 uM e 428 uM, respectivamente (Figura 4).
O INKKI reduziu a viabilidade em linhagens de B16F10-Nex2 nas concentracdes de
250 e 500 uM com o ICso (386,70 uM). A citotoxicidade foi confirmada através do
método de exclusdo utilizando azul de tripan, onde a quantificacdo foi realizada
através da contagem das células ndo marcadas com o corante em camara de
neubauer. O INKKI néo apresentou toxicidade em células ndo tumorigénicas (Figura
5).
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Figura 4. Avaliacdo da viabilidade ap6s o tratament o com o mastoparano pelo método
colorimétrico MTT. As células de melanoma murino B16F10-Nex2, melandcitos melan-A
e queratinécitos HaCaT na densidade de 10* foram plagueadas em placas de 96 pocos,
tratadas com diferentes concentracdes do mastoparano e incubados durante de 24 horas.
A curva mostra a correlacdo do efeito dose-resposta expressa em média £ DP de trés
experimentos independentes.
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Figura 5. Avaliagdo da viabilidade apds o tratament o com o INKKI pelo método colorimétrico
MTT. As células de melanoma murino B16F10-Nex2, melanécitos Melan-A e
queratinécitos HaCaT na densidade de 10* foram plaqueadas em placas de 96 pocos,
tratadas com diferentes concentracdes do INKKI e incubados durante de 24 horas. A curva
mostra a correlagdo do efeito dose-resposta expressa em média + DP de trés
experimentos independentes.

4.2 Avaliacdo dos efeitos citotéxicos do mastoparan o e INKKI em linhagens

tumorais

A avaliagdo da citotoxicidade em diversas linhagens tumorais, além de
fornecer significativas informacgdes sobre a efetividade de compostos candidatos a
agentes antitumorais, também €& um protocolo amplamente utilizado e preconizado

pelo National Cancer Institute (http://www.cancer.gov). A citotoxicidade do

mastoparano e INKKI foi determinada em linhagens tumorais humanas. Apds o
tratamento e incubagdo, os dados mostraram que o0 mastoparano induziu morte
celular in vitro em todas as linhagens tumorais testadas, de maneira dose
dependente e exibiu diferentes graus de citotoxicidade (Figura 6). O INKKI néo
apresentou efeito sobre as linhagens de MDA-MB-231 e SiHa, uma vez que nao foi
possivel estabelecer uma correlacdo do efeito dose-resposta e por apresentar 1Csg
maior que a dose maxima empregada no delineamento experimental. Os resultados
mostraram que o INKKI apresentou efeito nas demais linhagens tumorais de
maneira dose dependente e exibiu diferentes graus de efetividades (Figura 7). Apés
obter os dados da toxicidade, foi possivel estabelecer as ICsy dos tratamentos com o
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mastoparano e INKKI, sendo que a viabilidade das células em 50% variou de 77.9

uM a 432,5 uM e de 87,53 uM a 486 uM, respectivamente (Tabela 2).

120 -6~ MCF-7
8 MDA

1004 % SK-BR3
> -- A2058
3 -©- U87
o 907 -#+ JurKat
©
©
2 404
Q0
I
> 20

10 100 1000

Concentragdo mastoparano em UM

Figura 6. Avaliacdo da citotoxicidade ap0s o tratam  ento com o mastoparano pelo método

colorimétrico MTT. As diversas linhagens tumorais na densidade de 10* foram
plaqgueadas em placas de 96 pocos, tratadas com diferentes concentracdes do
mastoparano e incubados durante de 24 horas. A curva mostra a correlacdo do efeito

dose-resposta expressa em média + DP de trés experimentos independentes.
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Figura 7. Avaliacao da citotoxicidade apés o tratam  ento com INKKI pelo método colorimétrico
MTT. As diversas linhagens tumorais na densidade de 10* foram plaqueadas em placas de
96 pocos, tratadas com diferentes concentracdes do INKKI e incubados durante de 24
horas. A curva mostra a correlacdo do efeito dose-resposta expressa em média + DP de
trés experimentos independentes.

Tabela 2. Atividade citotoxica do mastoparano e INK Kl em células tumorais

ICs0 (UM)* DP (LM)

Linhagem Celular mastoparano INKKI
A2058 140 +9,2 87,53+7,25
MCF-7 432,5+10,9 319,01 +£12,5
MDA-MB-231 251,25+11,5 > 500
SiHa 172,1 +8,8 > 500
SK-BR3 320,3+12,5 232,73 +11,15
us7 311,7+8,9 486 +13,9
Jurkat 779+6,7 452,60 + 9,50

*Valores de IC 5, definido como a concentragdo do peptideo que indu Z a inibicdo de 50% das
células observada apés 24 horas de tratamento, fora  m estimados a partir de uma curva dose
resposta.
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4.3 Estudo da viabilidade celular correlacionada co m as caracteristicas
bioquimicas apGs o tratamento com os peptideos anal 0gos ao INKKI

O ensaio de viabilidade celular com os peptideos analogos ao INKKI foi
delineado com o objetivo de correlacionar os possiveis efeitos sobre a viabilidade
com as caracteristicas bioquimicas dos peptideos. Os efeitos dos peptideos
analogos ao INKKI foram avaliados em linhagens tumorais de melanoma murino
B16F10-Nex2. Os resultados obtidos apds o tratamento e incubacdo por 24 horas
mostraram que somente o peptideo analogo ANKKI na concentragdo de 500 puM
apresentou significativa reducdo na viabilidade celular (*p< 0.05). Nao foi possivel
estabelecer a correlacdo do efeito dose-resposta (Figura 8A). Os demais peptideos
analogos nao apresentaram efeitos citotoxicos (Figuras 8B, Figura 9 A e B e Figura
10 A e B).

Esses dados da citotoxicidade foram confirmados através do método de
exclusdo utilizando azul de tripan, onde a quantificacdo foi realizada através da

contagem das células ndo marcadas com o corante em camara de Neubauer.
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Figura 10. Avaliacdo da viabilidade celular ap6s o tratamento com os analogos ao INKKI pelo
método colorimétrico MTT.  As células de melanoma murino B16F10-Nex2 na densidade
de 10" foram plaqueadas em placas de 96 pocos, tratadas com diferentes concentracées
dos andlogos ao INKKI e incubados durante 24 horas. A e B mostram que ambos os
peptideos analogos ao INKKI (INRRI e NKKII), ndo apresentaram significativos efeitos sobre
a viabilidade celular. Os dados foram confirmados através do método de excluséo utilizando
azul de tripan, onde a quantificacdo foi realizada através da contagem das células néo
marcadas com o corante em caAmara de Neubauer.

4.4 Avaliacdo dos aspectos morfologicos das células de melanoma murino

B16F10-Nex2 cultivadas a 4 T e 37 T e tratadas co m o mastoparano e INKKI.

A analise dos aspectos morfolégicos, tais como, perda da adesdo e
comunicacdo celular, retraimento do citoplasma, formas arredondadas e perda
refringéncia, fornecem importantes indicios sobre o tipo de efeito biologico
desencadeado em resposta ao tratamento com o0s peptideos. As diferentes
condicdes experimentais de temperatura também fornecem informagdes importantes
sobre o efeito biolégico. As culturas celulares de melanoma murino B16F10-Nex2
foram plagueadas em placas de 96 pocos, incubadas com o mastoparano a 500 uM,
mantidas em estufa contendo 5% de CO, a 4T e 37C e acompanhadas por 0, 8 e
24 horas. Os resultados mostraram que em ambas as condi¢cdes de temperatura, 0
mastoparano foi capaz de induzir, desde o tempo inicial de 15 minutos até a oitava
hora do tratamento, significativas modificacbes morfoldgicas como perda de adesao,
retraimento do citoplasma e perda de refringéncia (Figura 11).
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O delineamento experimental para avaliar os aspectos morfolégicos das
células tratadas com o INKKI 500 uM seguiu as mesmas especificacbes do ensaio
com o mastoparano, ou seja, cultivadas em placas de 96 pocos e mantidas em
estufa contendo 5% de CO; a 4 C e 37 T e acompanhadas por 0, 8 e 24 horas. Os
resultados mostraram que o INKKI ndo apresentou modificagdes morfolégicas nas
culturas mantidas a 4 € durante as 24 horas de aco mpanhamento (Figura 12). As
culturas mantidas a 37 C apresentaram significativ as altera¢cées morfologicas desde
a 82 hora do tratamento. Essas modificacbes foram caracterizadas pela perda da
comunicacdo celular e principalmente pelas formas arredondadas. Porém, apesar
das mudancas morfoldgicas, as células permaneceram viaveis durante as 24 horas
do tratamento. As principais caracteristicas que suportam essa hipotese é a
manutencdo da refringéncia, integridade da membrana plasmatica e nacleo celular
bem delimitado, ou seja, as células estavam brilhantes e sem aparéncia de morte

celular (Figura 13).

58



Controle

mastoparano

15 minutos 8 horas 24 horas

Figura 11. Fotomicrografia da microscopia optica in vertida das células de melanoma murino
B16F10 mantida a 37 C e tratadas com o mastoparano . As fotomicrografias mostram
em destaque, os aspectos morfolégicos das culturas de melanoma murino B16F10-Nex2
controle e tratadas com o mastoparano 500 pM, acompanhada por 24 horas e mantidas a
37 C. Foram observadas alteracdes na morfologia caracteristica de morte celular, como
perda de adeséo, retraimento do citoplasma e perda de refringéncia, desde a 0 até a 242
hora do tratamento.
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15 minutos 8 horas 24 horas

Controle

Figura 12. Fotomicrografia da microscopia Optica in vertida das células de melanoma murino
B16F10 mantidas a 4 € e tratadas com o INKKI. ~ As fotomicrografias mostram em
destaque, os aspectos morfoldégicos das culturas de melanoma murino B16F10-Nex2
controle e tratadas com o INKKI 500 uM, acompanhada por 24 horas e mantidas a 4 C.
N&o foram observadas significativas alteragbes morfoldgicas tanto no controle quanto nas
células tratadas durante as 24 horas de tratamento.
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Figura 13. Fotomicrografia da microscopia Optica in vertida das células de melanoma murino
B16F10 mantidas a 37 € e tratadas com o INKKI.  As fotomicrografias mostram em
destaque, os aspectos morfolégicos das culturas de melanoma murino B16F10-Nex2
controle e tratadas com o INKKI 500 uM, acompanhada por 24 horas e mantidas a 37 C.
A partir da 82 hora, foram observadas significativas alteracdes morfolégicas com perda da
comunicacao celular e presenca de formas arredondadas. Apesar destas alteracdes, as
células aparentemente estavam viaveis, caracterizadas pela refringéncia.

4.5 Efeitos sobre a proliferacdo em células de linh  agens de melanoma murino
B16F10-Nex2 apos o tratamento com o INKKI e scrambl e

A avaliacdo da proliferagéo celular fornece importantes dados sobre os
possiveis efeitos relacionados com o ciclo celular. Os efeitos antiproliferativos foram
avaliados em linhagens tumorais de melanoma murino B16F10-Nex2. Os resultados
mostraram que ao longo das 72 horas de incubacdo o tratamento com 500 uM de
INKKI apresentou uma progressiva reducdo do niumero de células em relacdo ao
controle negativo e scramble. Nas primeiras 24 horas, os dados mostraram que
houve uma inibicdo da proliferacdo de 37,6% e 35,65% em comparacao ao controle
negativo e scramble, respectivamente. Apos 48 horas de incubacdo, o tratamento
com INKKI foi capaz de inibir a proliferagdo em 55,64% e 43,70% em comparagéo
ao controle negativo e scramble, respectivamente. Ap0s 72 horas, foi possivel
verificar que houve um aumento na inibicdo da proliferacdo em 78,34% e 74% em

comparacdo ao controle negativo e scramble, respectivamente. Nao foi possivel
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prolongar o tempo de incubagdo por 96 horas, uma vez que o controle negativo
atingiu a confluéncia com 72 horas (Figura 14).

-o- Control

3 o] = INKKI |
- Scr (NKKII) :l

0 24 48 72
Horas Tratamento

Figura 14. Avaliacao sobre a proliferacdo celular a  p0s o tratamento com o INKKI e scramble.
As células de melanoma murino B16F10-Nex2 na densidade de 10° foram plagueadas em
placas de 96 pocos, tratadas com 500 uM de INKKI e incubadas por 72 horas. Apds os
tempos de incubagédo de 24, 48 e 72 horas as células foram quantificadas pelo método de
exclusdo do azul de tripan em camara de Neubauer. Os dados mostraram que INKKI foi
capaz de inibir a proliferacdo de forma progressiva ao longo do tratamento. A curva mostra
a cinética de proliferacéo expressa em média £ DP de trés experimentos independentes e
a andlise estatistica realizada pelo o teste One-Way ANOVA seguido pelo teste de Tukey-
Kramer (*** p<0,001).

4.6 Inibicdo da adesao celular em culturas de B16F1 0-Nex2 tratadas com o

INKKI e scramble

Estudos sobre a adesdo celular em linhagens tumorais apresentam
importantes indicios de possiveis efeitos sobre microambiente tumoral e/ou
formacao de metastases. Esses dados podem contribuir para a geracéo dos futuros
delineamentos experimentais, como por exemplo, estudos in vivo antimetastaticos.
Os efeitos sobre a adesédo foram avaliados em linhagens tumorais de melanoma
murino B16F10-Nex2 cultivadas sobre a monocamada celular, matrigel e superficie
de poliestireno da placa de 96 pocos. Apos 24 horas de incubacdo com 500 uM de
INKKI e scramble, a adesao foi quantificada. Os resultados mostraram que o INKKI
foi capaz de inibir a adesdo sobre a monocamada celular em 43% e 31%

comparando com controle negativo e o scramble, respectivamente (Figura 15). A
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avaliacao sobre o matrigel mostrou que o INKKI foi capaz de inibir a adesdo em 50%
e 45%, comparando com o controle negativo e o scramble, respectivamente (Figura
16). Por fim, os dados apresentados ap0s a incubacéo sobre o poliestireno da placa
de 96 pocos mostraram que o INKKI inibiu a adesédo celular em 40% e 34,5%,

comparando com o controle negativo e o scramble, respectivamente (Figura 17).
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Figura 15. Inibicdo da adesédo sobre o monolayer cel ular apdés o tratamento com o INKKI e
scramble. As células de melanoma murino B16F10-Nex2 na densidade de 10* foram
plagueadas sobre o monolayer celular em placas de 96 pocos, tratadas com 500 uyM de
INKKI e incubadas por 4 horas. ApGs os tempos de incubacdo as células foram
guantificadas pelo método de exclusdo do azul de tripan em camara de Neubauer. Os
dados mostraram que o INKKI foi capaz de inibir significativamente a adesao sobre o
monolayer celular e a analise estatistica foi realizada aplicando o teste One-Way ANOVA
seguido pelo teste de Tukey-Kramer (** p<0.01).
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Figura 16. Inibicdo da adesdo sobre o matrigel apé s o tratamento com o INKKI e scramble.  As
células de melanoma murino B16F10-Nex2 na densidade de 10* foram plaqueadas sobre
o0 matrigel em placas de 96 pocos, tratadas com 500 yM de INKKI e incubadas por 4
horas. Ap6s os tempos de incubacdo as células foram quantificadas pelo método de
exclusdo do azul de tripan em camara de Neubauer. Os dados mostraram que o INKKI foi
capaz de inibir significativamente a ades@o sobre o matrigel e a andlise estatistica foi
realizada aplicando o teste One-Way ANOVA seguido pelo teste de Tukey-Kramer (**
p<0.01,** p<0.01).
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Figura 17. Inibicdo da adeséo sobre a superficie de poliestireno da placa de 96 pogos apos o
tratamento com o INKKI e scramble.  As células de melanoma murino B16F10-Nex2 na
densidade de 10" foram plaqueadas sobre o poliestireno da placas de 96 pocos, tratadas
com 500 uM de INKKI e incubadas por 4 horas. Ap6s os tempos de incubacédo as células
foram quantificadas pelo método de exclusédo do azul de tripan em camara de Neubauer.
Os dados mostraram que o INKKI foi capaz de inibir significativamente a adeséo sobre o
poliestireno e a analise estatistica foi realizada aplicando o teste One-Way ANOVA
seguido pelo teste de Tukey-Kramer (** p<0.01)
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4.7 Inibicdo da migracdo em células de linhagem B16  F10-Nex2 apos tratamento
com o INKKI e scramble.

A migragdo celular in vitro fornece indicios sobre o comportamento das
linhagens tumorais frente ao tratamento com os peptideos. E importante enfatizar
gque os dados gerados desse experimento também podem promover futuros
planejamentos para avaliacdo antimetastatica in vivo. Os efeitos inibitérios da
migracdo foram avaliados em linhagens tumorais de melanoma murino B16F10-
Nex2. Os resultados mostraram que ao final das 24 horas de incubagéo, os pocos
que receberam o tratamento de 500 uM de INKKI ainda apresentaram espacos a
serem percorridos pelas células, enquanto que o controle negativo atingiu 100% de
confluéncia, indicando que o peptideo exibiu efeito inibitorio significativo sobre
migracdo celular (Figura 18). A quantificacdo da inibicdo da migracdo celular foi
mensurada através da area percorrida pelas células. Os resultados mostraram que o
INKKI foi capaz de inibir a migracdo em 51,9% e 44,26% em comparacdo ao

controle negativo e ao peptideo scramble, respectivamente (Figura 19).
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Figura 18. Avaliagdo da inibicdo da migragdo celula r apds tratamento com INKKI e scramble.

As células de B16F10-Nex2 foram plaqueadas na concentracdo de 2,5x10° em placas de
12 pocos, tratadas com 500 uM de INKKI e incubadas por 24 horas. Ao longo do periodo
de incubacdo, as células foram fotodocumentadas e as imagens analisadas através do
Software Wimasis Image. As imagens mostraram que, em comparacdo ao controle
negativo, as células tratadas com o INKKI ndo foram capazes de atingir a confluéncia ao
final da incubagdo. Analisando as distancias percorridas pelas células, ficou evidente que
0s pocos tratados com o INKKI apresentam menores areas percorridas do que o
Scramble. As imagens foram adquiridas por microscopia optica com magnitude de 10x.
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Figura 19. Quantificacdo do efeito inibitério da mi  gracdo celular apés o tratamento com o

INKKI e scramble. As células de B16F10-Nex2 foram plaqueadas na concentracdo de
2,5x10° em placas de 12 pocos, tratadas com 500 uM de INKKI e incubadas por 24
horas. As culturas foram fotodocumentadas nos tempos de 0, 8 e 24 horas. A
quantificacao foi realizada através da area percorrida pelas células. Os dados mostraram
que o INKKI foi capaz de inibir a migracdo celular em comparagcdo ao controle e
scramble. A curva mostra a area percorrida na placa de cultura expressa em média = DP
de trés experimentos independentes e a analise estatistica foi realizada aplicando o teste
One-Way ANOVA seguido pelo teste de Tukey-Kramer (*** p<0.001).

4.8 Efeitos sobre a invasao celular apds o tratamen  to com o INKKI e scramble

A invasdo celular € uma importante caracteristica associada a metastase. O
estudo dos efeitos do tratamento com o INKKI e scramble sobre a invasao forneceu
importantes evidéncias para futuros delineamentos experimentais antimetastaticos in
vivo. Os efeitos sobre a invasao celular foram avaliados em linhagens tumorais de
melanoma murino B16F10-Nex2. Os resultados mostraram que apés 24 horas de
incubacédo e tratamento com 500 uM de INKKI, houve uma significativa redugcéo na
invasdo celular. Esses dados estdo representados na Figura 20 A, onde ficou
evidente a reducdo no numero de células que invadiram o lado oposto do Transwell,
em comparacdo com o controle negativo e Scramble. Esses dados foram
quantificados através da contagem do numero das células que ultrapassaram o
matrigel. Os resultados mostraram que o tratamento com o INKKI foi capaz de inibir
a invasao celular em 66,87% e 53,38% em comparacdo ao controle negativo e

scramble, respectivamente (Figura 20 B).
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Figura 20. Ensaio de invaséo celular em linhagens d e melanoma murino B16F10-Nex2 apoés o

tratamento com o INKKI e scramble. A figura (A) exibe em destaque o numero de
células de melanoma murino B16F10-Nex2 que migraram pelo matrigel, evidenciando a
diferenca entre o tratamento com o INKKI, o controle negativo e scramble apds 24 horas
de incubacdo. Apés o tempo de incubacao as células foram coradas, quantificadas e os
dados mostraram que o INKKI foi capaz de inibir significativamente a invasao das células
tumorais e a analise estatistica foi realizada aplicando o teste One-Way ANOVA seguido
pelo teste de Tukey-Kramer (*** p< 0.001).

4.9 Avaliacao das fases do ciclo celular das célula s B16F10-Nex2 tratadas com

o INKKI e scramble

A reducédo do numero total de células B16F10-Nex2 apos o tratamento com o
INKKI, sugeriu uma possivel atividade moduladora sobre a proliferacdo. Desse
modo, foi determinada a porcentagem de células em cada fase do ciclo celular apés

o tratamento com o INKKI, Scramble e controle ndo tratado. Os resultados
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mostraram que o INKKI na concentracdo de 500 pM foi capaz de reduzir
significativamente a proliferacdo das células B16F10-Nex2, demonstrada pela
diminuicdo da porcentagem de células nas fases S e G2/M e aumento das células
em GO/G1. O tratamento com o INKKI levou uma reducao de 65,17%, e 40,26% das
células nas fases S e G2/M, respectivamente. Por outro lado, o INKKI aumentou a
propor¢cao da populagéo celular em 36% na fase GO/G1, ambas em comparacdo ao
controle negativo sem o tratamento. Em comparacéo ao peptideo Scramble, o INKKI
aumentou a porcentagem de células em GO/G1 em 33,86% e reduziu a propor¢ao
da populagédo em 61.85% e 61,36% nas fases S e G2/M, respectivamente (Figura 21
A e B).
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Figura 21. Inducdo da parada da fase GO/G1 do ciclo  celular das células B16F10-Nex2 apés o
tratamento com o INKKI e Scramble. As células B16F10-Nex2 foram plaqueadas na
concentracdo de 2,5x10° em placas de 12 pocos, tratadas com 500 yM de INKKI e
incubadas por 24 horas (A) O histograma representa o nimero de eventos em funcdo da
fluorescéncia marcada com a incorporacdo do lodeto de Propideo (PI). (B) Representa a
distribuicdo da porcentagem das fases do ciclo celular apés o tratamento com os
peptideos. Os dados mostraram que o INKKI induziu significativamente a parada do ciclo
celular na fase GO/G1 e consequentemente, reduziu o nimero de células nas fases S e
G2/M (** p< 0.01, *** p< 0.001).
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4.10 Efeitos sobre os mediadores envolvidos na regu  lacdo do ciclo celular e
migracao celular apos o tratamento com o INKKI e sc  ramble pelo método de

Western blotting

Para entender o mecanismo de acao do INKKI sobre a parada do ciclo celular
em cultura de melanoma B16F10-Nex2, as proteinas envolvidas no controle do ciclo
foram avaliadas por Western blotting. As células B16F10-Nex2 na concentracdo de
10° foram tratadas com 500 pM do INKKI e scramble e incubadas por mais 24 horas.
Apoés o periodo de incubacédo foi possivel observar que as células tratadas com o
INKKI apresentaram significativas alterac6es morfolégicas caracterizadas pela perda
da confluéncia, prolongamentos citoplasmaticos e diminuicdo da adesao intercelular
(Figura 22).

A primeira proteina analisada foi a ciclina D1. Os dados mostraram que 0
tratamento das células B16F10-Nex2 com 500 uM do INKKI induziu a inibicdo da
expressao de ciclina D1, corroborando com os dados obtidos com a analise do ciclo
celular, onde foi possivel mostrar 0 amento na propor¢cdo da populacao celular na
fase GO/G1. O estudo com a Ciclina D3 mostrou que houve uma discreta reducao
dos niveis de expressdo em comparacdo ao controle negativo e o peptideo
Scramble.

Analisando a via de sinalizagc&o upstream da ciclina D1, o INKKI mostrou ser
capaz de reduzir significativamente os niveis de importantes mediadores
correlacionados com a via da MAPK/Erk1-2 que controlam a progressao do ciclo
celular. Os resultados mostraram significativa reducdo nos niveis de expressao do
NFk-B, bem como da B-Catenina e Erkl1l-2 quando comparado com o controle
negativo e peptideo Scramble. Esses dados corroboram efetivamente com os efeitos
biolégicos descritos anteriormente através da andlise da expressdo da ciclina D1 e
do ciclo celular. Somando aos dados anteriores, também foi possivel observar que
0s niveis de expressédo de fosfo-c-Raf (Ser 338) e fosfo-AKT também apresentaram
significativa reducédo, enquanto que, o c-Raf ndo fosforilado apresentou o mesmo
nivel de expressdo quando comparado com o controle e scramble. Além disso, 0
INKKI também foi capaz de induzir o aumento da expressdo da p38. Todos 0s
dados foram padronizados com a B-actina (Figura 23 A e B).

Agregando aos resultados obtidos com a via de sinalizagao do ciclo celular,

foram avaliados os principais mediadores correlacionados com a migragao celular.
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Os dados obtidos da analise por Western blotting mostraram que as células tratadas
com o INKKI apresentaram uma significativa reducdo nos niveis de fosfo Src (Tyr
416), GSK3p, fosfo FAK (Tyr 925), fosfo FAK (Tyr 397) e um aumento na expressao
de Src, quando comparadas com o controle e o peptideo scramble. Os niveis de
FAK apresentaram discreta reducdo da expressao entre os tratamentos com o
controle, INKKI e scramble. A N-caderina é uma importante molécula de adesao que
esta diretamente envolvida no processo de migracdo celular. As células tratadas
com o INKKI apresentaram significativa reducdo nos niveis de expressdo de N-

caderina (Figura 24).

Controle Scramble

Figura 22. Alteracdes morfologicas das células B16F  10-Nex2 apoOs 24h de tratamento com o
INKKI e scramble . As células B16F10-Nex2 foram plagueadas na concentracdo de 10°
em placas de 6 pogos, tratadas com 500 uM de INKKI e incubadas por 24 horas. Apds a
incubacdo foi possivel observar as significativas alteragfes na morfologia celular. As
células tratadas com o INKKI apresentaram prolongamentos citoplasmaticos, perda de
confluéncia e adesao intercelular, além da significativa diminuigdo do nimero de células.
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Efeitos do tratamento das células B16F10 -Nex2 com o INKKI e scramble sobre os
niveis de expressdo de ciclinas D1 e D3, p-AKT, MAP K, B-Catenina, p38, c-Raf,
Phosp-c-Raf (Ser338) e NF k-B. (A) As células B16F10-Nex2 foram plaqueadas na
concentracao de 10° em placas de 6 pocos, tratadas com 500 uM de INKKI e incubadas
por 24 horas. Ap6s a incubacédo foram realizados Western Blottings para checagem da
expressédo de Cilina D1, Ciclina D3, AKT, MAPK, B-Catenina e NFk-B, todos os anticorpos
diluidos na proporcdo de 1:1000 e normalizados pela quantificacdo da B-actina. Os
resultados mostraram inibicdo da expressdo de Ciclina D1 e MAPK e reducdo nos niveis
de expressdo da f-Catenina, Phosp-c-Raf (Ser338) e NFk-B, enquanto que houve um
aumento na expressao de p-p38. (B) Esquema representativo da parada do ciclo celular
induzida pelo INKKI inibindo a expressdo da ciclina D1 e acumulo das células na fase
GO0/G1. Adaptada: (Gaurisankar; Tanya, 2008).
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Figura 24. Efeitos do tratamento das células B16F10 -Nex2 com o INKKI e scramble sobre os
niveis de expressao de GSk3 B, N-caderina, Src, fosfo Src (Tyr 416), FAK, fosfo  FAK
(Tyr 925), fosfo FAK (Tyr 397) e B-actina. As células B16F10-Nex2 foram plagueadas na
concentracdo de 10° em placas de 6 pocos, tratadas com 500 uM de INKKI e incubadas
por 24 horas. Apos a incubacdo foram realizados western blotting para checagem da
expressdo GSk3pB, E-caderina, Src, fosfo Src (Tyr 416), FAK, fosfo FAK (Tyr 925) E fosfo
FAK (Tyr 397), todos os anticorpos diluidos na proporgéo de 1:1000 e normalizados pela
guantificacdo da B-actina. Os resultados mostraram inibicdo da expressédo de Ciclina D1 e
MAPK e reducao nos niveis de expressédo da GSk3p, E-caderina, fosfo Src (Tyr 416), fosfo
FAK (Tyr 925) E fosfo FAK (Tyr 397), enquanto que houve um aumento na expressao de
Src.

4.11 Avaliacdo da internalizagdo por microscopia co  nfocal das células de
melanoma murino B16F10-Nex?2 tratados com INKKI marc  ado com FITC

A determinacdo da localizacdo e o trafego celular do INKKI fornecem
importantes evidéncias quanto ao mecanismo de acao, onde é possivel observar se
0 peptideo encontra-se ligado na superficie da membrana celular, se é internalizado
e disperso pelo citoplasma ou se esta localizado no nucleo celular. A internalizacéo
foi avaliada através de ensaios de microscopia confocal. As células de melanoma
murino B16F10-Nex2 foram incubadas por 1 e 24 horas com o INKKI marcado com
FITC (verde) na concentracdo de 500 uM. Ap6s ambos os periodos de incubacao,
os dados mostraram que o INKKI foi capaz de internalizar apresentando ampla
distribuicdo citoplasmatica. Além da localizacdo citoplasmatica, o nacleo celular foi
marcado com DAPI (azul) e foi possivel observar que o INKKI apresentou uma co-
localizacdo nuclear em ambos os tempos de incubagdo (Figura 25). Outro
importante dado obtido neste ensaio foi a Série-Z e reconstrucao tridimensional das
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células B16F10-Nex2. As fotomicrografias mostraram que o INKKI ndo se localizou
na membrana celular sendo totalmente internalizado (Figuras 26 e 27).

Sem marcaca DAPI FITC Sobreposica

CONTROLE 1 HORA

INKKI 1 HORA

INKKI 24 HORA

Figura 25. Imagens de microscopia confocal das célu  las de melanoma murino B16F10-Nex2
tratados com INKKI marcado com FITC (verde) e DAPI  (azul). As células B16F10-Nex2
foram incubadas com 500 uM de INKKI marcado com FITC e DAPI pelos periodos de 1 e
24 horas. Apos o periodo de incubacdo foi possivel observar que o peptideo foi
internalizado e amplamente distribuido pelo citoplasma. A co-localizacédo entre o FITC e 0
DAPI mostrou que o peptideo também foi encontrado na regido nuclear das células
(aumento 60x).
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Figura 26. Imagens de microscopia confocal da Série  -Z e reconstru¢do tridimensional das
células B16F10 das células controle de melanoma mur  ino B16F10-Nex2 marcadas
com FITC (verde) e DAPI (azul). As células B16F10-Nex2 foram incubadas com FITC e
DAPI pelos periodos de 1 e 24 horas. Apés o periodo de incubacao foi possivel observar
que somente a regido nuclear apresentou marcacdo com DAPI (aumento de 40x).
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4.12 Efeitos antimetastaticos em animais tratados c om o INKKI e scramble
(NKKII)

A habilidade das células tumorais de invadirem outros 6rgaos distantes do
foco primario é um evento clinico de ocorréncia letal em muitas neoplasias. Os
principais sitios de invasao dos tumores metastaticos sao o pulméao e o figado. Para
avaliar o efeito antimetastatico, as células viaveis de melanoma murino B16F10-
Nex2 foram injetadas endovenosamente pelo plexo retro-orbital 5x10° células nos
camundongos C57BL/6. ApOs 24 horas da inoculacdo, os camundongos foram
tratados com 2,5 mg/Kg por animal durante 5 dias. Ap6s o 14° dia os nodulos
pulmonares foram quantificados. Os resultados mostraram que o INKKI foi capaz de
inibir a formacdo de nddulos metastaticos pulmonares em 74% e 63,06% em
comparacao ao controle negativo tratados com solucao fisiologica e ao seu analogo

Scramble, respectivamente (Figura 28 A e B).
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Figura 28. Aspectos macroscopicos e analise quantit  ativa da inibicdo da formacdo de nédulos
metastaticos induzidos em camundongos de linhagem C 57BL/6 apls o tratamento
com o INKKI e scramble. As células B16F10-Nex2 foram injetadas pelo plexo retro-orbital
nos animais para indugdo da formacao metastatica. Apés 24 horas da inducéo, os animais
foram tratados durante 5 dias pela via intraperitoneal e no 14° dia os nédulos metastaticos
foram quantificados. A) Aspectos macroscépicos dos pulmdes mostraram que 0s animais
tratados com o INKKI apresentaram menor nimero de ndédulos metastaticos em
comparacdo ao controle e scramble. B) As quantificacdes dos nddulos mostraram que
INKKI apresentou significativa reducdo no niumero de metastases pulmonar. Para cada
experimento foram utilizados 5 animais por grupos e a analise estatistica foi realizada
aplicando o teste One-Way ANOVA seguido pelo teste de Tukey-Kramer (* p< 0.05, ** p<
0.01).
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4.13 Atividade antitumoral sobre o melanoma cutaneo em a nimais tratados

com o INKKI e scramble

Os modelos experimentais in vivo apresentam significativa importancia para
obtencdo da prova de conceito de compostos candidatos a agentes antitumorais.
Um dos modelos mais empregado em estudos de atividade antitumoral é o
melanoma dorsal. Este modelo permite o desenvolvimento e a avaliacdo de novas
drogas e procedimentos terapéuticos. A inoculacdo subcutanea deste tumor provoca
o desenvolvimento de um nédulo hipodérmico que se torna palpavel em torno de
uma a duas semanas, sendo facilmente mensurado, evoluindo para um tumor soélido,
podendo chegar a grandes dimensdes. Para avaliar os efeitos protetores 10° células
de melanoma murino B16F10-Nex2 foram injetadas subcutaneamente nos flancos
direitos dorsais dos camundongos de linhagem C57BL/6. Os animais foram tratados
com 2,5 mg/Kg de INKKI e scramble e o volume tumoral foi mensurado até que os
animais atingissem o volume maximo de 3000 mm?®. Os dados mostraram que 0
INKKI foi capaz de inibir o crescimento tumoral em 76,42% e 61,09% em
comparacdo aos animais controles tratados com solugdo salina e ao peptideo
Scramble, respectivamente (Figura 29).

Outro importante parametro avaliado simultaneamente ao desenvolvimento
tumoral é a taxa de sobrevida. Esse aspecto fornece importantes informacfes sobre
a resposta frente ao tratamento com drogas antitumorais, uma vez que muitos
agentes quimioterapicos disponiveis para 0 melanoma nao apresentam aumento na
expectativa de vida do paciente. A taxa de sobrevida foi avaliada de acordo com as
condicbes experimentais descritas acima. Os resultados mostraram que o
tratamento com o INKKI foi capaz de aumentar a taxa de sobrevida dos animais
portadores de tumores dorsais em 65,5% e 54,8% em comparacdo ao controle
negativo tratado com o veiculo (solucdo salina) e ao scramble (Figura 30).
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Figura 29. Atividade antitumoral sobre o melanoma ¢ uténeo induzidos em camundongos de
linhagem C57BL/6 ap6s o tratamento com o INKKI e sc ramble. As células de
melanoma murino B16F10-Nex2, na concentracdo de 5x10° células de foram injetadas
subcutaneamente em camundongos de linhagem C57BL/6. Os animais foram tratados
com 2,5 mg/Kg com o INKKI e scramble e o volume tumoral foi mensurado até que os
animais atingissem o volume maximo de 3000 mm®. Os dados mostram que o INKKI
apresentou significativo efeito protetor em comparacé@o ao controle negativo tratado com
solucdo salina e ao scramble. Para cada experimento foram utilizados 5 animais por
grupos e a andlise estatistica foi realizada aplicando o teste One-Way ANOVA seguido
pelo teste de Tukey-Kramer (* p< 0.05, ** p< 0.01 e *** p< 0.001).
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Figura 30. Avaliacdo da taxa de sobrevida dos anima is portadores de melanoma cutaneo
tratados com o INKKI e scramble . As células de melanoma murino B16F10-Nex2, na
concentracdo de 5x10° células foram injetadas subcutaneamente e tratadas com solucdo
fisiolégica e 2,5 mg/Kg com INKKI e scramble. A terapia intraperitoneal comec¢ou apds os
tumores atingirem 100mm?® e foi prolongada durante 5 dias. Os dados mostraram que o
INKKI proporcionou um aumento na taxa de sobrevida em comparacdo ao controle
negativo tratado com solucao fisiolégica e ao scramble. Para cada experimento foram
utilizados 5 animais por grupos e a analise estatistica foi realizada pelo método Kaplan-
Meyer (***p<0,001 e ** p< 0.01).
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4.14 Efeitos antimetastaticos em animais imunodefic  ientes NOD/SCID/ y.™"

tratados com o INKKI

O estudo dos efeitos antitumorais decorrentes da acao direta dos compostos
candidatos a agentes antitumorais ou os efeitos protetores deles mediados através
da ativacdo do sistema imunolégico fornece importante dado para determinacdo do
mecanismo de acdo in vivo. Para determinar o envolvimento do sistema
imunologico nos efeitos protetores in vivo, as células de melanoma B16F10-Nex2
foram injetadas pelo plexo retro-orbital 5x10* células nos camundongos
imunodeficientes NOD/SCID/y™". Apoés 24 horas da inoculagdo, os camundongos
foram tratados com 2,5 mg/Kg de INKKI, por animal, através da via intraperitoneal e
durante 5 dias. Apdés o 14° dia os nodulos metastéticos pulmonares foram
guantificados. Os resultados mostraram que o INKKI ndo exerceu efeito direto sobre
a inibicdo das metastases pulmonares, onde foi possivel observar que em ambos os
grupos experimentais os animais apresentaram mais do que 500 ndédulos por

pulmao, ndo estabelecendo diferenca estatistica entre eles (Figura 31).
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Figura 31. Aspectos macroscopicos e andlise quantit  ativa formacao de ndédulos metastaticos
induzidos em camundongos imunodeficientes de linhag em NOD/SCID/\(CnUII apos o
tratamento com o INKKI. As células B16F10-Nex2 foram injetadas pelo plexo retro-orbital
nos animais para indugdo da formacao metastatica. Apés 24 horas da inducéo, os animais
foram tratados durante 5 dias e no 14° dia os nodulos metastaticos foram quantificados.
Aspectos macroscopicos dos pulmdes mostraram que 0s animais tratados com o INKKI
ndo apresentaram diferenca significativa do numero de nddulos metastaticos em
comparacdo ao controle. As quantificacdes dos nédulos pulmonares mostraram que 0s
animais controles e tratados com INKKI apresentaram mais de 500 nédulos metastatico
por pulmé&o.

4.15 Ensaio de ativacdo de macrofagos

O sistema imunoldgico apresenta uma estreita correlagdo com o controle e o
desenvolvimento tumoral. A avaliacdo da participacdo da imunidade inata mediada
pelos peptideos que apresentaram atividade antitumoral in vivo, foi analisada a
producdo de NO induzido em macréfagos naive. Os macrofagos foram obtidos da
medula, estimulado sua diferenciacao e tratados com o INKKI nas concentracdes de
100 a 0,1 pM. Os macrofagos foram ativados com IFN-y (100 U/mL) e LPS (200
ng/mL) e incubados por até 72 horas. Os resultados obtidos mostraram que durante

82



todo o periodo de incubacdo, o INKKI ndo foi capaz de ativar os macrofagos
(Figuras 32, 33 e 34). Esse resultado sugere que os efeitos antimetastaticos e

protetor in vivo ndo sdo mediados diretamente pela ativacdo de macréfagos naive.
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Figura 32. Efeitos sobre a ativacdo de macréfagos a  pds o tratamento com o INKKI. A cultura de
macrofagos foi obtida da medula éssea. Apdés a obtencdo os macrofagos foram
diferenciados, tratados com o INKKI e ativados como descrito a seguir: M+L+| (macrofago
+ LPS + IFN-y + peptideo); M+l (macréfago + IFN-y + peptideo); M+L (macréfago + LPS +
peptideo); e MO (macréfago + peptideos). Apds 24 horas de incubacéo foi quantificada a
producdo de NO. Os dados mostraram que o peptideo INKKI ndo foi capaz de ativar os
macrdéfagos.
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Figura 33. Efeitos sobre a ativacdo de macréfagos apds o trata  mento com o INKKI. A cultura
de macréfagos foi obtida da medula 6ssea. Apos a obtencdo os macrofagos foram
diferenciados, tratados com o INKKI e ativados como descrito a seguir: M+L+l
(macréfago + LPS + IFN-y + peptideo); M+l (macréfago + IFN-y + peptideo); M+L
(macréfago + LPS + peptideo); e MO (macréfago + peptideos). Apos 48 horas de
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incubacéo foi quantificada a producdo de NO. Os dados mostraram que o peptideo
INKKI nédo foi capaz de ativar os macréfagos.
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Figura 34. Efeitos sobre a ativacdo de macréfagos a  pds o tratamento com o INKKI. A cultura de
macrofagos foi obtida da medula éssea. Apdés a obtencdo os macrofagos foram
diferenciados, tratados com o INKKI e ativados como descrito a seguir: M+L+| (macrofago
+ LPS + IFN-y + peptideo); M+l (macrofago + IFN-y + peptideo); M+L (macréfago + LPS +
peptideo); e MO (macrofago + peptideos). Apds 72 horas de incubacgéo foi quantificada a
producdo de NO. Os dados mostraram que o peptideo INKKI nao foi capaz de ativar os
macraéfagos.

4.16 Determinacdo das proporcdes da populagdo celul ar em apoptose pelo
teste de Anexina V

Uma das caracteristicas da apoptose é a perda da polaridade de membrana,
acompanhada pela translocacdo da fosfatidilserina (PS) a partir do interior de
folhetos da membrana externa expondo PS para o ambiente externo. A proteina de
ligacdo de fosfolipidios, anexina V, liga-se a células quando expostas externamente,
engquanto a coloracao Pl ocorre somente apods perda da integridade da membrana.
Os resultados obtidos mostraram que houve significativo aumento das porcentagens
das populacdes das células B16F10-Nex2 controles (tratadas somente com o
veiculo) de 7,06% para 44,8% tratadas com 0 mastoparano e marcadas com
anexina V positiva. Simultaneamente, também foi possivel observar um aumento
das células de B16F10 duplamente marcadas com anexina V e Pl nas propor¢des
de 7,6% controle para 19,1% tratadas com o mastoparano. (Figura 35 A e B).

84



A Controle Mastoparano

{
-
0
!
1
{
1 3
108 100
0 0
] A L ¥
_ :
1—q e — ey - l'dﬂ‘? . - e rever -
0 10°

and e e
¢ G ¢

Pl

T TY TR Y Y YTTew v v wyvess  v*

s ad - a8
0 . -

-
o
]s_.l..._. . PP FUTS S  S— —
o

S
r g

Anexina V

B 100~ E=3 Controle
90- BE= Mastoparano
804
704 1
60+ I
504 P
40+
30
204
10+ %
0 m %I ﬂﬁ'll-a_

T
Primaria Secundaria Necrose

e e

Apaptose (%)

Figura 35. Avaliacdo morte celular pelo teste de Anexina V/PI por citometria fluxo. (A) Dot plots
representando a distribuicdo da marcacéo na populacao celular. (B) Gréafico de barras
representando a quantificacdo da porcentagem de marcacdao distribuida pela populacéo
celular. Os dados representam os efeitos apoptoéticos/necréticos apds os tratamentos
com o0 165 puM de mastoparano, comparado com o controle sem o peptideo, em
culturas de células tumorais de linhagem de melanoma murino B16F10-Nex2 e
determinadas por citometria de fluxo apds 12 horas de tratamento. O mastoparano foi
capaz de aumentar significativamente a propor¢cdo de morte por apoptose na
populacao celular (*** p< 0.001).

4.17 Inducéo da despolarizacdo do potencial de memb  rana mitocondrial ( @m)

O estudo dos efeitos do mastoparano durante o processo de apoptose via
alteracdes do potencial elétrico mitocondrial foram avaliados através da utilizacdo do
corante catibnico lipofilico TMRE nas células de melanoma. Os dados mostraram
que o mastoparano foi capaz de reduzir significativamente a intensidade da

fluorescéncia, sugerindo que o tratamento com este peptideo resultou na dissipacao
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Counts

do A¥Ym. O dano mitocondrial durante o processo de apoptose induzida pelo
mastoparano em células B16F10-Nex2 foi demonstrado pela reducdo em 42,8% e
49,7% do acumulo do corante lipofilico catibnico TMRE na organela apds o periodo
de 1 e 3 horas de incubacdo, respectivamente, implicando em limiar de

permeabilidade reduzida (Figura 36).
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Figura 36. Perda do potencial mitocondrial transmem brana (A¥m) em células tratadas com
mastoparano. As células de melanoma murino B16F10-Nex2 foram tratadas com 165
MM do mastoparano pelos periodos indicados e recolhidos para a determinagédo do A¥m
utilizando TMRE por citometria de fluxo. Os histogramas representativos do acamulo do
TMRE em células nao tratadas (controle) e tratadas com o mastoparano por 1 e 3 horas.

4.18 Andlise da integridade do DNA apés tratamento  com o mastoparano

O desenvolvimento de novos agentes antitumorais fundamenta-se na
capacidade desses compostos de inibirem a proliferacdo e induzirem morte celular.
O padréao de bandas formadas durante a degradacdo do DNA fornece importantes
informacdes do tipo de morte celular. Desta forma, analise através da eletroforese
em gel de agarose mostrou que o mastoparano na concentracdo de 165 pM
incubado por 3 horas proporcionou a degradacdo de DNA em células de melanoma
murino B16F10-Nex2 com formacéo padrdo de bandas caracteristico de apoptose
(Figura 37).
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Figura 37. Fragmentacdo do DNA induzida por mastopa rano em células B16F10-Nex2. As
células foram incubadas com o mastoparano na concentracdo 165puM por 3h. Os
extratos nucleares foram obtidos e a fragmentagcédo do DNA foi analisada por eletroforese
em gel de agarose 1,0%, corado com brometo de etidio, como descrito nos materiais e
métodos. a) padrdo de 1Kb; b) controle (células nao tratadas); c) células tratadas com o
mastoparano. Os dados mostram que as células tratadas com o mastoparano apresenta
a formacéo do padréo de fragmentacado caracteristica de apoptose.

4.19 Determinacgdo de alteracées morfologicas caract  eristicas de apoptose em

células induzidas pelo mastoparano

O processo de morte celular induzida por apoptose apresenta significativas
modificagbes morfologicas. Para estudar as caracteristicas morfologicas da
apoptose desencadeada pelo mastoparano em células B16F10-Nex2, foram
empregadas a marcacdo com DAPI e mensurado por microscopia de fluorescéncia.
A densidade da cromatina foi avaliada em células cultivadas em placa de 96 pocos
na presenca de 165 uM de mastoparano. Apds a incubacéo foi adicionado DAPI e os
resultados mostraram que o0 mastoparano induziu significativas alteracbes
morfologicas, onde € possivel observar a fragmentacdo e condensacao nuclear
(nucleos picnéticos). O percentual de nucleos apoptéticos foi de 65,87 % em células

de melanoma incubadas com o mastoparano (Figura 38 A e B).
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Figura 38. Alteracdes morfolégicas caracteristicas de apoptose induzidas pelo mastoparano
em células de melanoma murino B16F10-Nex2. As células de melanoma foram
cultivadas na concentracdo de 10* em placa de 96 e tratadas com 165 pM de
mastoparano e incubadas por 18 horas. (A) As modificacdes morfoldgicas
correlacionadas com o estado da cromatina foi avaliada ap6s a marcagdo nuclear com
DAPI. Nota-se a presenca de condensacdo da cromatina apds o tratamento com o
mastoparano (seta branca). (B) Quantificacdo da percentagem de células marcadas com
DAPI. As células positivas para a coloracdo foram visualizadas em microscopio de
fluorescéncia e expressa em porcentagem do total de células contadas de células
controle (aumento 20x) e a analise estatistica foi realizada aplicando o test t de student
utilizando o Software Graph Prism (***p<0,001 e ** p< 0.01).
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4.20 Geracdo de Espécie Reativas do Oxigénio (ROS) induzida pelo

mastoparano

O aumento de liberagdo de espécies reativas do oxigénio (ROS) pode
desencadear uma cascata de eventos que conduzem a apoptose. A avaliacdo da
geracdo de ROS pode contribuir de forma significativa para a compreensdo do
mecanismo de morte celular proporcionado pelo mastoparano. Para avaliar a
geracdo de ROS as células de melanoma murino B16F10-Nex2 foram tratadas com
165 uM de mastoparano e incubadas por 3 e 6 horas. Apos a incubacgéo as células
B16F10-Nex2 foram coradas com dihidroetidio (DHE) por 30 minutos a 37 T em
temperatura ambiente e sua conversdo em etidio foram mensuradas em microscopia
confocal. Apds a aquisicdo das imagens foi possivel observar que o mastoparano
aumentou significativamente a intensidade da fluorescéncia de etidio de 12% na
populacao controle para 44% e para 74,76% na populacao tratada e incubada por 6
horas (Figura 39 A e B).
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Figura 39. Geracao de espécies reativas do oxigénio (ROS) pelo mastoparano em células de

melanoma murino B16F10-Nex2. (A) Células de melanoma B16F10-Nex2 ndo tratadas
(controle negativo) e tratadas com 165 pM de mastoparano por 3 e 6 horas foram
incubadas com o corante fluorescente DHE (5 puM) para deteccdo da produgdo de &nion
superoxidos. (B) Quantificagdo da percentagem de células marcadas com DHE. As células
positivas para a coloracéo foram visualizadas em microscépio de fluorescéncia e expressa
em porcentagem do total de células contadas de células controle e a analise estatistica foi
realizada aplicando o test t de student utilizando o Software Graph Prism (***p<0,001 e **
p< 0.01).
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4.21 Efeitos sobre a viabilidade celular em cultura s de B16F10-Nex2 pré-
incubadas com o antioxidante N-acetilcistina (NAC) ap0s tratamento com o

mastoparano

A liberacdo de espécies reativas de oxigénio (ROS) pode desencadear uma
cascata de eventos que conduz a apoptose. A N-acetilcisteina é conhecida como um
importante agente inibidor da producdo de ROS. A avaliacdo da citotoxicidade do
mastoparano na presenca e auséncia de NAC foi mensurada pelo método MTT em
células de melanoma murino B16F10-Nex2. Os resultados obtidos apés o
tratamento mostraram que o mastoparano na presenca de NAC apresentou menor
toxicidade quando comparado com o tratamento na auséncia do NAC. As células
pré-tratadas com o NAC apresentaram significativo aumento na ICsp de 165 uM
NAC™ para 295 uM NAC" (Figura 40). Esses dados mostram que a geracio de ROS
€ um importante evento envolvido no processo de morte celular induzidas pelo

mastoparano.
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Figura 40. Avaliacdo da citotoxicidade do mastopara no na presenca e auséncia de N-
acetilcisteina (NAC). As células de melanoma murino B16F10-Nex2 na densidade de
10* foram plaqueadas em placas de 96 pocos, tratadas com diferentes concentracdes do
mastoparano na presenca e auséncia de NAC e incubados durante de 24 horas. Os
dados exibiram que as células tratadas com o mastoparano na presenca do antioxidante
foram mais resistentes aos efeitos citotoxicos. A curva mostra a correlagdo do efeito
dose-resposta expressa em média + DP.
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4.22 Avaliacdo da atividade enzimética da caspase 3  apés o tratamento com o

mastoparano

Umas das principais altera¢des funcionais foram avaliadas em linhagens de
melanoma murino B16F10-Nex2 apds o tratamento com o0 mastoparano por
fluorimetria. Neste experimento foi avaliado a atividade da caspase 3, uma
importante cisteino proteinase executora, comum as vias intrinseca e extrinseca. A
atividade enzimatica de caspase-3 foi mensurada apdés o tratamento com 165 pM de
mastoparano. Apos o periodo de incubacéo, a andlise por fluorimetria indicou que o
mastoparano foi capaz de aumentar significativamente a atividade da caspase 3

quando comparado com o controle sem o tratamento (Figura 41).
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Figura 41. Avaliacdo da atividade enzimatica da cas pase 3 em culturas de melanoma murino
B16F10-Nex2 apds o tratamento com o0 mastoparano. As barras do histograma
indicam o aumento da atividade da caspase 3 apds os tratamentos com 0 mastoparano
165 uM comparado o controle sem o tratamento determinada por fluorimetria apds 6
horas de tratamento. Os tratamento com o mastoparano foi capaz de aumentar
significativamente a atividade da caspase 3 e a analise estatistica foi realizada aplicando
o test t de Student utilizando o Software Graph Prism (***p<0,001 e ** p< 0.01).
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4.23 Andlise do mecanismo de acdo da apoptose via m itocondrial intrinseca
induzidos pelo tratamento com o mastoparano por Wes tern Blotting

Para entender o mecanismo de acdo desencadeado pelo mastoparano
induzindo apoptose através da via mitocondrial intrinseca em cultura de melanoma
B16F10-Nex2, foram avaliados os principais mediadores pr6 e anti-apoptéticos por
Western blotting. As células B16F10-Nex2 na concentracdo de 10° foram tratadas
com 165 pM do mastoparano e incubadas por 3 e 12 horas. Apds o periodo de
incubacdo foi possivel observar significativas modificacdes morfolégicas que
caracterizam a apoptose, tais como, retraimento citoplasmético com manutencéo da
integridade de membrana plasmatica, condensacédo nuclear e formacdo de corpos
apotaoticos (Figura 42).

A apoptose estd associada com a ativacdo especifica através do
processamento proteolitico das caspases iniciadoras 8, 9 e 12 e da caspase efetora
3. Os resultados mostraram que o mastoparano nos tempos de 3 e 12 horas de
incubacéo, foi capaz de reduzir as pro-caspases 3, 9 e 12 e aumento nos niveis de
suas formas clivadas (ativas) (Figura 43 A). Nao foi possivel detectar o alteracdes
nos niveis da pro-caspase 8 ou caspase 8 clivada (dados ndo mostrados).
Adicionalmente, foi detectado aumento nos niveis da poli (ADP-ribose) polimerase
(PARP) clivado, resultante da clivagem especifica do PARP pela forma ativa da
caspase 3. Esses resultados indicam que a morte celular induzida pelo mastoparano
esta associada com a ativacdo das caspases iniciadoras 9 e 12 e efetora 3 (Figura
43 B).

Além da despolarizagdo da membrana mitocondrial e a clivagem da pro-
caspase 9 em sua forma ativa, a via intrinseca da apoptose também envolve a
perturbacdo da permeabilidade da membrana mitocondrial, no qual libera
importantes fatores pro-apoptéticos para o citoplasma e consequentemente,
desencadeando a ativacdo da via das caspases. Neste contexto, as proteinas da
familia da Bcl-2 apresentam uma importante regulacdo no balanco entre os
membros pré-apoptéticos, anti-apoptoéticos e sobrevida celular. Sobre a avaliagdo da
expressdo da familia Bcl-2 em células B16F10 tratadas com o mastoparano, foi
possivel observar que houve significativa reducdo da expressao do BCL-XL e Bad

fosforilado. Somando a esses resultados, também ficou evidente que o mastoparano
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induziu, de maneira tempo dependente, o aumento nos niveis de fatores pro-
apoptéticos tais como o Bim e Bak (Figura 44 A).

Consistentemente com a despolarizacdo da membrana mitocondrial e a
modulacdo de proteinas pro-apoptoticas, foi possivel observar significativo aumento
nos niveis de citocromo ¢ nas células tratadas com o mastoparano. Adicionalmente,
0 tratamento com o mastoparano resultou na significativa diminuicdo dos niveis e
PHB-1 e dos canais anionicos dependente de voltagem (VDAC), no qual pode
explicar a morfologia anormal das cristas mitocondriais e perda da integridade de
membrana mitocondrial (Figura 44 A). Sendo assim, ficou evidente que o
mastoparano exibiu importante efeito na perturbacdo da permeabilidade
mitocondrial, liberando fatores pro-apoptéticos para o0 citoplasma e
consequentemente, acionamento da via das caspases durante a apoptose (Figura
44 B).

Controle

B16F10-Nex2

mastoparano

Figura 42. Alteracdes morfologicas das células B16F  10-Nex2 ap6s 12h de tratamento com o
mastoparano . As células B16F10-Nex2 foram plaqueadas na concentragdo de 10° em
placas de 6 pocgos, tratadas com 165 yM de mastoparano e incubadas por 12 horas.
ApOs a incubacao foi possivel observar significativas alteracdes na morfologia celular. As
células tratadas com o mastoparano exibiram retraimento do citoplasma, formas
arredondadas, manutencédo da integridade da membrana plasmética e a formacéo de
corpos apoptoticos.
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Figura 43. Avaliagdo dos efeitos apoptoticos do tra  tamento das células B16F10-Nex2 com o
mastoparano sobre os niveis de expressdo da via de ativacdo das caspases. As
células de B16F10-Nex2 foram plagueadas na concentracdo de 10° em placas de 6
pocos, tratadas com 165 uM de mastoparano e incubadas por 3 e 12 horas. Apés a
incubacéo, os mediadores foram estudados por western blottings para checagem da
expressdo das pré-caspase 3, 9, 12, caspases clivadas 3, 9, 12 e PARP clivado. Todos
os anticorpos foram diluidos na proporgdo de 1:1000 e normalizados pela quantificagcao
da B-actina. A) Os resultados mostraram reducéo dos niveis de pré-caspase 3,9 e 12 e
consequentemente aumento nos niveis das caspases 3, 9, 12 clivadas e PARP clivado.
B) Esquema de ativac&o da sinalizacdo da apoptose caspase dependente. O citocromo ¢
pode ser liberado para o citoplasma através da perturbacdo da permeabilidade da
membrana mitocondrial. No citoplasma forma o complexo com Apaf-1 e pré-caspase-9,
que na presenca de dATP, cliva e ativa a caspase-9. A ativacdo da caspase-9 pode
decompde e ativa a pro-caspase-3, levando a clivagem da PARP, que por sua vez, ndo
ird induzir o reparo de DNA. A consequéncia da ativacdo desses eventos é a conducao
da morte celular por apoptose caspase dependente.
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Figura 44. Avaliacdo dos efeitos apoptéticos do tra  tamento das células B16F10-Nex2 com o
mastoparano sobre os niveis de expressdo da via int  rinseca mitocondrial. As
células de B16F10-Nex2 foram plaqueadas na concentragdo de 10° em placas de 6
pocos, tratadas com 165 uyM de mastoparano e incubadas por 3 e 12 horas. Apés a
incubacéo, os mediadores foram estudados por western blottings para checagem dos
niveis do fosfo-Bad (Ser 112), Bcl-XL, Bim, Bak, citocromo ¢,VDAC e PHB1. Todos 0s
anticorpos foram diluidos na proporcao de 1:1000 e normalizados pela quantificacdo da
B-actina. A) Os resultados mostraram reducao dos niveis de fosfo-Bad (Ser 112), VDAC
e PHB1 e consequentemente aumento nos niveis Bim, Bak e citocromo c. B) Esquema
de ativacao da sinalizacdo da apoptose através da via mitocondrial intrinseca. A geragéo
de espécie reativa de oxigénio pode perturbar os poros de transicdo mitocondrial
caracterizado pela reducdo dos niveis de VDAC e PHB1. A perturbacdo da
permeabilidade mitocondrial mobiliza o influxo de fosfo-Bad (Ser 112) para a
mitocondria, reduz a expressao de proteina anti-apoptotica Bcl-XL e aumenta os niveis
de fatores pré-apoptéticos tais como Bim, Bak e citocromo c, ativando as caspases e
conduzindo para a apoptose via mitocondrial.

4.24 Avaliagdo ultraestrutural dos efeitos morfolog icos induzidos pelo

mastoparano em células B16F10-Nex2

As andlises ultraestruturais das células B16F10-Nex2 tratadas com 165 uM
foram realizadas para correlacionar os efeitos moleculares com as alteracdes

morfologicas. Nas células ndo tratadas as membranas citoplasmaticas apresentaram
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microvilosidades regulares e polimorfismo celular. Foi possivel observar nucléolo
visivel na maioria das sec¢des e numerosas mitocondrias distribuidas ao longo do
citoplasma (Figura 45). O Complexo de Golgi estd composto em lamelas dispondo
morfologicamente de cisternas preservadas, localizado na porcao cis em relacdo ao
ndcleo e adjacente com o reticulo endoplasméatico (RE). O RE apresenta estruturas
variadas, formadas em longos filamentos, com cisternas planas e portando
numerosos ribossomos adjacente ao microtibulo (Figura 46). As mitocondrias
apresentam-se de forma pleomorfica com cristas septadas e separadas por
membrana interna e externa (Figura 47).

As células B16F10-Nex2 tratadas com o 165 puM de mastoparano
apresentaram significativas alteracdes ultraestruturais caracteristicas da apoptose
tais como condensacédo da cromatina, dilatacdo da membrana nuclear e aumento da
porosidade do envoltdrio nuclear, que supostamente ocorre em resposta a liberagcéo
de endonucleases que permeiam os poros do envelope nuclear, induzindo clivagem
de substratos nucleares (Figura 48). As analises ultraestruturais das mitocondriais
das células B16F10-Nex2 tratadas com o0 mastoparano mostraram que as
modificagbes da bioenergética mitocondrial estdo relacionadas com as alteracdes
ultraestruturais observadas. As mitocondrias exibem varios graus de condensacao
com deformidades nas cristas e invaginagfes citoplasmaticas apresentando
descontinuidade entre a membrana externa. E possivel observar algumas
caracteristicas associadas a reducdo do potencial elétrico mitocondrial tais como
perda da eletrodensidade, aumento de volume e ruptura da membrana externa
(Figura 48).
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Figura 45. Fotomicrografia eletronica das células B 16F10-Nex2 sem tratamento . Nas células ndo
tratadas observam-se microvilosidades salientes na superficie celular (setas vermelhas),
com o nlcleo suavemente contornado com a heterocromatina (setas pretas) e presenca
de numerosas mitocdndrias (setas brancas) distribuidas ao longo do citoplasma.
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Figura 46. Analises ultraestruturais das organelas das células B16F10-Nex2 controle.
Observam-se diversas vesiculas melanociticas distribuidas amplamente pelo citoplasma
(setas vermelhas). Diversas organelas, tais como, reticulo endoplasmatico rugoso (setas
pretas), complexo de golgi (G) e mitocOndrias (setas brancas) apresentam morfologias
bem definidas e auséncia de modifica¢des estruturais.
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Figura 47. Analises ultraestruturais das mitocéndri as e reticulo endoplasmatico rugoso das
células B16F10-Nex2 nédo tratadas com o mastoparano. A populagcdo de mitocondria
(M) nas células ndo tratadas apresentam-se em formas pleomérficas sem modificacdes
estruturais. Nota-se que as cristas mitocondriais estdo bem delimitadas, sem altera¢des na
ultraestrutura da membrana externa ou interna. O lisossomo (L) e reticulo endoplasmaético
rugoso (RER) apresentam formas bem definidas e auséncia de anomalias estruturais.
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Figura 48. Analises das ultraestruturas das células B16F10-Nex2 tratadas com mastoparano. A
eletromicrografia das células tratadas com mastoparano apresentam caracteristicas
morfologicas tipicas da apoptose, tais como, perda de integridade de membrana (seta
preta) e aumento da porosidade do envoltério nuclear (setas brancas). As mitocondrias
apresentaram reducdo de eletrodensidade correspondente a reducdo do potencial
elétrico mitocondrial, amento do volume mitocondrial, perda da integridade das cristas
mitocondriais e ruptura da membrana mitocondrial (setas vermelhas)

4.25 Efeito antitumoral sobre o0 melanoma cutaneo em anim ais tratados com o

mastoparano

A inoculacdo subcutdnea das células melanoma murino induz o
desenvolvimento de um nédulo hipodérmico que se torna palpavel em torno de uma
a duas semanas, sendo facilmente mensurado, evoluindo para um tumor sélido,
podendo chegar a grandes dimensdes. Para avaliar os efeitos terapéuticos 10°
células de melanoma murino B16F10-Nex2 foram injetadas subcutaneamente nos
flancos direitos dorsais dos camundongos de linhagem C57BL/6. Apds 0s tumores
atingirem 100 mm?, os animais foram tratados com 5 mg/Kg de mastoparano, pela

via peritumoral e o volume tumoral foi mensurado até que os animais atingissem o
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volume méaximo de 3000 mm?®. Os dados mostraram que o mastoparano foi capaz de
inibir o crescimento tumoral em 70,29% em comparagdo aos animais controles
tratados com solucao salina (Figura 49).

A taxa de sobrevida € um importante parametro amplamente utilizado para
avaliar a eficacia terapéutica antitumoral, uma vez que diversos agentes
guimioterapicos utilizados na clinica oncoldgica disponiveis para o melanoma
apresentam discreto aumento na expectativa de vida do paciente. A taxa de
sobrevida foi avaliada de acordo com as condicfes experimentais descritas acima.
Os resultados mostraram que o tratamento com o mastoparano foi capaz de
aumentar a taxa de sobrevida dos animais portadores de tumores dorsais em
28,26% (P<0.007), em comparacao ao controle negativo tratado com solucado salina

e ao scramble (Figura 50).
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Figura 49. Efeito antitumoral sobre o melanoma cutd neo induzidos em camundongos de
linhagem C57BL6 apds o tratamento com mastoparano. As células de melanoma
murino B16F10-Nex2, na concentracdo de 10° células de foram injetadas
subcutaneamente em camundongos de linhagem C57BL/6. Apds os tumores atingirem
100 mm® os animais foram tratados com 5 mg/Kg com o mastoparano, pela via
peritumoral e o volume tumoral foi mensurado até que os animais atingissem o volume
méaximo de 3000 mm?®. Os dados mostram que o mastoparano apresentou significativo
efeito protetor em comparacdo ao controle negativo tratado com solugédo salina. Para
cada experimento foram utilizados 5 animais por grupos e a analise estatistica foi
realizada aplicando utilizando o Software Graph Prism (***p<0,001 e ** p< 0.01).
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Figura 50. Avaliacdo da taxa de sobrevida dos anima is portadores de melanoma cutaneo
tratados com o mastoparano . Os animais foram injetados subcutaneamente com 10°
células e tratadas com solucdo fisiologica ou 5 mg/Kg de mastoparano. Terapia
peritumoral iniciou apds os tumores atingirem 100 mm? e foi prolongada durante 5 dias.
Os dados mostraram que o mastoparano proporcionou um aumento na taxa de
sobrevida em comparagdo ao controle negativo tratado com solugdo fisioloégica. Para
cada experimento foram utilizados 5 animais por grupos e a analise estatistica foi
realizada pelo método Kaplan-Meyer (***p<0,001 e ** p< 0.01).
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5. DISCUSSAO

Ao longo dos anos, diversos estudos mostraram uma grande variedade de
novos compostos candidatos a agentes antitumorais obtidos de varias fontes
naturais ou sintéticas. Os peptideos cada vez mais podem se tornar promissores
candidatos ao desempenho dessas atividades, uma vez que apresentam acfes em
diversos sistemas biologicos celulares. Esses peptideos podem ser obtidos de
diversas fontes tais como de toxinas animais, de microrganismos ou até mesmo de
proteinas enddgenas que em determinadas condi¢bes fisiolégicas podem gerar
fragmentos menores com acbes especificas denominadas como criptideos
(LEBRUN; PIMENTA, 2007).

Trabalhos descritos anteriormente relataram que peptideos com carater
catidnicos, apresentam significativos efeitos antitumorais especificos. A eficacia
desses efeitos antitumorais pode variar de acordo com a linhagem tumoral. Também
€ possivel verificar que alguns peptideos antitumorais ndo apresentam 0s mesmos
efeitos em linhagens normais. A literatura atribui essa seletiva atividade antitumoral
a diferencas na composi¢do das membranas das células, na area de superficie e na
fluidez das bicamadas lipidicas (LEUSCHNER; HANSEL, 2004; MADER et al.,
2005).

As células tumorais também apresentam modificagcdes no ambito molecular,
uma vez que € observado mudancas no grau de glicolisagdo membrana. O numero
de glicoproteinas presentes na membrana é aumentado devido a ativagdo das
glicosiltransferases, que catalisam a biossintese das glicoproteinas. O aumento da
expressdo destas moléculas anibnicas contribui para que as células tumorais
apresentem membranas mais eletronegativas quando comparado com as células
normais (HOSKIN; RAMAOOTHY, 2008).

Outro trabalho relacionou diversos peptideos com caracteristicas catiénicas e
efeitos antitumorais. Os primeiros peptideos de origem humana com efeitos
antitumorais foram os HNP-1 (a-defensina) e LL-37. Os peptideos BMAP-28 e
lactoferricina B, obtidos de outras fontes, tais como originados da caseina bovina,
também apresentaram atividade antitumoral. A melitina € um polipeptideo catiénico

composto por 26 residuos de aminodacidos, originario do veneno de abelhas Apis
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melifera, cujo seus efeitos sobre células tumorais foram amplamente discutidos pela
literatura (HOSKIN; RAMAOOTHY, 2008).

Outros peptideos como as catelicidinas, cecropinas, defensinas e a magainina
2 foram citotéxicos em células tumorais de leucemia humana, linfoma, e em células
tumorais de mama, pulmao, ovario, Utero e carcinoma de células escamosas orais
(MADER; HOSKIN, 2008).

Nossos resultados mostraram que o INKKI ndo apresentou efeito citotdxico
em linhagens de células ndo tumorigénicas murinas e humanas (melanécitos murino
melan-A e queratinécitos humano HaCaT). Em contrapartida, apresenta significativo
efeito sobre linhagens tumorais murinas e humanas (melanoma murino B16F10,
melanoma humano A2058, leucemia de células T JurKat, adenocarcinoma de mama
humano de linhagens MCF-7 e SKBR-3, e glioblastoma humano U87). Esses dados
sugerem acgdo especifica nessas linhagens. As linhagens de adenocarcinoma de
mama humano MDA-MB-231 e carcinoma de células escamosas uterino SiHa,
apresentaram maior resisténcia ao tratamento com o INKKI. A resisténcia ao
tratamento também € encontrados em diversos quimioterapicos comercialmente
utiizados na terapia antineopldsica. Esta resisténcia ocorre ou porgue as
populacées celulares desenvolvem nova codificacdo genética (mutagdo) ou porque
sdo estimuladas a desenvolver tipos celulares resistentes ao ser expostas as
drogas, o que lhes permite enveredar por vias metabolicas alternativas, através da
sintese de novas enzimas (ROTTENBERG; BORST, 2012).

O mastoparano, embora com efetividade distinta, apresentou efeito citotoxico
tanto em linhagens ndo tumorigénicas como tumorais. Esses dados sugerem que 0s
peptideos, mesmo exibindo um importante motivo homodlogo, apresentam distintos
efeitos bioldgicos.

Durante a realizagcdo dos ensaios de viabilidade celular nas linhagens de
melanoma murino B16F10-Nex2 foi possivel observar que 500 uM do mastoparano
induziu importantes modificagbes morfoldégicas logo nos primeiros tempos de
incubacdo. O INKKI, na mesma concentracdo, apresentou diferente comportamento
guando comparado com o mastoparano, onde s6 foi possivel determinar as
diferencas na morfologia apds longos periodos de incubacédo. De acordo com essa

observacéo, foi delineado um segundo experimento com o objetivo de avaliar as
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mudancas morfologicas das células de melanoma murino submetidas a diferentes
condi¢cOes de temperatura para cultivo celular.

Essas diferentes condicbes de temperatura para o cultivos celular podem
influenciar na sinalizacédo celular e ou na permeabilidade de membrana. A apoptose
e a proliferacdo sdo um dos exemplos de eventos celulares que depende da
temperatura para o desencadeamento dos seus efeitos, uma vez que diversos
mediadores dependem da acdo enzimatica para a transducdo do sinal.
Consequentemente, a acdo de diversas enzimas depende de uma temperatura ideal
para desempenhar suas fun¢des (MATSUO et al., 2010; CARUSO-NEVES et al.,
2005).

A permeabilidade de membrana € outro importante evento dependente da
temperatura. A passagem de substancias através da membrana celular e das
paredes dos capilares depende fortemente da difusédo, onde o deslocamento destas
moléculas e ions € dependente de sua energia térmica. Variacdes na temperatura
alteram a estrutura das membranas celulares podendo comprometer as atividades
enzimaticas associadas as membranas e 0s processos de transporte. O conjunto de
alteracdes das propriedades quimicas e fisicas das membranas resulta, em ultima
andalise, em mudancas na fluidez (QUINN, 1988). A diminuicdo da temperatura pode
comprometer sua flexibilidade, devido a alteracdes na configuracdo dos seus
lipideos e proteinas, podendo limitar a sua estabilizacdo (QUINN, 1988). Os
aspectos morfolégicos das culturas de melanoma murino B16F10-Nex2 cultivadas a
4 e 37 C, sugerem que o mastoparano nas concentrag 6es de 500 pM apesentou
efeito citotoxico em ambas as temperaturas. Esses dados sugerem que o peptideo
ndo depende exclusivamente dos mecanismos de transporte de membrana para
desencadear seus efeitos bioldgicos, uma vez que as células apresentaram perda
de adesdo, retraimento do citoplasma e perda de refringéncia.

Esses efeitos sobre a membrana celular estdo de acordo com o descrito pela
literatura, onde diversos trabalhos mostraram que os mastoparanos agem sobre a
membrana formando poros e consequentemente, internalizados. Essa caracteristica
inclui o mastoparano no grupo de peptideos chamados de peptideos penetradores
de células (CPP — cell penetrated peptide) (De SOUZA; 2006).

A anfipaticidade caracteriza-se pela tendéncia que uma sequencia possui

para formar dominios hidrofilicos e/ou hidrofébicos bem estruturados, em faces

106



opostas. Os mastoparanos possuiem esses dominios muito bem caracterizados e
podem causar perturbacdes nas membranas, levando a um aumento da
permeabilidade, facilitando a formacéo de poros, conduzindo a um desequilibrio dos
eletrdlitos intracelulares e a morte da mesma (PFEIFFER et al., 1995; HIRAI et al.,
1979; YEAMAN; YOUNT, 2003). Matsuzaki et al., (1999) demonstraram que 0
aumento na permeabilidade da célula esta relacionado com o fato das membranas
citoplasmaticas dos mamiferos geralmente serem compostas por fosfolipidios que
apresentam carga liquida zero, no entanto, em algumas condic¢des fisiopatologicas,
as cargas das membranas se alteram tornando-as eletronegativas (anionicas).
Como os mastoparano sao policatidnicos, h4 uma atracao eletrostatica entre eles e
as superficies carregadas negativamente, facilitando sua insercdo na regido
hidrofébica da membrana. Durante sua insercdo, ocorre uma mudanca
conformacional nas intermedia¢cdes da membrana e os mastoparanos podem adotar
como orientacdo o0 eixo da hélice em paralelo & membrana e/ou com 0 eixo em
perpendicular a membrana. Contudo, o exato mecanismo da formacao de poros e ou
ruptura da membrana ainda ndo esta muito bem definido. (HORI et. al., 2001; SATO;
FEIX, 2006).

Embora alguns peptideos apresentem alta homologia entre si, podem
desencadear diferentes efeitos nos diversos sistemas biolégicos. Esses diferentes
efeitos podem estar correlacionados com a substituicdo de residuos de aminoacidos,
grupos funcionais ou radicais ligados a cadeia peptidica (KOROLEVA;
MIASOEDOV, 2012). Apesar do peptideo INKKI apresentar o motivo (KKI) homdlogo
ao mastoparano, ficou claro que esses dois peptideos apresentaram significativas
diferencas entre os fendmenos bioldgicos desencadeados in vitro em linhagens de
melanoma murino B16F10-Nex2.

Conforme demonstrado anteriormente, as células tratadas com o INKKI
apresentaram significativas alteracbes morfoldgicas quando comparado ao
tratamento com o mastoparano. Os dados obtidos da cultura mantidas a 4 T,
mostraram que as células tratadas com o INKKI ndo sofreram mudancas
morfolégicas durante todo o tempo de incubagdo. Em contraste, as culturas
mantidas a 37 T apresentaram significativas altera ¢des morfoldgicas ja a partir da
82 hora de incubacédo, onde foi possivel observar perda da comunicagcao celular,

aumento do volume, manutencdo de integridade de membrana e nucleo celular
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integro e bem delimitado. Apesar destas alteragbes, a viabilidade celular foi
confirmada através do método de exclusdo com azul de tripan e mostraram-se
viaveis, sugerindo uma acao citostatica. Esses dados sugerem que a acdo desse
peptideo necessita de sua internalizacdo ou acoplamento a algum tipo de receptor
de superficie para o desencadeamento de sua sinalizagdo intercelular, uma vez que
necessitou da temperatura adequada para desencadear a atividade biolégica.

A literatura traz que a superficie das células tumorais apresentam diversas
modificacdes, tais como aumento de microvilosidades na superficie. Essas
alteracdes podem aumentar a superficie de contato e facilitar a ligagdo ou a
internalizacdo de peptideos (HOSKIN; RAMAOOTHY, 2008). A localizagdo do
peptideo foi avaliada através da microscopia confocal do INKKI marcado com FITC.
Para visualizar uma possivel colocalizagdo com o0 nucleo, essas células foram
marcadas com DAPI e ap0s 1 e 24 horas de incubacdo, as imagens foram
adquiridas em microscoépio confocal. Os dados confirmaram as evidéncias obtidas
anteriormente no ensaio da cultura a 4 e 37 C, ond e foi possivel observar que o
peptideo é internalizado e amplamente distribuido pelo citoplasma ja na primeira
hora de incubacdo. Ap6s as 24 hora de incubacdo € possivel observar que as
células exibiram as mesmas alteracdes morfolégicas apresentadas nos ensaios
anteriores, que o INKKI também esta presente no nicleo e que ha uma diminuicdo
da fluorescéncia do peptideo, sugerindo uma possivel degradacdo apds o
desencadeamento do efeito.

Os estudos da morfologia e dos fenbmenos encontrados apos o tratamento
com o mastoparano e INKKI forneceram importantes evidéncias quanto aos distintos
efeitos desencadeados por esses peptideos. Esses dados preliminares
proporcionaram os diferentes delineamentos experimentais aplicados aos dois
peptideos. Como 0 mastoparano apresentou alta toxicidade, todos os experimentos
foram direcionados para o estudo dos possiveis mecanismos de morte celular. Em
contrapartida, como o INKKI apresentou caracteristicas citostaticas, 0s ensaios
utilizados no estudo desse peptideo foram direcionados no sentido de avaliar a
proliferacéo, adeséo e migracéao celular.

Apés a andlise desses resultados e somando com os da literatura, foi possivel
planejar, desenhar e delinear peptideos analogos com o objetivo de estabelecer uma

correlacdo entre a estrutura e a atividade do INKKI. Foram propostas algumas
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modificacdes/substituicdes de aminoacidos nas sequéncias dos analogos com o
objetivo de obter dados para propor uma correlacdo das caracteristicas bioquimicas
e biofisicas dos peptideos com os efeitos encontrados in vitro. Os resultados
apresentados revelaram que a substituicdo de dois residuos de lisina por dois de
acido aspartico (INDDI), conferindo assim uma caracteristica eletronegativa ao
peptideo, ou a substituicdo dois residuos de duas lisinas por alanina (INAAI)
conferindo assim uma caracteristica apolar ndo foram capazes de induzirem efeitos
sobre as culturas de células de melanoma murino B16F10-Nex2. Outra substituicdo
manteve as mesmas caracteristicas catidnicas do peptideo, contudo, com residuos
diferentes, onde os dois residuos de lisinas foram substituidos por dois de arginina
(INRRI). Esse analogo também ndo demonstrou efeito bioldgico. A substituicdo do
residuo isoleucina (ramificado) por alanina (linear) na por¢cdo N-terminal (ANKKI)
mostrou discreto efeito citostético, porém com menor intensidade ao peptideo lider
INKKI, sugerindo que o efeito do peptideo ndo esté relacionado unicamente com a
presenca das cargas positivas na molécula, mas também com a estrutura do
aminoacido envolvido, no caso a isoleucina. Outra substituicdo foi delineada
pensando em substituir um residuo alifatico por um residuo aromatico na por¢éao C-
terminal (INKKY) onde novamente ndo se observou efeito 0 que sugere que a
presenca de aminoacidos ramificados nas extremidades da molécula pode nédo ser
importante para seu efeito. Por fim, o udltimo delineamento dos analogos
simplesmente embaralhou as sequéncias (Scramble) (NKKII) com o objetivo de
verificar se a possivel conformacdo espacial poderia influenciar na atividade
antitumoral do INKKI e também nédo apresentou efeitos bioldgicos.

Os dados mostrados sugerem que a atividade antitumoral desses peptideos
ndo esteja correlacionada somente com uma unica caracteristica, ou seja, €
dependente somente da carga ou depende somente conformacgado espacial. Os
efeitos biolégicos dependem de um conjunto de caracteristicas para 0 seu
desencadeamento (DO, et al., 2014; TORFOSS, et al., 2012). A avaliacdo da
citotoxicidade dos analogos ao peptideo INKKI pelo método do MTT, mostrou que
somente o peptideo ANKKI apresentou atividade citostatica, porém, nao foi possivel
determinar a ICso. Os demais peptideos nao apresentaram efeitos citotoxicos. Esses
dados sugerem que somente a caracteristica catibnica ndo foi suficiente para

desempenhar a atividade antitumoral, pois, aqueles peptideos que apresentaram

109



substituicdes, contudo, mantiveram as mesmas caracteristicas catibnicas, nédo
desempenharam as atividades citotoxicas em células de B16F10. Outra forte
evidéncia esta relacionada com o Scramble (NKKII), pois, o fato de embaralhar a
sequéncia, foi suficiente para que esse analogo ndo desencadeasse seus efeitos
antitumorais, mesmo mantendo as mesmas caracteristicas bioquimicas. Esses
dados sédo prévios e necessitam ser confirmados.

Os resultados obtidos da citotoxicidade indicaram que o INKKI apresentou
significativo e seletivo efeito sobre as linhagens tumorais. Conforme descrito
anteriormente, foi possivel observar que apés o tratamento, as células tratadas néo
apresentavam caracteristicas de toxicidade. Ao obsevar a morfologia nao foi
possivel constatar células no sobrenadante, células em processo de injuria ou
mesmo debri celular. Esses aspectos fizeram com que fosse proposta uma possivel
acao sobre crescimento e proliferacdo celular. Sendo assim, os delineamentos
experimentais foram direcionados para avaliar a acdo do INKKI e Scramble sobre a
proliferacdo, invasdo, migracdo, adesédo e ciclo celular em células de melanoma
B16F10-Nex2.

Uma das primeiras e principais caracteristicas das células tumorais é a perda
do controle sobre a proliferagdo celular. A capacidade de proliferacdo das células
tumorais € mais acelerada do que as células normais (BOCKSTAELE, et al., 2006).
Como os dados anteriores sugeriram uma possivel correlacdo da acdo do INKKI
com a velocidade de crescimento celular, inicialmente foram avaliados os efeitos
antiproliferativos do INKKI e Scramble sobre as células tumorais B16F10-Nex2. A
cinética de crescimento foi acompanhada durante 72 horas ap06s o tratamento e a
contagem do numero total de células mostra que houve inibicdo significativa da
proliferacéo celular.

Apés a obtencdo dos dados da cinética de crescimento, onde ficou
caracterizado que o peptideo foi capaz de reduzir a proliferagcdo, o proximo passo foi
analisar os efeitos dos peptideos sobre a progresséo do ciclo celular. O controle do
ciclo celular compreende a uma série de mecanismos coordenados que controlam a
replicacdo do DNA e divisdo celular (Sheppard; McArthur, 2013). Os dados
mostraram que o INKKI foi capaz de reduzir significantemente a proliferacdo das
células B16F10-Nex2 conforme demonstrado pela diminuicdo da porcentagem de

células na fase S e aumento das células em GO/G1.
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A transicéo entre as fases do ciclo celular é controlada através da mudanca
na atividade especifica das ciclinas dependentes de cinases (CDKs). Para avaliar os
possiveis mediadores envolvidos com a atividade antiproliferativa, foi padronizada a
analise por Western blotting, uma vez que os efeitos da inibicdo do INKKI sugerem a
acdo sobre algumas proteinas envolvidas na transi¢cdo das fases GO/G1 para S do
ciclo celular.

O primeiro complexo formado com a finalidade de fosforilar a proteina Rb e
dar inicio ao processo de progressao do ciclo celular sdo constituidos pelas ciclina
D1 e D3/ complexadas com suas respectivas cinases dependentes de ciclina 4/6
(CDK4/CDK®6) (LI et al.,, 2006; MASAMHA; BENBROOK, 2009; VAN RIGGELEN;
FELSHER, 2010).

O tratamento com INKKI inibiu a expressdo da proteina ciclina D1, e
apresentou uma discreta inibicdo da expressado da cilina D3. A inibicdo da expressao
da ciclina D1, consequentemente impedira sua complexacdo com as CDK4/CDK6
(LI et al., 2006), que por sua vez, ndo permitira que ocorra a fosforilacdo da proteina
Rb (CARNERO, 2002; NEGANOVA et al., 2008). Consequentemente a célula para
em GO/G1 e impede que o ciclo progrida para a fase S (LI et al., 2006).

A partir dos dados obtidos da andlise da expressao das ciclinas, os proximos
mediadores analisados foram aqueles upstream da via de sinalizacdo da MAPK/Erk
1-2. A primeira proteina analisada foi a B-catenina citoplasmatica. Essa proteina
pode ser considerada um dos elementos reguladores da proliferacdo e invasédo de
células epiteliais. Quando ha B-catenina livre no citoplasma, esta molécula transloca
para o nucleo, onde ativa os fatores de transcricao da familia de LEF/Tcf, induzindo
a transcricdo de genes que controlam o ciclo celular (Myc e ciclina D1), ou ainda, a
transcricdo de enzimas proteoliticas como as metaloproteinases (TSUI et al., 2012).

A [B-catenina também exerce papel no controle da proliferacdo, apoptose e
também esta aumentada em alguns tipos de cancer (TSUI et al., 2012). Dados
recentes mostraram que moléculas de adesao suprime o crescimento de células de
carcinoma de colon por inibir a via de sinalizagcdo B-catenina/Wnt (SYED, et al.,
2011). Nossos resultados corroboram com os dados obtidos pela literatura, onde foi
possivel verificar que o INKKI foi capaz de reduzir os niveis de expressao da [3-

catenina em células tumorias, proporcionando parada do ciclo celular em GO/G1.
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As cascatas de MAPK (Mitogen-Activated Protein Kinase) sao vias
relacionadas a diversos fendmenos celulares através de eventos de fosforilacéo.
Elas estdo presentes em todos 0s eucariotos e controlam processos como a
proliferacdo, expressdo génica, diferenciacdo e apoptose (CANO; MAHADEVAN,
1995; COHEN, 1997). Esse tipo de cascata é formado, basicamente, por uma
proteina G ligada a membrana e, no citoplasma, conduzindo para uma sinalizacéo
downstreans e consequentemente proliferacdo (CANO; MAHADEVAN, 1995;
COHEN, 1997).

A familia da MAPK pode ser subdividida em quatro subgrupos tais como a
ERK, ativada principalmente por estimulos mitogénicos, a p38 e JNK (c-Jun N-
terminus Kinase), ativadas principalmente por estimulos de stress e citocinas
inflamatorias (RINCON et al., 2000; KYRIAKIS; AVRUCH, 2012) e ERKS5, ativada por
EGF (Epidermal Growth Factor) e NGF (Neuronal Growth Factor), stress osmético e
oxidativo (SCHAEFFER; WEBER, 1999; KYRIAKIS; AVRUCH, 2012).

Trabalhos anteriores mostraram que a ativacdo da ERK esta correlacionada
com a progressdo maligna de carcinomas (LICATO et al.,, 1997). Também foi
observado um aumento da atividade da ERK em diversos tipos de tumores
humanos, tais como de rim, mama, pancreas, colon, pulmdo e ovario. A cascata
Raf/MEK/ERK, assim como a da PI3K, é uma das efetoras da atividade oncogénica
da Ras (STOKOE et al, 1994; RODRIGUEZ-VICIANA et al, 1997; TOLKACHEVA,;
CHAN, 2000), embora o Ras possa ter efeito oncogénico independentemente da
ativacdo da Raf (SHIELDS et al, 2000). Em células de tumores, a via da ERK se
encontra usualmente ativada. Um fator envolvido na invasividade dos tumores é o
gene do ativador da uroquinaseplasminogénio (UPA), cuja sintese € aumentada pela
ativacdo de ERK (SIMON et al, 1996). A progelatinase B, outra proteina
correlacionada com invasao tumoral, também pode ser positivamente regulada pela
ERK (REDDY et al, 1999). Os diversos fatores de transcricdo ativados pela ERK
estdo diretamente ligados a proliferacéo e crescimento celular, por exemplo, através
do aumento da expressao de ciclinas, reguladores positivos do ciclo celular (LIU et
al, 1996; GILLE; DOWNWARD, 1999). Assim, existe um uso potencial destas vias
como alvos de terapias para o tratamento de canceres, através do desenvolvimento
de inibidores especificos (SEBOLT-LEOPOLD, 2000). Interessantemente, nossos

dados mostraram que o INKKI foi capaz de inibir a expressdo de ERK1/2 e fosfo-c-
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Raf (Ser338) o que estad de acordo com resultados anteriores, onde o houve uma
parada na fase GO/G1 do ciclo.

Outra importante proteina envolvida na sinalizacdo que conduz a progressao
e a parada do ciclo celular € o NFk-B. O NFk-B € um fator de transcri¢cdo, descoberto
em 1986, que pode ser induzido por uma variedade de sinais como citocinas, fatores
de crescimento, tirosina kinases, Ras/MAPK e pAkt (CARLSEN et al., 2004). O
aumento da expressao de membros da familia do receptor do fator de crescimento
epitelial, receptor do fator de insulina, receptor do fator de necrose tumoral também
podem ser responsaveis pela ativacdo do NFk-B. A sua capacidade de realizar a
transcricdo genética s6 € possivel quando localizado no nucleo celular. No citosol
ele é incapaz de regular a transcricdo. Nossos resultados mostraram que o INKKI foi
capaz de reduzir discretamente a expressdo da NFk-B, correlacionando assim, a
cascata de sinalizagao descrita anteriormente.

A via p38 MAPK pode ser ativada em resposta a diversos estimulos tais como
citocinas inflamatorias, patdogenos e estresse ambiental. A proteina p38 é altamente
conservada e considerada essencial na regulacdo da sobrevivéncia celular,
diferenciacéo e apoptose. (PARK et al., 2011). A via da p38 é ativada em resposta a
estresse celular e envolve sinais que suprimem a proliferacéo, através da modulacao
das proteinas p53 e p73 ou promovem a apoptose, sendo assim referida com uma
importante sinalizadora de supressdo tumoral (MUTHUSAMY; PIVA, 2010). Em
cancer de pele, existem fortes indicios que corroboram o papel supressor tumoral de
p38, e 0s quimioterapicos mais utilizados clinicamente apresentam efeito
antiproliferativo em células de melanoma mediado por ativacdo de p38 (LOPEZ-
BERGAMI, 2011). Corroborando com a literatura, os dados mostraram que o INKKI
aumentou significativamente a expressao de fosfo p38 em células de melanoma
murinho B16F10-Nex2.

Os resultados obtidos da cinética de crescimento celular proporcionaram os
proximos delineamentos in vitro correlacionados com a migracédo, adeséo e invasao
celular. A invasdo de células tumorais aos tecidos adjacentes é um processo comum
na progressdo tumoral e os primeiros passos para a indugdo de metastase. A
migracao celular, através da polimerizacdo da actina, € um dos primeiros eventos
necessarios para que sejam desencadeados os efeitos invasivos das células

tumorais. No processo de invasdo celular as células tumorais migram para o
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compartimento estromal, onde tem livre acesso aos vasos sanguineos e linfaticos
(VIGNJEVIC; MONTAGNAC, 2008).

Ao penetrar nas paredes dos vasos (processo chamado de intravasao) estas
células séo carregadas pelo sistema circulatério para locais distantes. Ao ficarem
presas a capilares as células tumorais escapam e penetram no tecido circundante,
um fendmeno chamado de extravasamento, que pode ocorrer de diferentes
maneiras (através da proliferacdo dentro do Ilumen do vaso ou for¢cando
mecanicamente as ceélulas do endotélio, possivelmente degradando-o, num
processo similar a diapedese) (VIGNJEVIC; MONTAGNAC, 2008).

Os ensaios de invasao e migracdo fornecem importantes evidéncias das
possiveis atividades antitumorais apresentadas pelos compostos candidatos a
agentes antitumorais. Essas informacdes auxiliam no planejamento de futuros
delineamentos experimentais in vivo. Apesar de nao evidenciar um mecanismo
especifico de agdo, esse ensaio € importante etapa para obtengdo do sucesso em
descobertas de novas drogas. Interessantemente o INKKI apresentou um
significativo efeito inibitorio da invasdo e migracdo em células tumorais.

O principal mecanismo de invasao e migragdo em células esta correlacionado
com 0s niveis de expressdo de importantes mediadores celulares. A familia de FAK
(cinase de adeséo focal) apresenta um importante papel durante a execucao desses
eventos celulares. Essa tirosina cinase citoplasmatica € amplamente expressa e
composta por diferentes dominios, o que permite sua participacdo em diferentes vias
de sinalizagdo, envolvendo receptores de fatores de crescimento e moléculas que
participam da via das integrinas. Também podem regular a dindmica dos complexos
presentes nas adesfes focais, influenciam no movimento celular remodelando o
citoesqueleto seu tunover de adesao focal, exercendo o efeito sobre a proliferacéo
celular por regular a progressao no ciclo celular da fases G1 para S, aumentando a
expressao de ciclina D1 (REA et al., 2013; KALLERGI et al., 2007; DERAMAUDT et
al., 2011).

Sequéncia de eventos inter e intracelulares resultam na auto-fosforilacdo na
tirosina 397 de FAK. A fosforilagdo nesse sitio, além de aumentar a unidade
catalitica, também desempenha um importante papel na fosforilagdo de proteinas
associadas ao complexo focal. A fosforilacdo na tirosina 397 também gera um sitio

de alta afinidade que reconhece o dominio SH2 da familia das Src quinases e leva
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ao recrutamento e ativagdo de Src através da formagdo de um complexo de duas
cinases (FAK-Src). A ativagdo desse complexo desempenha um papel central para a
regulacdo das vias que controlam o processo de metastases, migracao e sobrevida
celular (DERAMAUDT et al., 2011).

A fosforilagdo da tirosina 925 € outro importante evento celular que esta
correlacionado com a migracé@o celular através da alteragcdo da dindmica de FAK
para FAs (adeséo focal). O aumento no turnover de FAK para FAs contribui para a
estabilizacdo do Fas. Essa diminuicdo de FAK pode alterar o recrutamento de
cruciais efetores dos FAs para desmontarem o FA. Trabalhos anteriores mostraram
que a reducdo nos niveis das fosforilagbes das tirosinas 397 e 925 esta
correlacionada com a diminuicdo da migracao celular. Nossos dados sugerem que a
reducdo da migracdo e invasao induzidas pelo tratamento com o peptideo INKKI
esta diretamente correlacionada com a via de sinalizacdo das cinases de adesao
focal, uma vez que as células apresentaram significativa reducdo nos niveis de fosfo
FAK 397 e 925, Src, Src fosforilada no sitio 416 (DERAMAUDT et al., 2011; JOBIN
et al., 2012; JIANFEI et al., 2006).

Nos tecidos, quando ha interacdo entre células e formacdo das juncdes
aderentes, mediados por E-caderinas, as moléculas de B-catenina sao recrutadas
para a regido submembranar. Direciona-se assim o0 pool citoplasmatico de f-
catenina para uma funcdo associada a organizacdo do citoesqueleto. As células
entdo parariam de proliferar. Ha formas alternativas de controlar-se o pool
citoplasmatico de B-catenina, como por exemplo, estimulando-se sua degradacao
(SYED, et al., 2011).

Uma das vias de degradacdo da [(B-catenina esta diretamente correlacionada
com os niveis de fosfo GSK3p (S9). O peptideo INKKI induziu significativa reducao
da expressao da fosfo GSK3 (S9) e B-catenina. Esses dados sugerem uma estreita
correlagdo entre o desbalanceamento nos niveis dessas proteinas com o0s
resultados da migracéo, invasao e analise do ciclo celular. A reducdo nos niveis de
fosfo GSK3B (S9) sugere que a [-catenina esteja sendo fosforilada, sofrendo
ubiquitinacdo, sendo degradada pelo proteossomo, impedindo que seja translocada
para o nucleo celular e induzindo parada no ciclo celular (JOBIN, et al., 2012). Além

de impedir a expresséao de fatores de transcricdo, com sua degradacéao, a 3-catenina
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deixa de ser recrutada para a regido submembranar inibindo a transducgé&o do sinal
para as moléculas de adesao (SYED, et al., 2011).

Para as células tumorais invadirem os tecidos adjacentes e formarem
metastases a distancia, elas devem ter a habilidade de formar interacdes transientes
ora com as proteinas da matriz extracelular, ora com as outras células, como células
do estroma, células endoteliais e plaquetas. Entre as moléculas de adesao célula-
célula alteradas estdo as caderinas e as CAMs (moléculas de adesdo celular),
proteinas pertencentes a superfamilia das imunoglobulinas; entre as moléculas que
regulam as interagbes entre células e a matriz extracelular estdo as integrinas
(PAREDES et al., 2012).

As caderinas sdo moléculas de adesdo dependentes de Ca** que mediam &
interacdo homotipica célula-célula, inicialmente identificadas nas juncbes aderentes.
As caderinas sdo uma superfamilia de pelo menos 30 diferentes moléculas, cuja
expressao é controlada (PAREDES, et al., 2012).

A perda funcional de E-caderina também esta associada ao desenvolvimento
de melanomas. Melandcitos encontram-se frequentemente na camada basal da
epiderme, onde interage com queratinécitos, formando a chamada unidade de
pigmentacdo da pele. A perda de expressdo de E-caderina parece ser um passo
critico na progressdo de melanomas, permitindo que as células tumorais sejam
liberadas da epiderme e invadam a derme. Ao deixar de expressar E-caderina, as
células de melanoma passam a expressar altos niveis de N-caderina,
potencializando as intera¢cdes com fibroblastos e células endoteliais que também
expressam N-caderina. Esta mudanca no padrao de expressao de caderinas ocorre
durante a progresséo tumoral e j& foi documentada in vitro e in vivo e foi confirmado
com a reducédo dos niveis de N-caderina apds o tratamento com o INKKI (PAREDES
et al., 2012).

Os dados obtidos no ensaio de adesdo mostraram que o INKKI apresentou
diferentes resultados de acordo com o substrato utilizado. Interessantemente, o
resultado mais expressivo foi obtido quando as células utilizaram o Matrigel como
substrato, simulando o ambiente de matriz extracelular. O INKKI exibiu uma reducéo
de 50% no numero de células aderentes, em comparagdo ao controle negativo
tratados com o veiculo utilizado para diluir os peptideos. No monolayer celular e na

superficie de poliestireno da placa, o INKKI apresentou uma reducéo de 43% e 40%,
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respectivamente, em comparag¢ao ao controle negativo. Esses dados sugerem uma
possivel correlacdo da atividade antitumoral com as familias de proteinas
envolvidas, uma vez que a capacidade de migracdo pela matriz extracelular &
mediada por moléculas da superfamilia das integrinas. Esses dados estdo
completamente de acordo com 0s experimentos anteriores, onde foi possivel
verificar que o INKKI também inibiu a invasdo e migragéo celular e reduziu os niveis
de expresséo da N-caderina (PAREDES et al., 2012).

O modelo in vivo representa um importe passo para obtencédo de prova de
conceito com o objetivo de confirmar a atividade anticancer observada em cultura de
células, superando as limitacbes dos modelos in vitro. Todos os dados obtidos in
vitro, trouxeram importantes evidéncias da atividade antitumoral do INKKI. Essas
informagdes proporcionaram o planejamento dos experimentos in vivo, onde foram
avaliados diferentes parametros. O primeiro correlacionou com a atividade
antimetastaticas induzidos em camundongos de linhagem C57BL6. O segundo
correlacionou com o crescimento dos tumores dorsais e taxa de sobrevidas dos
camundongos de linhagem C57BL6 tratados com o INKKI. Por fim, foi delineado

null

modelo em animais imunodeficientes de linhagen NOD/SCID/y; com objetivo de
avaliar o efeito direto do peptideo ou se esse efeito é dependente da ativagdo do
sistema imunoldgico.

Um dos modelos mais utilizados em estudos de atividade antitumoral é o
melanoma murino, onde € composto por neoplasia altamente maligna, que tem
origem no melanoblasto da pele e apresenta boa similaridade com a neoplasia
humana (VAN DYKE; JACKS, 2002). Este modelo permite o desenvolvimento e a
avaliacdo de novas drogas e procedimentos terapéuticos (TIETZE; CHIN, 2000). A
inoculacdo subcutdnea deste tumor induz o desenvolvimento de um ndédulo
hipodérmico que se torna palpavel em torno de uma a duas semanas, sendo
facilmente mensurado. Esse nédulo evolui para um tumor sélido, podendo chegar a
grandes dimensoes.

As células de melanoma murino B16F10-Nex2 constituem uma ferramenta
experimental muito utilizada para o estudo do melanoma, cujo crescimento se da
tanto in vitro como in vivo, sendo desenvolvido em camundongos C57BL/6. Esta
linhagem foi estabelecida por Fidler (1973) oriunda de melanoma de ocorréncia

natural em camundongos C57BL/6 que por meio de selecdo progressiva, obteve o
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isolamento de variantes com diferentes graus de potencial metastatico. Tais células
quando inoculadas por via subcutanea apresentam a capacidade de multiplicagéo
neoplasica sem propiciar o desenvolvimento de metastase, enquanto que quando
inoculadas via endovenosa desenvolvem nidacdo em parénquima pulmonar
formando nédulos macroscopicos na superficie dos pulmdes passiveis de serem
guantificados (PETER et al., 2001; NAKAMURA et al., 2002; ZHAO et al.,2001).

O melanoma metastatico também representa um modelo muito empregado no
estudo de compostos candidatos a agentes tumorais. Nossos resultados mostraram
gue o INKKI foi capaz de apresentara significativo efeito antitumoral sobre o
melanoma metastatico, reduzindo a quantidade de ndOdulos apresentados nos
pulmbes de camundongo C57BL/6. Similarmente, o INKKI apresentou 0 mesmo
efeito antitumoral nos tumores dorsais dos camundongos C57BL/6.

Apos o INKKI mostrar significativa atividade antitumoral in vivo, foi
guestionado o possivel envolvimento do sistema imunoldgico no desencadeamento
do efeito protetor in vivo. Para avaliar o possivel envolvimento do INKKI com o
sistema imunoldégico, foi delineado o modelo utilizando animais imunodeprimidos de
linhagens NOD/SCID/y.;™". Esses animais apresentam érgdos linfoides com um
décimo do seu tamanho normal. Timo, linfonodos e o baco estdo completamente
destituidos de linfécitos, séo totalmente deficientes de linfocitos T e B e suas células
esplénicas ndo respondem a estimulos de mitose para células B ou T, por esta
razdo, nao rejeitam transplantes (FOSTER et al., 1983). Sendo assim, esse modelo
apresenta-se como uma importante ferramenta de estudo para avaliacdo do efeito
direto do composto candidato a agente antitumoral. Interessantemente, o0s
resultados mostraram que o INKKI ndo foi capaz de apresentar o efeito protetor
antimetastatico. Esses dados sugerem que o INKKI depende da ativacdo do sistema
imunoldgico para desencadear seu efeito protetor in vivo.

Paralelamente aos delineamentos experimentais empregados na avaliagéo da
atividade citostatica do INKKI, foram propostos os estudos sobre as vias de morte
celular induzida pelo tratamento com o mastoparano. A literatura aponta que esse
peptideo pode desencadear diversos efeitos biolégicos em distintas linhagens de
células (ROCHA, 2010; ARMSTRONG 2006; YAMADA et al., 2005). A efetividade do
mastoparano e o tipo de efeito dependem diretamente de sua concentracdo durante

os tratamentos. A concentracdo do peptideo na superficie da membrana também
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contribui para a suscetibilidade, uma vez que ao atingir um razdo limite entre a
concentracdo de peptideo e lipidio (P/L), acaba provocando sua imersdo na
membrana plasmatica (DEBER; LI, 1995). Ap0s o estabelecimento da correlacao
dose resposta com o mastoparano em linhagens de melanoma murino B16F10-
Nex2, os ensaios para 0 estudo dos efeitos pré-apoptéticos foram padronizados
utilizando a ICsp de 165 puM.

O exato mecanismo de citotoxicidade induzido pelo mastoparano em células
de melanoma néo estad bem estabelecido pela literatura. Em outras células tumorais,
alguns trabalhos relataram que o mastoparano pode desencadear o efeito pro-
apoptético (ROCHA, 2010; ARMSTRONG 2006; YAMADA et al., 2005). Nossos
resultados mostraram que o mastoparan foi capaz de induzir citotoxicidade em
linhagens de melanoma com significativas mudancas morfolégicas caracteristicas de
apoptose, tais como perda de refringéncia, retracdo citoplasmética e formagéo de
corpos apoptoéticos (KROEMER, 2002).

A morte celular representa um processo altamente heterogéneo que pode
seguir através da ativacdo de distintas cascatas bioquimicas. Os critérios
morfoldégicos nem sempre sdo 0s mais precisos ou suficientes para a diferenciacéo
do processo de inducdo de morte celular. Para complementar a caracterizacdo do
tipo de morte celular, foi padronizado o ensaio que marca um importante evento
bioquimico correlacionado com a externalizacdo da fosfatidilserina. Conforme a
literatura relata, os resultados obtidos pelo teste de Anexina V/PI apresentam uma
boa correlagcdo com os achados morfolégicos. Desta forma, a quantificacdo desse
evento permitiu sugerir que o mastoparano induziu o aumento da permeabilidade da
membrana plasmatica, demonstrando que o principal evento envolvido no efeito
desencadeado pelo peptideo estad correlacionado com a apoptose (KROEMER,
2002).

A apoptose € um evento de morte celular ativo controlado por uma rede de
genes. Esse processo é essencial durante o desenvolvimento, bem como exibe um
importante papel ligado a doencas patogénicas incluindo o cancer. Esse evento é
caracterizado pela condensacao nuclear e fragmentagdo cromossomal do DNA sem
induzir reacao inflamatéria (FRIEDLANDER, 2003; KERR et al., 1972).

A degradacdo do DNA durante a apoptose inicialmente € regulada pela

formacdo de fragmentos com tamanho que varia de 50 a 300 Kilobases (Kb)
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(OBERHAMMER et al., 1993; WALKER et al., 1999). As endonucleases atacam as
regibes de ligacdo entre a dupla fita de DNA, onde ocorrem as clivagens
internucleossomal, que resulta na formacédo de fragmentos de 180 a 200 pares de
base e seus multiplos. Na eletroforese em gel de agarose, corada com brometo de
etidio, estes fragmentos apresentam um padrdo de bandas caracteristico quando
visualizados em luz UV (OBERHAMMER et al., 1993).

Em contraste, os eventos de clivagem do DNA durante a necrose sao
randémicos e mostram degradacao das histonas, produzindo uma mancha difusa na
eletroforese de DNA. Os fragmentos de DNA necrético sdo maiores, e
significantemente em menor nimero do que os fragmentos do DNA apoptoticos
(ALLEN et al., 1997). Os dados mostraram que o mastoparano foi capaz de formar
bandas com padrbes caracteristicos de apoptose, corroborando com os dados
morfolégicos e bioquimicos.

Além da formacdo de bandas de degradacdo de DNA caracteristica de
apoptose, o mastoparano induziu significativamente a condensacdo da cromatina.
Esses aspectos morfoldégicos do nucleo complementam as informacfes para a
caracterizagcdo da morte por apoptose. Assim, 0S mecanismos envolvidos na morte
celular caracterizados pelos critérios morfolégicos baseados nas analises da
condensacao da cromatina marcadas com DAPI e analisadas por microscopia de
fluorescéncia, sugerem que o principal efeito do tratamento com o mastoparano é
caracteristico de apoptose (ROGALINSKA, 2002).

Apbés a obtencdo de dados que demostraram a acdo pré-apoptética do
mastoparano sobre a linhagem de melanoma murino B16F10-Nex2, a proxima etapa
foi definir e estudar a sinalizacéo celular através da avaliacdo da cascata de ativacao
das caspases e outros mediadores correlacionados com a inducédo da apoptose. A
morte celular por apoptose pode ocorrer por duas distintas vias, no qual a primeira
inclui a ativagdo pelos ligantes e seus respectivos receptores na superficie celular. A
segunda via é caracterizada pela ativacdo da via de morte através da mitocondria
(ARMSTRONG, 2006). Para o desencadeamento dos eventos apoptéticos, €
necessario que haja a participacdo de cisteinos proteases. Essas enzimas podem
ser dividas em iniciadores, caspase-8, -9 e -12 e executoras, caspase-3, -6 e -7.
Essas caspases sdo responsaveis pelas alteragdes morfolégicas no nucleo e

citoplasma, devido a clivagem de proteinas como laminina nuclear e a actina
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(MASHIMA et al., 1999). A analise das principais caspases envolvidas no processo
de morte induzidos pelo mastoparano, mostrou significativo aumento nos niveis das
formas ativas das caspases iniciadoras 9 e 12. Consequentemente, aumentou 0sS
niveis da caspase efetora 3, que por sua vez cliva o PARP em sua forma ativa. As
somatérias de todas essas informacdes mostram que a apoptose induzida pelo
mastoparano é caspase dependente.

A via mitocondrial intrinseca desempenha um importe papel durante o
processo de morte por apoptose. Diversos trabalhos mostram que a mitocéndria
pode ser considerada como um importante alvo para o planejamento e
desenvolvimento de novos compostos para a terapia antitumoral (ARMSTRONG,
2006). Diferentes modelos tém sido propostos para explicar como as mitocéndrias
liberam os fatores apoptogénicos. A reducao do potencial de membrana mitocondrial
(AmW¥) é um importante evento que contribui para esclarecer do possivel
envolvimento da mitocondria durante o processo de apoptose (KROEMER, 2002;
ARMSTRONG, 2006). A analise morfométrica das mitocondrias das células de
melanoma murino e a avaliacdo do potencial elétrico indicaram que o tratamento
com o0 mastoparano induziu apoptose com efetiva participagdo da mitocondria. A
analise das imagens adquiridas através da microscopia de transmissdo mostraram
que o mastoparano foi capaz de causar significativas mudancas morfoldgicas,
caracterizadas pela perda das cristas mitocondriais, aumento do volume
mitocondrial, reducdo da eletrodensidade e perda da integridade de membrana.
Esses dados estéo relacionadas com a inibicdo da fungédo mitocondrial, abertura e
remodelacdo das cristas mitocondriais, ap0s estimulos apoptéticos, que culminam
na liberacdo do citocromo c, AlIF, HTrA2/Omi, endonuclease G, OPAl e o
Smac/Diablo (van GURP et al., 2003). Esses resultados foram confirmados pelo
estudo das proteinas de integridade de membrana mitocondrial PHB1 e poro de
transicdo mitocondrial VDAC (MERKWIRTH et al, 2008; SCHLEICHER et al, 2008).
O tratamento com o mastoparano mostrou significativa reducado nos niveis dessas
proteinas, confirmando assim, a participacdo da mitocondria na transducéao do sinal
através da perturbagdo do poro de transicdo mitocondrial e desencadeando o efeito
pré-apoptotico (ARMSTRONG, 2006).

A hiperpolarizagdo da membrana mitocondrial € considerada um evento

precoce durante o processo de morte celular por apoptose, seguida posteriormente

121



da perda do potencial de membrana mitocondrial (KROEMER, et al., 2007; NAGY et
al., 2003; ZOROV et al., 2006). A hiperpolarizacdo da membrana mitocondrial pode
resultar em um estado mais reduzido de transportadores de elétrons responsaveis
pela transferéncia de um uUnico elétron ao oxigénio para produzir principalmente o
radical anion superéxido (ZOROV et al.,, 2006). Esse radical € um precursor das
maiorias dos demais ROS, também envolvidos na propagacdo das reacbes da
cadeia oxidativa (TURRENS, 2003). A geracdo de espécie reativa de oxigénio
gerada por esse colapso elétrico mitocondrial traz drasticas consequéncias para as
células tumorais. Dados da literatura mostram que a geracdo das espécies reativas
de oxigénio tornam as células tumorais mais sensiveis, podendo conduzir a morte
celular (KARDEH, et al., 2014; IVANOVA, et al., 2013). Interessantemente, N0SS0S
dados mostraram que o mastoparano € capaz de modular a geracdo de espécie
reativas de oxigénio e que esse fenbmeno desempenha um importante papel na
inducéo da morte celular, uma vez que as células pré-incubadas com o antioxidante
N-acetil cisteina, apresentaram maior resisténcia ao peptideo.

Interessantemente, mastoparan foi capaz de proporcionar o colapso do
potencial de membrana mitocondrial mensurado com o corante fluorescente lipofilico
TMRE através da despolarizacdo do potencial de membrana mitocondrial a partir da
1 hora de incubacé&o. A permeabilizagdo mitocondrial, bem como o escape de
proteinas normalmente confinadas a mitocondria, pode aumentar a liberacdo de
ROS e determinar as caracteristicas catabolicas da morte celular (FULDA;
KROEMER, 2011; ARMSTRONG, 2006).

Os poros formados na membrana mitocondrial interna podem ser
desencadeados por diversos fatores incluindo alteracdo da concentracdo ibnica
celular (SOKOLOVE; KINNALLY, 1996; BELIZARIO et al, 2007). Outro importante
fator esta correlacionado com a sobrecarga de Ca,’ que pode levar a formacdo de
edema mitocondrial e a liberacdo de proteinas mitocondriais através do aumento da
permeabilidade da membrana externa (GU et al., 2011). Este evento, é responsavel
pela translocagcéo do citocromo c para o citoplasma, promovendo a formacdo de um
complexo chamado apoptossomo, que em conjunto com a proteina adaptadora
citoplasmatica Apaf-1 e o ATP, induzem a auto-clivagem da pro-caspase-9, ativando
a forma ativa da caspase-3. O mastoparan foi capaz de aumentar os niveis dessas

proteinas como o citocromo ¢ (Raf, 1998), que uma vez no citoplasma, ativa a pro-
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caspase-9, posteriormente a caspase-3, que a cliva o PARP em PARP clivado,
desencadeando toda a cascata de eventos que conduzird a apoptose, condensacao
e fragmentacdo do DNA e producédo de corpos apoptoticos (CASCIOLA-ROSEN et
al, 1996; DALLA LIBERA et al, 1999; HILDER et al, 2005; MANCINI et al, 1998).

As vias que levam a ativacao das caspases variam de acordo com o estimulo
apoptoético, que podem direcionar as células a distintas acdes apds o estimulo de
morte. A familia da proteina Bcl-2, incluindo a Bcl-2 e Bcl-XL, controla e direciona os
sinais apoptotico da via intrinseca. Essas proteinas impedem a liberacdo do
citocromo ¢ das mitocondrias. Nos diferentes tratamentos das células de melanoma
murino com o0 mastoparan os niveis de expressao das proteinas Bcl-XL e fosfo Bad
(S112) apresentaram significativa reducdo quando comparada ao controle,
demonstrando maior suscetibilidade na liberacao do citocromo ¢ (DEWSON; KLUCK,
2009; BELIZARIO et al., 2007; ZHANG et al., 2009). Somando a esses dados, foi
possivel observar que o peptideo aumentou 0s niveis das proteinas pro-apoptotica
Bim e Bak e consequente desencadeamento do sinal apoptético. Essas proteinas
podem se translocar para a membrana da mitocondria modificando a permeabilidade
da membrana externa, induzindo a liberagdo de proteinas pré-apoptoticas
(KROEMER, 2002). Todos esses dados estdo de acordo com as analises
ultraestruturais das células de melanoma tratadas com o0 mastoparano,
demonstrando assim, que esse peptideo € um agente indutor de apoptose através
da via mitocondrial intrinseca (ZHANG et al., 2012).

Por fim, nosso resultado mais importante com o mastoparano foi avaliado
sobre a regressdo dos tumores sélidos dorsais. Os dados mostraram que o
mastoparan na concentracdo de 5 mg/Kg exibe efeito terapéutico apresentando
significativa reducdo do volume tumoral. Apés o término do periodo experimental
dos tratamentos com 0s animais portadores dos tumores sélidos, os animais
tratados com o mastoparano mostraram aumento no periodo de sobrevida global,
com estimativa superior a 28 %, mesmo ap0s a descontinuidade do tratamento.
Diante desses resultados, o mastoprano pode ser considerado um importante

composto candidato a agente antitumoral.
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6. CONCLUSOES

Apés o desenvolvimento do trabalho foi possivel concluir que:

» Os peptideos INKKI e mastoparano, apesar de conservarem 0 mesmo motivo
(KKI), apresentam efeitos distintos in vitro. O peptideo INKKI demonstrou
significativo efeito citostatico enquanto que o mastoparano foi citotoxicos em
células de melanoma murino B16F10;

* O peptideo INKKI foi capaz de apresentar efeitos antiprolifertivo através da
reducdo da expressdo de mediadores correlacionados com a via do
MAPK/ERK, proporcionado um aumento na propor¢cdo de células na fase
GO/G1.

* O INKKI apresenta acdes inibindo a migracéo e invaséo celular envolvendo a
via de sinalizacédo da FAK/Src;

e Os estudos in vivo mostraram que o INKKI apresenta significativo efeito
protetor nos modelos metastéticos e dorsais. Esse efeito in vivo depende da
ativacdo do sistema imunoldgico, uma vez que o peptideo ndo apresentou
diminuicdo do numero de nédulos metastaticos em modelo imunodeficientes
de linhagem NOD/SCID/y,™":

* O mastoparan apresentou significativo efeito citotoxico, induzindo apoptose
em linhagens de melanoma murinho B16F10;

* Os dados mostraram que o mastoparano é capaz de induzir apoptose através
da via mitocondrial intrinseca, mediada pela geracdo de espécie reativa de
oxigénio e perturbacao dos poros de transicdo mitocondrial;

* Os estudos em modelo de melanoma dorsal mostraram que o mastoparano
exibiu significativo efeito terapéutico com aumento da sobrevida em animais

portadores de tumores.
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Purpose: The antitumor activity of Kielmeyera coriacea (Clusiaceae), a medicimal plant
used in the treatment of parasitic, as well as fungal and bacterial infections by the Brazilian
Cerrado population, was investigated.

Methods: A chloroform extract (CE) of K. coriacea was tested in the murine melanoma cell
line (B16F10-Nex2) and a panel of human tumor cell lines. Tumor cell migration was
determined by the wound-healing assay and the in vive antitumor activity of CE was
investigated in a melanoma cell metastatic model. 'H NMR and GC/MS were used to
determine CE chemical composition,

Results: We found that CE exhibited strong eytotoxic activity against murine melanoma
cells and a panel of human tumor cell lines in vitre. CE also inhibited growth of B16F10-
Nex2 cells at sub lethal concentrations, inducing cell cyele arrest at S phase. and inhibition
of tumor cell migration, Most importantly, administration of CE significantly reduced the
number of melanoma metastatic nodules in vivo. Chemical analysis of CE indicated the
presence of the long chain fatty compounds, 1-eicosanol, 1-docosanol, and 2-nonadecanone
as main constituents.

Conclusion: These results indicate that K. corigeea is a promising medicinal plant in eancer
therapy exhibiting antitumor activity both in vitro and in vive against different tumor cell

lines,

Introduction

Plant-derived compounds have received considerable
attention in recent years because of their pharmacological
properties, including cytotoxicity and chemotherapeutic
activities in cancer. Brazilian Cerrado, the second largest
biome in Brazil,' is the source of many species containing
bioactive compounds assayed in different experimental
models.™ The Cerrado is one of the 25 important
biodiversity hotspots in the World, with an exceptional
concentration of rare endemic species.’ Recent studies
have described the biological activities of several plant
extracts or isolated compounds from this tropical savanna
acoregjonf'a

Kielmevera coriacea Mart. & Zuce. (Clusiaceae) is a
medicinal plant derived from the Brazilian Cerrado, used
by the native population in the teatment of several
tropical diseases, including schistosomiasis, leishmamasis,
malaria, fungal and bacterial infections.” Recent studies
have reported on the cytotoxic activity of K. coriacea Root

and Bark extracts in tumor cells, such as HCT-8 (human
colon carcinoma), HL-60 (human leukemia), SF-295
(glioblastoma) and MDA-MB-435 (melanoma}.k Previous
studies have shown the low toxicity of a dichlorometane
extract of K. coriacea stems, suggesting a margin of safety
for in vivo therapeutic doses."" It has also been reported
that the dichloromethane fraction from stems of K
corigeea can be an important therapeutic alternative in the
treatment of anxiety disorders by induction of
antidepressant response in rats.'""

We evaluated the in vitro and fn vive antitumor effects of
different leaf extracts of K. coriacea on murine melanoma
B16F10-Nex2. We also evaluated K. coriacea cytotoxicity
in several human cancer cells. Our results indicate that the
chloroform extract (CE) from leaves of K. coriacea
inhibited murine melanoma BI16F10-Nex2 cell growth
with cell cycle arrest, cell migration #n vitro and tumor-
cell lung colomization in vive. Analysis of CE using *H-

*Corresponding author: Carlos Rogério Figueiredo, Tel: + 55 (11) 5084-2991, Fax: + 55 (11) 5571-5877, Email: c.figueiredo@unifesp.br
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unrestricted use, distribution, and repraduction in any medium, as long as the original authors and source are cited. No permission is required from
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NMR (Nuclear magnetic resonance spectroscopy) as well
as GC/MS (gas chromatography—mass spectrometry)
indicated the presence of long-chain fatty alcohols (Cyy,
Cay, Cog), ketones (Cyy, Cpo) and an alkene (Cyy) as the
main compounds. The length of the alkyl chains may play
an important role in eliciting the biological activity of
these molecules.”® Their unsuspected antitumor activity
adds to several other properties of these compounds as
insect repellents (USPatent 4774082), antiviral agcnts.
neurotrophic factors, waxes for thermal insulation.'*!

Materials and Methods

Plant materials and extraction

Leaves of K. coriacea were collected in the Cerrado arca
in the city of Patos de Minas-MG, Brazil (17°30.2734"S
and 45°31.21"17"W) in August 2008, and 2009. The plant
was identified by MSc. Alice F. Amaral and a voucher
specimen was deposited at the Mandevilla Herbarium,
Centro Universitario de Patos de Minas (UNIPAM), No.
MGHM0632-7. Hydroaleoholic (HA) and ethyl acetate
(EA) extracts were obtained from 50 g of powdered leaves
macerated in 250 mL of ethanol (EtOH): H:0 7:3 (v/v) for
3 h at 45°C. Chloroform (CE), hexane (HE) and heptane
(HP) were used to obtain extracts from 20 g of powdered
leaves. Triplicate extractions were carried out with 200-
mL of each solvent with stirring for 2 h at room
temperature. Stock solutions were prepared with the dry
residues diluted in dimethylsulfoxide at 10 mg/ml. The
yvield of extraction of leaf plant compounds with
chloroform was higher than with dichloromethane,
therefore chloroform was chosen in the subsequent
extractions.

Chemical analysis

'H-NMR spectra were recorded at 300 MHz in a Bruker
DPX300 spectrometer, using CDCl; as solvent and TMS
(tetramethylsilane) as internal standard. GC-MS analysis
was performed at 70 ¢V in a INCOS 50 Finnigan-Mat-
quadrupole spectrometer, using a capillary column (DB-5)
coated with crosslinked methyl silicone gum (50 m, 0.20
mm i.d., film thickness 0.33 " 'm). The temperature
program was 100°C isothermal for 1 min, then 100-280°C
at 10°C/min, and 1sothermal at 280°C for 20 min. The
temperatures of injection and detection were 250 and
280°C, respectively.

Cell lineages and mice

The following cell lincages were used: murine melanoma
(BI6F10-Nex2). a subclone of BI6F10, deposited at
BCRIJ no. 0342; human colon carcinoma (HCT): human
cervical cancer (Siha); human melanoma (A2038,
SKmel28 and MeWO) all obtained from the Ludwig
Institute for Cancer Research (LICR), Sdo Paulo branch.
Cells were cultivated as previously described.”

In vitre cytotoxicity and proliferation assays

K. coriacea extracts and specifically CE, diluted in RPMI
medium with 1% DMSO (10 to 40 pg/ ml) were incubated
with BI6F10-Nex2 cells or human tumor cells (107 cells)

in 96-well plates in a final volume of 100 pL for 24 h for
cell cytotoxicity assay. For cell proliferation assay, 5 x 10°
B16F10-Nex2 cells were incubated with 20 and 10 pg/ml
of CE in a final volume of 100 uL for 24 h, 48 hand 72 h.
Positive controls were carried out with doxorubicin, and
negative controls with 1% DMSO supplemented RPMI
medium. Cell viability was quantified using the MTT-
based Cell Proliferation Kit | (SIGMA). Readings were
made in a plate reader at 570 nm. Alternatively, the
Trypan Blue exclusion method was also used. All
experiments were performed in triplicate.

Wound healing assay

B16F10-Nex2 cells (3x107) were seeded in 12-well plates
and incubated over-night with a sublethal dose of CE (10
ug/ml). Wounds were made on tumor cell monolayers
with a pipette tip, and images were captured at 0, 3, 8 and
24 h during cell migration and gap filling. Images of CE
treated cells were compared with control cell images for
quantification of cell migration ratio.

Cell cycle analysis

Tumor cells (1x10°) were incubated with 20 pg/ml of CE
for 24 hours. Cells were trypsinized and centrifuged at
1000 rpm for 5 minutes. Pellets were suspended in | ml of
ethanol 70% for fixation and incubated in ice for 15
minutes. Cells were centrifuged at 1000 rpm for 5 min and
suspended in 500 pL of PI (propidium iodide) solution
containing 50 pg/ml PI, 0.1 mg/ml RNase A and 0.05%
Triton X-100, for 40 min at 4 °C. Cells were pelleted and
suspended in 500 pl phosphate-buffered saline (PBS) for
analysis in a Facs Cantoll flow cytometer (BD
Biosciences). Data were analyzed with Flowlo software
(Tree Star, Inc. Ashland, OR).

Melanoma metastasis assay

Mice were endovenously injected with 5x10° BI16F10-
Nex2 cells in 100 pl of RPMI without bovine fetal serum
(SFB) in the tail veins of syngeneic C57BI6 mice. Three
groups of 5 animals were challenged with tumor cells and
daily treated with intraperitoneal (i.p.) doses of CE (0.1mg
and 0.5 mg/100ul 1% DMSO-PBS) during fourteen
consecutive days. After 15 days, the lungs were removed
and inspected for metastatic colonization and their masses
quantified.

Ethics statement

All necessary permits were obtained for the described field
studies, granted by the State of Sdo Paulo Research
Support Foundation (FAPESP), Brazil. The Ethics
Committee of Federal University of Sio Paulo approved
the main Project submitted by the Experimental Oncology
Unit, CEP 1234/2011.

Statistical analysis

The experiments were performed in triplicate and the
values are expressed as means + standard deviations
(S.D.). Student’s -test was used for significance analyses,
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using GraphPad Prism 4.0 software (La Jolla, CA). p<0.05
was considered significant difference.

Results

Cytatoxicity study

The different K coriacea leaf organic extracts were tested
in the various tumor cells. The chloroform extract (CE)
was the most cytotoxic in BI6F10-Nex2 cells with 1C5; of
10.26 pg/ml (Table 1). CE cytotoxicity was also evaluated
in different tumor cells and non- tumorigenic cell lines
(Figure LA), and ICs, values are shown in Table 2 afier 24
h of incubation. The positive control was run with
doxorubicin at [Cs; 0.03 pg/ml in B16F10-Nex2 cells, We
observed that CE induced tumor cell death at 40 pg/ml, as
shown by Trypan Blue staining, suggesting a cytostatic
effect of CE at concentrations lower than 40 pg/ml.
B16F10-Nex2 cells incubated with subdoses of CE at 10
and 20 pg/ml, showed growth inhibition after 48 h and 72
h (Figure 1B), but the cells which showed morphological
alterations did not stain with Trypan blue.

Table 1. Cytotoxic activity of different K.coriacea leaf extracts in
B16F10-Nex2 cells in vitro.

K.coriacea |leaf extracts ICsq (pg/ml)
HA > 100
EA =100
CE 10.26
HE 95.33
HP =100
Doxorubicin 0.03

HA — Hydroalcoholic extract / EA — Ethyl acetate extract / CE —
Chloroform extract
HE - Hexane extract / HP — Heptane extract

CE interferes in the cell cycle of murine melanoma cells
The CE prolonged the S phase delaying the cell cycle
kinetics in melanoma cells. Treated cells showed
increased cytoplasmic area (Figure 2). This experiment
was run with 1x10° B16F10-Nex2 cells incubated with
20 pg/ml of CE for 24 h and cells were processed as
described in methods. Interference in the cell cycle at
sublethal concentrations explains the growth inhibition
shown in Figure .

CE inhibits migration of murine melanoma cells

The migration of B16F10-Nex2 cells using the wound-
healing assay was significantly inhibited after 8 and 24 h
of incubation with 10 pg/ml of CE (p < 0.05) (Figure 3).

CE anti-metastatic activity in a syngeneic melanoma
sysfem

C57Bl6 mice were endovenously challenged with 1x10°
B16F10-Nex2 cells and intraperitoneally (i.p) treated
with a daily dose of CE during 14 days. We observed
that CE induced significant protection in mice treated
with 0.5 mg (p < 0.05) rather than with 0.1 mg doses of
CE (Figure 4A). The tumor mass values were calculated
by subtracting the average mass value (20 mg) of normal

lung from the lung mass values of treated animals
(Figure 4B). Treated animals had no weight loss or other
signs of toxicity during the experiment.

120 4

100 1 .
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-} { -
E L T2 pg/ml
] B[ 0pg/ml
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—
20 1 )
|_._
o }
24 43 fr
Hours
B —+-5[HA
~BSkined 28
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&
= —az
=
2 “=B16F 10
=
3 - NEEERL
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11
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Figure 1. Cytotoxic effects of K. coriacea chloroform extract
(CE). (A) B18F10-Nex2 cell growth after incubation with low
concentrations of CE (10 and 20 wpg/ml) compared to the
untreated control, for 24, 48 and 72 hours; (B) Cytotoxic activity
of CE in different cell lines. CE was incubated with 10" viable
cells at concentrations ranging from 0 to 40 pgimi for 24 h. Cell
wviability was determined by the MTT method.

Table 2. IC50 values obtained for CE in different cancer cell
lines and non-tumorigenic cell lines.

Cellline m';,‘;n 5
Siha Human cervix carcinoma 6.90 1.21
HCT Human colon carcinoma 6.88 1.42
SKMel 28 Human melanoma 42,05 053
MeWo Human melanoma 3426 3.56
A2058 Human melanoma 26,80 3.54
312;10' Murine melanoma 10.260  0.68
313 mmi;mbrvn >100  2.90
Melan A Murine melanocyte >100  3.28

NHEM Marmat b >100 3.26
epidermal melanocyte

Human foreskin
HFF 100 2,7
fibroblast i A
1C50 - half maximal inhibitory concentration
SD = Standard deviation
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analysis of B16F10-Mex2 cells incubated with 20 pg/ml of CE for
24 h.; (B) Representative images of tumor cell morphology
following CE treatment for 24h. Magnification, x200.
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Figure 3. B16F10-Nex2 cell migration during incubation with
CE at 10 pyg/ml {A) Migration of tumor cells for 24 h. Statistical
analysis was performed and data was plotted as the mean +
standard deviation (SD) (*p < 0.05 vs. control); (B) Migration of
CE-treated tumor cells, Magnification, x100.
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Figure 4. In vivo protection of CE against metastatic
melanoma. (A) Representative mouse lungs after treatment with
CE; (B) Tumor mass from mice treated with 0.1 mg and 0.5 mg
of CE and vehicle (1% dimethylsulfoxide - DMSO in phosphate-
buffered saline - PBS) intraperitoneally during 14 consecutive
days ("p < 0.05 vs. control).

Chemical analysis of CE extract

The 'H NMR spectrum of crude CE extract from K.
coriacea showed an intense broad singlet at & 1.2 and a
deformed triplet at & 0.8 (J = 7.0 Hz). These signals,
associated with the presence of multiplets at & 5- 6 ppm,
indicated the occurrence of long side chain unsaturated
hydrocarbon derivatives as major derivatives in this
active group.'® Additionally, several signals at & 3-4 ppm
as well as at 6 2-3 ppm were detected, which suggested
the oceurrence of alcohol and ketone derivatives as well.
Aiming at the identification of these components, the
crude extract was analyzed by GC-MS, which allowed
the identification of six main fatty compounds (Table 3).
'H NMR spectrum, GC and MS spectra of CE main
compounds are shown in Figure 5. Compounds are
grouped in three different classes: alkene: 1-docosene
(16.59%); alcohols: 1-eicosanol (18.46%), 1-docosanol
(19.80%), and 1-hexacosanol (13.38%); and ketones: 2-
heptadecanone (11.63%) and 2-nonadecanone (20.12%).
The characterization of these compounds was based on
the mass spectra as well as on the retention times in a
DB-5 column.

Discussion

CE cytotoxicity was evaluated since, according to the
American National Cancer Institute, the 1Cs, limit for the
cytotoxicity of a crude extract that requires further
purification is 30 pg/ml.'"® Previous work has already
demonstrated the antitumor potential of the hexane
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Antitumor activity of Kielmeyera conacea

extract from the root bark of K. coriacea, particularly
against MDA-MB-435 melanoma cells.” Our present
data demonstrate the cytotoxic activity of K coriacea leaf

extracts, showing that the chloroform extract (CE) is the
most active in vivo and i vitro against melanoma and
other human tumor cell lines.
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Figure 5. Analyses of CE chemical constituents. (A) 'H NMR spectrum depicted an intense broad singlet at § 1.2 and a deformed
triplet at & 0.8 ppm; (B) GC of CE chloroform extract showing peaks a: 1-docosene, b: 1-eicosanol, ¢: 1-docosanol, d: 2-heptadecanone,
e 2-nonadecanone, f: 1-hexacosanal); (C) MS spectra of the main compounds.

Table 3. Fatty compounds identified in CE.

Rt / min Molecular formula Relative amount (%)
47.1 CH3(CHg)1sCH=CH; (1-docosene) 16.59
49.8 CH3(CHa)1gCH-0H (1-eicosanal) 18.46
51.9 CH3(CH2)20CH-0H (1-docosanol) 19.30
(8]
52.3 (2-heptadecanone) 11.63
CH3(CHz)12CHz CH4
0
54.4 (2-nonadecanone) 20.12
CH3(CHz)15CHz" "CHy
54.7 CHj3(CH5)24CH>0OH (1-hexacosanol) 13.4
High concentrations of CE (40 pg/ml) caused not shown). Such morphological alterations were not

cytoplasmic swelling in B16F10-Nex2 melanoma cells,
bleb formation and cell lysis thus suggesting both
apoptosis and necrosis,” The genomic DNA in CE
treated cells showed degradation in a ladder pattern (data

observed at lower CE concentrations. CE was not
significantly cytotoxic in non-tumorigenic cells, such as
human and murine fibroblasts and melanocytes. The
arrest in the S phase of tumor cells as observed in the

Advanced Pharmaceutical Bulletin, 2014, 4(x), x-x
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present work, led to proliferation inhibition and
apoptosis, as previously reported *'**

Cancer cells lack the growth control of normal cells,
exhibiting unlimited self-sufficient replication.”™** For
therapeutic effectiveness, drugs are being developed that
act as biological modifiers, regulating the cell cycle and
promating cell death.” Plant derived compounds have
been reported to induce cell cycle arrest and cell death in
many tumor cell lines.””™ The present study reports on
the delay of the cell cycle kinetics at the S phase,
significantly reducing the G2/M phase, by K. corfacea
leal chloroform extract.

K. coriacea CE inhibited B16F10-Nex2 cell migration in
vitro and protected against lung metastasis in vivo.
Migration and invasion are essential steps in cancer cell
metastasis.” Similar effects have been reported in many
plant derived extracts and purified compounds that
inhibit cancer cell migration. ™"

The previous analysis of hexane extracts from root and
bark of K. coriacea described &-tocotrienol, its dimeric
derivative,” and xanthones in the dichloromethane
fraction.””> K.coriacea xanthones were shown to exert
antimicrobial activities against Staphylococcus aureus at
50 pgr"rﬂl,” the plant pathogenic fungus Cladosporium
cucumerinum  and  also  Candida  albicans.™ A
trypanocidal activity has also been described for
K.coriacea xanthones."'

Presently, we show that the chloroform extract from
leaves of K. coriacea have long-chain fatty compounds.
The alkene I-docosene. the alcohols [-eiwcosanol, |-
docosanol and 1-hexacosanol. and the ketones 2-
heptadecanone and 2-nonadecanone were identified.
With chain lengths of C20 to C36," these compounds
constitute leaf cuticular waxes that may differ widely
among species.”™ Genetic studies in Arabidopsis
clarified the fatty acid elongation steps and the
subsequent modification of the elongated products into
primary alcohols, wax esters, secondary alcohols, and
ketones, disclosing the enzymes involved in these
pathways.” Fatty acid derivatives can act as signaling
molecules, modulating normal and disease-related
phenotypes in animals,” and display antimicrobial and
anticarcinogenic activity . One of these long chain
hydrocarbon derivatives has already been characterized
in plant extracts with antitumor activity, the 1-eicosanol,
a component of the acetate fraction of Leea indica that
inhibits growth of various cancer cell lines. ™

Regarding ketones (C17, C19) and C22 alkene found in
CE, there are still no data on the mechanism of action of
these compounds against tumor cells. Apparently, the
length of the alkyl group” and the hydrophobicity are
related to their biological activities.” Previous work has
shown that some long-chain fatty alcohols and their
derivatives may act on mitochondria, inhibiting both
tumor cell growth in vitro and the growth of Bl6
melanoma in vive, S Regarding the long-chain fatty
alcohols found in CE (eicosanol, docosanol and
hexacosanol), they were found in plant extracts and
fractions cytotoxic to tumor cell lines in vitro.

Recently, the activity of mixtures of long-chain alcohols
(C26-C32), such as octacosanol, hexacosanol,
heptacosanol, cicosanol and many others, derived most
commonly from the wax of natural sources™ and are
similar to CE long-chain alcohols mixture has been
studied. Antitumor properties have been described, such
as inhibition of angiogenesis and metastasis in vitro and
in vivo, by inhibition of matrix metalloproteinases
activity (MMPs) and translocation of Nf-kB to nucleus.”
Further studies are needed to clarify the mechanism of
action of these compounds on tumor cells.

Conclusion

In the present work we describe the in vitre and in vive
antitumor activity of the chloroform extract (CE) of
leaves from K. coriacea containing long-chain fatty
alcohols, ketones and an alkene. The CE delayed the
melanoma cell cycle with morphological alterations and
inhibited tumor cell migration in vitro. CE growth
inhibition i vitro was shown in murine melanoma
B16F10-Nex2 and a few human tumor cell lineages. CE
exerted in vivo protection effect using a syngeneic
metastatic melanoma model with a significant reduction
in the number of lung tumor nodules. It is still unclear
whether any single fatty compound in the mixture, or a
combination of constituents may reproduce the antitumor
effects of the CE extract.
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Pyrostegia venusta heptane extract containing
saturated aliphatic hydrocarbons induces apoptosis on
B16F10-Nex2 melanoma cells and displays antitumor
activity in vivo
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Accass this article anfine

Wabsite:
Background: Pyrestegia venusta (Ker. Gawl.| Miers (Bignoniacea) is a medicinal plant from the | www.phcog.com
Brazilian Cerrado used to treat leucoderma and common diseases of the respiratory system. not:

Objective: To investigate the antitumor activity of P venusta extracts against melanoma. b

Materials and Methods: The cytotoxic activity and tumor induced cell death of heptane extract (HE) Quick Response Code:
from P. venusta flowers was evaluated against murine melanoma B16F10-MNexZ ceils in virra and
in a syngeneic model i vivo., Results: We found that HE induced apoptosis in melanoma cells
by disruption of the mitochondrial membrane potential, induction of reactive oxygen species and
late apoptosis evidenced by plasma membrane blebbing, cell shrinkage, chromatin condensation
and DNA fragmentation, exposure of phosphatidylserine on the cell surface and activation
of caspase-2,-3,-8,-9. HE was also protective against singeneyc subcutaneous melanoma
HE compounds were aiso able to induce cell cyele arrest at G2/M phases on tumor cells. On
fractionation of HE in silica gel we isolated & cytotoxic fraction that contasined a mixture of
saturated hydrocarbons identified by "H NMR and GC-MS analyses, Predominant species wera
octacosane (C, H, -36%) and triacontane (C,H,.-13%], which individually showed significant
cytotoxic activity against muring melanoma B16F10-Nex2 cells in wire and a very promising
antitumar protection against subcutaneous melanoma in vivo. Conclusion: The rasults suggest
that the components of the heptane extract, mainly octasane and triacontane, which showed
antitumor properties in experimental melanoma upon regional administration, might also ba
therapeutic in human cancer, such as in the mostly epidermal and slowly invasive melanomas,
such as acral lentiginous melanoma, as an adjuvant treatment to surgical excision.

Key words: Apoptosis, cytotoxicity, melanoma, Pyrostegia venusta, saturated hydrocarbons

INTRODUCTION

health risk and the fastest growing of all cancer types.!”
Melanomas are usually removed l}j.' resection but are very

Malignant melanoma is a very aggressive form of
skin cancer, with 3 mortality rate that has increased in
2% annually sinee 1960, making it a worldwide public
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difficult to cure in the metastatic form. Several stratepies
and combinatons of antcancer drugs have been used in
an efforr to improve the therapeutic effect on malignant
melanomas.! Solid mwmor cells develop resistance o
antineoplasic drugs and I'I'tu.]tld'l'u;\;l, resistance 15 4 major
cause of chemotherapy failures of human cancer.”

Aming skin cancers, the acral lentiginous melanomea (ALM)
is 1 variant occurring on volar surfaces of hands, feet,
subungual sire, ingers or toes and is characterized by slow
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Chromatin condensation analysis

BlLoF1-Nex2 cells {1 % 10% were culdvated on round
coverslips, treated with 50 pg/ml of HE for 18 h, washed
in PBS and fixed for 30 min ar room temperature with 2%
formaldehyde, The cells were washed in PBS and stained
with 2UM Hoechst 33342 (Invitrogen) for 15 min and
analyzed by flunrescence microscopy (Olympuos BX-51
flunrescence microscope with immersion oil, at 60X
magnification).

DNA fragmentation assay

DNA fragmentation of tumor cells was analyzed by the
Terminal Deoxynucleotidyl Transferase dUTP Nick end
Labeling (TUNEL) assay. 5 % 10" B16F10-Nex2 cells were
incubated with 500g/ml HE for 18 h and then processed
and analyzed as previously described. ™ Combretasiarin
Ad (CA4) was used ar 130 uM as positive conceole of
DNA fragmentaton, Alternatvely, DNA fragmeneation
was aceessed by electraphoresis. 1% 10 B16F1-Nex2 cells
wete incubated with 30ug/ml of HE ar 37°C for 24 h
and then penomic DNA were extracted from the cells,
processed and analyzed as previously deseribed.™

Annexin V and propidium iodide labeling
B16F10-Nex2 (3 % 1F) cells were grown for 24 hin a
12-well plate and further meubated with 25 and 12pg/ml of
HE or RPMI medium for 1 or 2 hat 37°C. The cells were
harvested with cold PBS after three washes in the same
buffer. Apoptotic cells were analyzed using the ApoScreen
Annexin V-FITC kit according o the manufacturer’s
instructions (Southern Biotechnology, Birmingham, AL},
Positive annexin V {(AV) and propidium iodide cells were
detected on an inverted fluorescence microscope (Olympus
1IN ar 100X magnificaton,

Detection of caspase activity

The activity of caspases induced by HE was assessed
using the ApaTarge™ Caspase Colonmetric Prorease
Assay Kit (Invitrogen, Carlshad, CA) according to the
manufacturer’s protocol. 1 X 107 B16F10-Nex2 cells were
sceded in G-well plates and treated with 50 pg/ml of HE
for 18 b, Briefly, cells were harvested and lysed in a lysie
buffer for 10 min in ice. The lysate was centrifuged at
10,000z for 1 min, and 200 g protein was incubated with
50 Wl of the reaction buffer and 5 pl of the substrate, at
37°C for 2 h. The absorbance of the reaction mixture was
quantified at 405 nm in a miceoplate reader (Spectramax
M3, Melecular Devices).

N-acetylcysteing assay

Bla6F10-Nex2 cells (1 = 10M) were sceded in 96-well plates for
6 h, pre-incubated with 10mM of N-acenvleysteine (NAC)
for 2 h, washed rwice in PBS and incubated with 50 pg/mil
of HE for 18h at 37°C. In the conrrol group, mmor

cells were pre-incubated with RPML Cell vaability was
determined by Trypan blue (Gibeo, Grand Island, NY)
exclusion rest,

Enhanced superoxide anion production

Enhanced superoxide anion production was derected
by dihvdrocthidium (DHE) assay (Invitrogen)
performed according to manufacturer’s instructions.
B16F10-Nex2 cells (5 % 107) were cultvared in 24-well
plates and rreared with 25 and 12 pp/ml of HE for 18 h.
The cells were incubated with 5 WM DHE at 37°C for
30 min. For positive staining control, cells were treated
with SmM hvdrogen peroxide for 30 min, Negarve
controls were mreated with RPMI medium, The conversion
of DHE o ethidium by oxidation was observed by
fluorescence microscopy with an inverted Huorescence
micrascope (Olympus INTO) at 205 magnificaton,

Assessment of mitochondrial membrane
potential (A m)

B16F10-Nex2 (1 % 107 cells were grown for 24 hina
12-well plate and were incubated with 25 and 12 pg/ml
HE ar 37°C for 18 h. Cells were gently washed in PBS
and loaded with 20nM of wrramethvlrhodamine ethyl
ester ([TMRE, Molecular Probes, OR) for 10 min at
37°C. Cells were immediately observed with the aid of
an inverted fluorescence microscope (Olympus [« 70) at
20X magnification,

Cell eycle analysis

B16F10-Nex2 (3 % 107 eells were incubated with 25 pg/ml
of HE for 24 h. Cells were washed three fimes in PBS and
pelleted ar 1,500 rpm for 5 min, Cells were suspended and
fixed in 2.5 ml ethanal (70% in PBS) for 15 min in ice,
Cells were pelleted and suspended in 500 pl of Pl solution
in PBS (50 jtg/ml propidium iodide, 0.1mg/ml RNase A
and 0,05% Triton X-100) for 40 min at 4°C. Cells were
pellered and suspended m 500p PBS for flow analysis ona
Facs Cantol] flow cvtometer (BD Biosciences), Data were
analyzed by Flowjo software (Tree Star, Inc. Ashland, OR),

Peritumor treatment of subcutaneously grafted murine
melanoma

Six-week-old male C3TBL/6 mice obtained from the Center
for Development of Experimental Models (CEDEME),
Federal University of Sao Paule (UNIFESP) (average
weight of 25-28g), were subcutaneously injected with
5 % 100 B16F10-Nex2 mmor cells. Pertitumor injections
were given starting 24 b afrer umor cell graft. Treared
groups {3 animals per group) received daily doses of
WiiLlg of HE or 500pg of alkanes and the control groups
receved 5% DMSCrin PBS (HE control) or (:1%0 hexane,
3% DMSO in PBS (alkanes control), The use of 3%
DMS0 as vehicle was based on previous d vt promcols
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wete carried our using protocols approved by the Ethics
Commitree for Animal Experimentation of Federal
University of 83o Pauks, Beazil and the specific Project
presentéd by the Experimental Oneology Unit, including
the animal experiments herein reported, has been approved
via doc by Ethics and Research Committee (CEP) under

the number 1234,/2011.

Plant material and extraction procedure

Flowers of Pyrostegia venusta (Micrs) (Bignoniaceae) were
collected at Patos de Minas county, Minas-MG (18"31'40.3475
€ 46°32'19.75"W), The plant material was identified by
MSe, Alice de Fidma Amaral and a voucher specimen
was deposited in the Mandevilla Herbarium ar the Cenrto
Universitario de Patos de Minas (UNIPAM) under the
number MGHMO430, The hydroalcoholic exoact (HA)
was obtained from 50g of powdered flowers macerated
in 2530mL of EtOH: H.O 7:3 {v/v) for 3 h ac 60°C.
Chloroform (CE) or hcp:ﬁne (HE) extracts were obtained
from 20g of powdered flowers extracted three times
with 200mL of heprane or chloroform with stirdng for
2 h at room temperature. The extracts were filtered,
dried under pressurized nitrogen and stored at-20°C,
The dry extracts were reconsdmeed with 1% (v/v)
dimethylsulfoxide (DMSU) to prepare a stock solution at
aconcentration of 10 mg/ml., Bioguided fractionation of
crude heprane extract (HE),

Part of a crude heprane extract (HE) from fowers of
B pennsta (600mg) was subjected o silica gel column
chromarography eluted with hexane conmining increasing
amounts of ethyl acetare fup to 100%), tw give 54 samples
that were pooled into five fractions (HEFI-HEFT) after
Thin Laver Chromatography (TLE) analysis. The different
tractions were tested for eytotoxicity using a murine
melanoma (BI6F10-Nex2) growth inhibition test. The
cytotoxic potential of the heptane extract was detected
only in the fraction pool HEF2 (12mg), therefore this
was analyzed by 'H NMR spectoscopy as well as GE-MS
aiming at the idenofication of acuve compounds, The
most abundant compounds found in FIEF2, octacosane
and triacontane were evaluated for their eytotosic activity
on tumot cells and were purchased from Santa Cruoz
Biotechnology, Inc (California, USA), Alkanes were dilured
in Roswell Park Memeonal Insarore mediom (RPMI-1641
with 0.1% n-hexane and 1% DMSO, vortexed and
sonicated for 5 min for further incubaton with 1 = 107
B16FH-Nex2 cells, Negative controls were performed with
vehicke (0,1% n-hexane and 1% DMS0 in RPMI-16400,

Nuclear magnetic resonance and GC-MS analysis

Silica gel (Merck 230-400 mesh) was used for column
chromatography and silica gel 60 PF__ (Merck) for
analyncal (0.25mm) TLC. Nuclear Magnetic Resonance

Pharmacognosy Magazine 2014 |Supplement-2

(NMR) spectra were recorded at 200 MHz for 'H nucleus
on a Bruker AC200 spectrometer, using CDCL, as
salvent and TMS (tetramethylsilane) as internal standard,
GC-MS analysis was performed at 70 ¢V inan INCOS 50
Finnigan-Mar-quadrupole spectrometer, using a capillary
column (DB-5) coated with crosslinked methyl silicone
gum {30m, (L.20mm id., Alm thickness (.33Um). The
tempetature program was 100°C isothermal for | min,
then 100=280°C at 10°C/min, and isothermal at 280°C
tor 200 min. The temperature of injecoon and derection
were 250 and 2B0°C, respectively,

Cell lines and culture

The following cell lines were used: human melanoma
cell lines (SKMel 28 and A2058), onginally provided by
¢ Alan N, Houghton of Memaorial Sloan Kettering Cancer
Center, NY: murine melanoma (B16F10-Nex2), a subclone
of the BIGFLO cell line obtained ar the Experimental
Oncology Unir (UNONEX), Federal University of Sao
Paunlo; human cervieal cancer (Hela), human umbilical
vein endothelial cells (HUVEC), mouse fibroblasts (3T3)
and human foreskin fibroblast (HF) cell lines were
provided by Ludwig Institute for Cancer Research, Sio
Paulo and D, Luiz Fo Lima Reis, Hospital Sirio-Libanez,
Sae Paulo, Brazil The UBT-MG gliohlastoma cell line was
provided by Dr. Osvaldo K. Okamoto, University of Sio
Paulo. Munine, syngeneic, colorectal adenocarcinoma
cell {CT26) and murine pancreatic cells [PANC) were
prowided by Dr. Guillermo Mazzolini from the School
of Medicine of Auostral University, Derqui-Pilar, Buenos
Aires, Argenona, Tumor cells were cultured af 37°C in a
humidified atmosphere containing 5% CO,, in RPMI 1640
medium {Invitregen, Carlsbad, CA) supplemented with
10mM N-2-hydroxyethylpiperazine-N -ethanesulfonic
acid (Hepes) (Sigma, 5t. Louis, MO), 24mM sodium
bicarboriate (Sigma), 40mg/] gentamicin (Schering-Plough,
Sio Paulo, Braeil), pH 7.2 and 10% fetal calf
serum (Invitrogen). Human HE, mouse CT26 and 3173 eells
were maintined in DMEM supplemented as for the
RPMI-1 640 medium.

Cytotoxicity assay in vitro

Blenarta extracts and fractions were diluted in supplemented
RPMI medium with 0.5% dimethyl sulfoxide (DMSO,
SIGMA) and incubared with 5 % 10F or 1 % 10 munne and
human rumor cellsin 96-well plates. Aftera pre-incubation
period (18 h), cell viability was assessed using the Cell
Proliferation Kir | (MTT) (Boehringer Mannheim), a
3-{4,5-dimerthylthiazol-2-yl}-2 5-diphenylretrazolium
bromide-based colorimetric assay. Readings were made in
a plate reader at 570 nm. Alernatively, cell viability was
accessed by the Trypan blue [Giben; Grand Island, NY)
exclusion test, All experiments were performed in miplicate.
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Chromatin condensation analysis

B16F10-Nex2 cells (1 ¥ 10%) were cultivated on round
coverslips, treated with 50 pg/ml of HE for 18 h, washed
in PBS and fixed for 30 min at room temperature with 2%
formaldehyde. The cells were washed in PBS and stained
with 2UM Hoechst 33342 (Invitrogen) for 15 min and
analyzed by fluorescence microscopy (Olympus BX-51
fluorescence microscope with immersion oil, at 60X
magnification).

DNA fragmentation assay

DNA fragmentation of tumor cells was analyzed by the
Terminal Deoxynucleotidyl Transferase dUTP Nick end
Labeling (TUNEL) assay. 5 X 10" B16F10-Nex2 cells were
incubated with 50pg/ml HE for 18 h and then processed
and analyzed as previously described.” Combretastatin
A4 (CA4) was used at 150 WM as positive controle of
DNA fragmentation. Alternatively, DNA fragmentation
was accessed by electrophoresis. 1 X 10° B161'10-Nex2 cells
were incubated with 50ug/ml of HE at 37°C for 24 h
and then genomic DNA were extracted from the cells,
processed and analyzed as previously described.™

Annexin V and propidium iodide labeling
B16F10-Nex2 (3 % 10% cells were grown for 24 h in a
12-well plate and further incubated with 25 and 12ug/ml of
HE or RPMI medium for 1 or 2 h at 37°C. The cells were
harvested with cold PBS after three washes in the same
buffer. Apoptotic cells were analyzed using the ApoScreen
Annexin V-FITC kit according to the manufacturer’s
instructions (Southern Biotechnology, Birmingham, AL).
Positive annexin V (AV) and propidium iodide cells were
detected on an inverted fluorescence microscope (Olympus
IX70) at 100X magnification.

Detection of caspase activity

The activity of caspases induced by HE was assessed
using the ApoTarge/™ Caspase Colotimetric Protease
Assay Kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. 1 X 107 B16F10-Nex2 cells were
seeded in 6-well plates and treated with 50 pug/ml of HE
tor 18 h. Briefly, cells were harvested and lysed in a lysis
buffer for 10 min in ice. The lysate was centrituged at
10,000¢ for 1 min, and 200 pg protein was incubated with
50 pl of the reaction buffer and 5 Wl of the substrate, at
37°C for 2 h. The absorbance of the reaction mixture was
quantified at 405 nm in a microplate reader (Spectramax
M3, Molecular Devices).

N-acetylcysteine assay

B16F10-Nex2 cells (1 X 10") were seeded in 96-well plates for
6 h, pre-incubated with 10mM of N-acetyleysteine (NAC)
for 2 h, washed twice in PBS and incubated with 50 jig/ml
of HE for 18h at 37°C. In the control group, tumor

cells were pre-incubated with RPMI. Cell viability was
determined by Trypan blue (Gibco, Grand Island, NY)
exclusion test.

Enhanced superoxide anion production

Enhanced superoxide anion production was detected
by dihydroethidium (DHE) assay (Invitrogen)
performed according to manufacturer’s instructions,
B16F10-Nex2 cells (5 % 10%) were cultivated in 24-well
plates and treated with 25 and 12 pg/ml of HE for 18 h.
The cells were incubated with 5 uM DHE at 37°C for
30 min. For positive staining control, cells were treated
with 5mM hydrogen peroxide for 30 min. Negative
controls were treated with RPMI medium. The conversion
of DHE to cthidium by oxidation was observed by
fluorescence microscopy with an inverted fluorescence
microscope (Olympus [X70) at 20X magnification.

Assessment of mitochondrial membrane
potential (A'Ym)

B16F10-Nex2 (1 x 10% cells were grown for 24 h in a
12-well plate and were incubated with 25 and 12 pug/ml
HE at 37°C for 18 h. Cells were gently washed in PBS
and loaded with 20nM of tetramethylrthodamine ethyl
ester (TMRE, Molecular Probes, OR) for 10 min at
37°C. Cells were immediately observed with the aid of
an inverted fluorescence microscope (Olympus I x 70) at
20X magnification.

Cell cycle analysis

B16F10-Nex2 (3 X 10°) cells were incubated with 25 g/ml
of HE for 24 h. Cells were washed three times in PBS and
pelleted at 1,500 rpm for 5 min. Cells were suspended and
fixed in 2.5 ml ethanol (70% in PBS) for 15 min in ice.
Cells were pelleted and suspended in 500 W of PI solution
in PBS (50 pg/ml propidinm iodide, 0.1mg/ml RNase A
and 0.05% Triton X-100) for 40 min at 4°C. Cells were
pelleted and suspended in 5001 PBS for flow analysis on a
Faes Cantoll flow cytometer (BD Biosciences). Data were
analyzed by Flowjo software (Tree Star, Inc. Ashland, OR)).

Peritumor treatment of subcutaneously grafted murine
melanoma

Six-week-old male C57BL./6 mice obtained from the Center
for Development of Experimental Models (CEDEME),
Federal University of Siao Paulo (UNIFESP) (average
weight of 25-28g), were subcutaneously injected with
5 % 10" BL6F10-Nex2 tumor cells. Peritumor injections
were given starting 24 h after tumor cell graft. Treated
groups (5 animals per group) received daily doses of
400ug of HE or 500ug of alkanes and the control groups
received 5% DMSO in PBS (FHE control) or 0.1% hexane,
5% DMSO in PBS (alkanes control). The use of 5%
DMSO as vehicle was based on previous /# wive protocols
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deseribed in the lterature™ ™ Tumor size was measured
daily for two wecks with a caliper, using the formula
V=152 % D1 % D2, where D1 and D2 are the short and
long mor diameters respectively, uneil the wmaor volume
reached a maximum of 3000mm®, when the animals were
sacrificed. The gudelines of the Animal Ethics Committee
of Federal University of Sio Paulo (UNIFEST) were used
for animal manipulation and experimental protocols (CEP

1234/2011).

Statistical analysis

All dn witre experiments were performed in triplicares,
Swodent’s ¢ test was used for starstical analysis of
& witre and @ vive experiments. The 1C, value and %3%
confidence intervals were caleubited usinlu_-; GraphPad Prism
5 (GraphPad Sofiware Inc., San Diego, CA) and Instal
Plus 3 (The University of Reading, United Kingdom),
Gehan-Breslow-Wilcoxon Test was used for the oo
statistics,

RESULTS

Cytotoxic effect of P.venusta extracts on murine
melanoma cells

The Prensrta fower hvdroaleoholic extract (HA) showed
low eytotoxic effect on BLIOF10-Nex2 cells as indicared by
1C,, values higher than 100 g /ml [Table 1], Hydrophaobic
exir:tctﬁ, either in chloroform (CE} or heptane (HE)
were also evaluared, and the HE extract showed the
strongest cytotoxic actvity in B16F10-Nex2 cells, with
1€, value of 28.96 pg/ml, compared to CE with IC,
of 7093 pg/ml |Table 1], Positive control was carried
out with doxorubicin [Table 1], a well known anticumor
compound, Nontumor cells 3T3, HF and Huvee wete less
affected by HE extract than B16F10-Nex2 cells [Figure 1],

Evidence of apoptosis

Morphological chanpes on B16F10-Nex2 cells were
ohserved after cell incubation with 50 pe/ml of HE for
18 h. Cellular blebs, likely apoptotic bodies and shrinkage
of the cytoplasm were seen |Figure 2a). Analysis of the
genomic integrity, chromatin condensation and DNA
fragmentation, was also examined as indieators of
apoprosisl Chromarin condensation was visualized in
30% of 1 = 10° B16F10-Nex2 cells treated with 50 pag/ml
HE for 18 h and stained with Hoechst 33342 [Figure 2h],

Cleavage of chromosomal DNA ino oligonueleosomal
tragments was evaluated by elecrrophoresis gel of the
tumor cell DNA extract after cell incubation with 50 pg/
ml of HE for 24 h, and ladder fragmentation pattern
was observed |Figure 2cf. Alternadvely, the DNA
fragmentation was assessed using TUNEL staining,
resulting in 74% of TUNEL positive cells (green),
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compared to the negative control, which showed no
TUNEL posinve cells [Figure 2d).

Exposure of phosphatidylserine on the cell surface during
apoptosis was also shown in HE treated cells as measured
by the increased binding of Annexin V. After 18 h of cell
incubation with 25 pg/ml of HE, 45% of the cells were
at early apoptosis stage (Annexin 'P17) and 6% were at
late apoptosis (Annexin *PI*), compared to the negative
control. No primary necrosis (Annexin'P1%) was derccted
in treated cells [Figure 3a].

Treatment of B16F10-Nex2 cells with HE also rendered
a significant incrense in the activation of caspases 2, 3,8
andd Y [Figore 3b|, clearly defining the apopmtic response.

Enhanced superoxide anion production

Enhanced superoxide anion production in
B1OF10-Nex2 cells was observed after treatment with 12
and 25 pg/ml of HE for 18 h [Figure 4a). Abour 60%
of mmor cells treated with 25 pg/ml of HE showed
enhanced superoside anion production derecred by
dihydroethidium (DHE). In comparison, positive control
cells incubated with 5mM of hydrogen peroside for 30 min
showed 63% DHE posiave cells [Figure 4¢f. Pre-incubation
of BI16F10-Nex2 cells with N-acetyl-L-cysteine (NAC)
follewed by incubation with HE increased cell viability
by 30% (P = 0.013) compared to NAC-untreated
cells [Figure 4d).

Pvenusta extract IC,, (pgimi) SD (pg/ml)
HA (hydroalooholic exiract) =100 -
CE (Chlaroform exiract) 70,93 +1.34
HE {hepiane exiract) 225 1,08
*Doxorrublicin 14 #0.30
‘Positive control
120 4
» § 373
i« =g
3 =HF
E “+-B16F10-Nexl
0 -
i 10 210 30 o 0

Jgfml

Figure 1: Cytotoxicity of HE in B16F10-Mex2 murine melanoma and
nontumarigenic HUVEC, HF and 3T3 cells. Dose dependent activity
ot HE aver 104 tumar calls in 18 h

20
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Control

DAPI

Contral

FITC

1Kh Conrol  HE

MERGE

Figure 2 : Morphelogical evidence and DMNA degradation in HE-lreated apoptotic metanoma cells, (a) B18F10-Nex2 cell morphelogy after
freatment with 50 pgfml HE for 18 h, Apoptotic bodies’ formation is indicated by while arrows; (b) Evaluation of chromatin condensation in
HE treated cells. B16F10-Nex2 cells (104) were treated with 50ug'mi of HE for 18 h, labeled with Hoechst dye, and analyzed by fluorescence
microscopy. Arrows indicate proncunced chromatin condensalion In treated cells (Magnification B0x) Scale bar: 20um; () Agarose gel
electrophoresis of DNA fragmentation in B16F10-Nex2 cells induced by 50 yg'ml HE treatment for 24 h; (d} Fluorescence microscopy lor
DMA fragmentation. Mefanoma celis (5 x 104) were treated with 50 pyg/ml of HE and 150 gM of combretasiatin A4 as positive apoplofic
control for 24 h, and DNA fragmentation was delected using a TUNEL assay (green llucrescence), DAPI (blue) were used for total call

nuclel {Scale bar: 20 pm)

Innar mitors
BlGF10-Nex2 cells were incubated with TMRE
fluorescent probe used to measure A'%m in mitochondria,

wndrial membraneg poten tial

[n resting condinons, mitochondria appeared as elongated
structures regularly distributed in the cell cytoplasm,
HE-treated cells showed a sigmificant breakdown of
the mitochonddal membrane potendal measured by the

deecrease in 91.6 and 60% of TMRE fluorescence in cells
treated with 25 Ue/ml and 12 pg/ml HE, respectively,
compared to untreated control cells [Figure 4b and ¢,

HE induces G2/M cell cycle arrest in tumor cells

Treatment of tumor cells with 25 pe/ml of HE for 18 h
increascd the percentage of cells in G2/M phase with a

significant reducnon of the 8 phase [Figure 5al. Posiove

control was carned out with CA4, The cell evele arrese
induced by HE was accompanied by morphological
changes in the cell volume [Figure 3h|.

antitumor activity of HE

In vivo

The antitumart protective effect of HE was evaluated in
C57B1/6 mice challenged subcutaneously with 5 = 10¢
BloF10-Nex2 cells, Daily doses of 400 gz of HE were
in 100 W of vehicle (5% DMSO in PBS) at
peripheral sites to the original cell grafting, Treatment

injected

resulted in a significant decrease in tumor volume
ay of treatment with a potent
antmmor effect of HE compared to the vehide oeated

as seen trom the 14" ¢
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Figure 3: Phosphatidyl serine surface expression and caspase
activation. (a) Annexin V' and propidium iodide labeling of B16F10-
MNex2 (3 x 105) cells grown far 24 hin 12-well plate and incubatad with
12 and 25 pg'ml of HE or RPMI medium for 18 h at 37 °C. Positive
annexin V (AV) and propidium icdide cells were detected with an
invered fluorescence microscope al 10X magnification: (b} Activation
of caspase-2. 3, B and 9 in HE treated metanoma cefls. B16F10-MNex2
cells (107) were treated with 50 pg/mi of HE for 24 h, and the HE
induced enzymatic activity of caspase-2, 3, Band 8 was evaluated by
colorimetric assay

control [Figure 6] In addition, no toxic effects, loss of
weight, or alteration in animal behavior were observed
during the trearment with HE,

Bioguided fractionation of HE extract and chemical
analysis

The crude HE extract was subjected to a bioguided
fractionation procedure, in which seven pooled
fracnons (HEFL, HEF2, HEF3, HET4, HEF5, HEFG
and HEFY) were evaluated For their eytotoxic activity on
murine melanoma cells a wire. The cytotoxic acitvity on
Bl6F10-Nex2 cells was restricted to pooled fraction HEF2
with IC., of 2848 pe/ml [Figure 7). Cytotoxicity of HEF2
was also observed against several other tumor cell Fines, as
shown in Table 2.

The 'HNMR spectrum of HEF2 (in CDCL) depicted an
intense singlet at 8 1.18 ppm, a multiplet at 8 1.51 ppm and
a deformied triplet at 8 (.81 ppm (] = 6.8 Hz} [Figure 8al.
These signals, associated to the absence of signals at
range of & 5-6 ppm, characteristic of hydrogens linked at
unsaturated sp’ carbons, suggested the predominance of
long side chain saturated hydrocarbons ™™ Analvsis by

AC-MS indicated tha this fraction was composed by thirteen
compounds [Table 3], which were identified as a mixture
of hydrocarbons (71.18%): tetracosane (C, H,_-6.92%),
hexacosane (€, H. -7.23%), hepracosane (C_H, -2.72%),
octicosane (C, H_ -36.34%), nonacosane (C, H, -2.70%),
triacontanc {C, H,-12.72%), and dotracontane {C H, -
2.55%) as well as by oxygenated denvatives in minor

Pharmacognosy Magazine 2014 [Supplement-2

Cell lineage

Ic,, (ugimi) 5D (ughm)
AZ058 62.04 +1.66
uar 48,60 +1.18
SiHA 3848 +1.57
HCT 16.01 083
SKmal28 10.76 +0.50
CT28 KRR +0.35
B16F10-Nex2 2848 +1.02
471 13.32 +0.23
PANC 8.36 .84

PANC: Pancreatic rells; SIMA: 727 HET: 20, CT; 925 HEE- 77

Molecular formula Identified compound Relative amountiG

CH,.0 F-methyl-2-pentanone 1.13
CH, 0 J-methyl-3-pentanal 354
CH,0 3-hexeanol 0.83
GH,.O 4-methyl-2-pentancl 0.65
GHO, Allyl acataie 1.65
CH,0 2,2-dimethyipentanal 4.78
5 Tetracosane 692
Ll Hexacosane T.23
Gyt Heptacosane 272
47 Y Octacosane 36.34
G H, Nanacasans 270
GuHi Triacontane 12.72
C.H. Dofriacontane 255
HEF: 777

proportion (12.59%): 3-methyl-2-pentanone (1.13%),
J-methyl-3-pentanol (3.54%), 3-hexenol (0.83%),
4-methyl-2-pentanol ((L.65%), allyl acetate [1.63%},
2,2-dimethylpentanal {4.79%). The characterization
of these compounds was based on the comparison
of recorded mass specrra with those available in
the database as well as their retention times in a
DB-5 column [Figure 8b)], after co-injection of
standards, as represented for octacosane [Figure Scf and
rriaconane [Figure 8ef.

In vitro cytotoxic activity of Octacosane and
Triacontane

Since octacosane and triacontane were found in higher
amounts in the HEF2 fraction, they were evaluared for
cytotoxic activity on B16F10-Nex2 melanoma cells.
Oreticosane and miacontane were purchased from Santa
Cruz Bi:irechnnlngy, Inc (Califnrnia., LI8A) Alkanes were
incubated with 1 % 10° B16FL0-Nex2 cells ar differene
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Figure 4: Mitochondrial effects of HE treatment, (3) Represeniative images of superoxide anions’ negalive and positive cells freated with 12.5
and 25 pg'mi of HE for 18 h, and 5 mm of hydrogen peroxide (positive controd) for 30 min. B16F10-Nex2 cells were stained with 5 uM of DHE
{dihydroathidium}. Scale bar; 20 pm; {b) Representative Images ol mitochondrial A¥m following HE treatment, B16F 10-Nex2 cells were treated
with nagafive controd and with 12 and 25 pg/mi of HE for 18 h (original magnification, 20=). Pasitive apapiotic cells were stained with annexin V
(original magnification, 10X), (¢} Percentage of TMRE {tetramethyirhodamine ethy| ester) and DHE positive cells; (d) Protective effect of N-acetyl
cysteine (NAC) on HE-Ireated cells, B1GF10-Nex2 cells {104) were pretreatad for 2 h with 10 mM NAC, washed and incubated with 50 pa/m| of

HE at 37°Cfor 18 h

concentrations and we observed that both alkanes displayed
:-ETI:r]F 1:}'[”1,1 ';\11., :1L'!i"||1_|| ] E{ |{]I71t]'“|~“\.2 L‘t'l].‘i‘ 'l\.'h”:h‘ “’?.“
values of 20,9 pug/ml and 41.08 pg/ml for tracontane and
octacosane, respectively [Flgure Yal. We a
both alkanes induced similar morphological changes as those
induced by HE trearment in B16FH-Nex2 cells [Figure 9h),

sty observed that

In vive antitumor activity of Octacosane and
Triacontane

The anntumor activides of octacosane and triacontane
were investipated in subeutancous melanoma model,
5= 10° B16F10-Nex2 Cells were iilil:.('icd HLlL:-CuI,;i:'Luml:-‘.]_\
in C57B1/6 mice and daily doses of 500 pg of Ocracosane
and Triacontane were injected at perpheral sites in
relation 1o the otiginal cell grafting, Treatment procedure
resulted in a significant delay of mwmaor progression with
a significant antitumor effect of ocacosane (P = 0L017)
and trigcontane (P = 0,04} compared to the vehicle
control (3% DMSO in PBS) [Figure 6. In additon, the

8

survival rate of treated groups was significantly increased in
triacontane (P = (LO18) and octacosane (P = (L032) treated
amimals [Figure 10b]. No roxic effecrs, loss of weight, or
alteration in animal behavior were observed during the
treatment with octacosane and tmacontane,

DISCUSSION

In this study, we ohserved that fractions and compounds in
the hepanic extract of flowers from Pyrastegia venmsta exhibit
promising cyrotoxic activiry against malignant melanoma
in vitro-and i weve, which enhances the therapeutic
opportunines that this plant fits to be used i the orearment
of different diseases!™

We show that murdne melanoma cells react o the heptane
extract of B pewasta by undergoing apoptosis. Hallmarks
of apopeosis such as plasma membrane blebbing without

Pharmacognosy Magazing 20714 | Supplement-2
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Figure 5: Effiect of HE on the melanoma cell eycle. {a) Cell oycle analysis of B18F10-Nex2 tumor cells treated with 25 pg/ml HE and 75 ph
of CA4 for 24 h. {b) Representative images of tumor cell morpholegy following HE treatment

Tumor volume (mm3l)

5 10 15
Days after tumor challenge

Figure &: HE antilumor effect agains! subcutaneous melanoma. Six-
week-old male C5TBL'S mice were Injectad subcutaneousty with Sx104
B16F10-Nex2 tumor cefls. Peritumor treatment started 24 b afier tumor
inoculation. HE {400 pg) in 100pl PES was injected in daily doses and
the lumor skze was maasured seven limes & wesk with a caliper until the
tumor volume regched 8 maximum of 3000 mmad, when animals were
sacrificed. The control group was treated with PBS/DMS0 5% " P<0.05

lysis, cell shrinkage, mitochondria permeabilization,
chromatin condensation and DNA fragmenration, and
phosphatidylsering surface expression were observed
during the treatment of murine melanoma cells with HE
i vitra, confirming the apoptotic nature of cell death.

Apoptosis ean be variously induced, as by death receptor
ligands interacting on the plasma membrane {receptor or

Prarmacognosy Magazne 2014 |Supplement-2
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Figure 7: Tumor cell viability after treatment with HE fractions.
B18F10-Nex2 cells (104} wers seedad in B6-well plates and incubated
with different concentrations of HE fracfions for 24 h, Assays were
performed in iplicates. " P<0.05

extrinsic pathway) or by mitochondrial pathways (intrinsic
pathway)." We suggest that the mechanism by which HE
rreated cells undergn apoprosis is related 1o the intrinsic
pathway, as evidenced by the production of superaxide
anions in the mitochondda of HE treated cells Pree radicals,
particularly ROS, have been proposed as common mediators
of apoptosis™* Mitochondria are invalved in the production
of reactive oxygen species, mainly superoxides and hydrogen
peroside and mitochondrial membrane damage results in the
leakage of superoxide anions o the eytosal,
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Figure 8: {a) TH MMR spectrum of fraction HEF2 {~ CDCI3, 200 MHz)-the signal at - 7,24 ppm coresponding to hydrogens of residual CHCIZ in
deuterated soivent; (b) GC-MS of HEF2Z components with 4 main alkana species with the retention times of (1) tetracosane (C24H50), (2] hexacosane
(C26H54), (3) oclacesane (C2BHE8), {4) triacontane (C30HE2), and 3 olher minor spacies as listed in Tabla 3; (c) Mass specirum of oclacosane
(GC component 3] and [d) triacontane (GG component 4), further identified by co-injection with standard n-octacosane, At 37.7 min, MM 620 Da,

and wiaceniane, Rt 39.57 min, MM 422 Da

In eukaryoric cells, plant derved compounds can promote
dissipation of the mitochondrial membrane potental (A" m)
resulting in leakage of pro-apoptotic factors mainly
cytochrome ¢ Once in the cytoplasm; cymchrome ©
associates with Apaf-1 and then procaspase-9 (and possbly
other proteins) to form the apoptosome. Heat-shock
proteins play a role in the pathway to modulate ApopLosis,
Caspase-9 activates other downstream caspases such as
caspase-3 that constitute the major caspase activity in
apapronc cells.4

In a study with pyrimethamine in metastatic melanoma,
this drug, which generates ROS, induced upstream
caspase activation (caspase-8), bypassing CDY95/
Fas engagement™ Kim and colleagues also showed
that N, N-dimethyl phytosphingosine could induce
caspase-8-dependent eytochrome ¢ release and apoptosis
theough ROS generation in human leukemia cells.™" We
observed thar an apoptotic peptde (CTH2) inducing
caspase 8 produced abundant superoxide anions in
BLoF10-Nex2 cells™ Orher mechanisms bw which ROS
promote caspase-9 acovagon!™ have also been deseribed,
Oxidative modification of caspase-9 by ROS could
mediate its interaction with Apaf-1, independentdy from

10

the increased release of cytochrome ¢, and thus promote
auto-cleavage and acovaton. Such mechanism may facilieare
apoptosome formaton and caspase-9 activadon under
oxidative stress conditions,™

We showed that HE treatment induced caspases 2,3, 8and 9,
besides disruption of the mitochondrial membrane potenal
and refease of superovide amons. Caspase-2 acovanon could
induce cell eycle regulation and wmor suppression" Tt is
unigue among the caspases because it has features of both
initiator and effector caspases ™ Prasad and colleagues
reported that ROS generation induce the activation of
caspase-2 in human ledkemic cells and the simultaneous
activation of caspases 8 and 9, Cross-talk berween these
initiator caspases is mediated by the proapoptone protein
Bid.!"! It is possible that the HE induced actvaton of
caspase-8 as mediated by ROS, and leading to apoptosis may
involve the caspase-8-Bid-Bax pathway.

The antitumor activity of HE also involved the cell
cycle arrest in over 40% rreated cells. Le is still unclear
whether checkpoint genes are involved that could mediare
mitochondrial apoprotic signaling,™ or the expression and
translocanon of Bax.""! Thus, specific studies of induced
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cell death signaling should be performed with the isolated
active compounds from HE in order o better charactenze
their mechanism of action involved in the induction of cell
cyele arrest and apoprosis,

The cviotoxic potential of the heptane extract (HE) of
Poenuita Howers on munne melanoma BLAF10-Nex2 cells 15
related to the allane rich actve fracaon, which s also acave
against several human cancer cells lines i pitre. HE was
studied according to the criterion of the American National
Cancer [nstitute, which states that the 1C_ limit to consider
a crude extract requiring further purification is 30 lg/
mL"™ Previous phytochemical studies on P sensta flower
extracts from India identified stigmasterol, P-sitosterol,
f-amyrin and oleanolic acid compounds.™ Recently, a
complete characterization of phytochemicals occurrdng in
the methanolic extract of Prennata showed predominantly,
myoinositol, hexadecanoic acid, linoleic acid, oleic acid,
stigmasteryl tosylate, dinzoprogesterone, arabipyranose,
Moreover, these methanolic extracts showed antoxidant
activity fn vive and in vitro, verified by DPPH, ABTS and
FRAP assays, although the compounds responsible for the
antioxidant activity were not investigated,

In the present work, the active fraction HEFZ of the
heptane extract of Prenusta Howers did not contain
triterpenolds and/or steroids but rather, a mixture
of saturated hydrocarbons in which triscontane and
octacosane predominated, Previous works have shown
that straight-chain saturaced hydrocarbons have antitumor
activities in different svstems. Takahashi ef af; (1995) have
found thar henttiacontane, the main component in their
bioacave fracnon, showed the highest antitamor actvity*
This same compound predominates in the epicuticular
wax in leaves from Kigefia pinnata, and is responsible

i Frer e
e H—
i
)
m
wid
0 P @ W oW
L2

f
Figure 9: Cytotoxicity of HE individual alkanes. {a) Cytotoxicity of
octacozana and triacontana in B16F10-Nex2 cells after 18 h. (b) Tumor
cell morphalagy after incubation with difterent concentrations of
octacosane and tiacontane
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for the plant protection against UV radiation and for
its antimmour potential™ The saturated hydrocarbon
gentriacontan (C, H ), present in the chloroform extract
of Clzapadium vufpere, was reported o inhibit the growth of
Erlich ascites tumor in mice, and also possesses antitumor
activity arainst CEM and K-362 human leukemia cell lines
i i P Gomez-Flores o of, found that the observed
antitumor activity against lymphoma cells was due
primarily to the presence of hentriacontane in the leaves
of € mifare!™ More recenty, it has been described that
intracellular cicosanoid metabolites repulate mitochondrial
function and induce apoptosis.™ Recently, both octacosane
and triacontane were found in the same proportions in a
lipid fraction from the ether estract of Sodwmon elaeqgnifolinm
as promising antibacterial agents™! Thus, the alkane rich
HEF2 fraction from I rewnsta fowers is in line with these
studies, being responsible for the observed tumorapoprosis
cffects of HE.

Most importantly, mice treated with HE showed a marked
reduction in the subcutaneous rumor progression indicating
an important activity of this plant extract against primaty
melanoma, and the same antitumor activity 2 pire was
turther confirmed when mice were reated with isolated
octacosane and triacontne,

In this work, octacosane and triscontane had o be
solubilized in low amounts of dimethylsulfoxide (DMSO)
to be tested, and probably their anti-tumot effect depends
on the alkane-DMSO complex formed. Tt has been
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Figure 10: fn vive antitumor activity of Octacosane and Tracontane.
Six-week-old male CA7BL'G mice wera injected subcutanaously with
B 104 BI6F10-Nex2 lumor cells. Perlumor freatmeant staried 24 h after
tumor incculation, Five animals per group were used. Alkanes (500 pg)
were injactad in 100 pl of 5% DMS0 In PBS. Daily doses were given
during all treatment pencd, Tumeor size was measured seven times
a week with a caliper until the tumor valume reached a maximum of
3000mm? when the animals wera sacrificed. The control group was
{reated with vehicle PBS/DMS0 5%, *P=0.05, indicates significant
differences between groups
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shown that in pure water, long chain n-alkane exhibits
an intermittent oscillation berween the collapsed and
the extended coiled conformations. When the mole
fraction of DMSO is 003, its concentration n the
tirst hvdraton layer around the hydrocarbon of chain
length 30 (v = 30 is of 17%. The formation of such
hydrophobic environment around the hydrocarbon
chain is the reason for the collapsed conformarion
gaining additional stability.™"! Such conformation of
the alkane-DMSO combinaton allowed the observed
antitumor actvity of both octacosane and triacontane
in witre and Jw pive, with no systemic toxieity observed in
mice receiving DMSO alone.

Besides, DMSO presents grear ability to penetrate tissues,
which justifies its use in many therapeatical protocols
in dermawlogy. It increases the effectiveness of the
percutanesus penetration of many substances, facilitating
their diffusion across the stratum cornéum and promotes
transport into the local blood vessels, a5 demonstraced
by increasing the penetration of many agents, including
S-fluorouracil in the treatment of superficial tumors and
warts. "4 Combinanon therapy of DMSO with different
drugs enhances the healing of cutaneous diseases, such
as acral lick dermatnos, arthnns, masans and scleroderma,
and it is considered to have a low toxicity " The eurren
usec of DMSO regards its application in intravenous,
subcutancous and oral routes. Several recent works have
presented DMSO as vehicle of different anticancer
compounds administered systemically or ropically in
1~ 10% solution ™

CONCLUSION

The Experimental Oncalogy Unit routinely tests narural
products for antl tumor activities mainly focusing on
mefanoma, As pointed out before (Intenduction) several
plant-derived products induce apuprosis in neoplastde cells but
norin normal cells, The nature of the ant rumor agents varies
in terms of distribution, solubility and chemical composition,
Surprisingly, heptane extracts but not aguecus extracts of
Pyrostepia venusta were eytotosic w melanoma cells & pitn
and dr piew, and the actve compounds are saturated aliphatic
hydrocarbons Since peritumor injections of the active alkanes
protected against melinoma in a mouse model, suggestion has
been made thar these compounds might alse be therapeunc in
mstly epidermal and showly invasive hurman melanomas, such
as acral lentginous melanoma, as an adjuvant creamment w
surgcal excision. Regional perfusion chemotherapy in addidon
to excision is significantdy more cfficent in the treamment af
acral melanoma than excision alone,
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The Wilms tumor protein 1 (WT1) transcription factor has been associated in malignant melanoma
with cell survival and metastasis, thus emerging as a candidate for targeted therapy. A lysine-arginine
rich peptide, WT1-pTj, derived from the ZF domain of WT1 was evaluated as an antitumor agent against
A2058 human melanoma cells and B16F10-Nex2 syngeneic murine melanoma. Peptide WT1-pTj quickly
penetrated human melanoma cells and induced senescence, recognized by increased SA- 3 -galactosidase
activity, enhanced transcriptional activity of p53, and induction of the cell cycle inhibitors p21 and p27.
Moreover, the peptide bound to p53 and competed with WT1 protein for binding to p53. WT1-pTj
treatment led to sustained cell growth suppression, abrogation of clonogenicity and G2/M cell cycle
arrest. Notably, in vivo studies showed that WT1-pTj inhibited both the metastases and subcutaneous
growth of murine melanoma in syngeneic mice, and prolonged the survival of nude mice challenged
with human melanoma cells. The 27-amino acid cell-penetrating WT1-derived peptide, depends on C?
and H'® for effective antimelanoma activity, inhibits proliferation of WT1-expressing human tumor cell

lines, and may have an effective role in the treatment of WT1-expressing malignancies.
(© 2014 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical

Societies. All rights reserved.

1. Introduction

The Wilms tumor protein 1 (WT1) is a transcription factor that
plays an important role in cellular development and cell survival. It
is abnormally expressed in several human cancers and could be a
target of therapeutic agents. Structurally, the WT1 protein contains
four CoHy Kriipple-like zinc-fingers (ZF) in the C-terminal domain,
which are important for DNA binding, RNA binding and interaction
with other proteins [1]. Originally described as a tumor suppressor
gene in pediatric nephroblastoma [2,3], the overexpression, confor-
mational changes and cytoplasmic localization of WT1 in different
malignancies such as mesothelioma, ovarian cancer, leukemia, os-
teosarcomas, glioblastomas and malignant melanomas [4,5] demon-
strated oncogenic properties of this protein. In malignant melanoma,

This is an open-access article distributed under the terms of the Creative Com-
mons Attribution-NonCommercial-No Derivative Works License, which permits non-
commercial use, distribution, and reproduction in any medium, provided the original
author and source are credited.

Abbreviations: C PEP, control peptide; CL-ELISA, chemiluminescence ELISA; CPP,
cell-penetrating peptide; pTj, Trojan peptide; SA-[3Gal, senescence-associated [i-
galactosidase; TMZ, Temozolomide; WT1, Wilms tumor protein 1; ZF, zinc-finger.

* Corresponding author. Address: Unidade de Oncologia Experimental (UNONEX),
Universidade Federal de Sao Paulo (UNIFESP), Rua Botucatu 862, 8 andar, Sao Paulo, SP
04023-062, Brazil. Tel.: +55 11 5576 4551; fax: +55 11 5571 5877,

E-mail address: travassos@unifesp.br (L.R. Travassos).

the most aggressive and lethal form of skin cancer, WT1 expression
has been reported in more than 80% tumor cells but not in epidermal
keratinocytes, melanocytes and benign melanocytic nevi in vivo [6].
Notably, RNAi silencing of WT1 induces apoptosis in B16F10 murine
melanoma cells [7] and displays antimetastatic activity [8].

The oncogenic role of WT1 in cancer stimulates attempts at neu-
tralizing this tumor-associated antigen. Recently, the anticancer ther-
apy that employs peptides, which can directly target cancer cells, has
emerged as an alternate strategy to restrain the progression of tumor
growth and metastases [9]. Antitumor peptides may act binding to
and inhibiting oncogenes or proteins with aberrant expression in tu-
mor cells. They cause cell cycle arrest and/or induce apoptosis, block
signaling mediators and receptors, inhibit angiogenesis, and mediate
tumor environment homing of cytotoxic peptide sequences [10-15].
Certain peptides are cell-penetrating (CPPs) or Trojan peptides, with
short amphipathic and cationic sequences that permit their pene-
tration across the cell membrane, and thus exert direct anticancer
activity [16]. These peptides may be carriers of a variety of antitumor
molecules [17,18].

In the present work, we show that a novel WT1-derived pep-
tide (WT1-pTj) is a cell-penetrating antitumor agent that suppresses
both proliferation and clonogenicity of B16F10-Nex2 melanoma cells

2211-5463/%36.00 © 2014 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies. All rights reserved.
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through an irreversible G2/M cell cycle arrest and induction of cel-
lular senescence. In addition to morphological changes and irre-
versible growth inhibition, senescent cells expressed the senescence-
associated [-galactosidase and formed hetero-chromatin foci [19],
associated with enhanced transcriptional activation of p53, and accu-
mulation of cyclin-dependent kinase inhibitors p21P! and p27%iP1,
which have been used as markers of senescence [20].

Most importantly, WT1-pTj displayed a remarkable antimetastatic
activity in the syngeneic B16F10-Nex2 melanoma model and pro-
longed survival of nude mice subcutaneously challenged with human
A2058 melanoma cells, Both results emphasize the potential of this
novel antitumor peptide to be developed as a therapeutic drug.

The potential use of bioactive peptides as anti-cancer drugs has
been investigated in our laboratory and considerable progress has
been made using peptides derived from immunoglobulins and from
transcription factors [21,22].

2. Materials and methods
2.1. Peptides

A 27-residue synthetic peptide (WT1-pTj) corresponding to amino
acids 349-375 of the human WT1 protein (GenBank: CAI95758) and
the control peptide (C PEP, with C3A and H16A) were synthesized
by Peptide 2.0 Inc. (Chantilly, VA) at 90-99% purity, with amidated
C-terminal amino acid, and were completely solubilized in PBS or
culture medium. The WT1-pTj peptide is 100% identical to the related
sequence of mouse WT1 protein, corresponding to amino acids 426-
452 (GenBank: NP659032). Structures and molecular masses of the
peptides are depicted on Table 1.

2.2. Cell lines and culture conditions

Cell lines were originally obtained from Ludwig Institute for Can-
cer Research, Sdo Paulo, Brazil, or donated by Prof. Luis F. Lima Reis,
Hospital Sirio-Libanez, Sao Paulo, Brazil. These are long established
cell lines, acquired from public culture collections or transferred from
Ludwig Institute in New York, and maintained in appropriate condi-
tions to serve as standard tumor cell lines for local studies and collabo-
rative research. Animal experiments were carried out using protocols
approved by the Ethics Committee for Animal Experimentation of
Federal University of Sao Paulo, Brazil (CEP No. 1280/10).

The murine melanoma B16F10-Nex2 subline was established at
the Experimental Oncology Unit (UNONEX), Federal University of
Sao Paulo, UNIFESP, as described [23] and used ever since in sub-
cutaneous and metastatic syngeneic models in mice. The human tu-
mor cell lines A2058 and SK-MEL-28 (melanoma), MCF-7 and MDA-
MB231 (breast carcinoma), OVCAR-3 (ovarian carcinoma) and HL-60
(acute leukemia) were maintained in complete medium consisting of
RPMI-1640 (Gibco, Grand Island, NY) supplemented with 10 mM N-
2-hydroxyethylpiperazine-N, ethanesulphonic acid (HEPES,; Sigma-
Aldrich, St. Louis, MO), 24 mM sodium bicarbonate, 40 mg/1 gentam-
icin (Hipolabor, Minas Gerais, Brazil), pH 7.2, and 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY).

The human fibroblast cell line HFF and mouse embryonic fibrob-
lasts (MEFs) were a gift from Luis F. Lima Reis, Hospital Sirio-Libanez,
Sao Paulo. The HFF cell line was maintained in minimum essential
medium Eagle (Gibco, Grand Island, NY) with 2 mM L-glutamine and
Earle’s balanced saline solution adjusted to contain 1.5 g/1 sodium
bicarbonate, 0.1 mM non-essential amino acids, and 1.0 mM sodium
pyruvate, and 10% FBS. MEF cell line was maintained in DMEM (Gibco,
Grand Island, NY) medium supplemented as described above. All cell
lines were cultured at 37 *C, in humid atmosphere and 5% CO,.

2.3. Confocal microscopy

A2058 human melanoma cells (4 x 104) were plated in round
coverslips and incubated at 37 °C for 24 h. Cells were treated with
0.5 mM fluorescein isothiocyanate (FITC)-labeled-WT1-pTj for 1 h at
37 °C. After incubation, tumor cells were fixed and permeabilized with
methanol for 15 min at room temperature, followed by blocking with
0.2% gelatin for 10 min at 37 °C. Nuclear staining was carried out with
10 pg/ml of DAPI (Invitrogen, Eugene, OR). Cells were then washed
in PBS and coverslips mounted onto slides with 4 pl Vectashield
(Sigma, St. Louis, MO) and imaged using a Carl Zeiss LSM780 confocal
microscope (Jena, Germany).

For time dependent WT1-pTj localization, A2058 cells were incu-
bated for 15 min, 1 and 24 h with 0.5 mM biotinylated-WT1-pTj (b-
WT1-pTj), washed 3 times in PBS, and fixed with 3.7% paraformalde-
hyde for 30 min. Cells were then permeabilized in 0.1% Triton X-100
for 30 min followed by blocking for 1 h with 150 mM NaCl, 50 mM Tris
and 0.25% BSA, all from Sigma-Aldrich, MO. After washing in PBS, cells
were incubated with 10 pg/ml DAPI and streptavidin-FITC (1:200
from stock solution) used as secondary fluorophore for biotinylated
peptide, and were both incubated for 15 min at 37 °C. Stained cells on
coverslips were examined for peptide intracellular localization using
a Confocal Leica SP5 microscope with a 100 x oil immersion objec-
tive (Leica, Wetzlar, Germany). The Z series was acquired according
to sampling criteria built into the software for sequential imaging
of DAPI, which stains the nucleus (blue, excitation/emission = 350/
470 nm) and FITC, which monitors peptide localization (green, at
excitation/emission = 488/525 nm). Images were processed with
the Image] software (http: //rsh.info.nih.gov /ij/).

2.4. Cell viability

The effects of WT1-pTj and C PEP on cell viability were deter-
mined by Trypan blue exclusion assay. For ECsy determination, cells
(5 x 10°/well) were seeded and cultivated in 96-well plates for 12 h
at 37 °C. Cells were incubated with increasing concentrations of the
peptides (0-1 mM) for 24 h, were detached with Trypsin-EDTA 0.25%
solution (Sigma-Aldrich, St. Louis, MO) and the number of viable cells
counted using a Neubauer chamber (Electron Microscopy Sciences,
Hatfield, PA). The growth kinetics of A2058 cells (10° /well) during
96 h in presence of WT1-pTj or C PEP at different concentrations was
determined by cell counting every 24 h.

2.5. Colony formation

Anchorage-independent growth of peptide-treated melanoma
cells was determined in soft agar. A2058 cells (10% ) in culture medium
with 10% FBS, 0.35% agar and 0.5 mM WT1-pTj or C PEP, were plated
on a bottom agar layer containing medium, 10% FBS and 1% agar in a
6-well culture plate. After 6 days of cell plating, more peptide (0.5 mM
WT1-pTj or C PEP) and culture medium (300 pl) were added to the
corresponding wells. Colonies were stained with 0.5% crystal violet
in 70% ethanol and counted 11 days after initial treatment using a
vertical microscope.

Alternatively, clonogenicity was tested in peptide-treated A2058
cells (10%) seeded in 6-well plates. After 5 days, 500 wl of 0.5 mM
WT1-pTj or C PEP or culture medium were added in the corresponding
wells. 10 days after plating, colonies were stained with 0.5% crystal
violet in 70% ethanol for 10 min and counted in a stereomicroscope.

To assess the colony formation ability after drug removal, A2058
cells (10%) were left untreated or treated with 0.5 mM WT1-pTj,
0.5 mM C PEP or 0.5 mM Temozolomide (TMZ; Sigma-Aldrich, St.
Louis, MO). After 4 days, cells were harvested and equal numbers of
untreated and treated cells were seeded (10%) in 6-well plates and
cultivated for additional 4 days in fresh media. Colonies were stained
and quantified as mentioned above.



Mariana H. Massaoka et al, / FEBS Open Bio 4 (2014) 153-161 155

Table 1.
Peptide sequences and molecular mass,

Name Sequence Mass (Da)
WT1-pTj KDCERRFSRSDQLKRHQRRHTGVKPFQ-NH2 339584
b-WT1-pTj biotin-CGGKDCERRFSRSDQLKRHQRRHTGVKPFQ-NH; 3839.38
FITC-WT1-pTj KDCERRFSRSDQLKRHQRRHTGVKPFQK-FITC 3914.53
CPEP KDAERRFSRSDQLKRAQRRHTGVKPFQ-NHz 3297.711

2.6. Chemiluminescence ELISA (CL-ELISA)

Binding of p53 to WT1-pTj was examined by CL-ELISA. Recom-
binant p53 (Novus Biotechnaology, Littleton, CO), 100 ng in 50 pl of
carbonate buffer (15 mM Na,COs3, 35 mM NaHCOs, 0.2 g/l NaNs,
pH 9.6) was left to adhere overnight at 4 °C onto wells of maxisorp
opaque ELISA plates (Nunc™, Nalge Nunc International, Dusseldorf,
Germany). Plates were blocked for 1 h at 37 °C with 1% BSA in PBS-
Tween 0.05%. After 3 washes in PBS-Tween 0.05%, 1 ;LM biotinylated-
WT1-pTj was incubated for 1 h at 37 °C. Streptavidin-peroxidase
(1:2000; Sigma-Aldrich, St. Louis, MO) was added and the reaction
was evaluated by chemiluminescence using ECL solution (Millipore,
Billerica, MA) in a luminometer (SpectraMax, Molecular Devices Soft-
ware Pro 5.2, Sunnyvale, CA) at 470 nm. Chemiluminescence readings
are expressed as Relative Luminescence Units (RLU).

Competitive ELISA was performed to investigate whether WT1-pTj
competes with WT1 protein for binding to p53. To that end, 100 ng of
recombinant p53 protein in carbonate buffer was dispensed in wells
of ELISA microplate (96-well) and left overnight at 4 °C. Blocking
and washing preceded the addition of 100 ng of recombinant WT1
(Jena Bioscience, Jena, Germany), followed by 1-h incubation at 37 °C.
After washing 3 times in PBS-Tween 0.05%, WT1-pTj or C PEP were
incubated at different concentrations for 1 h at 37 “C. Binding of WT1
to p53 was detected using anti-WT1 monoclonal antibody (1:1000,
Millipore, Billerica, MA). After incubation for 1 h at 37 “C, the plate
was extensively washed in PBS-Tween 0.05% and the secondary anti-
mouse IgG coupled to peroxidase (1:2000; Sigma-Aldrich, St. Louis,
MO) was added. The plate was washed 3 times in PBS and the reaction
was evaluated by chemiluminescence as described above,

2.7. Luciferase reporter assay

Detection of p53 activity was performed using the Cancer 10-
pathway Reporter Array (SA Biosciences, Fredrick, MD) following the
manufacturer’s instructions. After A2058 melanoma cells transfec-
tion, they were left untreated or treated with 0.5 mM WT1-pTj or
0.5 mM C PEP, and further incubated for 24 h. Luciferase activity was
measured using the Dual Luciferase Assay system (Promega, Madi-
son, WI) on a luminometer (SpectraMax, Molecular Devices Software
Pro 5.2, Sunnyvale, CA). Firefly luciferase was the experimental re-
porter and Renilla luciferase was the internal control for normalizing
transfection efficiencies.

2.8. SA-fP-galactosidase activity

A2058 cells (10*) were cultivated in G-well plates and then left
untreated or treated with 0.5 mM WT1-pTj, 0.5 mM C PEP or 0.5 mM
TMZ (Positive control) [24] for 4 days. Cells were washed to remove
the peptides and TMZ, following incubation with complete fresh
medium for additional 3 days. SA-[3-galactosidase activity was de-
tected with the Senescence [3-galactosidase Kit (Cell Signaling, Bev-
erly, MA), following the manufacturer’s instructions. To quantify SA-
P-galactosidase activity, at least 100 cells were counted in three ran-
dom fields using an inverted light microscope.

2.9. Lysosomal vacuolation observed with acridine orange

Lysosomes from A2058 cells (10° /well) plated in 4-well chambers
and treated or not with 0.5 mM WT1-pTj or 0.5 mM C PEP for 4 days
at 37 °C, were observed following incubation with 1 1g/ml acridine
orange (Sigma-Aldrich, St. Louis, MO) for 15 min. A Nikon BioStation
IM-Q inverted microscope (red, excitation/emission = 490/650 nm)
was used,

2.10. Cell cycle analysis

A2058 cells were seeded in 12-well plates at 2 x 10° cells per
well and incubated overnight without serum for cell cycle synchro-
nization. Cells were treated or not with 0.5 mM WT1-pTj or 0.5 mM
C PEP for 24 h. After incubation, cells were harvested with trypsin-
EDTA 0.25%, washed with PBS and centrifuged. Pellets were stained
with propidium iodide (PI) in 0.1% Triton X-100, 0.1% sodium citrate,
50 pg/ml PI (Sigma-Aldrich, St. Louis, MO) and 300 1tg/ml RNAse A
(Invitrogen, Eugene, OR) for 30 min at 4 °C in the dark. Flow cytometric
analysis used a FACSCanto II flow cytometer (Becton Dickinson, San
Jose, CA). Post-acquisition analysis used the Flow]o software (Tree
Star Inc., Ashland, OR). For evaluation of DNA content, 20,000 events
were acquired from at least three independent experiments.

2.11. Western blotting

A2058 cells (106) treated with 0.5 mM WT1-pTj or 0.5 mM C PEP
for 24 h after cell cycle synchronization or untreated cells (Control)
were lysed for protein extraction with RIPA buffer (50 mM Tris-Cl, pH
7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and
0.1% SDS) supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich, St. Louis, MO). After 20 min incubation on ice, the cell
lysates were collected after centrifugation at 1500 rpm. The protein
concentration of lysates was determined by Bradford method (Bio-
Rad, Hercules, CA). Proteins (15 pg) were separated by SDS-PAGE
and transferred to a nitrocellulose membrane (Millipore, Billerica,
MA). Immunoblotting was run with antibodies against p53, phospho-
p53 (Serl5, Ser392), p27, p21, cyclin B1, phospho-cdc2 (Tyr15), and
(3-actin, all purchased from Cell Signaling Technology (Beverly, MA),
[3-actin was used as the protein loading control. Secondary antibodies
conjugated with IgG horseradish peroxidase were purchased from
Sigma-Aldrich (St. Louis, MO) and immunoreactivity was detected
using the Immobilon solution (Millipore, Billerica, MA). Protein bands
were detected using the UVitec Alliance gel documentation system
(UVltec, Cambridge, UK).

2.12. Experimental melanoma models in vivo

The Ethics Committee for animal experimentation of Federal Uni-
versity of Sdo Paulo approved all experiments using mice, CEP No.
1280, 2010. All in vivo experiments were performed at least twice.

In the lung metastasis model, male, six-to-eight week-old, C57BL/
6 mice were challenged e.v. with 5 x 10° syngeneic B16F10-Nex2
melanoma cells in 100 .l of PBS. Animals (n = 5 per group) were
treated the day after tumor challenge, with 5 daily i.p. doses 0of 300 pg
of C PEP, 300 pg of WT1-pTj or vehicle (PBS). After 14 days, lungs
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were collected from animals of each group, and inspected for lung
colonization.

In the syngeneic subcutaneous (s.c.) tumor model, BIGF10-Nex2
cells (10° /animal) were inoculated into the right flank of C57BL/
6 mice. Once nodules reached 200 mm?, mice (n = 5 per group)
received 5 i.p. doses of 300 pg of WT1-pTj, 300 g of C PEP or PBS on
alternate days. The human A2058 melanoma cells (4 x 10°/animal)
were injected subcutaneously in athymic nude mice (n =5 per group),
treated with 300 g of C PEP, 300 pg of WT1-pTj or vehicle (PBS) for 5
consecutive days. Peritumor therapy started the day after inoculation
of melanoma cells. The tumor volume (V), measured daily with a
caliper, was calculated by the formula V = 0.52 x d? x D, where
d and D are the short and long diameters of the tumor, respectively.
Mice were sacrificed when the tumor size reached 3000 mm?.

2.13. Statistical analysis

Data are expressed as mean values £ standard deviations (SD) of
multiple replicates. All data are representative of at least two indepen-
dent experiments. p-Values were calculated by Student’s t-test and
considered significant if less than 0.05. Statistical differences among
treated groups in the s.c. tumor model were assessed by the Gehan-
Breslow-Wilcoxon test. The Kaplan-Meier method was used to cal-
culate survival curves, and log-rank test was used to compare the
survival rates of different groups. All statistical analyses were done
using Prism Graphpad Software (San Diego, CA).

3. Results
3.1. WT1-plj displays effective antimelanoma activity in vivo

The WT1-pTj peptide but not the C PEP control peptide, with two
amino acids replaced by alanine, significantly reduced the number of
lung metastatic nodules in the syngeneic B16F10-Nex2 melanoma
model (Fig. 1A). Melanoma cells were injected endovenously in
C57B1/6 mice and treatment consisted in 5 daily i.p. injections of
300 pg of either peptide or vehicle (PBS), starting the day after tumor
cell challenge.

By using subcutaneous B16F10-Nex2 melanoma graft in syngeneic
mice, the tumor was left to grow until it reached 200 mm?. Pep-
tides were then injected i.p., with 5 doses of 300 pg/animal in al-
ternate days. WT1-pTj rather than the C PEP control clearly delayed
melanoma growth, even after tumor establishment (Fig. 1B).

The WT1-pTj protective activity was also evaluated using a human
melanoma xenograft in nude mice. Animals were challenged with
human melanoma cells s.c., and treated daily, for 5 days, with 300 p.g
WT1-pTjor C PEP. Peritumor therapy started one day after inoculation
of melanoma cells. As observed in Fig. 1C, WT1-pTj was effective in
delaying the growth of human melanoma-bearing nude mice using in
situ injections. Moreover, the survival of mice treated with WT1-pTj
was significantly prolonged in comparison to that of the PBS and C
PEP control groups (Fig. 1D).

It should be noted that in all in vive experiments mice main-
tained healthy physical appearance, normal activity levels and normal
weight throughout the study period, showing no toxic effects of pep-
tides. Notwithstanding, an effective antimetastatic activity and a re-
markable therapeutic efficacy of WT1-pTj peptide against melanoma
were shown.

3.2. WT1-plj peptide rapidly translocates into human melanoma cells

The direct effects of WT1-pTj on human melanoma cells were
investigated. Considering the characteristics of the peptide, Trojan-
like properties, and effects related to zinc-finger interactions could be
predicted. In fact, WT1-pTj is a 27-mer lysine-arginine rich peptide,
from the C-terminal region of WT1, which contains part of the second
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Fig. 1. Protective effect of WT1-pTj in vivo, (A) Lung colonization of B16F10-Nex2
endavenously inoculated in C57BL/6 mice. Animals received 5 i.p. doses of 300 pg of
C PEP, 300 pg of WT1-pTj or vehicle (PBS) on consecutive days; 'p = 0.02 versus C
PEP. (B) Effect of WT1-pTj on subcutaneous growth of B16F10-nex2 melanoma tumor.
Once nodules reached 200 mm?, mice were randomized and received 5 alternate i.p.
injections of 300 pg of WT1-pTj or C PEP; "p < 0.05 versus C PEP. (C) Effect of WT1-pTj
on A2058 tumor growth in nude mice. Animals were treated with peritumor injections
of 300 pg of WT1-pTj, 300 g of C PEP or vehicle (PBS) for 5 consecutive days, starting
on day 1 post-tumar cell challenge; p < 0.05 in comparison with C PEP. (D) Survival
of nude mice grafted with human melanoma after treatment with WT1-pTj, C PEP or
PBS; n = 5 mice per group; "p = 0.0185 in comparison with C PEP,

zinc-finger (ZF) domain of WT1. The analogous peptide, with alanine
substitutions at cysteine-3 and histidine-16, both involved in the ZF
motif, was used as a suitable control peptide (C PEP). Viable non-
permeabilized A2058 human melanoma cells were exposed to 0.5 mM
FITC-labeled WT1-pTj for 1 h. Using confocal microscopy, we observed
that the peptide entered the cells showing a diffuse distribution in the
cytoplasm and was also seen in the nucleus within 1 h, confirming
the Trojan nature of the peptide (Fig. 2A).

A2058 cells were also incubated with biotinylated-WT1-pTj (b-
WT1-pTj) for 15 min, 1 and 24 h, then were fixed and permeabilized,
followed by incubation with streptavidin-FITC and DAPI. Images taken
15 min after exposure to 0.5 mM of b-WT1-pTj showed predominantly
membrane and cytoplasmic staining. After 1 and 24 h the peptide was
completely distributed in the cells, particularly in the nucleus where
it colocalized with nuclear DNA (Fig. 2B).

3.3. WT1-pTj inhibits the proliferation of WI'1-expressing tumor cells

The effect of WT1-derived peptide on cell viability was determined
by Trypan blue exclusion staining. Assuming the potential oncogenic
role of WT1 in tumor cells [25], the peptide could modify this phe-
notype by structural interference. WT1-pTj did not induce cell death,
but inhibited the proliferation of different WT1-expressing cancer
cell lines (Table 2). As indicated by ECsq values, WT1-pTj induced
growth inhibition of B16F10-Nex2 murine melanoma cells, A2058
and SK-MEL-28 human melanoma cells, MCF-7 and MDA-MB231 hu-
man breast cancer cells and OVCAR-3 human ovarian cancer cells,
and was less effective against HL-60 human leukemia cells. Treat-
ment with the peptide blocked cell proliferation but did not induce
a death mechanism in vitro. No effect on the proliferation of nor-
mal murine or human fibroblasts was detected, showing a selective
activity of WT1-pTj on tumor cells.
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Fig. 2. Intracellular distribution of WT1-pTj in A2058 human melanoma cells. (A) Cells
were treated with FITC-labeled WT1-pTj for 1 h at 37 -C and visualized by confocal mi-
croscopy. Sequence (Z-stacks) showing the distribution of FITC-labeled peptide (green)
and the nuclei stained with DAPI (blue). Bar = 10 pwm. (B) Co-localization of WT1-pTj
and nuclear DNA in human melanoma cells. A2058 cells were treated with biotinylated
WT1-pTj for 24 h, fixed with paraformaldehyde, and permeabilized with Triton X-100,
(a) Differential interference contrast (DIC) image; (b) Cells stained with DAPI; (¢} Cells
treated with streptavidin-FITC; (d} Merge, showing nuclear colocalization of WT1-pT].
Inserts: high magnification of cells indicated by arrows. Scale bar = 10 pm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 2.
Antiproliferative activity of WT1-pTj on WT1-expressing tumor cell lines and nontumor
forming cell lines.

Cell lines ECsp? (mol /1 x 1077)

A2058 human melanoma 0.455 = 0.032

SK-MEL-28 human melanoma 0.680 + 0.020
B16F10-Nex2 murine melanoma 0.466 + 0.067
MCF-7 human breast cancer 0.247 + 0.058
MDA-MB231 human breast cancer 0.759 = 1.40
OVCAR-3 human ovarian cancer 0.208 = 0,02
HL-60 human acute leukemia =1

HFF human foreskin fibroblast =1

MEF murine embryonic fibroblast =1

9 EC50 is the concentration that decreases viability by 50% in a dose-dependent survival
curve.

3.4. WT1-pTj but not C PEP displays strong antiproliferative effects on
human melanoma cells

Since WTT gene is essential for melanoma cells proliferation and
metastasis [26,27,8] we examined whether WT1-pTj and more specif-
ically, the truncated ZF-motif of WT1-pTj, displayed anti-melanoma
proliferative effects. Human A2058 melanoma cells were incubated
with WT1-pTj or C PEP (A3C, AI5H) at 0.125 to 0.5 mM and the cell
number of viable cells determined every 24 h for 4 days. We found
that treatment with WT1-pTj resulted in a dose-dependent inhibition
of proliferation of melanoma cells when compared to untreated cells.
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Fig. 3. Effects of WT1-pTj on proliferation and clonogenic ability of human melanoma
cells. (A) A2058 cells (10° /well) were treated with WT1-pTj (left) or C PEP (right) at
the indicated concentrations for 96 h, and cell proliferation was daily monitored by
Trypan blue exclusion assay; (B) A2058 cells were suspended in 300 pl of 0.5 mM
WT1-pTj, 0.5 mM C PEP, or unsupplemented culture medium (Control) and cultivared
on soft-agar medium. The number of colonies was determined 11 days after the first
treatment; “p < 0.02.(C) Representative photomicrographs of colony formation assay.
A2058 cells were plated on (a) untreated culture medium (Control}, (b) medium treated
with 0.5 mM C PEP, or (c) treated with 0.5 mM WT1-pTj. After 5 days, culture media
were aspirated and fresh medium with the respective peptides at 0.5 mM was added.
After 10 days incubation, colonies were stained with crystal violet and counted on a
stereomicroscope. Data represent means + SD of three independent experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

The number of cells remained stable from 24 to 96 h when treated
with WT1-pTj at 0.5 mM, suggesting that the peptide had a sustained
cytostatic effect on these cells. No significant changes on proliferation
were observed in C PEP-treated cells, except at the highest dose after
96 h of incubation (Fig. 3A).

Hanet al. [28] reported on the transfection of MCF-7 human breast
cancer cells with constructs containing only the ZF domains of WT1
and consequent reduction in the expression of proteins important for
the survival and tumor cell proliferation, such as c-myc, Bcl-2 and
amphregulin, also interfering with the clonogenic ability of breast
cancer cells. Based on these findings we tested the influence of WT1-
pTj on tumor cell clonogenicity. As observed, treatment with 0.5 mM
WT1-pTj drastically decreased the number of A2058 colonies both in
semi-solid soft-agar medium (Fig. 3B) and directly in culture plates
(Fig. 3C), when compared to untreated or C PEP-treated cells. In the
anchorage-independent growth assay in saft-agar, treatment with
WT1-pTj reduced colony formation by 70.8%, as compared to 25.4%
with C PEP. Quantification of cell growth on plates showed only 20
colonies after WT1-pTj treatment for 9 days, whereas cell incubation
in unsupplemented complete culture medium or with 0.5 mM PEP C,
resulted in 300 and 248 colonies, respectively.

3.5. WTI1-pTj enhances the transcriptional activity of p53 in melanoma
cells and competes with WT1 protein for binding to p53

WTT1 binds to DNA and can interact also with several intracellu-
lar proteins [29]. A physical and functional association between WT1
and the product of p53 tumor suppressor gene [30] has been demon-
strated. Such interaction was shown to cross-modulate transactiva-
tion properties. WT1 interacts with p53 through zinc fingers 1 and
2, stahilizes p53, enhances p53-mediated transcriptional activation,
and antagonizes p53-mediated apoptosis triggered by ultraviolet ra-
diation [31].

Since the sequence of WT1-pTj covers part of a ZF motif involved
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Fig. 4. Binding of WT1-pTj to p53, displacement of p53 bound to WT1, and WT1-
pTj modulation of transcriptional activity of p53. (A) The interaction between p53
and WT1-pTj was determined using biotinylated peptide and CL-ELISA; 'p < 0.01. (B)
Competitive inhibition of WT1 association to p53 was evaluated in wells coated with
recombinant p53, incubated with WT1 and then exposed to WT1-pTj or C PEP at indi-
cated concentrations. Binding of p53 to WT1 was quantified with anti-WT1 monoclonal
antibody; "p < 0.02 compared to C PEP effect, (C) A2058 cells were transfected with the
p53-responsive luciferase reporter construct, and then treated with 0.5 mM WT1-pTj
or 0.5 mM C PEP for 24 h. The ratio of firefly to Renilla luciferase was determined and
normalized to the value obtained for untreated cells (=100%). Data are representative
of two independent experiments. * p < 0.02 compared to Control (untreated) and C
PEP systems.

in the p53 interaction [31] we considered the possibility that the
peptide might also bind to p53. As shown in Fig. 4A, CL-ELISA using
recombinant p53 and biotinylated WT1-pTj confirmed the association
between the peptide and the protein. In addition, using competitive
ELISA we verified that WT1-pTj dose-dependently inhibited WT1-
p53 complex formation (Fig. 4B). Further, in A2058 melanoma cells
transfected with a p53-responsive luciferase reporter construct, WT1-
pTj (but not C PEP) enhanced p53 transcriptional activation (Fig. 4C).
Together, these results suggest that WT1-pTj interacts with p53, and
may decrease the association between p53 and WTT1. In parallel, it
caused p53 access to specific transcriptional response elements on
DNA.

3.6. WT1-pTj induces G2/M cell cycle arrest and senescence features in
human melanoma cells

The cell cycle of melanoma cells was examined by flow cytometry
to better characterize the mechanism by which WT1-pTj suppresses
tumor cell proliferation, Treatment with WT1-pTj effectively arrested
the cell-cycle progression in A2058 cells, depleting the S-phase com-
partment (from 20.2% to 6% when compared to Control) and increas-
ing the G2/M (from 10.5% to 27% when compared to Control) phase
compartment (Fig. 5A). A2058 cells treated with C PEP showed no sig-
nificant differences regarding the cell cycle profile when compared
to the Control system, suggesting that the ZF-coordinating region is
essential for the antiproliferative effects.

In addition, we evaluated the predominant signal pathways ar-
bitrating cell cycle arrest in human melanoma cells under peptide
treatment. As shown in Fig. 5B, by Western blotting analysis we
determined that total p53 levels were not significantly affected in
cells treated with WT1-pTj. Nevertheless, a decrease in serine 392
phosphorylation and an increase in serine 15 phosphorylation were
observed upon WT1-pTj treatment. Additionally, increased levels of
both p275P! and p219P! known to regulate both G1-S and G2-M
transitions, were detected in WT1-pTj-treated cells. Furthermore, in
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Fig. 5. Effect of WT1-pTj on cell cycle progression and modulation of p53, and down-
stream mediators, in human melanoma cells. (A) A2058 cells were treated either with
0.5 mM WT1-pTj or 0.5 mM C PEP, for 24 h, and the cell cycle profile was examined by
flow cytometry. Control, unsupplemented culture medium. Results are representative
of three independent experiments, (B) Cellular extracts from A2058 cells exposed to
0.5 mM WT1-pTj or 0.5 mM C PEP were subjected to immunoblotting with antibodies
specific for p53, phospho-p53, p27, p21, phospho-cdc2 and cyclin B1. Protein load was
normalized to [3-actin,

order to elucidate the nature of the cell-cycle arrest caused by WT1-
pTj, we examined the expression of cell cycle-regulating factors at
the G2/M phase. We found that the protein levels of cyclin B1 and
phospho-cdc2 (Tyr15) were markedly down regulated in WT1-pTj-
treated A2058 cells. These results associate the inhibitory effects of
WT1-pTj to blocking of the cell cycle progression at G2 /M phase and
modulation of p53 and downstream signaling cascades.

Several reports have shown the central role of p53 in controlling
senescence [32], which is characterized by stable and irreversible
loss of cell proliferation [33]. Particularly in melanoma, telomere dys-
function [34] oncogene activation [35] and anticancer agents [36] can
activate p53 and its signaling partners (e.g. p16'™4A RDb and p21°iP1),
which are thus implicated in the suppression of tumor initiation and
progression.

Owing to the up-regulation of p53 activity, along with the mor-
phological changes (e.g. large cells and cytoplasmic vacuolization) and
the sustained inhibition of cellular proliferation observed in WT1-pTj-
treated cells, we hypothesized that the peptide could induce cellular
senescence. A2058 cells were incubated with WT1-pTj, C PEP or TMZ
(positive control) or in unsupplemented culture medium (Control),
for 4 days. Cells were washed to remove the peptides and incubated
foradditional 4 days in fresh medium. Melanoma cells barely resumed
proliferation after removing WT1-pTj (Fig. 6A). Further, as depicted
in Fig. 6B, the remaining cells treated with WT1-pTj exhibited altered
morphology and stained positively for SA-[3-galactosidase (72%), a
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Fig. 6. Induction by WT1-pTj of cellular senescence in human melanoma cells, (
Quantification of colonies formed after removal of the peptides and TMZ. A2058 ce Iis
were treated with WT1-pTj, C PEP and TMZ for 4 days. Cells were detached and equal
numbers of untreated and treated cells were seeded and cultivated in fresh media for
additional 4 days. The number of colonies was scored in three independent experiments
performed in duplicates; "p < 0.01 compared to Control and C PEP. (B) Representative
photomicrographs (original magnification 400 x ) of A2058 cells treated with 0.5 mM
WT1-pTj, C PEP or TMZ (positive control) for 4 days. Thereafter the peptides and TMZ
were washed out and cells were stained for SA-[3-Gal after incubation for additional 3
days in fresh media. Positive cells for SA-[3-Gal were visualized under a phase contrast
microscope and expressed as percentage of total cells counted at random, (C) Acridine
orange was used to stain acidic vesicular organelles in untreated contral cells (a); serum
starved cells for 24 h (positive control) (b); cells treated with 0.5 mM WT1-pTj (c);
cells treated with C PEP (d), for 4 days. Images are representative of two independent
experiments performed in duplicates. Bars = 10 puM.

widely used senescence biomarker [36]. In contrast, C PEP caused
little reduction in the number of colonies as compared to untreated
cells, and a minor effect on senescence induction (16%) when com-
pared to WT1-pTj. Thus, the proliferative capacity of WT1-pTj-treated
cells was lost even upon removal of the peptide,

The SA-f3-galactosidase has been shown to be a manifestation of
residual lysosomal activity after alkalinization, only detectable due
to the increased lysosomal content in senescent cells [37]. Therefore,
we examined the lysosomal content in melanoma cells treated either
with WT1-pTj or C PEP, using the lysosomotropic agent acridine or-
ange. Staining of A2058 cells with acridine orange showed a marked
increase in the number and size of lysosomes in senescent cells after
treatment with 0.5 mM WT1-pTj for 4 days as visualized by fluores-
cence microscopy (Fig. 6C). Most of the C PEP-treated cells exhib-
ited minimal red fluorescence. These results, along with the molecu-
lar mechanism underlying WT1-pTj-induced growth arrest, strongly
suggest that WT1-pTj-treated cells undergo cellular senescence.

4. Discussion

Peptide-based antitumor therapy explores the high affinity and
specificity of peptides for particular targets, the low toxicity and good

tissue penetration [38]. Our laboratory has focused on antitumor pep-
tides derived from internal sequences of immunoglobulins and tran-
scription factors [22]. In the current study, we report on a peptide
derived from WT1, endowed with anti-melanoma properties. Both
human melanoma and B16F10 murine melanoma were sensitive to
the WT1-pTj Trojan peptide.

WT1 called our attention due to its high expression and immuno-
genicity in B16F10 murine melanoma (unpublished results). In com-
parison with human cancer, WT1 has emerged as an important target
expressed in hematologic and solid tumors. There is, indeed, plenty
of evidence supporting the role of WT1 in the oncogenic process of
melanoma. The function of WT1 in transcriptional regulation, as well
in RNA metabolism and translation, has been extensively reviewed
[25,39]. WT1 overexpression has been detected in melanoma patients’
samples and melanoma cells, whereas no WT1 staining has been ob-
served in the majority of benign melanocytic nevi, epidermal ker-
atinocytes and melanocytes [4,40]. RNAi silencing of WT1 inhibited
melanoma proliferation associated with down-regulation of nestin
and zyxin [6], sensitized B16F10 cells to conventional chemothera-
peutic agents (e.g. doxorubicin and cisplatin) and reduced lung metas-
tases, emphasizing WT1 function in melanoma progression [8].

The WT1-pTj peptide contains part of a particularly reactive zinc-
finger domain, and owing to its abundant basic amino acid compo-
sition, exhibits cell-penetrating properties. The peptide was able to
arrest tumor cell growth and induce senescence in human melanoma
cells. A significant antimelanoma activity in vivo was also observed
using subcutaneous and metastatic models in mice. Increased levels
of active p53 and enhanced transcriptional activation were associ-
ated with WT1-pTj-induced senescence in A2058 human melanoma
cells. Cyclin-dependent kinase inhibitors p275*! and p21%°! medi-
ated the sustained cell cycle arrest. The typical senescent phenotype
in WT1-pTj-treated cells included enlarged cytoplasm, and cellular
increase of both SA-[3-galactosidase activity and lysosomal content.
To exert its activities, peptide WT1-pTj, like WT1, does not bind to
p53 promoter but physically interacts with the p53 protein itself. In
fact, we have shown that the peptide competes with WT1 for protein
binding to p53, supporting the hypothesis that the peptide may pre-
vent important interactions of WT1 with its partners, including p53,
and therefore disturb relevant pro-tumor signaling of the original
protein via the ZF domain. Protein-protein interaction of WT1 with
p53 modulates binding to different promoters determining gene ex-
pression or repression. As with WT1, we demonstrated that peptide
WT1-pTj activated p53 to act as a transcription factor in a luciferase
gene expression system.

Therapy-induced senescence is a novel therapeutic approach to
treat cancers [41]. Standard chemotherapy and radiotherapy, besides
inducing DNA damage and cytotoxicity, may trigger a robust senes-
cence response in vitro and in vivo [42,43]. Pro-senescence therapy
may also be achieved with greatly reduced toxicity.

The molecular mechanism underlying therapy-induced senes-
cence conferred by WT1-pTj treatment depends on p53 transcrip-
tional activation and is correlated with p53 post-transcriptional phos-
phorylation at Ser15 and Ser392. Consistent with previous findings
that have reported on specific changes in p53, a sustained treat-
ment triggers a p53-dependent senescence program. Prolonged 3-
interferon stimulation switched on p53 in two steps involving first,
dephosphorylation at serine 392, and then, phosphorylation of p53 at
serine 15 leading to its transcriptional activity [44]. Similar posttrans-
lational modifications of p53 were observed in replicative senescence
in human fibroblasts [45].

Likewise in WT1-pTj induced senescence of melanoma cells, re-
duced phosphorylation at $392 and increased phosphorylation at §15,
were observed. Activation of p53 by phosphorylation, rendering an
important effector of senescence [46,47] leads to the transcriptional
activation of target genes. In agreement, we observed the induction of
the senescence molecular markers p21°iP? and p275iP! [41] in A2058
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cells exposed to WT1-pTj. Our results excluded p16'"K*A-Rb signal ac-
tivation in WT1-pTj-induced cellular senescence (data not shown), in
line with previous data showing that p16 is frequently inactivated in
melanoma [48,49].

Cell cycle analysis revealed that WT1-pTj inhibition of melanoma
cell proliferation was caused by cell cycle arrest at G2/M phase, ac-
companied by a decrease in the number of cells in the S phase. The
G2-M transition is positively regulated by Cdc2/cyclin B complex
[50], which is controlled by phosphorylation at various sites, includ-
ing the inhibitory phosphorylation at tyrosine-15 and threcnine 14
by Wee1l and Myt1 [51,52]. A decrease in the levels of phospho-cdc2
(Tyr15), ede2, cyclin A and cyclin B1 has been associated with cell
cycle arrest at G2/M [53]. Similarly, we found a significant decrease
in cyclin B1 and phospho-cdc2 (Tyr15) expression after treatment
with WT1-pTj, in contrast with C PEP-treated cells. In conclusion,
modulation of p53 activity and activation of downstream signaling
is essential for senescence response in WT1-pTj-treated cells. These
events depend on the ZF-coordinating region because C PEP elicited
no similar response.

Given the limited expression of WT1 in adult animals, restricted to
few cell types of the urogenital system [ 3], this factor might otherwise
be an optimal target for treatment of WT1-expressing malignancies,
In the field of targeted therapies, CPPs (cationic cell-penetrating pep-
tides) have been used to overcome permeability barriers in the tumor
and to mediate cargo delivery into cancer cells, leading to the de-
velopment of tumor-specific molecular therapeutics. CPP-mediated
transduction has been used to inhibit nuclear oncoprotein translo-
cation |54), modulate oncoprotein signaling [10], enable apoptotic
cell-death [16,55], and deliver oligonucleotides [56] to cancer cells.
Presently, we show that peptide WT1-pTj exhibits trojan properties
and exerts protective effects in experimental melanoma therapy. In
addition to antiproliferative effects mediated by WT1-pTj treatment
in vitro, the peptide inhibited human melanoma progression, in nude
mice,

Conventional chemotherapeutic drugs act mainly through induc-
tion of apoptosis, and their reduced efficacy in melanoma patients
is related to the high resistance of melanoma cells [57]. Therapy-
induced senescence may represent an alternate functional approach
to improve cancer therapy [58,59].

To conclude, our present study reports on the senescence-inducing
peptide WT1-pTj as a promising candidate to eradicate tumor cell
progression, including those that fail to respond to conventional an-
titumor therapies. The WT1-pTj is unique in that it derives from an
oncoprotein, is cell-penetrating by itself, induces cellular senescence
and effectively protects in a cancer preclinical model.
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Breast cancer is the world's leading cause of death among women. This situation imposes an urgent
development of more selective and less toxic agents. The use of natural molecular fingerprints as sources
for new bioactive chemical entities has proven to be a quite promising and efficient method. Here, we
have demonstrated for the first time that dillapiole has broad cytotoxic effects against a variety tumor
cells. For instance, we found that it can act as a pro-oxidant compound through the induction of reactive
oxygen species (ROS) release in MDA-MB-231 cells. We also demonstrated that dillapiole exhibits anti-
proliferative properties, arresting cells at the GO/G1 phase and its antimigration effects can be associated
with the disruption of actin filaments, which in turn can prevent tumaor cell proliferation. Molecular
modeling studies corroborated the biological findings and suggested that dillapiole may present a good
pharmacokinetic profile, mainly because its hydrophobic character, which can facilitate its diffusion
through tumor cell membranes. All these findings support the fact that dillapiole is a promising anti-
cancer agent.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

breast cancer include both chemo- and radiotherapy, and in
advanced stages of the disease surgery intervention can be required

Breast cancer is one of the most common human malignancies
and the second leading cause of cancer-related deaths among
women |[1]. Despite substantial improvements in survival, resis-
tance to therapy and subsequent progression of disease are still
observed in metastatic patients [2]. Therapeutic regimens against
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[3]. In spite of the many advances achieved in breast cancer treat-
ment during the last ten years, many patients still succumb to this
illness and new therapeutic approaches are needed [4]. Therefore,
investigation of the molecular mechanisms involved in the devel-
opment and progression of breast cancer is crucial for the discovery
of effective and non-cytotoxic compounds for chemoprevention
and treatment [5].

Natural products, mostly plant-derived products, occupy an
important place in cancer chemotherapy |6]. Substances derived from
medicinal plants are known to be effective chemo-preventive and/or
antitumoral agents in experimental models of carcinogenesis [ 7]. The
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bioactive compounds from the Piperaceae family, for instance, which
comprises a large variety of species [8,9], can be used as models for
promising molecular modifications envisaging more specific thera-
peutic responses. Covering approximately three thousand species, the
Piper genus is prominent for having distinct biological activities. Dil-
lapiole (1) (Fig. 1), a phenylpropanoid, is the main component of Piper
aduncum [10,11] essential oil and is also present in other Piper species
such as: Piper banksii | 12], Piper guineense [ 13,14], Piper novae hollan-
diae [15] and Piper marginatum [16]. Previous studies revealed its
antileishmanial [17], anti-inflammatory [18], antifungal [10] and
acaricidal [ 19] activity, nevertheless its cytotoxic effect have not been
studied yet.

Safrole (2), a phenylpropanoid structural-related to dillapiole, is
also found in Piper genus [20], which presents some interesting
biological properties |21—-24|. Previous research indicates that
safrole (2) can induce apoptosis in human oral cancer cells [25] as
well as cell cycle arrest and apoptosis in human leukemia cells
through the endoplasmic reticulum (ER) stress-associated signaling
based on the production of ROS [2G]. The structural similarity of
safrole and dillapiole is obvious, but there is no previous reports
addressing a potential antitumor activity of dillapiole.

The current study was designed to evaluate the in vitro anti-
tumor activity of dillapiole in MDA-MB-231 breast cancer cells. Our
results have revealed that this molecule is cytotoxic to a variety of
tumors cells. Also, dillapiole inhibited proliferation and migration
of MDA-MB-231 cells by arresting them at the GO/G1 phase and the
disruption of the cytoskeleton contributed to the inhibition of cell
migration. Furthermore, the dillapiole apoptotic effects coincided
with the increase in ROS production by the mitochondria, which is
in agreement with the data showing that dillapiole induces mito-
chondrial depolarization, increasing the transient intracellular
Ca®*, cytochrome ¢ release, caspase-3 activity in MDA-MB-231
cells. Additionally, the calculated molecular properties support
the suitable pharmacokinetic and pharmacodynamic profiles of
dillapiole. Overall, dillapiole is a compound with potential anti-
tumor effects on MDA-MB-231 cells, suggesting that this molecule
is a potential hit for the design of novel anticancer drugs.

2. Materials and methods
2.1. General procedures

Reagents and solvents were commercial grade, used as supplied.
Chromatography separations were performed using 70—230 mesh
silica gel. Thin-layer chromatography was carried out on Merck
silica plates (0.25 mm layer thickness). NMR spectra were recorded
using a Bruker AC-300 Spectrometer at 300 MHz ('H) and 75 MHz
(3¢) with tetramethylsilane as an internal reference and CDCl5 as a
solvent, Chemical shifts are given in parts per million (ppm),
coupling constants in Hertz (Hz), and splitting patterns were
designated as follows: s, singlet; br s, broad singlet; d, doublet; t,
triplet; q, quartet, and m, multiplet. Gas chromatography-mass
spectrometry (GC—MS) was performed using a 17A/QP5050A
Shimadzu-brand GC—MS apparatus: Class 5000 software; column:
BXP5-30 m, 0.25 mm ID; helium as carrier gas (flow rate 2.5 mL/

4 e
Om// o]
(1) o\ 2)

Fig. 1. Chemical structures of dillapiole (1) and safrole (2).

min). The ionization mode was EL at 70 eV. Temperature program
was from 60 °C (rate 8 °C/min) to 320 °C (35 min). The detector and
injector temperatures were both 250 °C.

2.2, Extraction of dillapiole from P. aduncum

P. aduncum leaves were collected in March and August, 2011, in
Ubatuba, Sao Paulo, Brazil. Identification was carried out at the
Botanical Laboratory of Mackenzie Presbyterian University (MPU).
The P. aduncum leaves exsiccate was stored in the MPU herbarium
(no. 01092). The collected vegetable material underwent extraction
of its essential components through hydrodistillation, using a
modified Clevenger-type apparatus. The crude essential oil was
extracted with dichloromethane, then dried with anhydrous
Na;SO0y, filtered, and kept in a freezer (—15 °C), using an amber
glass flask [18].

2.3. Purification of dillapiole (1)

Pure dillapiole was used to carried out the bioassays. Purifica-
tion and isolation procedures were perform as previously reported
in Refs. [1718]. Briefly, the crude essential oil was obtained by
hydrodistillation and diluted with dichloromethane. GS—MS chro-
matography was carried out to determine the percentage of dilla-
piole in crude extract. The results showed that dillapiole is the
majority compound and represents for almost 89% of the essential
oil. Mass spectrometry data analysis together with hydrogen nu-
clear magnetic resonance spectroscopy ('H NMR) confirmed that
dillapiole was the main component of the crude extract. After that,
dillapiole was isolated and purified by column chromatography
using hexanes/ethyl acetate (1:1), as solvent system. Additionally,
the isolated sample was characterized by GC—MS and was further
used to evaluate the cytotoxic activity. Viscous yellow liquid. (1.5 g
yield) '"H NMR (CDCl3, 300 MHz, & = ppm): 3.31 (d, 2H, H-8); 3.81 (s,
3H, H-11); 4.08 (s, 3H, H-12); 5.05-5.15 (m, 2H, H-10); 5.88-6.05
(m, 1H, H-9); 5.98 (s, 2H, H-1); 6.40 (s, 1H, H-6). °C NMR (CDCI3,
75 MHz, 6 = ppm): 34.5 (C8); 60.3 (C11); 60.8 (C12); 1015 (C1);
102.4 (C6); 115.9 (C10); 122.1(C5); 132.3 (C2); 136.5 (C9); 142.0
(C7); 143.6 (C4); 145.1 (C3).

24. Molecular modeling approach

The three-dimensional (3D) molecular model of dillapiole was
built, in its neutral form, using the HyperChem 7.0 MM + force field
(Hypercube, Inc., 2002), without any constrains, and employing the
crystal data from 6-[1-(4-ethoxyphenyl)ethyl]-5-methoxy-1,3-
benzodioxole [27] as starting geometry. Partial atomic charges
were computed with AM1 semiempirical method [28], also
implemented in HyperChem 7.0 (Hypercube, Inc., 2002). MOLSIM
3.2 software [29] was used to carry out energy-minimization
(steepest descent and conjugate gradient methods; convergence
criterion of 0.01 kcal/mol) and molecular dynamics (MD) simula-
tions (1 ns; step size of 1 fs). Output trajectory file was recorded
every 20 ps resulting in a conformational ensemble profile (CEP) of
50,000 conformers. The lowest-energy conformation was selected
from the CEP equilibrium region, and the total potential energy (Er)
of that conformation corresponds to the summation of the
following intramolecular energy contributions: stretching (Esretch),
bending (Epend), torsional (Eqrs), Lennard-Jones or 14 interactions
(E1-4), electrostatic (Echarge), van der Waals (Evaw), hydrogen
bonding (Eyp), and solvation (Esgy). Then, the lowest-energy
conformation was energy-minimized [29] and, subsequently,
used as starting geometry to calculate molecular properties of
distinct nature. Electronic properties as partial atomic charges from
electrostatic potential using a grid based method [30] and the
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related electrostatic potential (EP) were computed with the B3LYP
(Becke, three-parameter, Lee—Yang—Parr) [31] hybrid functional
and 6-31(d,p) basis set [32]. EP maps were calculated onto a Con-
nolly molecular surface, using a color scheme ranging from —0.046
(intense red) to 0.046 (intense blue). Negative values of EP (higher
electronic density distribution) are depicted in red and positive
values in blue (lower electronic density distribution) [33], Also, the
calculated n-octanol/water partition coefficient (ClogP), which is a
measure of molecular hydrophobicity, was computed based upon
the Viswanadhan and co-workers method [34|, implemented in
Marvin 5.8.0 package, Calculator Plugins [35].

2.5. Cell lines and cell culture

The human breast adenocarcinoma (MCF-7 and MDA-MB-231)
and the melanoma (Sbcl-2; Mel-85; SK-MEL-28) cell lines were
purchased from the American Type Culture Collection (Manassas,
VA, USA). The cells were maintained in RPMI-1640 medium sup-
plemented with 10% fetal calf serum (FCS) (Cultilab, Campinas, SP,
Brazil), containing penicillin (100 unitsmL) and streptomycin
(100 ug/mL, Cultilab, Campinas, SP, Brazil). All cells were cultured at
37 °C in a fully humidified incubator with 5% CO5. All experiments
described were performed at least three times using cells in the
exponential growth phase.

2.6. Cell viability assay

Tumor cells in the logarithmic growth phase were plated at a
density of 10? cells/100 pL into 96-well plates and allowed to
adhere overnight. For the evaluation whether caspases are involved
with the cytotoxic effects of dillapiole, cells were pre-treated with a
specific inhibitor of cyclophilin and with 40 pM Z-VAD-fmk, a pan-
caspase inhibitor, for 2 h. Subsequently, the culture medium was
replaced with medium containing different concentrations of dil-
lapiole. After 24 h of treatment, cell viability was determined by
MTT (3-]4,5 dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide). Briefly, 20 pL of MTT reagent (Sigma—Aldrich, St. Louis, USA)
were added to each well at a final concentration of 5 mg/mL,
incubated for 4 h at 37 °C and centrifuged at 2000 rpm for 10 min.
The medium was discarded and 100 pl of dimethylsulfoxide were
added to each well. Each experiment was performed using six
replicates for each drug concentration and was repeated in tree
independent experiments.

2.7. Wound-healing assay

MDA-MB-231 (2.5 x 10° cells) were grown to confluence ina 12-
well plate, placed in medium containing 1% serum for 24 h at 37 °C
in an atmosphere of 5% CO,. Upon reaching confluence, the cell
layer was scratched with a sterile plastic tip and then washed twice
with culture medium. Next, serum was increased to 5% to facilitate
cell migration and the cells were treated with 25 uM or 50 uM
dillapiole for 48 h. Cell migration was recorded using a Nikon
TE2000E microscope system (Nikon Instrument). The area of
wound healing was calculated using WimScratch software.

2.8. Cell cycle analysis

MDA-MB-231 cells were synchronized by deprivation of serum
for 24 h and induced to reenter the cell cycle by the subsequent
addition of serum. Cells were treated for 24 h with 25, 50 and
100 uM dillapiole. Next, cells were collected and fixed with cold 70%
ethanol and stored at —20 °C. Cells were washed, re-suspended in
PBS and incubated at 37 °C for 45 min with 10 mg/mL RNase and
1 mg/mL propidium iodide (PI) (SIGMA, St. Louis, MO). Flow

cytometric analysis was performed using a FACScalibur flow cy-
tometer (Becton Dickinson, San Jose, CA). Cell DNA content in the
different cell cycle phases was determined using Modfit LT software
(Verity Software House, Topsham, ME).

2.9. Evaluation of apoptosis by flow cytometry

For the detection and evaluation of apoptosis, MDA-MB-231
cells were treated with 25, 50 and 100 pM dillapiole for 24 h,
then washed with PBS (500 pL/well), harvested (including sus-
pension cells) and incubated with 2 uM YO-PRO-1 (Life Technolo-
gies Eugene, Oregon, USA) and 10 uM of Pl in PBS for 30 min at room
temperature in the dark. The cells were immediately analyzed by
flow cytometry using 488 nm excitation in a FACScalibur flow cy-
tometer (Scalibur-Becton Dickinson, San Jose, CA). Data from three
independent experiments were analyzed using the Flow]o
software.

2.10. Measurement of the mitochondrial transmembrane potential

The mitochondrial membrane potential (A%m) was evaluated
using the tetramethyl-rhodamine ethyl ester (TMRE) probe (Invi-
trogen-Molecular Probes). Briefly, MDA-MB-231 cells (10° cells/
well) were seeded in G-well plates and incubated for 24 h. After
24 h of treatment with 25 and 50 pM dillapiole, 20 nM TMRE were
added to cell cultures maintained at 37 °C for 45 min. Fluorescence
was measured using a FACScan flow cytometry system (Becton
Dickinson, San Jose, CA). A total of 10,000 cells/sample were
analyzed and the mean fluorescence intensity and percentage of
cells in each population were recorded.

2.11. Measurement of changes in free intracellular calcium
concentration ([Ca®* Ji) by microfluorimetry

Changes in [Ca?"|i were determined by microfluorimetry using
FlexStation Il (Molecular Devices Corp., Sunny Valley, CA). MDA-
MB-231 cells were seeded at a density of 5 x 10* cells per well in
black-well plates with clear bottom in serum-free medium. Cells
were then incubated for 60 min at 37 °C with the Flexstation Cal-
cium Kit in the presence of 2.5 mM probenecid in a final volume of
200 mLjwell. Samples were excited at 485 nm, and fluorescence
emission was detected at 525 nm. Samples were read at 1.52 s in-
tervals for 120 s with a total of 79 read-outs per well. After Basal
fluorescence intensity for [Ca®*]i levels in non-stimulated cells
were monitored for 20 s, then 25 uM dillapiole or 50 mM ATP
(positive control) or 50 mM H»0 (negative control), were added to
the cells. Next, the induction of transient [Ca®*]i was monitored for
up to 100 s. Responses to agonist addition were determined as peak
fluorescence minus the basal fluorescence intensity using the
SoftMax1Pro software (Molecular Devices Corp.).

2.12. Caspase-3 activity assay

After 12 h of treatment with 25 or 50 uM dillapiole, the cells
were washed twice with cold PBS and then scraped in 5 mL of cold
protease assay buffer (25 mM HEPES, pH 7.5, 5 mM EDTA, 2 mM
dithiothreitol, and 0.1% detergent) and sonicated to lyse the cells.
The lysates were collected and stored at —70 °C until analyzed.
Briefly, 50 pL of 1x reaction buffer were added to each well used in
the assay and incubated at 37 °C for 5 min. Caspase activity was
measured using the substrate Ac-YVAD-AMC using the caspase-3
fluorometric assay kit from Biovision. Flow cytometric analysis
was performed using a FACScan flow cytometry system (Becton
Dickinson, San Jose, CA). Data from three independent experiments
were analyzed using the Flow]o software.
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Fig. 2. GC—MS analysis of pure dillapiole, {A) Chromatogram and (B) mass spectrum obtained for the pure compound.

2.13. Determination of cytochrome ¢ by flow cytometry

MDA-MB-231 cells were treated with 25 or 50 uM dillapiole for
12 h and stained with PE-labeled anti-human antibody or isotype
control IgG (Santa Cruz, CA, USA). Cells were first fixed with 3.7%
paraformaldehyde and permeabilized with Triton X-100 0.02%,
then stained with FITC labeled anti-cytochrome c or isotype control
antibody (Santa Cruz, CA, USA). The percentages of cells expressing
Bcl-2, Cyclin D1 and p53 was determined using a FACScalibur flow
cytometer (Becton Dickinson, San Jose, CA). Data from three inde-
pendent experiments were analyzed using the Flow]o software.
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2.14. Confocal laser scanning microscopy

MDA-MB-231 cells were seeded onto sterile glass cover slips in
24-well plates. Next, cells were treated with dillapiole at the con-
centration of 25 pM or 50 uM. After treatment, the cells were fixed
with 3.7% paraformaldehyde and permeabilized in 0.02% triton-x
diluted in PBS containing 10% bovine fetal serum. To analyze the
effect of dillapiole on actin filaments, cells were labeled with FITC-
phalloidin (Invitrogen-Molecular Probes, Eugene, OR) in a buffer
containing 0.5% Triton X-100, 1 mg/mL RNase in 2x PBS. For
mitochondria studies, the cells were stained with MitoTracker® red

100000

0.0 mm— 04

Fig. 3. Molecular modeling findings for dillapiole. (A) Plot of energy value versus steps for an equilibration region of the dillapiole CEP (100 ps) from the MD simulation (1 ns): (A-1)
the lowest-energy conformer selected (dark blue stick molecular model); (A-2) superimposition of the three more frequent conformers (light blue, cyan, and dark blue stick
molecular models), including the selected conformation (dark blue). (B) Map of lipophilic potential and calculated n-octanol/water coefficient partition (ClogP) for the selected
conformer from the MD simulation. Hydrophilic regions are in blue and the hydrophobic in green. (C) Map of the electrostatic potential (MEP) for the selected conformer from the
MD simulation [color range: —0.04 (red) to 0,04 (blue)]. Dillapiole is presented in ball-tube molecular model {carbon atoms in gray, oxygen in red, and hydrogen in white) in Band C,
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Fig. 4. Cytotoxic effects of dillapiole on tumor cell lines. Cells were plated at a density of 10%/well and treated with dillapiole for 24 h. Cell viability was evaluate by MTT colorimetric
assay. Cell viability is expressed as the percentage of cells comparing the optical density {540 nm) of the treated cells with the optical density of the untreated cells. The data are

representative of three independent experiments performed in triplicate.

for 45 min under growth conditions. For ROS detection, cells were
incubated with 2',7'-dichlorofluorescein diacetate (H2DCFH-DA,
Sigma, St Louis MQ) (5 mM), for 10 min at 37 °C in the dark. Image
analysis was performed with a confocal laser scanning microscope
(Carl Zeiss LSM 700; Leica, Mannheim, Germany). Post-acquisition
image processing, background correction, adjustment of brightness
and contrast and export to tiff format were done with Image ]
software (version 14.1) National Institutes of Health (Bethesda,
Maryland, USA).

2.15. Statistical analysis

All values were expressed as mean + SD. Each value is the mean
of at least three independent experiments in each group. For sig-
nificance analyses Student’s t-tests and One way analysis of vari-
ance (ANOVA) were calculated using GraphPad Prism 4.0. p
values < 0.05, 0.01 and 0.001 were considered significant.

3. Results
3.1. GC—MS analysis of dillapiole

After purification, GC—MS analysis revealed the presence of only
one compound (Fig. 2). The gas chromatogram, presented in Fig. 2A,
shows that dillapiole was successfully isolated and purified from its
essential oil (purity ~ 100%). Furthermore, according to the mass
spectra analysis (Fig. 2B), the content had a molecular mass cor-
responding to that found for dillapiole (m/z 222 [M']).

3.2. Molecular modeling findings

The purpose of a theoretical approach was to find a more
energetically favorable conformation for dillapiole, to calculate its
molecular properties and, finally, to provide some insights
regarding structure-activity relationships. The findings from MD
simulations are presented in Fig. 3A. MD simulations of dillapiole

reached the thermodynamic equilibrium in approximately
300,000 simulation steps. Part of the CEP (100 ps) from where the
lowest-energy conformation (dark blue; A-1) was chosen as well
as the superimposition of the more frequent 3D conformers (A-2)
can be visualized (stick or tube molecular models). The side chain
of dillapiole, which has a double bond between the Cyy and Cy3
positions, did not remain in the same plane of the benzodioxole
ring. The more frequent conformers present the side chain turned
to the back side of the benzodioxole ring, and the total potential
energy (Er) found for the selected conformer from CEP was
35.35 keal/mol.

Lipophilicity, expressed through the calculated n-octanol/water
partition coefficient (ClogP) and visualized through the maps of
lipophilic potential (MLP), was also considered (Fig. 3B). Dillapiole
presented a ClogP value of 2.38, indicating a hydrophobic character,
meaning the ability to cross hydrophobic barriers such as cell
membranes in order to reach their target, for instance. Even when
no barriers are to be crossed (such as in in vitro studies), the drug
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Fig. 5. Cytotoxiceffects of Dillapiole on MDA-MB-231. Cells were plated at a density of 107/
well and pre-treated with 40 uM z-VAD-fmk, a pan-caspase inhibitor and an antioxidant
agent, Trolox®, followed by the addition of dillapiole. The MTT shows that z-VAD-fmk and
Tralox® reduce the cytotoxic potency of dillapiole on MDA-MB-231 after 24 h of treatment.
The data are representative of three independent experiments performed in triplicate.
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has to interact with a target system such as an enzyme or receptor
where the binding site is usually hydrophobic. Otherwise, the drug
should not be so hydrophobic that it would be poorly soluble in the
aqueous phase such that it might get ‘trapped’ in fat depots and
never reach the intended interaction site. In addition, a hydrophilic/
hydrophobic molecular balance is needed to provide suitable
pharmacedynamics and pharmacokinetic profiles. The MLP prop-
erty gives the information regarding that balance and can be
explained using a color scheme, where blue corresponds to hy-
drophilic regions and green to hydrophobic regions.

Regarding the partial atomic electrostatic potential charges (ESP,
CHELPG), the Cyg atom (attached to aromatic ring) in dillapiole is
positively charged (0.3254). This datum indicates that dillapiole
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could likely suffer a nucleophilic attack, but only in the opposite
face of its side chain direction where there is no steric hindrance.
The electronic density distribution can be visualized through the EP
map (Fig. 3C), and a more neutral/positive region can be visualized
on the side chain, particularly on the Cyq atom (green). The elec-
tronic properties are also fundamental in the molecular recognition
process, and are more strictly related to the pharmacodynamics
profile (ligand—receptor interactions).

3.3. Dillapiole induces cytotoxic effects on tumor cell lines

The cytotoxic properties of dillapiole were investigated using the
MTTassay, a well-documented method to assess cell viability. Tumor

Dillapiole 25 uM Dillapiole 50 uM
g
B—E APOPTOSIS
(e
5
]
Channeis K - i L *

Untreated

Dillapiole 50 yM Dillapiole 25 uM

Fig. 6. Dillapiole induces apoptotic and morphological alterations on MDA-MB-231 cells. (A) Apoptosis (sub-G1) and DNA profile induced after treatment with dillapiole for 24 h at
different concentrations (25 and 50 uM) analyzed, after propidium iodide staining, by flow cytometry (arrow indicates sub-G1 peak). (B) Cluster bar chart of cell cycle showing the
percentage distributions of the cell cycle phases in the three cell groups. (C) MDA-MB-231 cells morphological changes after treatment with dillapiole. After 24 h of incubation,
morphelogical changes such as appearance of inner vacuoles and apoptotic bodies, characteristic signals of apoptosis, were observed under the inverted phase-contrast microscope
and were also photographed. The data are representative examples for duplicate tests, Original magnification, «200.
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cells were incubated for 24 h with different concentrations of the
compound. The results show that dillapiole presents cytotoxic ef-
fects, reducing cell viability in all tumor cells tested in this worlc. The
ICsp values of dillapiole on MDA-MB-231, SK-MEL-28, MEL-85 and
Sbel2 were 25 pM, 27 puM, 28 uM and 26 M, respectively. These
results indicate that there is no difference between tumor cell lines
in response to dillapiole (Fig. 4). Next, we evaluated its anticancer
effects using MDA-MB-231 cells as a model. Prior to treatment with
dillapiole, cells were pre-incubated with a pan-caspase inhibitor, z-
VAD-fmk, and an antioxidant agent, Trolox”™, Interestingly, the in-
hibitors dramatically decreased cytotoxic effects of dillapiole on
MDA-MB-231 cells. The ICsq value of dillapiole on cells pre-treated
with z-VAD-fmk is 63 M, and with Trolox® is 82 uM (Fig. 5). An
unanticipated finding is that dillapiole is cytotoxic in a caspase-
dependent manner. Additionally, the release of ROS indicates a
possible mechanism of action of dillapiole on MDA-MB-231 cells.

3.4. Cell cycle changes induced by apoptotic effects of dillapicle on
MDA-MB-231 cells

In this study, we investigated the anti-proliferative effects of
dillapiole on MDA-MB-231 cells. Our data clearly show that the
cytotoxic effects of dillapiole correlate with its ability to induce
apoptosis as evidenced by the sub-G1 apoptotic peak. As shown in
Fig. GA, induction of apoptosis in MDA-MB-231 cells was more
efficient (**p < 0.01) at 50 pM than at 25 uM, reducing the number
of tumor cells between the S and G2/M phases of the cell cycle.
Additionally, treatment with 25 pM dillapiole does not induce
apoptosis, but exhibits a higher potency in blocking cell progression
by arresting cells at the GO/G1 phase (""p < 0.01) (Fig. 6B). When
treated with 50 pM dillapiole, typical apoptosis morphological
changes, such as the retraction of membrane and nuclei, were also
observed (Fig. 6C). These findings further support the hypothesis
that dillapiole, at 50 uM, induces apoptosis in MDA-MB-231 cells.

3.5. Dillapiole attenuates MDA-MB-231 cell migration in response
to wound scratch

To examine the effect of dillapiole on MDA-MB-231 cell migra-
tion, we employed an in vitro assay. Here, we show that 50 pM of
dillapiole induces apoptosis on MDA-MB-213 cells. However, we
used 25 puM dillapiole to investigate whether the anti-proliferative
effects correlate with the inhibition of cell migration. Cell migration
was significantly (***p < 0.001) inhibited by 25 uM dillapicle when
compared to untreated cells and an increased rate of wound heal-
ing could be observed at all time points examined (Fig. 7A and B).

3.6. Dillapiole induces apoptosis in MDA-MB-231 cells

Apoptosis is a strategy of tumor elimination involving a number
of signal pathways. To investigate the molecular mechanism of
dillapiole-mediated cell apoptosis, we evaluated whether the
externalization of phosphatidylserine (PS), a hallmark of early
apoptosis, might be involved. In comparison with untreated cells,
the treatment with dillapiole at 25 uM induces apoptosis in MDA-
MB-231 cells. Of note, the exposure of PS residues on the outer
surface of the plasma membrane was more significant
(***p < 0.001) upon treatment with 50 uM dillapiole. Interestingly,
we also demonstrate that dillapiole, at the higher concentration,
significantly induces necrosis instead of apoptosis (Fig. 8A and B).
These results corroborate the data showing that dillapiole-induced
apoptosis is mediated by a mitochondria-dependent pathway. It is
interesting to note that inhibition of cancer cell growth occurs most
likely by apoptosis instead of via cytostatics mechanisms.
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Fig. 7. Effect of dillapiole on MDA-MB-231 cell migration. (A} MDA-MB-231 cells were
seeded in a 12-well plate, then scraped to create a clean 1 mm wide wound area. Cells
thenwere treated for 24 h with dillapiole at concentrations 25 pM and photographed and
measured at 0(t0), 6,12, and 24 h after wounding. The wound areas were then analyzed
and calculated using online image analysis software Wimasis. (B) Significant differences
are indicated as: ***p < 0.001 statistically different from the dillapiole versus untreated.

3.7. Dillapiole induces mitochondrial membrane potential (4ym)
disruption in MDA-MB-231 cells

To evaluate whether apoptosis induced by dillapiole in MDA-MB-
213 cells is associated with the changes in Am, cells were stained
with mitotracker, a cationic fluorophore that accumulates in mito-
chondria and treated with 25 uM or 50 puM dillapiole for 6 h. The
percentage of stained cells and the total fluorescence intensity were
determined by flow cytometry. In untreated cells, red mitochondria
could be seen by confocal laser scanning microscopy throughout the
cytoplasm without morphological changes indicating a high Aym. In
contrast, cells treated with both concentrations of dillapiole showed a
reduction in the intensity of fluorescent staining and the formation of
peripheral clusters could be observed (Fig. 9A). Our investigation by
flow cytometry confirms that dillapiole 24 h reduces significantly
(*™*p < 0.001) Agm in MDA-MB-213 cells, which can lead to an in-
crease mitochondrial permeability transition (MPT). It demonstrates
thatdillapiole can induce apoptosis trough the mitochondrial pathway
(Fig. 9B and C).
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Fig. 8. Dillapiole preferentially triggers apoptosis in MDA-MB-231 cells. (A) Dot plot displays YO-PRO/PI double staining, which is representative of apoptotic and/or necrotic cells.
50 pM of dillapiole induces primarily apoptosis while high dosages, such 100 uM, induces necrosis. (B) Representation of the number of cells in different cell death processes,
Significant differences between dillapiole and untreated are indicated as: ***p < 0.001 and **p < 0.001.

3.8. Treatment with dillapiole induces transient [Ca®" ]i in MDA-
MB-231 cells

Calcium is an important second messenger involved in several
intracellular responses that can determined the fate of cells, such as
NO production or ER stress, and a number of pro-apoptotic drugs
induce mobilization of this ion. Qur results show that 25 uM dil-
lapiole induce a transient influx of extracellular calcium from
intracellular compartments. Notably, we observed that treatment
with dillapiole promotes calcium release increasing fluorescence by
around 30 units in MDA-MB-231 cells (Fig. 10).

3.9. Dillapiole triggers a rapid disruption of the cytoskeleton and
increases ROS production during apoptosis of MDA-MB-231 cells

To further evaluate the details of the apoptotic effects of dilla-
piole on MDA-MB-231 cells, the cytoskeleton and nuclei were
stained with phalloidin and PI, respectively. In untreated cells, an
examination of the cytoskeleton and nuclei after 12 h of dillapiole
treatment showed a large number of long actin filaments. In
addition, several tumor cells containing multiple nuclei could be
seen. In MDA-MB-231 cells treated with 25 pM dillapiole, an
important retraction of actin filaments with formation of short
filaments and an increase of ROS production were observed in the
cytoplasm. This can cause a disruption of focal adhesions, which, in
turn, inhibits binding of cells to the matrix, triggering apoptosis. In
contrast, treatment with 50 uM dillapiole led to nuclear fragmen-
tation and complete disruption of actin filaments. Notably, stained

microfilaments were observed clustered at the sites of apoptotic
bodies formation (Figs. 11 and 12).

3.10. Dillapiole induces caspase-3 activity and cytochrome c release
in MDA-MB-231 cells

Ac-YVAD-AMC, a specific caspase-3 substrate, was used to
determine whether the mitochondrial pathway cascade is involved
in the induction of apoptosis by dillapiole on MDA-MB-231 cells.
Cells were treated for 12 h with dillapiole at the concentration of
25 uM or 50 puM. After treatment, caspase-3 activity was measured
through a fluorometric assay. Here, we demonstrated that dillapiole
caused a marked induction of apoptosis in MDA-MB-231 cells by
increasing caspase-3 activity. Next, we investigated whether the
release of cytochrome ¢ was accompanied by an increase of
caspase-3 activity. Interestingly, this correlation was observed with
the treatment with dillapiole at both concentrations tested
(Fig. 13A). Additionally, dillapiole is able to induce apoptosis
through the intrinsic mitochondrial pathway in MDA-MB-231 cells.
However, 50 uM dillapiole was significantly (***p < 0.001) more
effective in the induction of cytochrome ¢ release than 25 pM
(**p < 0.01) (Fig. 13A).

4. Discussion
Therapeutic regimens, aiming at cancer eradication, encompass

both radiotherapy and chemotherapy and, in advanced cases, when
traditional treatment fails, tumor resection figures as the last

dx.doi.org/10.1016/j.biochi.2013.12.008
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Fig. 9. Dillapiole induces a disruption in the mitochondrial transmembrane potential (Avm) in MDA-MB-231 cells. (A) The depolarization of mitochondria is demonstrated by a
reduction of fluorescence intensity in MDA-MB-231 cells stained with MitoTracker”, {B) Representative dot plots obtained from the FACS analysis of MDA-MB-231 cells stained with
TMRE. (C) Depolarization of the mitochendria is demonstrated by a reduction of fluorescence intensity in MDA-MB-231 cells. Data are the means + SD. ***p < 0.001 from at least

three independent experiments.
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Fig. 10. Characterization of dillapiole-induced [Ca®'|i elevations in MDA cells. Changes
of maximal peak heights of [Ca®*]i responses induced by dillapiole 25 uM were
measured in MDA cells by microfluorometry. ATP was used as a positive control and
H,0 as a negative control.

option [3G]. In those advanced cases, eventually, tumor resection
might not bring good prognosis, contributing to a decline in life
quality, or even lead to death. Therefore, the search for and the
development of new therapeutics targeting cancer cells must
continue [37]. Here, we used several methods to describe the
antitumor effects of dillapiole on MDA-MB-231 cells. Moreover,
molecular modeling findings helped us to elucidate some relevant
properties that make dillapiole as an excellent hit for anticancer
drug discovery.

Regarding to the calculated molecular properties, they support
the hydrophilic/hydrophobic balance of dillapiole {ClogP = 2.38),
particularly the MLP property (color scheme, Fig. 3B). The positive
ClogP value also indicates a more hydrophobic character for this
molecule. Regarding the MEP property, dillapiole molecular surface
is more neutral/positively (green to blue) than negatively (yellow to
red) charged (Fig. 3C). In conclusion, this property could facilitate
the interaction with the tumor cell, which has generally a more
negatively charged membrane.

Regarding our antitumoral assays, one of our most important
results shows that dillapiole is cytotoxic to all tumor cell lines

dx.doi.org/10.1016/j.biochi,2013.12.008
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Fig. 11. Confocal microscopy of the cytoskeleton of dillapiole-treated MDA-MB-231 cells. Actin filaments are labeled in green (Phalloidin-FITC) and the nucleus in red (PI). Dose-
dependent failure in actin polymerization/depolymerization dynamics induced by dillapiole, compared to control, leading to cell morphology changes (Magnification 60 ).

screened. Interestingly, the different levels of dillapiole cytotoxicity
did not correlate with the obtained 1Csq values. This finding, though
preliminary, suggests that dillapiole can be cytotoxic to the tumor
cells tested independently of their sensitivity level. Furthermore,
cytotoxic the potency of dillapiole on MDA-MB-231 cells was
reduced when cells were pre-treated with the pan-caspase inhib-
itor, z-VAD-fmk, and the inhibitor of ROS production, Trolox®. It
was the first evidence that dillapiole could be acting as a pro-
oxidant agent, mediating an increase of intracellular concentra-
tion of ROS, which in turn would induce cell damage and cell death
in a caspase-dependent manner. In order to complement our re-
sults showing that dillapiole induces ROS release in MDA-MB-231

Untreated

[ 25 my

cells, we also demonstrate that ROS accumulates in the cyto-
plasm, subsequently inducing cell death [38]. Of note, increase of
ROS in cytoplasm and in mitochondrial compartment is considered
a key step in the induction of cell death. It can also induce caspase
activation, which in turn leads to apoptosis. These data suggest that
the decrease in the cytotoxic effects of dillapiole could be associ-
ated with caspases inhibition. Indeed, the presence of ROS and
caspases may play a crucial role in the antitumor activity of dilla-
piole on MDA-MB-231 cells. However, ROS can also induce cell
death by necrosis through ATP depletion [39,40]. This led us to
investigate whether dillapiole induces apoptosis in MDA-MB-231
cells. The first evidence that dillapiole has apoptotic effects on

Dillapiole
50 pM ]

Fig. 12. Confocal microscopy of ROS production in dillapiole-treated MDA-MB-231 cells. ROS are labeled in green (H2DCFH-DA) in the cytoplasm. Dillapiole induced an increase in
ROS release after 24 h of treatment, as compared to the untreated cells, (Magnification 60x).
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Fig. 13. Dillapiole induces apoptosis through the mitochondrial pathway in MDA-MB-231 cells. Cells were treated with dillapiole for 24 h, then collected as described in Marerials
and methods, (A) Expression of cytochrome ¢ was detected through fluorescence intensity analysis by FACS, while [B) caspase-3 activity was measured through a fluorometric assay,
using a specific substrate, Ac-YVAD-AMC. Data are the means + SD. **p < 0.001 and **p < 0.001 from at least three independent experiments.

MDA-MB-231 cells is an increase of the sub-G1 peak. Apoptotic
cells can display drastic alterations, with loss of cytoplasmic
membrane integrity, and then appear in sub-G1 [41]. We also show
that dillapiole exerts an anti-proliferative activity on MDA-MB-231
cells by arresting them in the GO/G1 phase, though a thorough
investigation of the mechanism involved is still needed.

Next, we sought to determine whether dillapiole blocks MDA-
MB-231 cells migration. Interestingly, suppression of MDA-MB-
231 cancer cells migration by dillapiole was probably caused by
arrest at the GO/G1 phase of the cell cycle. Therefore, our major
finding was that dillapiole inhibits the migration of tumor cells,
which is an important step required for breast cancer metastasis
|42]. Since dillapiole inhibits cell migration, the next step was to
investigate whether the disruption of the cytoskeleton might be
mechanistically involved in the antimigration activity. We found
that dillapiole does affect the cytoskeleton organization, inducing a
remarkable cytoplasm retraction, which, in turn, affects cell archi-
tecture, growth, motility and survival. Indeed, the two latter events
are crucial steps for tumor spreading as well as are related to poor
outcomes in cell survival and motility [43]. Whether this process
results from the direct effect of dillapiole on actin fibers or it is due
to ROS generation remains under investigation. Nevertheless, we
suggest that dillapiole is able to inhibit tumor proliferation through
the disruption of actin filaments in MDA-MB-231 cells.

To further investigate MDA-MB-232 cells death induced by
dillapiole, the cells were stained with YO-PRO-1/PI and subjected to
flow cytometry. Dillapiole induces apoptosis at all concentrations
tested, and that kind of action can in turn be associated with its pro-
oxidant effects. Accordingly, the number of cells dead by apoptosis
increased when cells were treated with 50 uM dillapiole. Addi-
tionally, morphological changes related to apoptosis, such as cell
detachment and cell rounding, shrinkage and blebbing formation
were observed. In contrast, dillapiole at 100 uM concentration
induced necrosis, indicating that its apoptotic effects depend on
concentration. It is therefore likely that such effects could be
mediated by a strong ROS production when dillapiole is used at
higher concentrations (100 pM), Also, an imbalance between the

production and neutralization of ROS may cause catastrophic ef-
fects to cells, such as the inactivation of proteins, the degradation of
lipids and DNA, culminating in necrosis [44]. Moreover, it is note-
worthy that dillapiole, at a lower concentration (25 uM), induces
apoptosis of MDA-MB-231 cells, which are known to be resistant to
apoptosis [45].

The induction of cell death by apoptosis is a well-known strat-
egy for the development of chemotherapeutic agents in the fight
against cancer [4G]. As discussed above, our findings show that
dillapiole has antitumor effects on MDA-MB-231 cells through the
induction of apoptosis. Our investigations regarding ROS release
induced by dillapiole, indicate that it is a sufficient condition to
trigger apoptosis through the mitochondrial pathway in MDA-MB-
231 cells. Accordingly, the collapse of Adm and the simultaneous
increase in [Ca®" i can result in the activation of a wide variety of
Ca®'-sensitive enzymes [47.48]. It may generate signaling mole-
cules for the recruitment of the mitochondrial apoptotic pathway in
MDA-MB-231 cells and, consequently, trigger the activation of
effector caspases. In this study, using Ac-YVAD-AMC, a specific
caspase-3 substrate, we confirmed that dillapiole induces apoptosis
through the mitochondrial-dependent pathway in MDA-MB-231
cells. Indeed, the release of cytochrome c to the cytosol from the
mitochondria during apoptosis induced by dillapiole can, in turn,
provoke rearrangement and heptaoligomerization of Apaf-1,
namely, the apoptosome [49,50]. The apoptosome is responsible
for activation of the initiator caspases, such as caspase-9, which
sequentially can directly activate caspase-3, an enzyme responsible
for the inter-nucleosomal DNA fragmentation, an important feature
of apoptotic cell death that can be associated with our in vitro
outcome. Based on these data, it is reasonable to suggest that the
increase in caspase-3 activation induced by dillapiole is mediated
by the release of cytochrome c.

In conclusion, we have demonstrated here, for the first time,
that dillapiole has broad cytotoxic effects against a variety of tumor
cells. For instance, we found that dillapiole can act as a pro-oxidant
compound through the induction of ROS release in MDA-MB-231
cells. We also demonstrate that dillapiole exhibits anti-
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Fig. 14. Hypothesis for the mechanism of apoptosis induction by dillapiole in MDA-MB-231 cells through the mitochondrial pathway. Once in the cytoplasm, dillapiole increases
ROS production, which induces depaolarization of the mitochondrial membrane (Aym) and increases mitochondrial permeability transition-pore (PTP). The consequent release of

cytochrome ¢ into the cytoplasm induces apoptosis through the activation of caspase-3,

proliferative properties, arresting cells at the GO/G1 phase. Addi-
tionally, its antimigration effects can be associated with the
disruption of actin filaments, which in turn can prevent tumor cell
metastasis. A model of the mechanisms of dillapiole-induced cell
death by apoptosis is presented in Fig. 14. Dillapiole stimulates ROS
production, that subsequently induces mitochondrial dysfunction,
cytochrome c release, triggering caspase-3 activation, which results
in cell apoptosis. Further investigations are needed to more pre-
cisely understand the mechanism of dillapiole-induced ROS release
in MDA-MB-231 cells. The next step is to perform an evaluation of
dillapiole antitumor effects in a preclinical model to establish a
therapeutic hypothesis. Overall, dillapiole is a compound that has
potential in vitro anticancer effects, suggesting that it is a promising
hit in the fight against cancer.
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Breast cancer is the world's leading cause of death among women. This situation imposes an urgent develop-
ment of more selective and less toxic agents. The use of natural molecular fingerprints as sources for new bio-
active chemical entities has proven to be a quite promising and efficient method. Capsaicin, which is the
primary pungent compound in red peppers, was reported to selectively inhibit the growth of a variety
tumor cell lines. Here, we report for the first time a novel synthetic capsaicin-like analogue, RPF101, which
presents a high antitumor activity on MCF-7 cell line, inducing arrest of the cell cycle at the G2/M phase

g};ﬁ;ﬁ‘_]ike analogue through a disruption of the microtubule network. Furthermore, it causes cellular morphologic changes char-
RPF101 acteristic of apoptosis and a decrease of Alm. Molecular modeling studies corroborated the biological find-
Molecular modeling ings and suggested that RPF101, besides being a more reactive molecule towards its target, may also
Cell cycle present a better pharmacokinetic profile than capsaicin. All these findings support the fact that RPF101 is a
Antitumoral promising anticancer agent,

Apoptosis © 2012 Elsevier Inc. All rights reserved.
Introduction chemical diversity, biochemical specificity and other molecular proper-

Breast cancer is the leading cause of death among women world-
wide. About 63,300 cases of breast carcinoma in situ are expected to
be newly diagnosed in 2012 (Siegel et al., 2012). Despite many efforts
made in surgical management, radiotherapy and new combined che-
motherapy, there is a need for the development of more selective and
less toxic agents (Geyer et al., 2006). One of the key hallmarks of can-
cer cells is their ability to evade apoptosis, which, among other im-
portant roles, is a controlled process of elimination of irreversibly
damaged cells (Jin and El-Deiry, 2005). The loss of apoptosis control
has been observed in many cancers. As a result, the apoptotic machin-
ery is seen today as a promising target for drug development (Debatin
and Krammer, 2004; Fesik, 2005; Kaufmann and Earnshaw, 2000).

Natural products, mainly secondary metabolites produced by liv-
ing organisms, have a long history as a source of novel therapeutics.
It has been recognized that natural product structures having high

* Corresponding author. Fax: +55 11 3091 3815.
E-mail address: roberto.parise@usp.br (R. Parise Filho).
! These authors contributed equally to this work.

0041-008X/$ - see front matter © 2012 Elsevier Inc, All rights reserved.
http://dx.doi.org/10.1016/j.taap.2012.11.029

ties could turn out to be favorable as lead structures for drug discovery
(Koehn and Carter, 2005). Recently, capsaicin (Fig. 1A) or N-vanillyl-8-
methyl-1-nonenamide, the primary pungent and irritating ingredient
present in a variety of red peppers of the genus Capsicum (Walpole
et al,, 1993a,b,c), was reported to selectively inhibit the growth of
tumor cells (Maity et al., 2010). Despite previous discordant results
from studies that determined its potential mutagenic and carcino-
genic activity (Surh and Lee, 1996), subsequent investigations have
shown that capsaicin induces apoptosis in a wide variety of tumor
cells (Huang et al.,, 2009; Ito et al., 2004; Kim et al., 2010; Sanchez
et al, 2007; Thoennissen et al., 2010; Wu et al., 2006). Additional
studies reported that capsaicinoids displayed in vitro and in vivo
antitumor activity (Oh et al., 2008). In cultured cells, capsaicin blocked
the cell migration in breast cancer, while in mice, oral consumption of
capsaicin decreased the size of MDAMB 231 breast cancer tumors by
50%, and inhibited the development of pre-neoplastic breast lesions
by up to 80%. Also, direct injection of capsaicin led to an 80% reduction
in tumor size (Thoennissen et al., 2010). Thus, capsaicin can be consid-
ered a potential lead against malignant tumors. However, the molecular
mechanisms and the signaling pathways leading to capsaicin-induced
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Fig. 1. (A) Structure of capsaicin, highlighting regions A, B and C. Region A: methylcatechol system; Region B: amide bond; Region C: lipophilic side~chain; (B) Structure of RPF101.
Regions A, B and C possess the same structural/electronic similarity to capsaicin; (C) Synthesis of RPF101. Piperonylamine (1) was sulfonylated by benzenesulfonyl chloride (2} to

give RPF101.

cell death are still unclear and need further investigation (Ghosh and
Basu, 2010). In addition, there is a real concern to elucidate if com-
pounds exhibiting chemical/molecular features similar to capsaicin
waould also present anticancer effects.

Considering that, a structural analogue of capsaicin, named as
RPF101 (ID code) (Fig. 1B), was design and synthesized, and its
chemical/molecular properties and biological responses are presented
in this study. The designing approach was based upon a systematic
change in the capsaicin structure, which was divided in three parts as
follows: the methylcatechol group (Region A), amide bond in the mid-
dle region (Region B), and alkyl side chain (Region C).

Firstly, in region A, a ring closure was performed at the methylcatechol
group in order to achieve the 1,3-benzodioxole bicyclic system. This type
of molecular modification could provide impaortant advantages for the an-
alogue since the benzodioxole system is a privileged structure presented
in a series of substances with antitumor activity, such as podophyllotoxin,
etoposide, and teniposide (Branddo et al., 2010). Besides, more suitable li-
pophilic properties and a hydrogen bond acceptor character, which are
relevant features to improve pharmacokinetic and pharmacodynamic
profiles (Barreiro and Fraga, 1999), are covered by this particular molec-
ular modification.

Regarding the structural analyses of capsaicin, the strategy on region
B was centered in the replacement of amide bond by a bioisosteric sul-
fonamide group. Bioisosterism strategy can be used to improve the po-
tency, selectivity and pharmacokinetics of key compounds, or generate
new intellectual property (Patani and LaVoie, 1996). The replacement
of amide bonds, particularly, by suitable bioisoster groups, which main-
tain similar geometric, electronic, or hydrogen bonding properties, have
been well succeed and extensively applied (Black et al., 2005).

Finally, the alkyl side chain in region C was modified by employing
homology and rigidification strategies in order to keep the lipophilic
character of that part of the molecule. Moreaver, as presented in Fig. 1C,
the RPF101 analogue was easily synthesized from piperonylamine (1)
by coupling with benzenesulfonyl chloride (2), in one step (Cunico
etal,2011).

The antitumor effects of RPF101 in MCF-7 human breast-cancer
cells and whether the caspase-independent pathway is involved to-
gether with the comparison of molecular properties between proto-
type and analogue were considered the goals of this study.

Materials and methods

Materials and RPF101 synthesis.  Reagents and solvents were com-
mercial grade and were used as supplied. 'H and '*C NMR spectra
were recorded at 300 MHz and 75 MHz respectively, and chemical
shifts are expressed as 6 units using tetramethylsilane (TMS) as an in-
ternal standard. The spectral splitting patterns are described as follows:
s, singlet; d, doublet; dd, double doublet; t, triplet; m, multiplet; and bt,
broad ftriplet peak. High resolution mass spectra (HRMS) were
measured with a Bruker Daltonics Micro-TOF spectrometer with an
ESI source coupled to a Waters HPLC system. Melting points were
recorded on an Electrothermal 9100 melting point apparatus and
were uncorrected. General synthetic procedure: Piperonylamine
(1) (5.0 mmol) was dissolved in dichlorometane (10 ml) and then
triethylamine (5.2 mmol) and dimethylformamide (catalytic) were
added. The reaction mixture was stirred for 30 min under nitrogenous
atmosphere, and then benzenesulfonyl chloride (2) (5.0 mmol) was
added dropwise, and stirred for an additional 24 h at room tempera-
ture. The organic layer was washed with 5% HCl aqueous solution,
water, brine and dried over MgS0,. The solvent was removed under
high vacuum and the product RPF101 was obtained after re-
crystalization in hot hexane:dichloromethane solution. White solid,
yield 80.2% (1.17 g). 'H NMR (300 MHz, CDCl5, ppm) &: 7.88 (2H, dd,
J'=15Hz, ’=1.8 Hz, 11, 15-ArH), 7.61-7.50 (3H, m, J=1.4 Hz, 12,
13, 14-ArH), 6.71-6.63 (3H, m, 3,4, 6-ArH), 5.93 (2H, s, 7-OCH,0), 4.80
(1H, bt, 9-NH), 4.08 (2H, d, J=5.8 Hz, 8-CH,); "°C NMR (75 MHz,
CDCl;, ppm) 6: 147.9 (C1), 147.3 (C2), 140.0 (C10), 132.7 (C5), 130.0
(C11,C15),129.1 (C12, C14), 127.1 (C13), 121.4 (C4), 108.4 (C6), 108.2
(C3), 101.1 (C7), 47.2 (C8); HRMS (ESI) m/z Calc. for: C;4H3NO4S + H:
291.0565, found: 291.0562; m.p.: 77.1-77.6 °C.

Molecular modeling approach. ~ The three-dimensional (3D) molecu-
lar models of capsaicin and its derivative were built up, in their neutral
forms, using the HyperChem 7.0 MM+ force field (Hypercube, Inc,
2002) without any constrains. The crystal data from 3-chloro-N-
(4-hydroxy-3-metoxy-benzyl)-2,2-diethylpropanamide (cif file; Huang
et al, 2010) was employed as the starting geometry. Partial atomic
charges were computed with AM1 semi-empirical method (Dewar et
al.,, 1985), also implemented in HyperChem 7.0 (Hypercube, Inc.,



P.L de-Sd-[tinior et al. / Toxicology and Applied Pharmacology 266 (2013) 385-398 387

2002). The MOLSIM 3.2 software (Doherty, 2002) was used to perform
energy-minimization (steepest descent and conjugate gradient
methods; convergence criterion of 0.01 kcal/mol) and molecular dy-
namics (MD) simulations. MD simulations of 1 ns (step size of 1 fs)
at 310 K were performed for each molecular model. Output trajecto-
ry file was recorded in 20 ps steps resulting in a conformational en-
semble profile (CEP) of 50,000 conformers for each investigated
molecule. The lowest-energy conformation was selected from CEP,
and the hydration shell model proposed by Forsythe and Hopfinger
(1973) was employed to estimate the solvation energy contribution.
The hydrogen bonding intramolecular energy contribution was also
computed for the selected lowest-energy conformation. The total poten-
tial energy (ET) of each selected conformation corresponds to the sum-
mation of the following intramolecular energy contributions:
stretching (Esreten), bending (Epena), torsional (E), Lennard-jones
or 1-4 interactions (E;.4), electrostatic (Eumge), van der Waals
{ Evaw), hydrogen bonding (Eyp), and solvation (Esgpy).

The lowest-energy conformation of each molecule from MD simu-
lations was energy-minimized (MOLSIM 3.2; Doherty, 2002) and,
subsequently, used as starting geometry to calculate molecular prop-
erties of distinct nature (electronic, steric, hydrophabic). Electronic
properties, such as partial atomic charges from electrostatic poten-
tials using a grid based method (CHELPG; Breneman and Wiberg,
1990), dipole moment (}1), molecular orbital energies (Eyomo, energy
of the highest occupied molecular orbital; Eyyno, energy of the lowest
unoccupied molecular orbital), and electrostatic potential {EP), were
computed with the B3LYP (Becke, three-parameter, Lee-Yang-Parr)
(Becke, 1993) hybrid functional and 6-31(d,p) basis (Gaussian 03 W,
2004; Gaussian, Inc.). EP maps were calculated onto a Connolly molec-
ular surface, using a color scheme ranged from — 0.046 (intense red) to
0.046 (intense blue). Negative values of EP (higher electronic density
distribution) are depicted in red and positive values in blue (lower elec-
tronic density distribution) {GaussView 5.0, Gaussian, [nc., 2000-2008).
The molecular volume (V) of RPF101 and capsaicin was calculated using
the grid method reported by Bodor and co-workers (Bodor et al., 1989)
with the atomic radii of Gavezzotti (1983). The binding surface was
specified as van der Waals and the density of grid points was set as 50
points on cube side (HyperChem 7.0, Hypercube, Inc., 2002). Also, the
calculated octanol/water partition coefficient (ClogP), which is a measure
of molecular hydrophobicity, was computed based upon Viswanadhan
et al. (1989), implemented in the Marvin 5.8.0 package, Calculator
Plugins (ChemAxon, Ldt., 2012).

Cell culture.  The human breast adenocarcinoma MCF-7 and MDA-
MB-231 cells were purchased from the American Type Culture Collec-
tion (Manassas, VA) and melanoma cells (Sbcl-2; Mel-85; SK-
Mel-28) were gently provided by Dr. Roger Chammas from the De-
partment of Radiology and Oncology, Faculty of Medicine, University
of Sao Paulo, Sdo Paulo, Brazil. The cells were maintained in
RPMI-1640 medium supplemented with 10% fetal calf serum (FCS)
(Cultilab, Campinas, SP, Brazil) and an antibiotic solution of penicil-
lin (100 units/ml) and streptomycin (100 pg/ml). All cells were cul-
tured at 37 °C in a fully humidified incubator with 5% CO,. All
experiments described were performed at least three times using
cells in the exponential growth phase.

Cell viability assay. The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide) assay was used to evaluate cell viabil-
ity and proliferation. Briefly, cells in the logarithmic growth phase
were plated at a density of 10" cells/ml in 96-well plates. Twenty-
four hours later, the cells were treated with capsaicin and RPF101 at
the concentrations of 6.25 to 200 uM for further 24 h. 10 ul of MTT
(5 mg/ml) was then added to each well and incubated again under
the same conditions described above for 3 h. The medium was care-
fully aspirated and 100 pl of DMSO was added to each well to dissolve
the formazan crystal formed. The optic density (OD) was measured at

540 nm in a microplate reader (Thermoplate TP Reader, Tokay Hit,
Japan). Percentage of growth inhibition was equal to [1-(0D of treat-
ed/0D of control)]x100.

Cell proliferation assay.  MCF-7 cells were seeded at 2x 107 cells/
well on 96-well plates and treated with capsaicin and RPF101 at con-
centrations from 12.5 to 100 pM for 96 h. Cell proliferation was mon-
itored by the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT) assay and cell survival was shown as relative absorbance.

Three-dimensional (3D) cell culture.  To test the response of MCF-7
cells to RPF101 treatment, the cells were cultured in Matrigel 3D
(Trevigen, Gaithersburg, USA) for 10 days at 37 “C in a fully humidified
incubator with 5% CO, The cells were then treated with 32 uM RPF101
for 24 h. After treatment, the morphological aspects of the cells were an-
alyzed using an Olympus CK2 light microscope.

Evaluation of cytotoxicity by Hoechst/PI staining. ~ The appearance of
apoptotic and necrotic cells was monitored by double staining with
Hoechst 33342 and propidium iodide (PI), (SIGMA, St. Louis, MO)
using a fluorescence microscope (Nikon). The cells were grown
overnight in six-well plates, and after 24 h of treatment with 53 uM
capsaicin and 32 pM RPF101, 1 ul Hoechst 33258 (0.13 mM) and
1 Wl PI (1 mg/ml) were added to each well. After 15 min of incubation
at room temperature in the dark, the cells were examined under a
fluorescence microscope. The cells were classified based on their
morphological and staining characteristics as: alive (pale blue fluores-
cence), early apoptotic cells (intensive bright blue fluorescence), late ap-
optotic cells (blue-violet fluorescence) and necrotic (red fluorescence)
(Gasiorowski et al,, 2001). Representative areas of cells stained after
24 h of treatment were chosen for documentation.

Apoptosis assay by acridine orange staining.  Acridine orange enters
both viable and nonviable cells and emits a green fluorescence if in-
tercalated into double stranded nucleic acid or red fluorescence if
bound to single stranded nucleic acid. Cells were plated in 96-well
plates, grown overnight and the next day exposed to 53 uM capsaicin
and 32 pM RPF101. After the treatment, the medium containing the
compound was removed and 1pl of acridine orange (1 pg/ml)
(Chemical Co., St. Louis, MO) was added to each well and incubated
for 15 min in order to distinguish apoptotic cells. Staining intensity
was determined by fluorescence microscopy (Nikon) at 200x
magnification.

DNA fragmentation assay. The cells (10°/well) were plated in
6-well plates and treated with 53 uM capsaicin and 32 uM RPF101,
or equal volume of culture medium (control). After 24 h of incuba-
tion, the cells were treated with a lysis buffer (10 mM EDTA,
50 mM Tris-HCl pH 8.0, 0.25% NP-40, 0.5 mg/ml proteinase K) at
50 °C for 2 h. The DNA was precipitated with 2.5 ml of a solution
containing ethanol 70% and NaCl 3 M overnight at room temperature,
The samples were then centrifuged at 12,000 g for 30 min at 4 °C. The
precipitate was washed with 70% ethanol and dried at room tempera-
ture. The DNA pellet was then dissolved in TE buffer (1 mM EDTA,
10 mM Tris-HCl pH 8.0) containing RNase (10 pg/ml) and incubated
at 37 °Cfor 1 h. The concentration of the extracted DNA was measured
in a spectrophotometer (SPECTRAmax, Molecular Devices, USA) at
260 nm. DNA fragmentation was analyzed by electrophoresis in a 2%
agarose gel containing ethidium bromide (0.5 pg/ml). After electropho-
resis, the gel was visualized under UV illumination (Hoefer, Macrovue
UV, 20) and photographed using the Doc-Print Photo Documentation
system,

Detection of apoptosis by flow cytometry.  The cells were treated with
the test compounds for 24 h, then washed with PBS (500 pl/well),
harvested (including suspension cells) and incubated with 2 uM
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Table 1

Calculated molecular properties for capsaicin and RPF101.
Compounds  Esercn kcal/mol  Egenp keal/mol  Epggs kcal/mol  Ey 4 keal/mol Evpw kcal/mol  Ecgagee keal/mol  Epg kecal/mol  Esouy keal/mol By kecal/mol
RPF101 a.11 13.10 -1.18 12.83 —239 —28.75 —6.02 -11.19 —1449
capsaicin 972 14.14 8.81 15.82 —263 —5.81 —-17.77 —-141 2087

ClogP p Debye v A? Eyomo kealimol — Epymo kealymol — GAP keal/mol ClogP/u

RPF101 2.15 5.09 23937 —134.16 —14.48 —119.68 042
capsaicin 3.75 3.26 310.60 —137.88 —461 —133.28 1.15

YO-PRO-1 (Life Technologies) and 10 pM of Pl in PBS for 30 min at room
temperature in the dark. The cells were immediately analyzed by flow
cytometry using 488 nm excitation in a FACScalibur flow cytometer
(Scalibur-Becton Dickinson, San Jose, CA). The data from three indepen-
dent experiments were analyzed with the CellQuest program.

Measurement of mitochondrial transmembrane potential.  The mito-
chondrial membrane potential (AmW) was measured using the
tetramethyl-rhodamine ethyl ester (TMRE) assay, monitored by flow cy-
tometry. MCF-7 cells (10° cells/well) were seeded in 6-well plates and in-
cubated for 24 h. After 12 h of treatment with 53 1M capsaicin or 32 (M
RPF101, 20 nM TMRE were added to cell cultures maintained at 37 °C for
45 min. The fluorescence was measured by flow cytometry in a
FACScalibur flow cytometer. A total of 10,000 cells/sample were analyzed
and the mean fluorescence intensity and percentage of cells in each pop-
ulation (M1 and M2) were recorded.

Cell cycle analysis. ~ Cells were treated with 32 pM RPF101 and
capsaicin 53 uM for 24 h. Briefly, cells were washed and resuspended
in PBS, incubated at 37 °C for 45 min with 10 mg/ml RNase and
1 mg/ml PI, then again incubated for 30 min at 37 °C. Flow cytometry
analysis was performed using a FACScalibur flow cytometer. The DNA

>

content in the different cell cycle phases was determined using Modfit
LT software (Verity Software House, Topsham, ME).

Confocal laser scanning microscopy.  MCF-7 cells were seeded onto
sterile glass cover slips in 24-well plates. Cells were treated with
53 uM capsaicin or 32uM RPF101 and the, they were fixed with
3.7% paraformaldehyde and permeabilized in 0.05% triton-x diluted
in PBS containing 10% bovine fetal serum. Next, the cells were
incubated in the dark at 37 °C with the monoclonal anti-p>-tubulin
{Abcam) antibody (primary antibody), were applied to coverslips
containing monolayer cultures and then incubated for 45 min at
37 °C, then rinsed 3x briefly in PBS. Coverslips were incubated at
37 °C for 45 min with the secondary antibodies (FITC labeled
Goat-anti-mouse IgG (Santa Cruz)), rinsed briefly 3 x in PBS then incu-
bated with PI for 3 min at 37 °C and rinsed briefly 3x in PBS. Image
analysis was performed with a confocal laser scanning microscope
(Carl Zeiss LSM 700; Leica, Mannheim, Germany). Post-acquisition
image processing, background correction, adjustment of brightness
and contrast and export to tiff format were done with Image ] soft-
ware (version 14.1) National Institutes of Health (Bethesda, Maryland,
USA).

Energy (kcal/mol)
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Fig. 2. Plot of energy values versus steps for an equilibration region of the CEP (100 ps) from MD simulation (1 ns at 298 K) where the lowest-energy conformer of each molecule
was selected: (A) capsaicin, and (B) RPF101. The energy values (kcal/mol) carrespond to the summation of the following intramolecular energy contributions: stretching, bending,
tarsional, 1-4 or Lennard-Jones, van der Waals, and electrostatic. The lowest-energy conformation selected from each CEP is presented as space-filling CPK (Corey-Pauling-Koltun)
and stick models. Carbon atoms are displayed in gray, oxygen in dark gray, and hydrogen in white (ViewerLite 5.0, Accelrys, Inc., 2002).
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Fig. 3. Electronic properties found for capsaicin and RPF101. (A) Electrostatic potential atomic charges (ESP, CHELPG) by color [atomic charge color ramp: — 0,404 (red) to 0.404
(green)]; (B) total dipole moment vector (blue arrows), and maps of electrostatic potential (MEPs) [color range: — 0.046 (intense red) to 0.046 (intense blue)]. The molecules are
presented as ball-wire models (carbon atoms in gray, oxygen in red, and hydrogen in white). (C) Distribution of molecular orbital maps, HOMO and LUMO |color range: —0.021
(red) to 0.021 (blue)]. The molecules are showed as stick models (carbon atoms in gray, oxygen in red, and hydrogen in white) (GaussView 5.0, Gaussian Inc., 2000-2008).

Statistical analysis.  All values were expressed as mean4SD. Each  Results

value is the mean of at least three independent experiments in each

group. One way analysis of variance (ANOVA) with Tukey post-hoc RPF101 synthesis and identification

test was carried out to determine significant differences from

untreated controls, The asterisk (*) indicates the values that are sig- The active molecule (RPF101) was successfully synthesized using
nificantly different from the control (**p<0.05 and ***p<0.001). the described method with an 80% yield of the pure product, which
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Table 2
The cytotoxic effects of RPF101 and capsaicin in several human tumor cell lines.

Cell line (tissue) Inhibitory concentration 50% (ICsg)

(1M)

RPF101 Capsaicin
MCF-7 (MAMMARY) 320 53.0
MDA-MB-231 (mammary) 14.2 217
SK-MEL-28 (skin) 19.1 14.1
Sbel2 (skin) 175 201
Mel-85 (skin} 15.7 15.2

was identified by "H and '*C NMR spectra. From the molecular ion
signal at m/z 291 (mass spectrum}, the composition of C;4H;3NO4S
was ascertained. The NMR spectrum of RPF101 was also consistent
with the molecular formula obtained by HRMS. Full characterization
has been carried out in this work, and NMR data are presented in
Materials and methods. The melting point between 77.1 and 77.6 °C
confirmed the compounds' purity.

Molecular modeling findings

The purpose of a theoretical approach was to find energetically
more favorable conformations for capsaicin and RPF101, calculate
the molecular properties and, finally, provide some insights regarding
structure-activity relationships. Table 1 presents the thermodynamic
parameters found for the lowest-energy conformation selected from
MD simulation of each molecule, and the values obtained for the calcu-
lated molecular properties [lipophilicity (ClogP), electronic (i, Enomo.
Erumos £3p = Enomo — ELumo), and intrinsic/steric (V)].

The findings from the MD simulations are presented in Fig. 2A and
B. MD simulations (1 ns at 310 K) of capsaicin (Fig. 2A) and RPF101
(Fig. 2B) reached the thermodynamic equilibrium in approximately
300,000 simulation steps. Part of the CEP (100 ps) from where the
lowest-energy conformation of each molecule was chosen and, also,
the 3D representation of selected conformers, such as space filling
CPK and stick or tube molecular models, can be visualized in Fig. 2A
and B. The space filling CPK model considers the van der Waals radius
of each chemical element in the molecular structure. This type of mo-
lecular model can provide insights regarding the steric hindrance of
some chemical elements or substituent groups in the molecular sys-
tem. The van der Waals volume values computed for capsaicin and
its derivative were 310.60 and 239.37 A%, respectively (Table 1).

As already mentioned, the thermodynamic parameters, such as in-
tramolecular energy contributions and total potential energy (ET),
found for the selected lowest-energy conformation of each molecule,
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and are listed in Table 1. The capsaicin structure has more degrees of
freedom than its derivative and the ET value (more positive) reflects
this structural difference.

EP maps, partial atomic CHELPG charges in color and dipole moment
vector are showed in Fig. 3A, B and C. The electronic density distribution
can be visualized through the EP maps. The higher electronic density
(yellow to red) is distributed on the carbonyl region of capsaicin and cor-
responding sulfonyl region of RPF101 (Fig. 3A). The partial atomic elec-
trostatic potential charges (ESP, CHELPG) are represented in a color
range from red (negative; —0.4) to green (positive; 0.4) (Fig. 3B). The
carbon carbonyl in the lead compound is in bright green color and its
charge value is positive (0.6109). The corresponding sulfur (sulfonyl) in
RPF101 also has a positive CHELPG value (0.9073). Otherwise, the carbon
neighbor to the benzodioxole ring is three-fold more positive (0.3231;
bright green) than the corresponding carbon of capsaicin (0.1232; dark
green), which is attached to the aromatic ring,

The dipole moment (p) vector can be visualized as blue arrows in
Fig. 3B. By definition, the dipole moment is the product of the total
amount of positive or negative charge and the distance between their
centroids. The pvalues are listed in Table 1 and this electronic property
is related to the molecule’s polarity. Additionally, the dipole moment
provides useful information for the deduction of the molecular geome-
try of a molecule. Capsaicin presents a lower u value (3.26 Debye) in
comparison to RPF101 (5.09 Debye). It has a more linear molecular ge-
ometry than the benzodioxole derivative, which is shorter and more
bent.

The lipophilic property, expressed through the calculated n-octanol/
water partition coefficient (ClogP), is also listed in Table 1. The partition
coefficient reveals the hydrophobic character of a drug or compound.
Both molecules have a hydrophobic character, but capsaicin presents a
higher ClogP value (3.75) than RPF101 (2.15). The hydrophobic/
hydrophilic molecular balance is needed to provide suitable phar-
macodynamic and pharmacokinetic profiles. But, there is an opti-
mum value for lipophilicity. In this study, the ratio between
ClogP and p values was considered as a measure of the compound’s
molecular hydrophobic/hydrophilic balance and related to its
antitumor activity. Capsaicin presented higher ClogP/u value than
RPF101, indicating that its ClogP/p value (1.15) would be the max-
imum limit to show antitumor activity, for instance. Then, our the-
oretical findings are in agreement with those experimentally
observed, RPF101 was more active than capsaicin probably because
its ClogP/p value was lower than 1.15.

The molecular orbital energies (Eyomo and Ejipo; keal/mol) as well
as the difference between them (gap = Enomo — ELumo; keal/mol) were
computed for the selected lowest-energy conformation of each mole-
cule and are listed in Table 1. Also, the HOMO and LUMO maps for
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Fig. 4. Antiproliferative effect of RPF101 on MCF-7 cells. (A and B) Effect of different concentrations of RPF101 (100; 50; 25; 12.5; 6.25 pM} on cell proliferation after 24 h of expo-
sure using the MTT assay. The data are the means+SD from three independent experiments, ***p<0.001 as compared to the untreated cells.
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Fig. 5. Morphological analysis of RPF 101 on MCF-7 cells grown in Matrigel 3D. Untreated cell shown a formation of spheroid-like structures by forming aggregates of cells. RPF101
changes the marphology of MCF-7 cells characteristics of apoptosis (arrows), such as, cell shrinkage and pyknosis. Scale bars: 20 mm,
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Fig. 6. Assessment of morphological changes of apoptosis by acridine orange and Hoechst/PI staining: Cells were exposed to (A); RPF101 {B) or capsaicin (C). After 24 h of incu-
bation, 200 il of the AO fluorescent dyes (1 ug/ml) were added and, after 5 min exposure, the wells were photographed with a fluorescence microscope. Yellow arrows show
cells with shrunk cytoplasm and blue arrows show apoptotic bodies. Cell viability assessment by Hoechst (H)/propidium iodide staining (P1): (D) The control culture of MCF-7,
containing live cells with Hoechst pale blue stained nuclei. (E) MCF-7 cells after incubation with RPF101 for 24 h, showing dead cells with pink and red nuclei, (F) MCF-7 cells
after incubation with capsaicin. In (G, H and I) quantification of MCF-7 cell viability after incubation with RPF101 and capsaicin for 24 h is presented. Data are the mean+ S.D.
of three different experiments performed in duplicate.
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Fig. 7. Induction of DNA fragmentation on MCF-7 cells by RPF101. Ladder-like pattern
of DNA fragmentation into oligonucleosome-length fragments was detected in agarose
gel electrophoresis on MCF-7 cells, after 24 h of treatment with RPF101.

each compound are showed in Fig. 3C. The Eyoue values as well as the
HOMO maps distributions did not show significant differences regard-
ing the two investigated molecules. On the other hand, RPF101 had a
10-fold more negative E;ymo value (— 14.48 kcal/mol) than capsaicin
(—4.61 kecal/mol). Additionally, the LUMO map distributions were in op-
posite sides regarding the two molecules. The gap values (see Table 1)
point out the benzodioxole derivative as a more reactive molecule than
capsaicin.

Effects of RPF101 on cell viability and proliferation

We studied the effects of RPF101 and capsaicin on the viability and
proliferation of MCF-7 cells using the MTT assay. As shown in Table 2,
RPF101 and capsaicin were considerably cytotoxic to all tumors cells
screened here. RPF101 was cytotoxic to MCF-7 cells at 32 uM and the
ICs; of capsaicin on these same cell lines was 53 pM. These values were
used as references for the investigation of the biological activities of
RPF101. For the proliferation tests, 2 10° cells were plated in a 96-well
plate and incubated for 48 h. We observed that RPF101 presented an
antiproliferative effect at the concentrations of 12.5, 25 and 50 pM,
while capsaicin presented the same effect only at the concentrations
of 12.5 and 25 pM (Fig. 4A and B).

Morphological evaluation of RPF101 toxicity in 3D culture

Although screening on in vitro 2D cell culture provides valuable
information about cytotoxic effects of the compounds, it does not

accurately predict the in vivo toxicity. For this purpose the effect of
RPF101 was evaluated in 3D matrices. The light microscopy of the cul-
tures showed that untreated MCF-7 cells cluster within the voids of
the matrix forming spheroid-like structures, similar to the structural
characteristics of the tumor in vivo. Otherwise, MCF-7 treated with
32 UM RPF101 presented important morphological changes. No sphere-
shaped cell clusters could be seen such as that observed in the in vivo
tumor. Additionally, morphological changes characteristic of apoptosis,
such as, cell shrinkage and pyknosis were visible through light microsco-
py (Fig. 5).

RPF101 induces morphological changes typical of apoptosis in MCF-7
cells

The AQ/PI staining technique was employed in order to better evalu-
ate the morphological changes of the MCF-7 cells in response to the treat-
ment with RPF101 and capsaicin, In the control group, green live cells
with normal morphology with uniform distribution were observed
(Fig. GA). On the other hand, RPF101 and capsaicin treated MCF-7 cells
appeared green with nuclear margination and apoptotic blebbing forma-
tion. Cell shrinkage was another phenomenon induced by both RPF101
and capsaicin (Fig. 6B and C). These results suggest that RPF101 induces
apoptosis. In order to confirm the MTT assay results, we evaluated the vi-
ability of MCF-7 cell lines through the Hoechst 33342/PI cell viability
assay, which allows visualization and quantification of living, apoptotic
and dead cells. Hoechst 33342 is a dye that enters living cells with intact
membranes, staining the nucleus a pale blue. Fig. 6D shows the nuclei of
living cells that were not treated. Fig. 6E shows MCF-7 cells treated with
RPF101 and Fig. 6F shows cells treated with capsaicin. The highly con-
densed chromatin of the apoptotic cell nuclei are stained in bright blue,
whereas the nuclei of the necrotic cells are stained in red by PL This dif-
ferential staining allows a quantitative analysis of the MCF-7 cells’ viabil-
ity. The untreated MCF-7 cells died at very low rates (7%), which we
attribute to high confluence of the cells (Fig. 6G). When the MCF-7 cells
were treated with RPF101 for 24 h, approximately equal percentages
(approximately 20%) of pink and red cells were observed (Fig. 6H). Cap-
saicin induced approximately 15% of pink cells (apoptosis) and 55% of
red cell (necrosis) (Fig. 61).

Detection of apoptosis in the MCF-7 cells by agarose gel electrophoresis

The fragmentation of DNA into 200 bp fragments is commonly asso-
ciated with apoptosis in many cell types. In order to investigate whether
the morphological changes observed in MCF-7 treated with RPF101
were consistent with apoptosis, the DNA was extracted from treated
cells and electrophoresed in a 2% agarose gel. As depicted in Fig. 7,
the fragmented DNA was not detected in MCF-7 treated with capsa-
icin. However, fragmented DNA was present in MCF-7 treated with
RPF101, which is another evidence that this compound induces apo-
ptosis (Fig. 7).

RPF 101 is more potent than capsaicin in the induction of apoptosis on
MCF-7 cells

In order to verify if capsaicin and RPF101 at the concentra-
tions of 53 uM 32 pM, respectively, induce the externalization of
phosphatidylserine, a hallmark of apoptosis, a YO-PRO-1/PI analysis
using flow cytometry was performed. In fact, double staining MCF-7
cells with YO-PRO-1/PI (Fig. 8A) showed that RPF101 induces cell death
by apoptosis (76.3%) as well as capsaiscin (62.3%) (Fig. 8B). This is in
agreement with our previous results showing that capsaicin does in-
duce apoptosis effects, but in contrast with the morphological observa-
tions of cells treated with capsaicin stained by Hoechst 33342/PlL
However, RPF101 is more effective in the induction of apoptosis when
compared to capsaicin. Taken together, these results demonstrated
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Fig. 8. Apoptotic effect of capsaicin and RPF101 assessed using YO-PRO-1,/Pl double staining. Dot plot representative shows the cell population in apoptosis after 12 h of treatment (A). As
shown in bar plots (B), RPF101 treatment increased the number of cells in apoptosis when compared with capsaicin, Bar plots are the averages + S.D. of three independent experiments,

that the new capsaicin analogue induces antitumor effects by apoptosis
in MCF-7 cells.

RPF101 and capsaicin induce depolarization of mitochondria

Apoptosis is known to be activated in response to a cell death stim-
ulus through the mitochondrial pathway in a variety of tumor cells. The
disruption of the mitochondrial membrane potential during apoptosis
induced by capsaicin and RPF101 after 24 h of treatment was evaluated.
The cell death by apoptosis is associated with mitochondrial depolariza-
tion in MCF-7 cells, as shown in Fig. 9A. The treatment with capsaicin
and RPF101 significantly reduced (**p<0.05) the TMRE fluorescence
signal, analyzed through a 3D dot plot, indicating that Am¥ decreases
in response to the treatment (Fig. 9B and C).

Cell cycle arrest at the G2/M phase induced by RPF101

Also, it was evaluated whether RPF101 induced changes in the cell
cycle on MCF-7 breast cancer cells. Then, cells were treated for 24 h
with 53 UM capsaicin, and 32 uM RPF101. The treatment with RPF101
was more effective than with capsaicin (38.7%), a fact corroborated by
an increase in the percentage of cells in the G2/M phase (5%). This arrest
prevents the progression of cells through mitosis, causing a reduction of
the number of cells at the G1 phase. In addition, the arrest in the G2/M
phase was probably associated with a concomitant decrease in the per-
centage of cells in S phase (Fig. 10A and B).

RPF101 causes disruption of microtubule fuse in the MCF-7 cells

Compounds that induce an arrest of the cell cycle at G2/M are
known to target the cellular microtubules causing an aberrant forma-
tion of the mitotic fuse. Due to the blockage in G2/M and the induc-
tion of apoptosis, by RPF101, it was evaluated whether this occurs
through a disruption of the microtubule organization in MCF-7 cells.
Cells were treated with 53 pM capsaicin and 32 pM RPF101 for 12 h
and visualized by confocal microscopy. The microtubule polymeriza-
tion in untreated cells exhibited normal morphology, showing bipolar
mitosis and a polyploid nucleus in the majority of the tumor cells. In
addition, it was found that the nuclei in spindles had different geom-
etries. Otherwise, cells treated with RPF101 exhibited a reduced num-
ber of mitosis and disrupted microtubule polarization fuses. These are
hallmarks of arrest of the cell cycle at the G2/M phase. Moreover, the
number of polyploid cells decreased and they exhibited an arrangement
typical of catastrophic mitosis with a lack of apoptotic microtubules. Itis
important to notice that capsaicin induced the vacuolization of the cyto-
plasm. These data suggest that the apoptotic effects of RPF101 occurred
through a disruption of microtubule arrangements (Fig. 11).

Discussion
The present study evaluated the antitumor effects of RPF101, a

novel structural capsaicin-like analogue. Herein, it was demonstrat-
ed that RPF101 induces cytotoxic effects in all tumor cells screened in
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Fig. 9. Capsaicin and RPF101 cause disruption of the mitochondrial membrane potential (AmW). MCF-7 cells were treated for 6 h and Am was measured by TMRE fluorescence,
analyzed by flow cytometry. There is a substantial shift in percentage of cells treated with capsaicin and RPF101 from M1 (high AmW¥) to M2 (low Am¥) (A). The decreased of AmW
was also noticed by 3D fluorescence intensity analysis, indicating that a decrease of the AmW is a hallmark of the apoptosis induced by capsaicin and its analogue, the RPF101 (B and

C). Data are the mean +5.D. of three different experiments performed in triplicate.

this work. The findings have important implications for the develop-
ment of novel antitumor agents since the chosen cell lines were con-
sidered very close to the clinical situation. On the other hand, the
cells represent different tumors, including also those resistant
to chemotherapy agents as melanoma and breast cancer cells.
Indeed, RPF101 presented the additional advantage of blocking
tumor cell proliferation at lower concentrations than capsaicin and,

consequently, has higher antitumor activity. The use of 3D cell cul-
ture systems provided accuracy to the evaluation effect of a novel
antitumoral compound, as RPF101. This technique has been used in
studies that involve the screening of new compounds, which can pro-
vide similar extracellular matrix (Galluzzi et al., 2009; Lee et al., 2009).
Qur investigation confirms that RPF101 affects the overall morphology
of MCF-7 cells, disrupting the formation of structures that resemble the
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Fig. 10. Effects of capsaicin and RPF101 on the cell cycle progression. (A) Cell cycle analyses of MCF-7 cells are shown in representative histograms performed by flow cytometry.
(B) RPF101, induces cell cycle arrest at the G2/M phase, while capsaicin induces apoptosis, recognized as a sub-G1 (blue peak). The % of cells is shown in the histogram as mean -+ 5D
from three independent experiments. Data are the mean+S.D. of three different experiments performed in duplicate.

in vivo architecture of those cells. Since this behavior provides a repre-
sentative way of how the tumor cells respond in vivo to the treatment,
it can be suggested that RPF101 is a promising antitumoral compound.
However, further studies are required to establish this therapeutical
hypothesis.

The apoptotic effects of capsaicin and its analogue were explored
using several methods to evaluate cell death, and to further elaborate
studies to provide deeper insight into the mechanisms underlying
induction of cell death, following the treatment with RPF101. The
MCF-7 cell line was chosen since it does not express caspase-3, the
central executioner member of the cysteine-aspartic proteases fam-
ily, and also the more important hub in caspases pathways, and for
this reason, MCF-7 is generally more resistant to apoptosis (Danial
and Korsmeyer, 2004; Liang et al., 2011). The Hoechst 33342/PI
cell viability assay, after treatment with RPF101 demonstrated that
the effect of this compound was not merely the impairment of the plas-
ma membrane (characterizing necrosis), but the result of a coordinated
process, typical of cells which are undergoing apoptosis. Although
Hoechst/PI staining is a widely used method to quantify cell death pro-
cess, this technique does not distinguish cells in early apoptosis from
those in late apoptosis or even in necrosis. In order to better character-
ize what kind of cell death each compound induces, the cells were
subjected to flow cytometry after staining with YO-PRO-1/Pl. The re-
sults show that RPF101 has better apoptotic potential than capsaicin.

These findings taken together with the microscopy results, allowed an
accurate quantification of the percentage of apoptotic cells.

It is well known that the induction of apoptosis represents a goal
for therapy against cancer and, indeed, many new anticancer mole-
cules have been developed that trigger apoptosis. Mitochondria play
a key role in the activation of apoptosis, and its depolarization trig-
gers cell death through the release of apoptotic proteins from the mi-
tochondria to the cytoplasm (Ferreira et al, 2012). Here, capsaicin
and RPF101 induced dysfunctions in mitochondria, leading to depo-
larization, and reducing Adm.

In agreement with these results, by using acridine orange staining, it
was showed that caspsaicin and RPF101 induce morphological changes
characteristic of apoptosis, such as cell detachment and cell rounding,
shrinkage, blebbing formation, and chromatin condensation (Elmore,
2007).

To corroborate the interpretation on the morphological changes
induced by RPF101, its potential to induce internucleosomal DNA
fragmentation, another hallmark of the apoptotic process, was also
investigated (Galluzzi et al., 2009). In fact, many groups have demon-
strated that capsaicin triggers apoptosis, however neither apoptotic
nor necrotic fragmented DNA was observed after treatment with this
compound.

The pattern of DNA degradation is a highly specific, but this is not
a very sensitive method, requiring a larger amount of cells which, at
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Fig. 11. RPF101 induces disruption of microtubules, blocking mitosis in MCF-7 cells, Immunofluorescence staining of alpha-tubulin (FITC; green) Pl staining of nuclei, imaged by
confocal microscopy. Notice that untreated cells present polyploid nuclei and present bipolar mitosis, while next to the nuclei linear filaments of alpha-tubulin (microtubules)
can be seen. Arrow shows that the treatment with capsaicin induces an irregular nuclear contour and vacuolization of the cytoplasm, which are characteristics of apoptosis.
RPF101 disrupts the mitotic fuse and apoptotic microtubule network assembly. Arrowheads indicate cells with irregular mitotic microtubules, a situation that leads them to mitotic

catastrophe.

least partially, can explain the absence of DNA fragments after treat-
ment with capsaicin. Otherwise, the typical DNA laddering, corre-
sponding to DNA fragmentation, was abserved after treatment of
MCF-7 cells with RPF101. This reinforces the potential of RPF101 to
induce apoptosis. Taken together, these in vitro results concerning
cell death suggest that RPF101 has better apoptotic potential when
compared to its prototype, capsaicin. The findings pointed out to a
controlled cell death - apoptosis - and not to necrosis, even in
caspase-3 deficient cells as MCF-7. RPF101 showed to be a potential
hit, however further in vivo activity and toxicity studies are needed
to assess the real potential of this novel compound as an anticancer
agent. Moreover, the results obtained in this study can be used as a
guideline for further improvement of benzodioxole sulfonamide-like
compounds as potential therapeutic antitumor agents.

Deregulation of the cell cycle may result in uncontrolled cell prolifer-
ation, which characterizes the malignant phenotype and quickens the
tumor cell cycle kinetics. Thus, compounds that can interfere with the
cell cycle are attractive for the treatment of cancer. The data showed
that RPF101, at the concentration of 32 pM, as well as capsaicin at
50 uM, have a strong antiproliferative activity on MCF-7 cells by arresting
them into the G2/M phase. This coincides with the decrease in percent-
age of cells in the S phase. Although preliminary, this finding suggests
that capsaicin and RPF101 would have an antitumor activity by blocking
tumor cell progression through the cell cycle. Additionally, apoptosis

induced by capsaicin, recognized as the sub-G1 peak, can involve the dis-
ruption of the checkpoints in the cell cycle, which is an event preceding
the detection of apoptosis (Xiang et al,, 2012). Since RPF101 induces an
arrest at the G2/M phase, it was checked if capsaicin and its analogue
would induce a disruption of the microtubule network. RPF101 inter-
fered with the spindle apparatus' function via the disassembly of micro-
tubules, It is possible to hypothesize that the mitotic arrest induced by
RPF101 would be a resulting from the mitotic fuse inhibition, inducing
catastrophic mitosis. This is a sufficient condition to trigger cell death
by apoptosis (Zhou et al., 2011). In contrast, capsaicin did not disrupt
the spindle apparatus, but induced the formation of vacuolization in
the cytoplasm, suggesting that it induces apoptosis through a different
mechanism in comparison to RPF101.

Regarding the molecular modifications (ring closure, bioisosteric re-
placement and molecular rigidification), RPF101 was 1.5 fold more po-
tent than the prototype. These structural changes directly reflected in
the molecular properties, which were evaluated by applying theoretical
methods. For instance, capsaicin presented a higher lipophilic character
than RPF101. This finding indicates that the analogue could have a bet-
ter pharmacokinetic profile since its ClogP value was closer to an ideal
range (between 1.5 and 2.0), which could provide better permeability
through cellular membranes and, consequently, enhance the antitumor
effect. Interestingly, RPF101 has a more negative Ejjyq value and a less
negative gap value. The gap value suggests that R°PF101 would be more
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reactive than capsaicin and could interact more easily with the target,
for instance. The Ejyy0 value also indicates that a charge transfer com-
plex could be taking place.

In canclusion, it was showed that RPF101, a novel capsaicin ana-
logue, has a higher antitumor activity than capsaicin by inducing an
arrest of the cell cycle at the G2/M phase by disrupting the microtu-
bule network in the tumor cells. Also, cellular morphological changes,
typical of apoptosis, the decrease of Alim and the exposure of
phosphatidylserine show that RPF101 is a promising anticancer
agent. Based upon the theoretical data obtained in this study,
such as the optimum ClogP value (hydrophobic/hydrophilic parti-
tion), further molecular modifications will be performed in order to
optimize the designing of more potent compounds for the fighting
against cancer.
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Introduction

Leishmaniasis is caused by parasites of the Leishmania genus
and affects more than 12 million people in 88 countries.
There are about two to three million new cases each year,
and 350 million people are under risk of infection [1]. In the
absence of a reliable vaccine, there is an urgent need for
effective and safe drugs to replace those currently used, such
as pentavalent antimonials, amphotericin B, and pentami-
dine. In this regard, the development of novel antileishma-
nial compounds is an imperative need. Many people who live
in endemic areas use plants as an alternative to treat the
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disease [2]. The study of plant-derived drugs, for instance,
would be highly recommended for driving the discovery of
new potential leishmanicide agents [3-6].

The Piperaceae family comprises a large variety of species
and it is known for producing several bioactive compounds
[7, 8], which can provide quite attractive molecular modifi-
cation approaches. Covering approximately 3000 species, the
Piper genus is prominent for having distinct activities, such as
insecticidal, antitumor, antibacterial, antifungal, and anti-
inflammatory activities [9-11]. This genus is widely used in
popular medicine, and it is found in all tropical regions of the
world, with approximately 170 of 700 species occurring in
Brazil [11]. The antileishmanial activity of Piper species has
already been reported [12-14]. In the last few years, the
essential oils from Piper species have become an important
source for searching novel therapeutic alternatives primarily
regarding the neglected diseases [15]. Recently, Monzote et al.
[16] have shown the antileishmanial activity of the essential
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oil from Piper auritum. This action is probably due to its
essential oil's main component, the phenylpropanoid named
safrole (Fig. 1).

Moreover, Bernard et al. [17] have demonstrated that one
particularly specie from the Piperaceae, Piper aduncum L.,
certainly contains substances with potential bielogical prop-
erties, among them is a quite potent insecticide named
dillapiole [18]. Gottlieb et al. [19] showed that dillapiole
(Fig. 1) is the major essential oil component (58-88.4% yield).
The structural similarity between safrole and dillapiole, is
obvious; however there are no previous reports regarding the
antileishmanial activity, so far. Thus, in this study, a prelimi-
nary in vitro evaluation focusing on the antileishmanial
activity of dillapiole and its structurally related semi-syn-
thetic analogues, isodillapiole and di-hydrodillapiole, was
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performed. The compounds were also submitted to cytotoxic
assays. Additionally, the molecular properties of the com-
pounds (structural, electronic, hydrophobic, and steric) were
calculated to have some insights on structure-activity
relationships (SAR).

Results and discussion

Characterization of dillapiole

The P. aduncum leaves were submitted to the extraction of
essential oil by steam stripping. At the end of three extrac-
tions, about 1.5 g of essential oil was obtained. The Gas
chromatography-mass spectrometry (GC-MS) analysis
revealed 13 peaks. The chromatogram, presented in
Fig. 2A, shows that dillapiole was the most abundant com-

F

ISODILLAPIOLE (3)

Figure 1. Chemical structures of safrole, dillapiole (1), and structural analogues (2, 3).

L J.L:i-ki i

e 221 g B

Figure 2. (A) Chromatogram and (B) mass spectrum obtained for the P. aduncum extract.
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pound in the essential oil (88%). Furthermore, according to
the mass spectra analysis (Fig. 2B), the majority of the essen-
tial oil content had a melecular mass corresponding to that
found for dillapiole (m/z 222 [M"]).

Synthesis of dillapiole analogues

Chromatographic partitioning led the isolation of dillapiole,
which is the main constituent of the essential oil and it was
identified by "H and "*C NMR spectra analysis. The pure com-
pound was used for the di-hydrodillapiole and isodillapiole
synthesis. Dillapiole (1) was reduced by using NaBH, and
NiCl; - 9H,0 to obtain di-hydrodillapiole (2) (86% yield). The
reduction was confirmed by the 'H NMR spectrum, which
revealed the 0.91 and 2.49 ppm triplet signals that are charac-
teristic for the propyl group. Although NaBH, has been
known not to reduce olefins, previous studies reported that
the isolated C=C double bond of allyl groups could be reduced
with NaBH,, using metal salts (Cu,Cl, or NiCl,) and methanol
as a catalytic system |20]. This report suggested that metal salt
catalyzes the formation of transient species, followed by its
simultaneous decomposition, giving BH,, which reacts with
MeOH, generating hydrogen gas. Our results corroborate the
data previously mentioned that the NaBH,-NiCl, system com-
pletely reduced the allyl group of dillapiole. Compound (1) was
also submitted to isomerization under standard alkaline con-
ditions |21] in order to obtain isodillapiole (3) (85% yield).
Proton NMR data for compound (3) showed that the chemical
shift pattern of the H-10 protons was changed after isomer-
ization. In this case, the H-10 protons changed their chemical
shift from 3.31 to 2.48 ppm doublet.

In vitro antileishmanial properties
Piper species and their essential oils have been reported to
have leishmanicidal activity. It is noteworthy that no
previous reports regarding antileishmanial activity of dilla-
piole were found in the literature. In this study, the com-
pounds dillapiole (1) and its semi-synthetic analogues, di-
hydrodillapiole (2) and isodillapiole (3), were tested against
Leishmania brasiliensis and Leishmania amazonensis promastigote
forms. Amphotericin B was the reference antileishmanial
drug. The findings are presented in Table 1. Compound 1
was the most active in both culture models, and the ICs,
values were 69.3 and 59.4 pM. The analogues 2 and 3 also
showed quite promising effects against promastigote forms.
However, in comparison to the natural product (1), the anti-
leishmanial activity was decreased about 1.5- to 1.8-fold.
The antileishmanial activity of dillapiole (1) was slightly
better for L. brasiliensis than for L. amazonensis. These results
suggested that the antileishmanial effect would be probably
specie-dependent (22|, and L. brasiliensis promastigote forms
would be more susceptible than L. amazonensis. Croft et al. 23]
corroborated this situation considering that both parasites
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Table 1. Effects of dillapiole and its analogues on the growth of
L. amazonensis and L. brasiliensis promastigote forms.

Compounds Inhibitory concentration ICs, (M)
Leishmania Leishmania
amazonensis brasiliensis

Dillapiole 693 + 49 594 + 40

Di-hydrodillapiole 99.9 £ 104 90.50 £ 8.6

Isodillapiole 1229 = 13.9 1098 £ 95

Amphotericin B 0.054 = 0.0 0.033 = 0.0

* Values are the mean =+ SD of triplicates from three independ-
ent experiments (p < 0.05).

have their own metabolic characteristics and a difference
would be expected in the activity of different compounds,
which probably would be metabolized in different ways. That
would also explain why amphotericin B (the most active
antileishmanial drug but second-option treatment), was also
more efficient in L. brasiliensis than in L amazonensis. According
to Croft et al. [23], although such change in sensitivity has
been reported in several laboratory studies, different assay
conditions can lead to a quite distinctive activity values.

Regarding molecular structure and function, the in vitro
studies showed that the antileishmanial activities of the
tested compounds seem to be influenced by the nature
and conformational arrangement of the side chain. Also,
the inhibitory parasite growth ability apparently is related
to the presence and position of the double bond in the side
chain. The ICs;, values found for the tested compounds clearly
showed that either the reduction of double bond at Cy,/Cy,
(2), or isomerization to Cy/Cyy (3), were structural features
unfavorable to the leishmanicidal activities. Then, the mol-
ecular modification of the allyl group is tolerated, but does
not enhance the biological activity.

Cytotoxic assay

Evaluation of morphological changes induced by dillapiole
Morphological changes on 3T3 fibroblasts cells were analyzed
in order to evaluate the cytotoxic effects of dillapiole (1)
and the obtained results are presented in Fig. 3. The
untreated cells showed a high confluency of monolayer cells
without morphological changes. The morphological changes
observed with 100-25 pM of dillapiole (1) were the following:
reduction in cell volume, cell shrinkage, chromatin conden-
sation, and decreased cell density [24]. At the 12.5 pM con-
centration, similar morphology and confluency were
observed in comparison to the untreated cells.

Cytotoxic activity of dillapiole on 3T3 fibroblast cells
Cytotoxic activity of dillapiole (1) was determined to verify
the influence of this compound on fibroblast cells viability.
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Figure 3. Morphological analysis of 3T3 fibroblast cells treated with dillapiole. After 24 h of treatment, dillapiole at 100-25 pM concentration
induced changes in cell morphology and reduced the viability of the 3T3 fibroblast cells. Dillapiole at 12.5 and 6.25 pM did not reduce the cell
viability, and the cells’ morphology was similar to that of the untreated cells (magnification, 40x). Similar profile was observed in three

independent experiments.

Although the toxicity profile of compounds 2 and 3 could be
more appropriate than that of the lead compound (dilla-
piole), their cytotoxic activity was not determined since they
had an ICs, against leishmania higher than the prototype.
However, the results indicated that dillapiole (1) induces a
dose-dependent cytotoxic effect after 24 h of treatment, pre-
senting an inhibitory concentration of 22 pM (Fig. 4).
Then, compound 1 had low toxic effects on 3T3 fibroblast
cells at lower concentrations, but at higher concentrations it
can induce significant cytotoxic effects. Although the find-
ings pointed out dillapiole (1) as relatively toxic to normal
fibroblast cells in comparison to Leisimania promastigote
forms, they also could suggest that compound 1 might have
a dual cytotoxic effect, destroying the parasite and fibroblast
cells simultaneously. Interestingly, this type of action is
particularly relevant during the latent phase of the disease.
Previous reports identified fibroblasts as important host cells
for Leishmania during the chronic phase of infection,
suggesting they might serve as safe targets for the parasites
in clinically latent disease [25-27|. In this regard, compound
1 might have leishmanicidal effects even so the parasites are
infecting non-phagocytic cells, such as fibroblasts. However,
future studies must be performed in order to elucidate if
dillapiole can present cytotoxic effects in fibroblast cells

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Cytotoxic effects of dillapiole on 3T3 fibroblast cells, after
24 h of treatment. MTT assay shows mouse fibroblast viability after
treatment with different concentrations of dillapiole after 24 h. Cell
viability is expressed as the viability of optical density values
obtained from MTT assay and compared to the untreated cells.
The data are the means = SD from two independent experiments.
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co-infected with Leishmania parasites. Moreover, the cytotoxic
activities for compounds 2 and 3 must be evaluated in the
future.

Molecular modeling findings

The purposes of the theoretical approach were to find a
conformation energetically more favorable for dillapiole
(1), di-hydrodillapiole (2), and isodillapiole (3), calculate its
molecular properties, and finally provide some insights
regarding structure-activity (leishmanicidal) relationships.
In Table 2 are presented the thermodynamic descriptors
found for the lowest-energy conformation selected from mol-
ecular dynamics (MD) simulation of each molecule, and the
values obtained for the calculated molecular properties [lip-
ophilicity (ClogP), electronic (u, Epomo. Eiomo. gap =
Enomo — Erumo), and intrinsic/steric (V)]

The findings for MD simulations are presented in Fig. 5SA-C.
MD simulations (1 ns at 299 K) of dillapiole (Fig. 5A), di-
hydrodillapiole (Fig. 5B), and isodillapiole (Fig. 5C) reached
the thermodynamic equilibrium in approximately 300 000
simulation steps. Part of the conformational ensemble profile
(CEP) (100 ps) from where the lowest-energy conformation of
each molecule was chosen and, also, the 3D representation of
selected conformers, such as space filling CPK and stick or
tube molecular models, can be visualized in Fig. 5A-C.

The space filling CPK model considers the van der Waals
radii of each chemical element in the molecular structure.
This type of molecular model can provide insights regarding
the steric hindrance of some chemical elements or substitu-
ent groups in the molecular system. The van der Waals
volume values computed for compounds 1, 2, and 3 were
202.25, 207.29, and 201.04 A®, respectively (Table 2).
Compound 2 has two more hydrogen atoms in comparison
to the others. Although compounds 1 and 3 share the same
number of atoms, their conformational arrangement was
distinct and reflected in the molecular volume value.

As already mentioned, the thermodynamic descriptors as
intramolecular energy contributions and total potential

Arch. Pharm. Chem. Life Sci. 2012, 345, 934-944

energy (Er) found for the selected lowest-energy confor-
mation of each molecule are listed in Table 2. Dillapiole
(1) and isodillapiole (3), which have an unsaturated side chain
attached to the aromatic ring of benzodioxole, showed closer
Eyvalues (35.35 and 37.22 kcal/mol, respectively), whereas di-
hydrollapiole (2), which has a saturated side chain, presented
a little higher Et value (39.83 kcal/mol). This finding is prob-
ably because the di-hydrodillapiole (2) structure has more
degrees of freedom. Furthermore, it is noteworthy that the
value of intramolecular hydrogen bonding energy contri-
bution (Ep,) was zero for all three molecules (see Table 2),
which means the oxygen atoms in those molecular structures
are not available to establish that kind of intramolecular
interaction.

Regarding the selected conformations, the main structural
difference seems to be the conformational arrangement of
the side chain attached to the benzodioxole fragment. To
better visualize the side chain arrangement, the selected
conformation of each molecule was superimposed on one
another using three ordered atomic positions (Og, Cs, Cy) for
fitting and overlay [29], as shown in Fig. 6.

It is well-known that the easiest way to reveal 3D structural
features, common or distinct, to a set of compounds is the use
of superimposition procedures [30]. Here, the superimposi-
tion is obvious because topological analogues are considered.
The side chain of dillapiole (1), which has a double bond in
the Cy, and C,, position, did not remain in the same plane of
the benzodioxole rings. Similar behavior was observed for the
saturated side chain of di-hydrodillapiole (3), but its projec-
tion was into the opposite direction in comparison to the
lead compound. For isodillapiole (2), the side chain remained
in the benzodioxole rings’ plane. This is probably due to the
extension of the resonance effect (from aromatic ring to side
chain) particularly provided by the double bond position (C;4
and Cy). In Fig. 7A, atomic CHELPG charges by color, dipole
moment vector, and EP maps are shown. The electronic
density distribution can be visualized through the EP
maps. For compound 3, the higher electronic density is also

Table 2. Calculated molecular properties for dillapiole and its analogues.

Compound Estretl::h Ebend Etors E1—4 Evd\-‘\-" Echarge EHb Esolv E'l'
(kcalmol) (kcal/mol) (kcaljmol) (kcallmol) (kcal/mol) (kcal/mol) (kcal/fmol) (kcalimol} (kcal/mol)
Dillapiole 8.16 17.59 4.99 12.39 —1.80 —-2.29 0.00 —3.69 35.35
Di-hydrodillapiole 11.02 18.50 2.39 13.20 —0.95 =241 0.00 —1.92 39.83
Isodillapiole 6.24 18,95 5.15 13.70 —1.24 —2.47 0.00 —3.11 37.22
ClogP )4 n Enomo Eiumo Gap”
(A%) (Debye) (kcal/mol) (kcal/mol) (kcal/mol)
Dillapiole 2.38 202.25 2.44 —121.96 6.02 —127.99
Di-hydrodillapiole 2.68 207.29 2.08 —121.42 10.42 —131.85
[sodillapiole 2.40 201.04 1.05 —116.55 —15.90 —100.65

* Gap = Eiomo — Erumo-
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Figure 5. Plot of energy values versus steps
for an equilibration region of the CEP (100 ps)
from MD simulation (1 ns at 298 K) where the
lowest-energy conformer of each molecule was
selected: (A) dillapiole, (B) di-hydrodillapicle,
and (C) isodillapiole. The energy values (kcal/
mol) correspond to the summation of the fol-
lowing intramolecular energy contributions:
stretching, bending, torsional, 14 or
Lennard-Jones, van der Waals, and electro-
static. The lowest-energy conformation
selected from each CEP is presented as
space-filing CPK (Corey—Pauling—Koltun) and
stick models. Carbon atoms are displayed in
gray, oxygen in dark gray, and hydrogen in
white [28].
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1

(2)

Figure 6. Superposition of dillapiole (1, light gray) and its analo-
gues (2, dark gray; 3, white) using the HyperChem 7.0 program [29].
The root-mean square deviation (RMSD) of atomic positions
was 0.04 A.

distributed on the side chain region (yellow color on the
aromatic ring and side chain moiety) [Fig. 7A (3)], supporting
the side chain structural arrangement.

The partial atomic electrostatic potential charges (ESP,
CHELPG are represented by a color range from red (negative;
—0.404) to green (positive; 0.404; Fig. 7A). The C;, atom
(attached to aromatic ring) in the lead compound (1) is in
bright green color and its charge value is about threefold
more positive (0.3254) than that found for compound 2
(0.1445). This data indicates that compound 1 could likely
suffer a nucleophilic attack, but only in the opposite face of
its side chain direction where there is no steric hindrance.
Otherwise, the C,, atom has a negative charge value
{(—0.1030) in compound 3 and establishes a double bond
with Cy; (—0.1038).

The dipole moment (u) vector can be visualized as
blue arrows in Fig. 7A. By definition, the dipole moment is
the product of the total amount of positive or negative charge
and the distance between their centroids. The u values are
listed in Table 2 and this electronic property is related to
the molecule’s polarity. Additionally, from the dipole
moment information deductions can be made about the
molecular geometry of a compound. Compound 3 presented
the lowest g value (1.05 ) in comparison to compounds 1
(2.44 Debye) and 2 (2.08 Debye), and it is the only compound
with a linear molecular geometry (benzodioxole and side
chain in the same plane).
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The lipophilicity property, expressed through the calcu-
lated n-octanol/water partition coefficient (ClogP), is also
listed in Table 2. The partition coefficient reveals the hydro-
phobic character of a drug or compound. Compound 2 pre-
sented the highest ClogP value (2.68) in comparison to
compounds 1 (2.38) and 3 (2.40). Generally, increasing the
hydrophobicity of a lead compound can result in an improve-
ment of biological activity. This reflects the fact that drugs
have to cross hydrophobic barriers such as cell membranes in
order to reach their target. Even if there are no barriers to be
crossed, the drug has to interact with a target system such as
an enzyme or receptor where the binding site is usually
hydrophobic. Otherwise, the drug should not become so
hydrophobic that it would be poorly soluble in the aqueous
phase, for instance or, alternatively, it might be ‘trapped’ in
fat depots and never reach the intended interaction site.
Then, hydrophilic/hydrophobic molecular balance is needed
to provide suitable pharmacodynamic and pharmacokinetic
profiles.

If the ratio between p and ClogP properties was considered
as a measure of molecular hydrophilic/hydrophobic balance
and related to the leishmanicidal activity (compound
1 > 2 > 3|, the theoretical findings would be in agreement
with those experimentally observed in this study. That
means, the higher the p/ClogP value, the more active would
be the compound. In this regard, the p/ClogP values found for
compounds 1, 2, and 3 were 1.02, 0.78, and 0.44, respectively.

The molecular orbital energies (Eyomo and Ejywe: keal/mol)
as well as the difference among them (gap = Eyomo — Frumo:
keal/mol) were computed for the selected lowest-energy con-
formation of each molecule and are listed in Table 2. The gap
values give information about molecular reactivity.
Additionally, the HOMO and LUMO distribution maps for
each compound are displayed in Fig. 7B. Compounds 1 and
2 presented quite similar Eypye values (—121.96 and
—121.42 kcal/mol) whereas compound 3 had a less negative
energy value (—116.55 kcal/mol). The main difference in the
HOMO distribution maps was on the side chain moiety
(Fig. 7B). The molecular orbital lobes are bigger on the side
chain of compound 3 (double bond). Also, compound 3,
which has lower leishmanicidal activity, had a less negative
(more reactive) gap value (—100.65 kecal/mol) than com-
pounds 1 and 2.

The positive Ejyye values found for compounds 1
(6.02 kcal/mol) and 2 (10.42 kcal/mol) associated to the
positive charge (CHELPG) in the C;y atom of the side chain
would support the possibility of a nucleophilic approach in a
charge-transfer interaction. However, the LUMO distribution
map of compound 2 is distinct from that of compound 1,
probably because of the absence of a double bond in the side
chain. Regarding the gap values, compound 2 had a more
negative (less reactive) gap value (—131.85 keal/mol) than
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compound 1 (-127.99 kcal/mol). Conversely, compound 3
had a negative Ejo value (—15.90 keal/mol).

Conclusions

This preliminary study regarding structure-activity relation-
ships has allowed the refinement of structural requirements
for the dillapiole action against leishmaniasis. Dillapiole
presented relevant effects against both Leishmania species,
but L. brasiliensis proved to be more sensitive. Additionally,
dillapiole reduced fibroblast cell viability, indicating that
this compound might have antileishmanial effects on non-
phagocytic cells in the disease’s latent phase. Also, dillapiole
did not reduce fibroblast cell viability and no morphological
changes were observed, indicating that it is a safe compound.
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Figure 7. Electronic properties found for dilla-
piole (1) and its analogues (2, 3).
(A) Electrostatic potential atomic charges
(ESP, CHELPG) by color [atomic charge color
ramp: —0.404 (red) to 0.404 (green)]; (B) total
dipole moment vector (blue arrows); and maps
of electrostatic potential (MEPs) [color range:
—0.046 (intense red) to 0.046 (intense blug)).
The molecules are presented as ball-wire
models (carbon atoms in gray, oxygen in red,
and hydrogen in white). (C) Distribution of
molecular orbital maps, HOMO and LUMO
[color range: —0.021 (red) to 0.021 (blue)].
The molecules are shown as stick models (car-
bon atoms in gray, oxygen in red, and hydrogen
in white) [31].

Although dillapiole analogues have exhibited moderate anti-
leishmanial activity, they can also be considered as potential
hits.

Molecular modeling approach aided the elucidation of
which molecular properties would be important to improve
the antileishmanial activity of the lead compound.
Structural/conformational arrangement and electronic prop-
erties as well as the hydrophilic/hydrophobic balance seem to
be crucial, particularly considering the allyl side chain.

The findings indicated that certain phenylpropanoids, such
as dillapiole, exhibit interesting antileishmanial properties,
and could also have some effects against other intracellular
pathogens or phylogenetically related parasites as Trypanosoma
spp., for instance. The potent leishmanicidal activity of dilla-
piole reported here represents an exciting advance for devel-
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oping novel antiprotozoal agents. Indeed, further studies
regarding in vivo antileishmanial activity are needed and
are already in process. Even though, dillapiole and its
analogues can be taken as potential candidates for lead optim-
ization and the design of new antileishmanial drugs.

Experimental

General procedures

Reagents and solvents are of commercial grade and were used as
supplied. Chromatography separations were performed using
70-230 mesh silica gel. Thin-layer chromatography was carried
out on Merck silica plates (0.25 mm layer thickness). GC-MS was
performed using a 14B/QP5050A Shimadzu-brand GC-MS appar-
atus; Class 5000 software; column: SPB-1.30 m, 0.53 mm [D,
1.5 pm film; helium as carrier gas (flow rate 1.5 mL/min). The
ionization mode was EL at 70 eV. Temperature program was
from 40°C (rate 5°C/min) to 250°C (30 min). The detector and
injector temperatures were both 250°C. NMR spectra were
recorded using a Bruker AC-300 spectrometer at 300 MHz ('H)
and 75 MHz ('*C) with tetramethylsilane as internal reference
and CDCl; as solvent. Chemical shifts are given in ppm (parts per
million), coupling constants in Hertz, and splitting patterns
were designated as follows: s, singlet; br s, broad singlet; d,
doublet; t, triplet; g, quartet, and m, multiplet.

Chemistry

Extraction of dillapiole from P. aduncum

Piper aduncum leaves were collected in March and August, 2011,
in Ubatuba, Sao Paulo, Brazil. Identification was carried out at
the Botanical Laboratory of Mackenzie Presbyterian University
(MPU). The exsiccate of P. aduncum leaves was stored in the MPU
herbarium (no. 01092). The collected vegetable material under-
went the extraction of its essential components through hydro-
distillation, using a modified Clevenger-type apparatus. The
crude essential oil was extracted with dichloromethane, then
dried with anhydrous Na,SO,, filtered, and kept in a freezer
{—15°C), using an amber glass flask. The essential oil composition
was further analyzed by GC-MS.

Furification of dillapiole (1)

Dillapiole was isolated and purified from the essential oil by
using a chromatography column (CC). The CC was packed with
silica gel 60 and the eluent system was hexanes/dichlorome-
thane (7:3). The sample was eluted with the same solvent system,
and 20 flasks were retrieved. Those that presented only dillapiole
were grouped together, mixed, and kept in a freezer at —15°C.
The pure sample was used to evaluate the in vitro leishmanicidal
activity and also to synthesize the analogues. Viscous yellow
liquid. '"H NMR (CDCly, 300 MHz, 6 = ppm, | = Hz): 3.31 (d,
2H, H-8); 3.75 (s, 3H, H-11); 4.00 (s, 3H, H-12); 5.01 (d, 2H,
H-10); 5.88 (m, 1H, H9); 6.15 (s, 2H, H-1); 6.35 (s, 1H, H-6).
'3C NMR (CDCls, 75MHz, § = ppm): 34.5 (C8); 60.3 (C11); 60.8
(C12); 101.5 (C1); 102.4 (C6); 115.9 (C10); 122.1 (C5); 132.3 (C2);
136.5 (C9); 142.0 (C7); 143.6 (C4); 145.1 (C3) (1.5 g yield).

Di-hydrodillapiole (2) synthesis
In a 100 mL round-bottomed flask, fitted with a reflux condenser

and drying tube, dillapiole (2 mmol; 0.45 g), NaBH, (20 mmol;
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0.75 g), NiCl, - 6H,0 (1.5 mmol; 0.36 g) were dissolved in 40 mL
of methanol. The mixture was kept under reflux and constant
stirring for 24 h. After cooling, the product was filtered and the
solution was concentrated to dryness under vacuum and
the residue was subjected to flash column chromatography
(hexanes/dichloromethane 7:3 vfv). Viscous yellow liquid.
'H NMR (CDCl;, 300 MHz, § = ppm, | = Hz): 0.91 (t, 3H, H-10,
J=8.0); 1.54 (m, 2H, H9, ] = 8.0 and ] = 7.1); 249 (t, 2H, H-8,
J =71} 3.73 (s, 3H, H-11); 3.95 (s, 3H, H-12); 5.87 (s, 2H, H-1); 6.34
(s, 1H, H-6). "*CNMR (CDCls, 75 MHz,8 = ppm): 13.86 (C10); 25.60
(C9), 33.57 (C8); 59.85 (C11); 59.91 (C12); 101.00 (C1); 105.38 (C6);
127.39 (C5); 135.54 (C2); 137.59 (C7); 144.39 (C3); 144.45 (C4) (86%
yield).

Isodillapiole (3) synthesis

In a 25 mL round-bottomed flask, fitted with a reflux condenser
and drying tube, dillapiole (24.7 mmol; 4 g) in a 17% solution of
potassium hydroxide (3.4 g) was dissolved in 20 mL of butyl
alcohol. The reaction was kept under reflux and constant stirring
for 24 h. After cooling, the mixture was neutralized with 1.2 mL
of concentrated HCl and 8 mL of distilled cold water. The organic
phase was washed with three portions of water (20 mL). The
organic phase was dried with anhydrous Na,S0,. The excess of
butyl alcohol was evaporated and the residue was submitted to
distillation under reduced pressure. Viscous yellow liquid.
'H NMR (CDCls, 300 MHz, § = ppm, | = Hz): 1.86-1.89 (dd, 3H,
H-10,] = 6.4and] = 1.0); 3.75 (s, 3H, H-11); 3.88 (s, 3H, H-12); 5.91
(m, 1H, H-9,] = 15.1 and | = 6.4); 6.05-6.07 (s, 2H, H-1); 6.51-6.59
(d, 1H, H-8, ] = 15.1); 6.96 (s, 1H, H-6). '>C NMR (CDCl;, 75 MHz,
§ = ppm): 18.81 (C10); 59.81 (C11); 60.10 (C12); 101.51 (C1);
102.76 (C6); 125.51 (C8); 126.62 (C5); 128.34 (C9); 134.56 (C2);
136.01 (C7); 141.43 (C3); 147.50 (C4) (85% yield).

In vitro leishmanicidal activity

The leishmanicidal activity of dillapiole and its analogues were
evaluated through the growth inhibition of promastigote forms
of L. amazonensis (strain MHOM/BR/90/BA125) and L. brasiliensis
(strain MHOM/BR[94/H-3227). The cells were grown at 26°C in
Schneider’s medium supplemented with 10% vjv fetal bovine
serum (FBS) at 26°C during 24 h. The cells were harvested, resus-
pended, then counted in a Neubauer chamber, and adjusted to a
concentration of 1 x 10° cells/mL. Concentrations of 150-1 uM
for dillapiole and analogues were used to evaluate biological
activity. All compounds were solubilized in dimethylsulfoxide
(DMSO). Amphotericin B was used as reference drug. As negative
control, promastigote forms were used in complete Schneider’s
medium. The substances were analyzed in triplicate and promas-
tigote forms were counted in comparison to negative control.
Results were expressed as inhibitory concentration causing 50%
(ICs0) reduction in parasite growth [32].

Cytotoxic assay

Cell culture

The 3T3 mouse fibroblast cells were kindly provided by Dr.
Alisson Leonardo Matsuo of the Universidade Federal de Sao
Paulo (UNIFESP). Cells were cultured in Dulbecco’s Modified
Fagle Medium (DMEM) (Gibco) supplemented with 10 nM
HPES, 24 nM sodium bicarbonate, 10% heat-inactivated FCS,
and 40 pg/ml gentamicin sulfate. Cells were maintained in
humidified air with 5% CO, at 37°C.
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Morphological observation of cytotoxic effects

The 313 fibroblast cell line was grown in 12-well plates and
treated with dillapiole 100-12.5 pM for 24 h. The cells were then
washed with 1x PBS and added to the culture medium.
Morphological changes in the cells induced by dillapiole were
observed using a phase inverted microscope (Nikon TMS).

Cytotoxic test

The MTT colorimetric assay was used to evaluate the cytotoxic
activity of dillapiole in normal cells. Briefly, the 3T3 fibroblast
cells were seeded in 96-well plates at 10* cellsfwell density in
100 pL culture medium. Following 24 h incubation and attach-
ment, the cells were treated with 100-12.5 pM of dillapiole for
24 h. After the end of treatment, cells were exposed to 5 mg/mL
MTT for 3 h. Medium was removed, the formazan dye trapped in
the living cells was dissolved in DMSO, and absorbance was
measured at 570 nm using a microplate reader (Rayto Life and
Analytical Sciences C. Ltd, Germany). Then, the ICs, value was
determined.

Molecular modeling approach

The three-dimensional (3D) molecular models of dillapiole and
analogues were built up, in their neutral forms, using the
HyperChem 7.0 MM+ force field [29] without any constraints.
The crystal data from 6-144-ethoxyphenyljethyl]-5-methoxy-1,3-
benzodioxole [33] was employed as starting geometry. Partial
atomic charges were computed with AM1 semiempirical method
[34], also implemented in HyperChem 7.0 [29]. The MOLSIM 3.2
software [35] was used to carry out energy-minimization (steepest
descent and conjugate gradient methods; convergence criterion
of 0.01 kcal/meol) and MD simulations. MD simulations of 1 ns
(step size of 1 fs) at 299 K, which is the same temperature as in
the biological assay, were performed for each molecular model.
Output trajectory file was recorded every 20 ps steps resulting
in a CEP of 50 000 conformers for each investigated molecule.
The lowest-energy conformation was selected from CEP, and the
hydration shell model [36] was employed to estimate the
solvation energy contribution. The hydrogen bonding intramo-
lecular energy contribution was also computed for the selected
lowest-energy conformation. The total potential energy (Ey) of
each selected conformation corresponds to the summation of
the following intramolecular energy contributions: stretching
(Estreteh)» bending (Epepng), torsional (Eg,). Lennard-Jones or 1-4
interactions (E;_4), electrostatic (Echarge). van der Waals (Eyqw).
hydrogen bonding (Eyy,). and solvation (Eg,).

The lowest-energy conformation of each molecule from MD
simulations was energy-minimized [35] and, subsequently, used
as starting geometry to calculate molecular properties of distinct
nature (electronic, steric, and hydrophobic). Electronic proper-
ties as partial atomic charges from electrostatic potentials using
a grid based method [37], dipole moment (x), molecular orbital
energies (Eyono, energy of the highest occupied molecular orbi-
tal; Eyymo, energy of the lowest unoccupied molecular orbital),
and electrostatic potential (EP), were computed with the B3LYP
(Becke, three-parameter, Lee-Yang-Parr) [38] hybrid functional
and 6-31(d,p) basis set [39]. EP maps were calculated onto a
Connolly molecular surface, using a color scheme ranging from
—0.046 (intense red) to 0.046 (intense blue). Negative values of EP
(higher electronic density distribution) are depicted in red and
positive values in blue (lower electronic density distribution) [39].
The molecular volume (V) of dillapiole and analogues was calcu-
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lated using the grid method reported by Bodor et al. [40] with the
atomic radii of Gavezzotti [41]. The bounding surface was speci-
fied as van der Waals and the density of grid points was set as 50
points on cube side [29]. Also, the calculated octanolfwater
partition coefficient (ClogP), which is a measure of molecular
hydrophopicity, was computed based upon the method of
Viswanadhan et al. [42], implemented in the Marvin 5.8.0 pack-
age, Calculator Plugins [43].

Statistical analysis

The results were expressed as average + standard average error.
The one-way analysis of variance (ANOVA) was employed fol-
lowed by Student’s ttest to evaluate the findings. Probability
values (p) <0.05 were considered statistically significant [44].
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