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RESUMO

LIMA, Graziela Domingues de Almeida, D.Sc., UniversidaFederal de Vigosa, agosto de
2017. Avaliacdo da atividade antimetastatica em células de melama in vitro de
compostos derivados do &cido cinamico e de isobenzofucaras Orientador: Mariana
Machado Neves. Coorientador: Gustavo Costa Bressan.

O melanoma cutédneo é um problema de saude publicaiahupor ser um tumor soélido
altamente metastatico. Compostos sintéticos tém sidendalsidos no intuito de combater
atividades das células tumorais, como migragéo, ioyagfesdo e proliferacdo. Dentre eles,
compostos derivados do acido cindmico e isobenzaineentém apresentado importante
atividade antimetastatica. Por isso, o objetivo deste esfadoavaliar a atividade
antimetastatican vitro de dois grupos de compostos, 26 compostos derivddo&cido
cinAmico e 25 isobenzofuranonas, frente ao comportameretastatico de células de
melanoma cutaneo murino B16-F10. Inicialmente, deterrad@ola concentracdo nao
citotoxica de derivados destes dois grupos quimicogefraninhagem B16-F10. Como a
concentragdo de 100mol L™* foi aquela considerada n&o citotdxica, todos osi@hsa
subsequentes foram realizados utilizando concentracdiesioirs ou iguais a esta.
Posteriormente, os compostos derivados do acido Enaenas isobenzofuranonas foram
avaliados quanto ao efeito antimigratdrio sobre célul&@BD. Os compost®a e 1f foram
mais efetivos nas concentragdes de i@l L ! e 50umol L. Tanto o compost&a, um
derivado do acido cindmico com porc¢éo 1,2,3-tri@adtiontendo um grupo fenilo, quanto o
compostolf, uma isobenzofuranona funcionalizada na posi¢cdo @8imdo hidroxilas nas
posicdes C-2' e C-6' do anel aromético, apresentastiidade antimetastatica e
antiproliferativa significativa contra células B16-F10. beso do compost®a, seu efeito
bioldgico foi atribuido & sua interacdo com o sitio athas metaloproteinases -9 e -2 pelo
estudo dedocking molecular. Ja para o compostf sugerimos que seu efeito inibidor é
devido a sua interacdo com proteinas PKC. Os dois «ioypderivados apresentam uma
caracteristica em comum, que é a presenca de estrguiragas heterociclicas na sua
composicdo. Em conclusédo, nossos resultados mostrarardagivados do acido cindmico
podem inibir o comportamento metastatico de células Bbn vitro, possivelmente por
interferir na atividade de metaloproteinases de matrdicidnalmente, nossos resultados
mostraram pela primeira vez que isobenzofuranonéétisas podem inibir a invasividade de
células B16-F10n vitro. Portanto, os compost@s e 1f apresentam potencial para o0 uso no

desenvolvimento de novos candidatos para o tratamenteldmoma cuténeo.
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ABSTRACT

LIMA, Graziela Domingues de Almeida, D.Sc., Univeesie Federal de Vigosa, August,
2017. Evaluation of antimetastatic activity in melanoma cells in itro of compounds
derived from cinnamic acid and isobenzofuranonesAdviser: Mariana Machado Neves.
Co-adviser: Gustavo Costa Bressan.

Cutaneous melanoma is a worldwide public health prabdbecause it is a highly metastatic
solid tumor. Synthetic compounds have been develapedder to inhibit activities of tumor
cells, such as migration, invasion, adhesion and prdideraAmong them, compounds
derived from cinnamic acid and isobenzofuranonese hstvown important antimetastatic
activity. Therefore, the objective of this study was taleate thein vitro antimetastatic
activity of two groups of compounds, 26 compoundsvedrfrom the cinnamic acid and 25
isobenzofuranones, against the metastatic behavimughe cutaneous melanoma cells B16-
F10. Initially, the non-cytotoxic concentration of theridatives was determined against the
B16-F10 cells. As the concentration of @80l L™* was non-cytotoxic, all subsequent assays
were performed using concentrations below or equahito Subsequently, the compounds
derived from cinnamic acid and isobenzofuranone weraluated for the anti-migratory
activity on B16-F10 cells. Compoun@la and1f were more effective at 1Q@nol L™* and 50
umol L1 concentrations. Both compour@h, a 1,2,3-triazolic-cinnamic acid derivative
containing a phenyl group, and compoudrida isobenzofuran derivative functionalized at C-3
position, showed significant antimetastatic and anlifierative activities against B16-F10
cells. In the case of compoufd, its biological effect was attributed to its interactiomh the
active site of metalloproteinases -9 and -2 by the mtaledocking study. For compound 1f,
we suggest that its inhibitory effect is due to its interactwith PKC proteins. Both
derivatives have one feature in common, which is tfesgnce of heterocyclic chemical
structures in their compositioin conclusion, our results showed that cinnamic acid
derivatives can inhibit the metastatic behavior of B16- cells in vitro, possibly by
interfering with the activity of matrix metalloproteinases. #idiion, our results showed for
the first time that synthetic isobenzofuranone derivatoasinhibit the invasiveness of B16-
F10 cells in vitro. Therefore, compound®s and 1f have potential structures for the

development of novel candidates for the treatment of cotemnmelanoma.



CAPITULO 1 - APRESENTACAO GERAL

1. JUSTIFICATIVA

O melanoma cutaneo € um dos tipos de cancer solidoagi@essivo e metastético que
existe, e nos ultimos anos ele se tornou um problemsadée publica em todo mundo.
Quando diagnosticado precocemente, 0 melanoma podeatselo por meio de intervengéo
cirargica, mas uma vez em seu estigio metastético, eeteatmamente dificil de ser tratado
devido a sua resisténcia as atuais estratégias texg®eutPor isso, 0s resultados
insatisfatorios das atuais terapias utilizadas no tratandesste tipo de cancer tém estimulado
a realizacdo de estudos experimentais na busca desm®promissores para o tratamento
do melanoma, principalmente em seu estagio avangado.

Uma atengéo renovada sobre medicamentos alternativosp@asenaturais estimulou
a pesquisa por drogas mais eficazes no tratamento @mon&. Produtos naturais tém sido
reconhecidos como fonte de compostos com atividaee stiferentes tipos de céncer, e
modificagBes estruturais destes compostos podem pdizacgua atividade bioldgica, sendo
esta uma importante ferramenta na descoberta de nowgasd Dentre esses compostos,
estudos mostram que derivados do é&cido cindmico e oy deterociclicos, como as
isobenzofuranonas, possuem atividade antimetastatizaigsora. O acido cindmico é um
acido aromético de ocorréncia natural e que podensentado em frutas, 6leos vegetais e
plantas medicinais. J& as isobenzofuranonas, sdo etwapbeterociclicos caracterizados
estruturalmente pela presenca de um gnlelctonico fundido a um anel aromético, que
podem ser isolados de plantas ou fungos. Diferetiesdagens cientificas mostraram que o
acido cindmico e derivados, e as isobenzofuranonasigrosstividade anticAncer sobre
diferentes linhagens tumorais, como por exemplo car@ndencélon, adenocarcinoma de
pulméo e melanoma. Com base no presente expostdradsitho teve como objetivo avaliar
in vitro o potencial antimetastatico de compostos derivados dm aidithmico e de

isobenzofuranonas sobre a linhagem de célula denorala cutaneo B16-F10.



2. REVISAO DE LITERATURA

2.1 Melanoma cutaneo, metastase e metaloproteinases

O melanoma cuténeo € um tipo de cancer extremamengsiagre metastatico e sua
incidéncia no mundo tem aumentado mais répido do qudguer outro tumor sélido
conhecido (Eggermont et al., 2014). Quando diagnostipaeicocemente, 0 melanoma pode
ser tratado por meio de intervencdo cirirgica, masgu&ndo atinge seu estagio metastatico.
Neste caso, seu tratamento & extremamente dificil, devidma resisténcia as atuais
estratégias terapéuticas. Essa resisténcia esta relaripnadipalmente as complexas e
multiplas vias de sinalizacdo celular que controlamodifpracéo e a capacidade das células
malignas de escaparem de processos de morte e causatéstase (Gray-Schopfer et al.,
2007, Elias et al., 2010).

No melanoma, a via de sinalizacdo celular Ras/Raf (MAFKgura 1), esta
constitutivamente ativa devido a alteracdes genéticas ésqmrexercem diferentes fungées
sobre a transformagdo maligna dos melandcitos, psigyes metastase no melanoma, sendo
por isso uma das principais vias estudadas comotatapéutico contra o melanoma (Gray-
Schopfer et al., 2007; Ross et al., 2012; Yajima eR@lL2; Faido-Flores et al., 2013; Nandy
et al., 2014). Outra importante via para a sobrevivéaaievasividade celular no melanoma é
a via RAS/PI3K/AKT (AKT), que por meio dos fatoreg d@ranscricio mTOR e NF-kB
(Figura 1, Pg.3), sustentam o desenvolvimento tuhporaranscreverem genes associados ao
cancer e genes associados as proteinas envolvidagasivitiade celular e metastase (Gray-
Schopfer et al., 2007; Ross et al., 2012; Yajima ek@ll2; Ansari et al., 2013; Faido-Flores
et al., 2013; Nandy et al., 2014).
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Figura 1 — Vias de sinalizagdo celular envolvidas desenvolvimento e

progressao do melanoma. Fonte: Yajima et al., 2012.

Além das proteinas das vias MAPK e AKT, diferentes thaisamostram que a via
das proteinas quinase C (PKCs) também sao reguladodifetentes fungdes envolvidas na
progressdo de diferentes tipos de céncer, como léeacenama, pancreas e melanoma
(Michie e Nakagawa, 2006; Mochly-Rosen et al., 201dhke et al., 2017; Ganapathy et al.,
2017). As PKCs, sé@o proteinas quinases que, constititendesempenham diferentes
papéis na sinalizacao celular de eventos como proliferatjiferenciacéo e apoptose celular.
No que se refere ao cancer, as PKCs estdo envolvalassisténcia a drogas, proliferagéo,
angiogénese, invasdo, intravasamento e metéstase (Sl&igaren-Polar, 2006; Mochly-
Rosen et al., 2012).

A metastase € um evento de multiplas etapas (Figura &). Fgn linhas gerais, as
células com potencial metastatico se destacam do thxalumor primério, migram e
intravasam a membrana basal de vasos sanguineos edmfétiem seguida acessam o lGmen

desses vasos, disseminam-se pelo corpo e extravasarypiars tecidos e 6rgaos, aos quais



se aderem, colonizam e proliferam para formar umotusecundario (Kumar & Weaver,
2009; Guan, 2015).
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Figura 2- Esquema ilustrativo das etapas da metastade: Baan et al., 2015.

Durante o processo de metastase, e para que suas @tapam de forma efetiva, é
necessério que haja o aumento da sintese e da ativida@eziomas responsaveis pela
dindmica da matriz extracelular (ME), as denominadasaloproteinases de matriz (MMPs).
As MMPs sdo um grupo de endopeptidases dependentezinde, que incluem as
colagenases, estromelisinas e gelatinases, como a MNtelatinase A) e a MMP-9
(gelatinase B) (Figura 3, Pg.5). As MMPs séo respeeis por degradar componentes da ME,
como colageno, elastina, laminina e fibronectina, altktsao microambiente da ME e
modulando a atividade de moléculas biologicamente ato@®o fatores de crescimento,
além de atuar sobre a atividade de proteases. Desta,fas MMPs sdo essenciais a
progressdo da metastase, pois promovem as condigdesssarias para que células
metastaticas possam invadir a membrana basal de agpsdreeos e linfaticos e colonizarem
outros tecidos e 6rgaos (Lambert et al., 2004; Lu e2@l2; Ansari et al., 2013; Guan, 2015;
Cui et al., 2017). Portanto, pelo presente exposto, M&Mrepresentam alvos terapéuticos
promissores no desenvolvimento de novas drogas coidaatés antimetastatica (Lin et al.,

2011; Ross et al., 2012; Ansari et al., 2013; Tang),e2@i4).
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Figura 3 - Desenho esquematico da estrutura basicanetaloproteinases de matriz.

Exemplos: colagenases, estromelisinas e gelatinases: Mmadificado de Cui et al., 2017.
2.2 Produtos naturais como fonte de compostos comiatlade inibitéria sobre as MMPs

Na busca por novas drogas com atividade antimetastatimdutos naturais tém sido
reconhecidos como fontes de diferentes compostosatiwidade inibitoria sobre a sintese e
atividade das MMPs. Nos ultimos 15 anos, diferentes ltrabaevidenciaram a atividade
inibitéria de produtos provenientes de fontes natucaiso extratos e compostos isolados,
sobre as MMPs. Em 2003, Fugita e colaboradoresaratat o efeito inibitério do extrato
hidrofilico da esponja marinhAgelas nakamurasobre a atividade da MMP-2. Strek e
colaboradores (2007) relataram que procianidina (&igu A, Pg.6), obtida do marmelo
japonés, inibiu significativamente as atividades das MM®--9, secretadas no meio de
cultura por células de leucemia humana (HL-60). Seolaboradores (2010) estudaram o0s
efeitos da epigalocatequina-3-galato (Figura 4 B, Pam) polifenol isolado do ch& verde,
sobre a expressao e a atividade da MMP-9 em uma énhake cancer de mama humano
(MDA-MB-231), e observaram que esta substancia redanio a expressao da MMP-9, por
interferir na via FAK/ERK/NFKB, quanto sua atividade eréica. Outro exemplo de
composto com atividade antimetastatica € o plantamajobidarg4 4 C, Pg.6) isolado da
Herba Plantaginis Este composto inibiin vitro a atividade da MMP-9 e mostrou atividade

antimetastatica promissoiravivo sobre o cancer de mama (Pei et al., 2015).
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Figura 4 — Estruturas quimicas de diferentes composthgais com atividade

inibitéria  sobre  MMPs. (A) Procianidinas (PubChem CID07876). (B)
Epigalocatequina-3-galato (PubChem CID:65064). (C)t&majoside (PubChem

CID:5281788).

Com relacdo aos compostos supracitados, é importastacede que se tratam de

compostos heterociclicos. Estes compostos caracterizgross@ossuir em sua estrutura
quimica ciclos contendo um ou mais atomos diferentesadmio (sendo 0s mais comuns o
nitrogénio, oxigénio e enxofre) (IUPAC, 2006). Alédisso, os heterodtomos (&tomos
diferentes do C e H) presentes nestes compostos (dspetm o grupo hidroxila) podem
formar ligagBes de hidrogénio com regifes hidrafabide proteinas, como por exemplo as
MMPs -2 e -9 (Zhang et al., 2006; De Melo, 2012). Qespeito aos compostos naturais, é

importante salientar que eles podem ser quimicamentificanlos visando a obtencdo de
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derivados com atividade biolégica potencializada, sessla uma importante estratégia na
descoberta de novas drogas. Dentro desta perspeaiigagrdpos de compostos de origem
natural, estdo recebendo atencdo renovada de pesgasad acido cindmico e seus

derivados, e as isobenzofuranonas (Teixeira 2Gl3; Tsai et al., 2013).
2.2.1 Acido cinamico

Também denominado como acido 3-fenil-2-propendicoac@o cindmico € um
composto aromético, de cor branca cristalina e odaalflEste &cido pode ser encontrado na
natureza em suas formaans (Figura 5 A) ecis (Figura 5 B), sendo a forntsans a mais
comum (Liu et al., 1995; Bickers et al., 2005; Letiziale, 2005; De et al., 2011; Yen et al.,
2011; Chao et al.,, 2013). Este composto € um aleldqoimesultante do metabolismo
secundério de plantas superiores e esta envolvido néiclagidio e crescimento de raizes
(Salvador et al., 2013; Okuda et al., 2014).

~COH S
©/v CO.H
(A) (B)

Figura 5 — Estrutura quimica do &cido cinamico. (Afatrans
(B) formacis. Fonte: Okuda et al., 2014.

O é&cido cindmico estd amplamente distribuido no reinetaggsendo encontrado em
canela, café, frutas, Oleos vegetais, legumes e plar@disinais, e ainda encontrado no vinho
(Hoskins, 1984; Akao et al., 2003; De et al., 2011; Céiaal., 2013). O acido cinamico é
considerado por diferentes organizagbes mundiais, c@nd-DA Food and Drug
Administratior) e a COE Council of Europg como uma substancia que pode ser usada com
seguranca em géneros alimenticios. Este composto eleduados também sao utilizados
como ingredientes de perfumaria, sendo encontradgsegmmes, xampus e outros produtos
de higiene pessoal (Letizia et al., 2005; FDA, 2014).

Estudos que avaliaram a farmacocinética e a biodispaiaiiéi do acido cindmico em
diferentes modelos animais mostraram que este composgui boa biodisponibilidade,
variando de 84% a 96% de acordo com a via e a fdevadministracdo, seja extrato vegetal

ou composto isolado. ApGs absorcao, o &cido cinamiepidamente distribuido pelo sangue
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para diferentes tecidos e 6rgaos, como adiposo,utausadns e figado, sendo este Gltimo seu
principal local de biotransformagé&o. O acido cindnéiduotransformado, principalmente, em
acido hipurico (Figura 6) e em outros metabdlicos peio de reacdes deoxidacdo. Sua
excrecao ocorre por meio de fezes e urina, prifrogate (Yuan et al., 1992; Sapienza et al.,
1993; Bickers et al., 2005; Letizia et al., 2005; Chteal.2009).

o]
/TUH
N
H
Figura 6 — Estrutura quimica do &cido

hiparico. Fonte: Chen et al., 2009.

Informacdes dos efeitos do &cido cinAmico sobre e vivos estdo relacionadas
principalmente a roedores sadios, sendo a dose letalra®s estimada entre 4 a 5 g/kg,
quando administrada em dose Unica por via oral, e adena g/kg para coelhos, quando
administrada por via dérmica (Bickers et al., 2005izizet al., 2005). Porém, sdo poucos 0s
relatos sobre os efeitos toxicos do acido cinamicogid® se refere a exposicdo humana, o
acido cindmico se mostrou pouco alergénico, poderde@ansiderado de baixa toxicidade
(Bickers et al., 2005; Letizia et al., 2005; De et d1D.

Quimicamente, o acido cinamico possui trés locais reativoanel aromatico, a
ligacdo dupla alifatica e o grupo carboxila. Devidotasaspectos quimicos, este composto e
seus derivados tém recebido ateng&o na busca desdilbganativas ou complementares no
tratamento de diferentes doengas (De et al., 2011; Hatt@l., 2011; Basu et al., 2013).
Abordagens cientificas distintas mostraram que o &citBnico e seus derivados possuem
diferentes atividades biolégicas, como antioxidantdiabética, antimicrobiana, antifingica
e anticancer (Yen et al., 2011; Endo et al., 2012 gKetral., 2013; Niero et al., 2013; Sova et
al., 2013; Tsai et al.,, 2013; Kumazaki et al., 2014seEscompostos desempenham sua
atividade anticancerigena por inibir a proliferacialee| inibir genes relacionados a hipoxia
e a fatores de crescimento endotelial vascular, pondima angiogénese e interferir na
dindmica de elementos do citoesqueleto, além de inibdmgportamento invasivo de células
tumorais por interferir na sintese e na atividade de BiHRttori et al., 2011; Luo et al.,
2011; Yen et al., 2011; Endo et al., 2012; Kong et28l1,3; Niero et al., 2013; Tsai et al.,
2013; Kumazaki et a., 2014).



Alguns trabalhos tém evidenciado o potencial antimetastddcderivados do &cido
cindmico (Chung et al., 2004; Belkaid et al., 2006;elial., 2005; Yen et al., 2011; Tsai et
al., 2013). Chung e colaboradores (2004), relatargatencial terapéutica vitro e in vivag
de dois compostos derivados do acido cinamico (Figukae D) sobre a invasibilidade de
células de hepatocarcinoma (HepG2), isso por re@uexpressao e a atividade da MMP-9.
Outro derivado do &cido cinAmico isolado da pldat®nymus alatyso acido clorogénico
(Figura 7 C) mostrou ser um forte inibidor da MMP-8nbém frente a uma linhagem de
hepatocarcinoma (Hep3B) (Jin et al., 2005). J4 Belkaidl&oradores (2006) relataram o
efeito inibitorio do &cido clorogénico sobre a atividatie MMP-2. Tsai e colaboradores
(2013) em seus experimentos mostraram a capacidaderd@dos do &cido cinAmico, o
acido caféico (Figura 8 A), o acido ferulico (Figurd) e o acido clorogénico (Figura 7 C),
em inibir a invasividade de células de adenocarcinomimgnar (Figura 8, Pg.10), por

interferir tanto na expressao quanto na atividade das 2.

HO, CO:H
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Figura 7 — Estruturas quimicas de derivados do acitiorico. (A) Acido caféico
(CAA). (B) Acido ferulico (FA). (C) Acido clorogénic(CHA). (D) Ester fenetilico
do &cido caféico. Fontes: Chung et al., 2004; Tsdi,2G13.



Cell-matrix adhesion
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CAA ¢

nucleus A

© indicates inhibition. @ indicates induction. The dotted line (—-) indicates indirect pathway
Figura 8 — Vias de sinalizacdo envolvidas na inibig&oinvasibilidade de
células de adenocarcinoma humano. CAA: &cido cafelEblA: acido

clorogénico. FA: acido ferulico. Fonte: Modificade @sai et al., 2013.

Em linhas gerais, os trabalhos que avaliaram a atividatimegastatica do &cido
cinamico e seus derivados correlacionaram seus ®faithgicos ndo somente aos trés locais
reativos em sua estrutura, mas também a presenca wjmss dridroxila em suas estruturas
quimicas (Zang et al., 2006; De et al., 2011; Meld.eR812; Tsai et al., 2013). Este grupo
quimico favorece a interacdo dos compostos com digyeproteinas, inclusive com

proteinas relacionadas a progressdo da metastase.

2.2.2 Isobenzofuranonas

Dentre os compostos naturais que possuem aplicacaaciwtica, uma grande parte é
de natureza heterociclica (Quin e Tyrell, 2010; Muhachmiaal., 2017). Uma importante
classe desses compostos, sdo as isobenzofuranonagmatenominadas de fitalidas. As
fitalidas sdo caracterizadas estruturalmente pelargaste um ane}-lactdnico fundido a
um anel aromatico (Figura 9 A, Pg.11). As isobemzrionas podem ser de origem natural,
isoladas de plantas (Figura 9 B, Pg.11) (Xin et alQ92®u fungos (Figura 9 C, Pg.11)
(Franca, et al., 2016).

10



7P o T OH o
6 1 =z x ~ 'III\\
S 02 o | | 0
S T /’ -
4 3 0 D e C:. | OH
I

(A) (B) (©)

Figura 9 — Estruturas quimicas de isobenzofuranqAdsNicleo de isobenzofuranona. (B)
Isobenzofuranona isolada de planta e (C) Isoberaodma isolada de fungo. Fonte: Xin et
al., 2009 e Franca, et al., 2016.

Devido a importancia farmacéutica, as informagdes sa@bréarmacocinética e
biodisponibilidade de isobenzofuranonas estdo relac&npdncipalmente a compostos que
possuem aplicagbes meédicas promissoras. A 3-Butilfita(ldBP) (Figura 10 A) é um
medicamento cardiovascular atualmente utilizado nontextéo da isquemia cerebral. Diao e
colaboradore (2013), apos investigarem o metaboli@mi@rmacocinética e a excre¢do de
NBP em seres humanos, relataram que o NBP é berbulidtr e absorvido pelo corpo, e que
as principais vias metabdlicas incluem a hidroxilagaaatieia lateral do grupo alquila, e
posteriores reagdes de oxidagdo e conjugacdo. Apdstabolizacdo, seus metabdlitos sdo
excretados principalmente pela urina como acido 3-Ratitfa-11-oico(M5-2) (Figura 10
B). Em outro estudo, Ma e colaboradores (2014) aeatiapor cromatografia liquida
acoplada a espectrometria de massas (LC-MS) a doac@&n da fitalida bicuculina (Figura
10 C), um antagonista GABA, no plasma de ratos maSipoggue-Dawleye os resultados
mostraram que apds a administragdo por via oral dedlkg, as recuperacdes médias de

bicuculina no plasma estavam entre 80,5% a 91,8%.
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Figura 10- Estruturas quimicas de fitalidas. Fonte: B} Biao et
al., 2013; (C): PubChem CID: 61361.
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Nos dltimos anos, diferentes abordagens cientificagstraram que as
isobenzofuranonas possuem diferentes atividades liakKigtomo leishmanicida (Pereira et
al., 2015), antiplaquetéria (Yang et al., 2007), antdv@na (Hadj-esfandiari et al., 2007),
antioxidante (Huang et al., 2012) e antiproliferativaiX&ira et al., 2013). Estudos mostraram
que isobenzofuranonas possuem atividade antiprolifaratobre células de diferentes
linhagens tumorais, como células leucémicas (K563, HL8Im 6) (Teixeira et al., 2013;
Maia et al., 2016), de carcinoma de faringe (HONE®Heecarcinoma de pulméo (GLC82)
(Lan et al., 2014).

Ja estudosin vivo mostraram que esta classe de compostos possui atividade
antileishmanial (Figura 11) por inibir a enzima topoisoase |l do parasito. Além disso,
esses compostos s8o promissores agentes neurom®tgiossivelmente por ativar a via
Nrf2/ARE (Mishra et al., 2014; Liu et al., 2017).

Cl

oH ©
Figura 11 — Estrutura quimica de

isobenzofuranona com atividade
antileishmania in vivo. Fonte:
Mishra et al., 2014.

Além de possuir atividade sobre a via Nrf2/ARE (let al., 2017), trabalhos
mostraram que isobenzofuranonas (Figura 12, Pgd®3rp ser bons ligantes de proteinas
quinases C (PKCs) (Baba et al., 2004a). Em 2004ba Bacolaboradores sintetizaram e
avaliaram uma série de isobenzofuranonas (FigurA,12g.13) como ligantes d@KCa, €
seus experimentos mostraram que isobenzofuranonasogdoestruturas de partida para o
desenvolvimento de novos agonistas ou antagonistas @s. PKrai e colaboradores (2007)
avaliaram a afinidade de ligacdo de uma série de igohaanonas a PK& e mostraram que
dois compostos (Figura 12 B, Pg.13) sdo promissgesistas desta proteina. Estes trabalhos
atribuiram a interacdo das isobenzofuranonas com a BKiGrmacdo de ligacdes de
hidrogénio por meio dos grupos funcionais hidroxilacatbonila presentes nestes derivados
(Baba et al., 2004; Baba et al., 2004a; Hirai e8lQ7; Hirai et al., 2011).
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Figura 12 - Estruturas quimicas de isobenzofuranonastdigale
PKCs. (Fonte: Modificado de Baba et al., 2004a, Haaal.,
2007, Hirai et al., 2011).

No que se refere as isobenzofuranonas, ndo foraongados no banco de dados
utilizado (MEDLINE/PubMed) trabalhos que estudaramsseieitos sobre a expresséo ou
atividade enzimatica das MMPs, nem trabalhos a resgeitseus efeitos sobre a migracao,
invasdo ou adesdo de células tumorais. Porém, difergatealhos relatam o envolvimento
das proteinas PKCs sobre a invasividade de células @isnpor regularem a expresséo e a
atividade de MMPs (Chakraborti et al., 2003; Al-Alemakt 2013; Rossé et al. 2014; Noh et
al., 2015). Al-Alem et al. (2013) relatam que a ativagko via PKC causa alteragbes
significativas na expressdo de MMPs envolvidas na négrde células de cancer de ovério
(Ovcar3). Rossé e colaboradores (2014) caractemzara mecanismo pelo qual a PKC
controla a invasdo e o remodelamento da matriz extracgdal células de cancer de mama,
por regular o trafego daembrane type 1-matrix metalloproteingser 1-MMP).

Devido & importancia da via PKC na progressdo doetaeta € um alvo terapéutico
promissor na pesquisa de inibidores. Noh e colaloves (2015a), avaliaram o efeito do
composto fisetina (Figura 13 A, Pg.14), um compostterbeiclico, sobre a atividade
invasiva de células de cancer de mama (MCF-7). Qdtades mostraram que este composto
heterociclico foi efetivo em inibir o comportamento invastlesta linhagem celular, por
suprimir a ativagdo da MMP-9 pela regulagdo da vieMROS/MAPK (Figura 13 B, Pg.14).
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Figura 13 - (A) Estrutura quimica do composto fisetine&b@hem CID: 5281614). (B)
Esquema ilustrativo da inibicdo da via PKC/ROS/MAPK pemposto fisetina. TPA:
indutor tumoral. Fonte: Noh et al., 2015.

Outro composto heterociclico com atividade sobre aaiBKIC é a galangina (Figura
14), flavonoide natural encontrado na Alpinia officumar Chien e colaboradores (2015), ao
avaliarem os efeitos da galangina sobre o comportamergtastatico de células de
hepatocarcinoma (HepG2 tratada previamente com TP#sgrearam que este composto
atenuou a caracteristica metastatica destas células, tamedpzir a expressdo das MMP-2 e

-9, inibindo a via PKC/ERK, quanto por reduzir a atividagstas mesmas enzimas.

Figura 14 — Estrutura quimica do composto
galangina (PubChem CID: 5281616).
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Diante do presente exposto, consideram-se o0 4cido cméngeus derivados e as
isobenzofuranonas como substancias atrativas para awealiac vitro da atividade

antimetastatica.

3. HIPOTESE E OBJETIVOS

Derivados do acido cindAmico e isobenzofuranonasugosstividade antimetastatica
in vitro sobre a linhagem célula de melanoma cutdneo muriGeFRQ.

Para testar esta hipétese, foram estabelecidos os se@ijetig0s:

Objetivo geral:

Avaliar a atividade antimetastatizavitro de compostos derivados do &cido cindmico

e isobenzofuranonas sobre a linhagem celular denorala cutaneo B16-F10.

Objetivos especificos:

Capitulo 2

- Determinar as concentragfes ndo citotoxicas dos cdospagrivados do &cido
cinamico (AC) sobre a linhagem B16-F10, por meio cgaiende MTT,;

- Selecionar os melhores compostos derivados do &g atividade antimigratoria
sobre as células B16-F10, por meio do ensaio de gdigraelular Wound healing
assay,

- Avaliar os efeitos dos derivados do AC selecionadodfire o comportamento
metastéatican vitro das células B16-F10, por meio dos ensaios de dovasadesao
celular,;

- Avaliar os efeitos dos derivados do AC selecionatise a capacidade das células
B16-F10 em formar colbnias, por meio do ensaio da&gdo de colonia;

- Avaliar os efeitos dos derivados do AC selecionaiddse a proliferacao das células
B16-F10, por meio do ensaio de exclusdo por aziirigan;

- Avaliar os efeitos dos derivados do AC selecionatiige a viabilidade de células
ndo tumorais de fibroblasto murino (NIH3T3) e rimmacaco (Vero), por meio do
ensaio de MTT;
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- Avaliar os efeitos dos derivados do AC seleciosadobre a viabilidade de
hemécias, por meio do ensaio de hemdlise;
- Avaliar a interagdo fisico-quimica dos derivados do #€lecionados com as

metaloproteinases 9 e 2, por meiona@ecular docking

Capitulo 3

- Determinar as concentragbes nao téxicas de isoheanoihas (IZO) sobre as
linhagens B16-F10 e HepG2, por meio do ensaio de MTT;

- Selecionar as melhores 1ZO com atividade antimigratétiaesas células B16-F10,
por meio do ensaio de migragao celul@ond healing assay

- Avaliar os efeitos das 1ZO selecionadas sobre o ootamento metastatida vitro
das células B16-F10, por meio dos ensaios de ades@asdo celular;

- Avaliar os efeitos das 1ZO selecionadas sobre #fgnagdo das células B16-F10,
por meio do ensaio de exclusdo por azul de Tripan;

- Avaliar os efeitos das 1ZO selecionadas sobre dlidatie de células ndo tumorais
de rim de macaco (Vero) e macr6fago murinho (RAW.2H por meio do ensaio de
MTT,;

- Avaliar os efeitos das 1ZO selecionadas sobrekikNdade de heméacias, por meio do

ensaio de hemdlise;
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CAPITULO 2 - ARTIGO 1

Cinnamic acid derivatives containing 1,2,3-triazolic portims: Synthesis, molecular

docking and anti-invasive activity over metastatic melaoma

ABSTRACT

It is herein described the preparation and antimetastatiluation of a collection of twenty-
six cinnamic acid derivatives containing a 1,2,3-triaz@artion. The compounds were
prepared using as the key step @wpper (I)-catalyzed azide-alkyne cycloaddition (CUAA
also known as click reactioramong alkynylated cinnamic acid derivatives and differen
benzyl azides. The reactions were carried out inGl#H20 (1:1 v/v) at room temperature
and triazole derivatives were obtained in yields randnogn 73%-98%. Reaction times
varied from 5 to 40 minutes. The identity of each sgsited compound was confirmed by
Infrared (IR), Nuclear Magnetic Resonance (NMR) (@htl 13C) spectroscopy, as well as
high-resolution mass spectrometry analyses. The syadtesompounds were submitted to in
vitro bioassays to investigate how they act over metastatiavior of murine melanoma. The
most potent compound 3-(1-benzyl-1H-1,2,3-triazol-¥pypyl cinnamate 9a) showed
significant antimetastatic and antiproliferative activity aghiB16-F10 cells. In addition,
molecular docking revealed that residues are involvedhe interaction protein-ligand
complexes in metalloproteinases MPP-9 and MPP-2. Torerethese findings suggest that
cinnamic acid derivatives containing a 1,2,3-triazofiortion may have potential for

development of novel candidates for controlling malignariastatic melanoma.

Key words:
antimetastatic, melanoma, click chemistry, gelatinasesjpnmaetalloproteinase, virtual

molecular docking
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1. Introduction

Cutaneous melanoma is an extremely aggressive and atietasincer. And it is a
potencially lethal form of skin cancer. It can be tredigdsurgical intervention at its early
stages, but not when it reaches a metastatic stages lcate, treatment is extremely difficult
due to its resistance to current therapeutic strategiesredistance is related to complex cell
signaling pathways that modulate the proliferation ard ability of tumor cells to escape
from apoptotic processes leading to metastasis, whidheismain cause of death [Gray-
Schopfer, et al., 2007; Siegel et al., 2015; Agaésse,e2l7]. Metastasis is a process of
tumor cells dissemination from a primary tumor mass different site. This process involves
the detachment, migration, invasion, adhesion, aralyitthe colonization and growth of a
secondary tumor in a new site [Kumar & Weaver, 200%rGet al., 2015]. In this context,
the steps involved in the metastasis process represenpartamt therapeutic target.

Endopeptidases play a fundamental role in melanomel@®went and progression,
since they degrade extracellular matrix (ECM) proteind hasement membranes. Matrix
metalloproteinases (MMPs) belong to the family of zilependent endopeptidases, including
collagenases, stromelysins and gelatinases, such aB-BNbelatinase A) and MMP-9
(gelatinase B). MMPs are directly involved in melanomagpssion and are an indicative of
poor prognosis [Hofmann et al., 2000; Anrati et al.,2@u et al., 2016].

Even though important studies have developed differeategies cancer therapies,
the unsatisfactory results stimulate the search for dewgs to treat cutaneous melanoma,
especially in metastasis. Therefore, it is essentialdéwelop agents with effective
antimetastatic activity and low cytotoxicity in anticancereegsh [Zhao et al., 2014; Tsai et
al., 2013; Siegel et al., 2015

Natural products have been explored as a sourc®mpounds for drug discovery.
Over the years, man has utilized secondary metabolim®s plants, animals, marine
organisms and microorganisms as important tools in tlweldpment of new
chemotherapeutic agents for the treatment of sevesabsks. Considering cancer in the
period between 1981 and 2002, approximately 60% ohéve drugs developed for cancer
treatment were derived from natural products [Gulld.e2806; Lam et al., 2007; Schmidt et
al., 2013; Dias et al., 2012; Harvey et al., 2008]. Caimgs currently used in clinical cancer
chemotherapy such as paclitaxel, etoposide, teniposidecamnpthothecin are examples of

drugs based on the molecular structure of naturalyotedAli et al., 2014].
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The cinnamic acidKig. 1 A) consists of an aromatic acid found in several higher
plants. Typically, this acid occurs in nature in tranergetry and it belongs to a class of plant
hormones regulating cell growth and differentiation kn@gnauxins. Cinnamic acid and its
derivatives are easily found in fruits, flowers, arebetables and commonly consumed as
phenolic compounds. These substances play an impoméstas intermediates in the
production of different drugs [Sharma et al., 2016has been demonstrated that several of
these compounds displayed antifungal, antibacterialeeidancer activities [Chiriac et al.,
2005]. The antimetastatic effect of cinnamic acid dgives against tumor cell lines has been
demonstrated. For instance, tranBig( 1 A) and cis- Fig. 1 B) forms of cinnamic acid
exhibited antimigration activity against human lung adancinoma cells [Yen et al., 2011].
An FTS-diamine/cinnamic acid hybridrig. 1 C) showed significant anti-migratory activity
against colon carcinoma cells [Ling et al., 2015]. Caféaid Fig. 1 D), ferulic acid Fig. 1
E) and chlorogenic acid~{g. 1 F) were capable of inhibiting the invasive behavior of hama

lung adenocarcinoma cells [Tsai et al., 2013].
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(C) FTS-diamine/cinnamic acid hybrid

(A) (B)-Cinnamic acid  (B) (Z)-Cinnamic acid

HO. CO.H
H,CO
HO ¢ @
HOW'
HO
(D) Caffeic acid (E) Ferulic acid
(F) Chlorogenic acid OH

Fig. 1. Structures of cinnamic acid and some derivatives.

Although several chemotherapeutic agents for melartosasment have already been
developed, there is a constant need of research effevésds the development of novel and
more efficient molecules, with minor side effects apdc#icity. Within this context, in this
paper we describe the synthesis of cinnamic acidvateves containing 1,2,3-triazolic
portions and the evaluation of their antimetastatic activibg @lick reaction, also known as
CuAAC (cycloaddition reaction (C) between an alkyne @hd an azide (A), catalyzed by
copper (Cu)) between cinnamates having terminal tripledb and different benzyl azides
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corresponds to the key step of the synthetic route designobtain the twenty-six cinnamic
acid derivatives containing triazolic portions used in study. The antimetastatic activity of
each synthesized compound was screened against thElBlietastatic melanoma cell line.
The most prominent compound was evaluated for iescefin tumor-colony formation and
tumor cell proliferation, as well as its effect over #iamor cell and erythrocyte viability.
Finally, structural data about the interation of sonévegves and metalloproteinases MPP-9

and MPP-2 were also assessed here.
2. Results and discussion
2.1. Synthesis

The synthesis of cinnamic acid derivatives containingafia portions required the
preparation of esterS and 6, as well as a series of azidégFig. 2). Thus, the Steglich
Esterification [Sova et al., 2006] between the cinnant 1) and different alcohols
afforded compounds and6 in good yields (68% and 83%, respectively) after paifon by
column chromatography. Azidéswere prepared from the corresponding benzylic alcohols

(Fig. 2) using a methodology previously described [Borgati.e2813].

(o]
A =\ A
OH O
©/\l)‘\ .noH ©/\)k’6r\
i

compound 5: n=1 (68% yield)
compound 6: n=3 (86% yield)

Ar—CHOH ———»  Ar-CH080,CH; ———> Ar—CH;Ng
i
7

Ar = phenyl; 2,5-dichlorophenyl; 4-iodophenyl; 4-nitrophenyl; 4-bromophenyl;
4-chlorophenyl; 3,4-difluorophenyl; 4-fluorophenyl; 4-trifluoromethoxyphenyl;
4-trifluoromethylphenyl; 4-methoxyphenyl; 2,4,6-trichlorophenyl; 2-bromophenyl;
2-fluorophenyl

Reagents and conditions: (i) DCC, DMAP (10 mol%),Chl r.t; (i) E&N, CHSO-CI,
CH:Clz, -50 °C; (iii) NaN, DMSO, r.t.
Fig. 2. Synthesis of esters 5 and 6 and azides 7.

The CuAAC reaction corresponded to the key step indolwve the synthesis of

cinnamic acid esters containing triazolic functionalitBs8m and 9a-9m Hence, the
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reactionsamong ester$ and6 and azide¥ afforded the desired cinnamic acid derivatives

containing 1,2,3-triazolic portions in yields ranging fr@8%6 to 99% [ig. 3).

0 0
Ar-CH,N3 N
compound §: n=1 v 8a-8Sm \—Ar
compound 6: n=3 9a-9m
n=1
Yield Reaction Time
Compound Ar (%) (minutes)
8a Phenyl 98 30
8k 2,5-dichloropheny 87 3C
8c 4-iodophenyl 81 10
8d 4-nitrophenyl 85 10
8e 4-bromophenyl 94 30
8f 4-chlorophenyl 78 25
89 3,4-difluorophenyl 77 20
8h 4-fluorophenyl 88 30
8i 4-trifluoromethoxyphenyl 89 15
8j 4-trifluoromethylpheny 87 5
8k 4-methoxyphenyl 79 30
8l 2,4 €-trichloropheny 99 4C
8m 2-bromophenyl 86 10
n=3
Yield Reaction Time
Compound Ar (%) (minutes)
9a Phenyl 73 30
9k 2,5-dichloropheny 8C 3C
9c 4-iodophenyl 77 40
9d 4-nitropheny 73 3C
9e 4-bromophenyl 74 25
of 4-chloropheny 76 35
99 3,4-difluorophenyl 80 15
9h 4-fluoropheny 82 3C
9i 4-trifluoromethoxyphenyl 84 15
9j 4-trifluoromethylpheny 79 5
9k 4-methoxyphenyl 78 25
9l 2-bromopheny 84 15
9m 2-fluorophenyl 75 15

Reagents and conditions: (ivgodium ascorbate (40 mol%), CuSGH.O (20 mol%),
CHzCI2/H20 (1:1 viv), r.t.
Fig. 3. Synthesis of compoun@s-8m and9a-9m.

The identity of all synthesized compounds was cordirby IR, NMR {H and3C),
as well as mass spectrometry analyses. The IR spetcitampounds3a-8m and 9a9m
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revealed the presence of intense absorption bandsifoortyl groups ranging from 1695 to
1719 cm’. In these compounds, the stereochemistry of the algpbatijugated double bond
was confirmed based on the coupling constant of thelsigsaociated with hydrogens atoms
attached to carbons of those bonds (coupling conefaht= 16 Hz). The methylene groups
attached directly to oxygen or nitrogen were observednagets between 4.24-5.80 ppm. The
signal assigned to C-H proton of triazole ring appearea@ &inglet within 7.11-8.31 ppm
range. In thé*C NMR spectra of the triazolic derivatives, the signatstiie carbonyl groups
were observed around 167.0 ppm while the carbon sigifatee 1,2,3-triazole ring was

observed around 121 ppm and 144 ppm.

2.2 Biological evaluation

2.2.1 Effect of compounds on B16-F10 cell viability

Initially, prior to in vitro evaluating the anti-metastatic efficacy of cinnamicdaci
derivatives containing 1,2,3-triazolic portiora{8m and9a-9m), we determined the non-
cytotoxic or low cytotoxicity concentrations of the corapds in metastatic melanoma B16-
F10 cells. Compounds were evaluated at different caratéons (0200 umol L?), and the
half-maximal inhibitory concentration (kg) of each derivative was determined. As shown in
Table 1, after 48 h of treatment no considerable cytotoxicigswneasured for twenty-three
compounds (165> 200 umol L*). Only compound®a, 9g and9m showed some cytotoxicity
activity on B16-F10 cells (1§ 123.30; 112.50 and 127.406nol L, respectively); thus, all
subsequent experiments were performed using theatiegg at concentrations lower or equal
than 100umol L.
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Table 1. Synthesized compounds8a-8m and 9a-9m) and half-maximal

inhibitory

concentration (I6p) for cinnamic acid derivatives containing 1,2,3-triazgdiortions over

B16-F10 cells.

ICso: values expressed jmol L, B16-F10

Compounds Ar ICso/uM
o
| —

8a s >200

¢ >200
8b Qs
8c — W >200
8d on—{ W >200
8e o~ M- >200
8f o W >200
8¢ F@i— >200
8h — M >200
8i roo—_ M- >200
8j re—{ Y- >200
8k Haoo—©-§— >200

¢ >200
8l as
8m al >200
\—Ar

9a O 123.30
9% Qg‘ >200
9c —~ >200
9d on—_ M >200
%e o~ M- >200
of u—@%— >200
99 O+ 112.50
9h — M+ >200
9i roo—_ M >200
9j re— W >200
9k Haoo—©-§- >200
9| d;_ >200
9m @5 127.40

(mouse metastatic melanoma cell line).
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2.2.2 Cinnamic acid derivatives reduce metastatic poteotiBlL6-F10 cells

Migration is an important step in cancer metastasis amter cells have a strong
migration behavior (Astin et al., 2010). To examine #ffect of the synthesized compounds
(8a-8m and 9a-9m) on B16-F10 cell migration, we performed wound healsgay in the
presence or absence of the compounds to evaluataaidity. As shown inFig. 4 A, among
the twenty-six synthesized derivatives, nineteen of theppressed significantly B16-F10
cells migration at 10@mol L™ (8a, 8b, 8f, 8h, 8i, 8j, 8, 8m, 9a, 9b, 9¢, 9d, 9¢ 9g, 9h, 9i,
9k, 91 and9m) compared with vehicle-treated cells (DMSO). CompowBas8b, 8l, 8m 9a,
9¢, 9e 9h, 91 and9m were the most active ones and suppressed B16-F1lfigedtion in at
least 50% compared with control. Subsequently, it watuated the anti-migratory efficacy
of these ten derivatives at Hhol L™ (Fig. 4 B). In this case, only compourd (Fig. 4 O
suppressed significantly the cell migration (in apprately 80%; R0.0001) in comparison
with control Fig. 4 D). Since compoun®a showed remarkable antimigratory activity, this

derivative was chosen for the experiments.
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Fig. 4. Effect of cinnamic acid derivatives containing 2,3-triazolic portions (8a-8m and
9a-9m) on B16-F10 metastatic melanoma cells migratidn vitro. (A) B16-F10 cells were
wounded with a pipette tip and then treated with @1 L of each synthesized compound
for 24 h. (B) B16-F10 cells were wounded and theaté® with 50umol L of the most
active compounds determinated in (A) for 24 h. (C) Gbahstructure of compoun@a. (D)
Representative microscopic image of the wound-healisgyasn B16-F10 at O and 24 h after
treatment with 5Qimol L™* of compoundda. Data expressed as the mean + S.E.R&0:05,

** P<0.01, **P<0.001 ou #<0.0001 versus control (DMSO) by Dunnett's test.

Invasion and cell adhesion are also key steps in mmlanmetastasis and the

development of compounds with anti-invasive and atitiesive properties are of potential
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interest (Shtivelman et al., 2014). In this context, hergearevaluated the effect of compound
9ain the invasion and adhesion of metastatic B16-F16. €@ur result for cell invasion assay
showed that the invasibility of B16-F10 was decreasdégtr 24 h of treatment with compound
9a at 12.5 (52.3%), 25 (64.2%) and 50 (76ff)ol Lt compared with DMSO-treated cells
(Fig. 5 AandFig. 5 B). As shown irFig. 5 C, treatment with this derivativ@so inhibited the
cell adhesion at 25 (8.6%) and 50 (32.2%jol L™ (Fig. 5 C). This remarkable activity of
compoundda over the metastatic behavior of B16-F10 cells isgieament with other studies
that previously reported antimetastatic activity for cinitaatid derivatives [Yen et al., 2011;
Ling et al., 2015; Tsai eta al., 2015].
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Fig. 5. Effect of compound 9a on invasion and adhesiaof B16-F10 cellsin vitro. (A)
Microscopy images of the inhibitory effects of compd@a on the invasion of B16-F10 cells
to matrigel. (B) Quantification of inhibitory effects obmpound 9a on the invasion of B16-
F10 cells to matrigel. (C) Effect of compound 9a o6 #I10 adhesion to matrigel. Data are
representative of three independent experiment andexeessed as the mean + S.E.M.

*P<0.05, **P<0.01 or **P<0.001 versus control (DMSO) by Dunnett's test.

2.2.3 Cinnamic acid derivativ@a suppresses the colony-formation and proliferation of-B16
F10 cells
Cancer metastasis is a process that involves the detachmignation, invasion,
adhesion and finally the colonization and growth obseary tumor in a new site [Guan, et
al., 2015]. Thus, to investigate whether cinnamic atsdivative 9a could influence the
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colony-formation of B16-F10 cells, the colony formatiassay (method to determine cell
reproductive death) was performed [Franken, et aD6R0The colony-forming activity of
B16-F10 cell was suppressed after treatment with thepoand9a at 12.5 (25.5%), 25
(20.6%) and 50 (93.1%)mol L (Fig. 6 A andFig. 6 B), reducing the number of colonies
compared with vehicle-treated cells (DMSO). In additiorgliferation assay revealed that
compounda significantly impaired proliferation of B16-F10 cetl B00 umol L in a time-
dependent manneFig. 6 C).
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Fig. 6. Effect of compound 9a on colony formation a proliferation of B16-F10 cells.

(A) Representative images of the colony formation assaf16-F10 cells treated with

compound9a for 14 days. (A) Quantification of colony formatiorofn three independent

experiments. (C) Trypan blue dye exclusion assagoofipound9a on the proliferation of
B16-F10 cells. Data expressed as the mean = S.HMO0.05, **P<0.01 or ***P<0.001

versus control (DMSO) by Dunnett's test.

2.2.4 Effect of compour@h over non-tumor cell and erythrocyte viability

As compounda proved to be a promising antimetastatic agent, we netti&ed its

cytotoxicity over the non-tumor cells and erythrocytes shown inFig. 8 A, NIH3T3

fibroblasts were not sensitive to the compo@acdat 100umol L2, and the Vero cells were

slightly sensitive. In addition, no hemolysis indicativesvedserved for treatments with this
derivative at different concentration ranges (12.96 mol L) (Fig. 8 B). Taken together,
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these data indicates that compo@adseems to be non-toxic agent, enabling its application in

more advanced pre-clinical studies.
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Fig. 8. Effect of compound 9a on non-tumor cell line ancdiemolysis. (A) Embryonic
fibroblasts (NIH3T3) and Vero (African green monkagriey cell) cell were exposed to 100
umol L of compoundda for 48 h. (B) Graphical of hemolysis assay. Datpressed as the
mean + S.E.M. *P<0.01 versus control (DMSO) andP#0.0001 versus control (Triton) by
Dunnett's test.

2.2.5 Cinnamic acid derivativ@a interacts with MMP-9 and MMP2 in a virtual molecular

docking

Virtual molecular docking is an important strategy that playsital role in drug
discovery [Chinnaraja et al., 2016]. A molecular king analysis was performed with the
twenty-six compounds8a-8m and 9a-9m) the human protein MMP-9 (PDB-ID:1L6J),
which is directly involved in the melanoma progressiod & indicative of a poor prognosis
[Hofmann et al., 2000; Gu et al.,, 2016]. As showrTable 3, the docking process has
demonstrated that the compourts 8j and9a have a important physicochemical binding
affinity with the MMP-9 (-8.3, -9.3 and -8.2 kcal/ingespectively). Subsequently, it was
evaluated the binding affinity of the compou®d with the human protein MMP-2 (PDB-
ID:1QTB). The docking process has demonstrated thapoand9a has a binding affinity
with the MMP-2 (-8.6 kcal/mol).
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Table 3. The average binding energy after docking between BINFPDB-ID:1L6J) and

synthesized cinnamic acid derivatives.

Compound  Bond energy (kcal/mc

8s -6.¢
8b -8.0
8¢ -8.3
8d -7.8
8¢ -6.7
8f -7.8
8g -7.9
8h -7.5
8i -7.2
8| -9.3
8k -7.0
8l -7.1
8m -6.8
9a -8.2
9b -6.9
9c -6.8
ad -7.1
9e -6.4
of -6.2
99 -6.1
9h -6.6
9i -5.¢
9j -7.4
9k -6.7
9l -6.9
9m -6.3

In order to understand the antimetastatic mechanism afithemic acid derivatives
containing 1,2,3-triazolic portions, and try to uncowe correlation between the biologic
activity and computational parameters with MMPs, the comgswvere docked with human
MMP-9 structures. Thus, analysis for the twenty-sixnpounds §a-8m and 9a-9m) was
performed using molecular docking, and the three @amg@s with a significant binding
affinity with the MMP-9 was selected, compourts 8j and9a (Table 3). Analysis of the
effect of these three compounds on the motility of Bl6céls (Fig 4 A) showed that
compound8c did not inhibit cell motility, and the compouj possessed a poor inhibitory
activity compared to compour@h. Although compounds$c, 8j and 9a showed important
binding energy, only the compour@a is an antimetastatic agent, as shoimn vitro
experimentsKig 4; Fig 5; Fig 6). Binding region of the compourih with MMP-9 exactly

matches to the active sit€ig. 7 A). As shown inFig. 7 B, the compound®a interacts with
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catalytic aspartate residues, Asp182 and Asp185,MPM with a distance of 3.5 A and 3.6
A, respectively. Subsequently, the molecular dockimplysis was performed between
compound9a and MMP-2, as shown iRig. 7 C. The compounda interacts with catalytic
glutamate residues, Glu150, Glu184 and Glu202 of MMM itR a distance of 9.6 A, 9.1A
and 2.2 A, respectively.

Our results showed that compouBad was effective in inhibiting the metastatic
behavior of melanoma cells. In addition, the predicidd molecular coupling indicated that
inhibition is probably due to interaction with MMP-9 andVR-2. Different studies have
shown that cinnamic acid derivatives are potent inhibitdrsM#Ps, highlighting the
importance of heteroatoms (especially the hydr@xyup) to form hydrogen bonds, and =
electrons to facilitate interactions with hydrophobicioag of the MMP-9 and MMP-2
[Zhang et al., 2006; Yen et al., 2011; Melo, 2013iEs al., 2013].
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Fig. 7. Molecular interactions of the
selective compounds 8c, 8j and 9a with
MMP-9 and MMP-2. (A) Docking of
compounds 8c (in green), 8j (in red) and
9a (in blue) with MMP-9. The active site
with the orange surface. (B) Docking
view showing the compound 9a bond
interaction of ligands with residues in the
active site of MMP-9. Important residues
Asp182 and Aspl85 (green) of MMP-9
interaction between compound 9a (blue).
The zinc ion of the active site in yellow.
(C) Docking view showing the
compound 9a bond interaction of ligands
with residues in the active site of MMP-
2. Important residues Glu 150, Glul184
and Glu202 (green) of MMP2 interaction
between compound 9a (blue). The zinc

ion of the active site in yellow.



3. Conclusion

In present work, twenty-six cinnamic acid derivativesitaming a 1,2,3-triazolic
portion were synthesized and submittedntwitro bioassays to investigate how they act over
the metastatic behavior of murine melanoma. The mashpoompound 9a, a 1,2,3-triazolic-
cinnamic acid derivative containing a phenyl groupvwam significant antimetastatic and
antiproliferative activity against B16-F10 cells. In ard® strengthen thein vitro
experiments, the virtual molecular docking was pertnwhich demonstrate that compound
9a has an important physicochemical binding affinity with thetalloproteinases 9 and 2.
Hence, our investigation suggests that cinnamic derivatives containing a 1,2,3-triazolic
portion may have potential scaffolds for the develognoémovel candidates for controlling

malignant metastatic melanoma.

4. Material and Methods

4.1. Synthetic procedures

4.1.1 Generalities

Solvents were purchased from Vetec (Rio de Janeiazilgr Commercially available
pent-4-yn-1-ol, prop-2-yn-1-ol, triethyl amine, dimethyulfoxide (DMSO), N,N’-
dicyclohexylcarbodiimide (DCC), #LN'-dimethylaminopyridine (DMAP), sodium
ascorbate, sodium azide and copper (ll) sulfate werehpsed from Sigma Aldrich (St.
Louis, MO, USA) and used without further purificatidrhe 'H- and**C-NMR spectra were
recorded on a Varian Mercury 300 instrument at 300 MHkid@ 75 MHz respectively, using
CDCls or DMSO4s as solvents. The NMR data are presented as follovesnichal shift §) in
ppm, multiplicity, the number of protond,values in Hertz (Hz). Multiplicities are indicated
by the following abbreviations: s (singlet), d (doublel, (double of doublets), t (triplet), m
(multiplet), g (quartet), quint (quintet), td (doublé tiplets), dp (apparent doublet) gt
(apparent triplet). Mass spectra were recorded on M8BHZU GCMS-QP5050A instrument
using direct insertion along with the electron spray @mmn method and a quadrupole
analyzer. IR spectra were obtained using Varian &6@duipped with GladiATR scanning
from 4000 to 500 cm. Melting points were determined using a MQAPF-302 mglfinint
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apparatus (Microquimica, Brazil) and are uncorrectelae progress of the reactions was
monitored by thin layer chromatography (TLC). Flash wpwoiu chromatography was

performed using silica gel (60-230 mesh).
4.1.2 Synthesis of prop-2-yn-1-yl cinnaméie (

0.300 g (5.35 mmol) of propargyl alcohol was addect50 mL round-bottom flask
containing 25.0 mL of dichloromethane, 0.720 g (4.8&aM of cinnamic acid X), 1.10 g
(5.35 mmol) of DCC and 0.0594 g (0.486 mmol) of DMA&ter 25 minutes of stirring at
room temperature, the reaction mixture was filtered thiedresulting solution washed with
10% citric acid (2 x 20.0 mL), water (15.0 mL) andnbri30.0 mL). The resulting organic
phase was reserved and the aqueous phase wasexkingttt dichloromethane (3 x 20.0 mL).
The organic extracts were combined, and the resultiggnic phase was dried (Mg90Q
filtered and concentrated under reduced pressure. rébulting material was purified by
column chromatography on silica gel eluted with helethgl acetate (4:1 v/v). The
described procedure afforded compodna 68% yield (0.613 g, 3.30 mmol). Yellow oil,
TLC: R = 0.41. *H NMR (300 MHz, CDGJ) &: 2.51 (t, 1HJ= 2.5 Hz), 4.82 (d, 2H) = 2.5
Hz), 6.47 (d, 1HJwans = 16.0 Hz), 7.38-7.40 (m, 3H), 7.51-7.55 (m, 2AY5 (d, 1HJians =
16.0 Hz).1*C NMR (75 MHz, CDQJ) 6. 52.0, 74.9, 77.8, 117.0, 128.2, 128.9, 130.5, 134.1
145.9, 166.0. MSin/z (%) 186 ([M]* , GoH1002, 14), 157 (8), 131 (100), 115 (16), 103 (82),
77 (75), 51 (66).

The other cinnamaté (Fig. 2) was prepared employing a procedure similar to that
described for5. Structure for6 (pent-4-yn-1-yl cinnamate) is supported by the foiloyv
spectroscopic data.

Yellow oil, purified by column chromatography elutedhwhexane/ethyl acetate (6:1
v/V), TLC: R = 0.53. IR (ATR)V madcni’: 3296, 3058, 2926, 2118, 1707, 1636, 1446, 1308,
1160. *H NMR (300 MHz, CDCJ) §: 1.90-2.00 (m, 3H), 2.35 (td, 2KH; = 7.0 Hz and); =
2.6 Hz), 4.32 (t, 2H) = 6.3 Hz), 6.44 (d, 1H}rans = 16.0 Hz), 7.37-7.40 (m, 3H), 7.51-7.54
(m, 2H), 7.69 (d, 1HJrans = 16.0 Hz).X*C NMR (75 MHz, CDCJ) §: 15.3, 27.7, 63.0, 69.0,
83.1, 117.9, 128.1, 128.9, 130.3, 134.4, 144.9,9166S, m/z (%): 186 (IM]*, G2H10Os,
80), 158 (9), 147 (45), 131 (100), 103 (76), 91 6) (80), 65 (20), 51 (55), 41 (35).
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4.1.3 Synthesis of compour8ls-8m, 9a-9m, exemplified by the synthesis of (1-benzyl-1H-
1,2,3-triazol-4-yl)methyl cinnama(8a)

To a 10.0 mL round-bottom flask were added benzyl a@de00 g, 0.750 mmol),
water (1.00 mL), dichloromethane (1.00 mL), sodiumodsate (0.0593 g, 0.300 mmol),
prop-2-yn-1-yl cinnamate5f (0.140 g, 0.750 mmol) and Cu%BH.O (0.0375 g, 0.150
mmol). The reaction mixture was vigorously stirred aimotemperature for 30 minutes.
Subsequently, saturated 2Dz solution (10.0 mL) was added and the resulting mixtuae w
extracted with dichloromethane (3 x 20.0 mL). The oiantracts were combined, and the
resulting organic phase was dried (Mgh@iltered and concentrated under reduced pressure.
The resulting material was purified by column chromatogyapn silica gel eluted with
hexane/ethyl acetate (2:1 v/v). The described procegave compounda in 98% yield
(0.235 g, 0.737 mmol). White solid, m.p. 123.6-124C3 TLC: R = 0.28 (hexanelethyl
acetate/dichloromethane 3:1:3 v/iV/v). IR (ATR)a/cmt: 3117, 3053, 2948, 1707, 1637,
1577, 1493, 1160*H NMR (300 MHz, CDCJ) & 5.33 (s, 2H), 5.52 (s, 2H), 6.42 (d, 1H,
Jrans= 16.0 Hz), 7.29-7.48 (m, 10H), 7.57 (s, 1H), 7(691H,Jrans= 16.0 Hz).23C NMR (75
MHz, CDCk) &: 54.2, 57.6, 117.4, 123.7, 128.10, 128.14, 128.8,912129.1, 130.4, 134.2,
134.4,143.4, 1455, 166.7.

Compounds8b-8m and9a-9m (Fig. 3) were prepared from the corresponding azide
using a procedure similar to that described for comp@adill the compounds were fully
characterized by IR, NMR4{ and**C), and mass spectrometry. Structures for the rengginin
compounds are supported by the following spectroscaia d

Data for (1-(2,5-dichlorobenzyl)-1H-1,2,3-triazol-4ipethyl cinnamatg8b) White
solid, m.p. 97.9-98.4C, purified by column chromatography eluted with hextathyl acetate
(2:1 vlv), TLC: R = 0.58 (hexane/ethyl acetate/dichloromethane 3:M&)V/IR (ATR) V
ma/CM: 3113, 3073, 2974, 1713, 1634, 1493, 1304, 1146NMR (300 MHz, CDJ) &
5.36 (S, 2H), 5.62 (s, 2H), 6.43 (d, 1Mans = 16.0 Hz), 7.17-7.51 (m, 8H), 7.67-7.73 (m, 2H).
13C NMR (75 MHz, CDQ) §:51.0, 57.6, 117.4, 124.1, 128.1, 128.9, 130.2,41,3030.5,
131.0, 131.6, 133.5, 133.8, 134.2, 143.5, 145.6,716

Data for (1-(4-iodobenzyl)-1H-1,2,3-triazol-4-yl)metltyinamatg8c)

White solid, m.p. 200.8-201.7C, purified by column chromatography eluted with
hexane/ethyl acetate (2:1 v/v), TLCt R 0.33 (hexane/ethyl acetate/dichloromethane 3:1:3
VIVIV). IR (ATR) V mad/cmi®: 3132, 3080, 3025, 2967, 1709, 1632, 1576, 14824 1B060.*H
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NMR (300 MHz, DMSOsdg) 6: 5.25 (s, 2H), 5.55 (s, 2H), 6.59 (d, 1¥ans = 16.0 Hz), 7.12
(d, 2H,J = 8.3 Hz), 7.39-7.41 (m, 3H), 7.62-7.69 (m, 3H}3/(d, 2H,J = 8.3 Hz), 8.19 (s,
1H). 3C NMR (75 MHz, DMSOds) & 52.8, 57.7, 94.7, 118.2, 125.3, 128.8, 129.3, 130.7
130.9, 134.4,136.1, 138.0, 142.8, 145.4, 166.3.

Data for (1-(4-nitrobenzyl)-1H-1,2,3-triazol-4-yl)methyhieamate(8d).

White solid, m.p. 194.1-195.0C, purified by column chromatography eluted with
hexane/ethyl acetate (2:1 v/v), TLC; R 0.18 (hexane/ethyl acetate/dichloromethane 3:1:3
VIVIV). IR (ATR) V ma/cmi®: 3127, 3083, 2966, 2852, 1704, 1625, 1523, 1433118854 .H
NMR (300 MHz, DMSO€k) &: 5.28 (s, 2H), 5.78 (s, 2H), 6.59 (d, 1Hans = 16.0 Hz), 7.39-
7.41 (m, 3H), 7.55 (d, 2H] = 8.7 Hz), 7.63-7.68 (m, 3H), 8.21 (d, 2H= 8.7 Hz), 8.28 (s,
1H). 13C NMR (75 MHz, DMSOdg) & 52.5, 57.7, 118.2, 124.3, 125.6, 128.8, 129.3,6,29.
130.9, 134 .4, 142.9, 143.6, 145.4, 147.9, 166.3.

Data for (1-(4-bromobenzyl)-1H-1,2,3-triazol-4-yl)mgtbinnamatg8e)

White solid, m.p. 182.0-183.2C, purified by column chromatography eluted with
hexane/ethyl acetate (2:1 v/v), TLC; R 0.30 (hexane/ethyl acetate/dichloromethane 3:1:3
VIVIV). IR (ATR) V ma/cm®: 3136, 3082, 2922, 2852, 1706, 1632, 1577, 14865,18062.

!H NMR (300 MHz, DMSOdg) &: 5.24 (s, 2H), 5.58 (s, 2H), 6.63 (d, 18ans = 16.0 Hz),
7.28 (d, 2HJ = 8.4 Hz), 7.39-7.41 (m, 3H), 7.57 (d, 2H 8.4 Hz), 7.63-7.71 (m, 3H), 8.25
(s, 1H).13C NMR (75 MHz, DMSOde) &: 52.5, 57.7, 118.0, 121.9, 125.5, 128.9, 129.4,
130.7,131.0, 132.2,134.3, 135.8, 142.7, 145.6,3L6

Data for (1-(4-chlorobenzyl)-1H-1,2,3-triazol-4-yl)thgl cinnamatg8f)

White solid, m.p. 171.2-172.6C, purified by column chromatography eluted with
hexane/ethyl acetate (2:1 v/v), TLC; R 0.37 (hexane/ethyl acetate/dichloromethane 3:1:3
VIVIV). IR (ATR) V ma/cnt: 3139, 3058, 2922, 2852, 1709, 1632, 1577, 14865 ,1B060.*H
NMR (300 MHz, DMSOek) & 5.24 (s, 2H), 5.60 (s, 2H), 6.63 (d, 1ldans = 16.0 Hz), 7.33-
7.71 (m, 10H), 8.25 (s, 1HY*C NMR (75 MHz, DMSOds) &:52.5, 57.7, 118.0, 125.5, 128.9,
129.2,129.4,130.4,131.0, 133.4, 134.3, 135.2,71445.5, 166.3.

Data for (1-(3,4-difluorobenzyl)-1H-1,2,3-triazol-4-yl)thgl cinnamate(8g) White
solid, m.p. 149.7-150.8C, purified by column chromatography eluted withxdnee/ethyl
acetate (2:1 v/v), TLC:R= 0.28 (hexane/ethyl acetate/dichloromethane 3:1/8)viR (ATR)
Vmadcml: 3132, 3064, 2968, 1710, 1632, 1518, 1434, 12820.1%61 NMR (300 MHz,
CDCbk) &: 5.34 (s, 2H), 5.48 (s, 2H), 6.42 (d, 18fans = 16.0 Hz), 7.00-7.21 (m, 3H), 7.36-

7.40 (m, 3H), 7.48-7.51 (m, 2H), 7.61 (s, 1H), 7(B91H, Jrans = 16.0 Hz,)23C NMR (75
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MHz, CDCE) & 53.1 (d,Jc-r = 1.3 Hz), 57.6, 117.2-118.2 (m), 117.3, 123.4.32dd Jc.r =
3.7 Hz andJcr = 6.5 Hz), 128.1, 128.9, 130.5, 131.3 (ddr = 4.0 Hz andlcFr = 5.6 Hz),
134.1, 143.7, 145.6, 148.8-152.3 (m), 166.7.

Data for (1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)metleghnamatg8h)

White solid, m.p. 132.3-133.2C, purified by column chromatography eluted with
hexane/ethyl acetate (2:1 v/v), TLC; R 0.25 (hexane/ethyl acetate/dichloromethane 3:1:3
VIVIV). IR (ATR) V madcm™: 3138, 3085, 2966, 1711, 1634, 1508, 1433, 12187 1H5NMR
(300 MHz, CDCY) & 5.33 (s, 2H), 5.49 (s, 2H), 6.41 (d, 1Hans= 16.1 Hz), 7.06 &, 2H,J
=8.6 Hz,), 7.25-7.51 (m, 7H), 7.57 (s, 1H), 7.694H, Jrans = 16.1 Hz)*C NMR (75 MHz,
CDCk) & 53.5, 57.6, 116.2 (dlc.r = 21.7 Hz), 117.4, 123.6, 128.1, 128.9, 130.0Jc; =

8.5 Hz), 130.2 (dJcr = 3.1 Hz), 130.5, 134.2, 143.5, 145.6, 162.9X s = 247.0 Hz),
166.7.

Data for (1-(4-(trifluoromethoxy)benzyl)-1H-1,28arol-4-yl)methyl cinnamatSi)

White solid, m.p. 159.6-160.3C, purified by column chromatography eluted with
hexane/ethyl acetate (2:1 v/v), TLCi R 0.38 (hexane/ethyl acetate/ dichloromethane 3:1:3
VIVIV). IR (ATR) Vmacm’: 3135, 3058, 2964, 1709, 1634, 1507, 1451, 12180 11#
NMR (300 MHz, CDCY) &: 5.34 (s, 2H), 5.53 (s, 2H), 6.42 (d, 1¥ans = 16.0 Hz), 7.22 (d,
2H,J = 8.6 Hz), 7.32 (d, 2H] = 8.6 Hz), 7.36-7.38 (m, 3H), 7.48-7.51 (m, 2HRT/ (s, 1H),
7.69 (d, 1H Juans = 16.0 Hz).23C NMR (75 MHz, CDCJ) &: 53.3, 57.6, 117.4, 120.3 (=
256.2 Hz), 121.6, 123.7, 128.1, 128.9, 129.6, 13188.1, 134.1, 143.6, 145.6, 149.5, 166.7.

Data for (1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-tral-4-yl)methyl cinnamaté3j) White
solid, m.p. 174.0-174.8C, purified by column chromatography eluted with Heathyl
acetate (2:1 v/v), TLC:R= 0.40 (hexane/ethyl acetate/dichloromethane 3:1/8)vIiR (ATR)
Vmadcml: 3133, 3084, 2966, 1709, 1632, 1579, 1496, 13193,11%02."H NMR (300
MHz, DMSOds) &: 5.26 (s, 2H), 5.73 (s, 2H), 6.64 (d, 18dans = 16.0 Hz), 7.39-7.41 (m,
3H), 7.51 (d, 2HJ = 8.1 Hz), 7.63-7.71 (m, 3H), 7.74 (d, 2Hz 8.1 Hz), 8.31 (s, 1H}3C
NMR (75 MHz, DMSOdg) & 52.6, 57.7, 118.0, 124.5 (@= 270.6 Hz), 125.7, 126.2 (4=
3.8 Hz), 128.9, 128.9, 129.2, 129.4, 131.0, 13#43,0, 142.8, 145.5, 166.4.

Data for (1-(4-methoxybenzyl)-1H-1,2,3-triazol-4-ydmyl cinnamate(8k) White
solid, m.p. 94.2-95.6C, purified by column chromatography eluted with hextathyl acetate
(2:1 viv), TLC: R = 0.41 (hexane/ethyl acetate/dichloromethane 3:AR)v IR (ATR) v
ma/Cmt: 3125, 3014, 2842, 1719, 1640, 1610, 1510, 14334,12856."H NMR (300 MHz,
CDCk) &: 3.79 (s, 3H), 5.31 (s, 2H), 5.45 (s, 2H), 6.411¢d, Jrans= 16.0 Hz), 6.89 (d, 2H
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= 8.6 Hz), 7.24 (d, 2H) = 8.6 Hz), 7.36-7.50 (m, 5H), 7.53 (s, 1H), 7.68 XH, Jirans = 16.0
Hz). *C NMR (75 MHz, CDGCJ) 6:53.8, 55.3, 57.7, 114.5, 117.5, 123.4, 126.3, 1228.9,
129.7,130.4, 134.2, 143.2, 145.5, 160.0, 166.7.

Data for (1-(2,4,6-trichlorobenzyl)-1H-1,2,3-triazohd)methyl cinnamat¢3l) White
solid, m.p. 122.8-124.2C, purified by column chromatography eluted withxédnee/ethyl
acetate (2:1 v/v), TLC:R= 0.48 (hexane/ethyl acetate/dichloromethane 3:1/8)vAR (ATR)
Vmadcml: 3148, 3083, 2925, 2850, 1697, 1632, 1548, 14373,13167.'"H NMR (300
MHz, CDCk) &: 5.32 (s, 2H), 5.80 (s, 2H), 6.42 (d, 1¥tans = 16.0 Hz), 7.38-7.49 (m, 7H),
7.63 (s, 1H), 7.69 (d, 1Hkans = 16.0 Hz).3C NMR (75 MHz, CDGJ) & 48.5, 57.5, 117.4,
123.6,128.1, 128.6, 128.8, 128.9, 130.4, 134.8,41337.3, 143.0, 145.5, 166.7.

Data for (1-(2-bromobenzyl)-1H-1,2,3-triazol-4-yl)mgthinnamatg8m)

White solid, m.p. 76.7-78.2C, purified by column chromatography eluted whit he ¥atteyl
acetate (2:1 v/v), TLC:R= 0.48 (hexane/ethyl acetate/dichloromethane 3:1/8)viR (ATR)
Vmadcml: 3104, 3058, 2971, 2923, 1695, 1626, 1453, 14404.12# NMR (300 MHz,
CDCk) & 5.35 (s, 2H), 5.67 (s, 2H), 6.43 (d, 18#ans = 16.0 Hz), 7.17-7.63 (m, 9H), 7.67-
7.72 (m, 2H).2*C NMR (75 MHz, CDGCJ) &: 53.8, 57.6, 117.4, 123.5, 124.0, 128.1, 128.2,
128.9, 130.4, 130.5, 133.2, 133.9, 134.2, 143.8,514.66.7.

Data for 3-(1-benzyl-1H-1,2,3-triazol-4-yl)propyl cinmate(9a)

White solid m.p. 68.1-69.5C, purified by column chromatography eluted with hextathyl

acetate (2:1 v/v, TLC: &= 0.26 (hexane/ethyl acetate/dichloromethane ¥479). IR (ATR)

Vmadcml: 3110, 3062, 2935, 1705, 1634, 1552, 1450, 13093;116 NMR (300 MHz,

CDClh) ¢6: 2.09 (quint, 2HJ = 7.0 Hz), 2.83 (t, 2H) = 7.6 Hz), 4.24 (t, 2H]) = 6.4 Hz), 5.48
(s, 2H), 6.42 (d, 1HJrans = 16.0 Hz), 7.24-7.53 (m, 11H), 7.66 (d, 1¥kns = 16.0 Hz).1*C

NMR (75 MHz, CDC%) 6. 22.3, 28.4, 54.0, 63.6, 118.0, 120.8, 128.0, 12828.6, 128.9,
129.1,130.3, 134.3, 134.8, 144.8, 147.4, 167.0.

Data for 3-(1-(2,5-dichlorobenzyl)-1H-1,2,3-triazolyf}propyl cinnamatg9b)

White solid, m.p. 94.3-95.3C, purified by column chromatography eluted with hexathyl
acetate (2:1 v/v), TLC:R= 0.48 (hexane/ethyl acetate/dichloromethane 3:1/8)viR (ATR)
Vmadcn: 3116, 3067, 2940, 1703, 1632, 1577, 1461, 13206.1161 NMR (300 MHz,
CDCh) & 2.12 (quint, 2H,) = 7.0 Hz), 2.87 (t, 2H) = 7.6 Hz), 4.26 (t, 2H) = 6.4 Hz), 5.58
(s, 2H), 6.43 (d, 1H}vans = 16.0 Hz), 7.11-7.54 (m, 9H), 7.67 (d, 1dans = 16.0 Hz).2*C
NMR (75 MHz, CDC}) 6: 22.3, 28.4, 50.8, 63.6, 118.0, 121.3 , 128.1, 12”9.9, 130.2,

130.3, 130.9, 131.4, 133.5, 134.3, 134.3, 144.8.,61467.0.
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Data for 3-(1-(4-iodobenzyl)-1H-1,2,3-triazol-4-yl)grg cinnamat&9c)

White solid, m.p. 97.5-98.3C, purified by column chromatography eluted with he{athyl
acetate (2:1 v/v), TLC: &= 0.37 (hexane/ethyl acetate/dichloromethane 3:18)vAR (ATR)
Vmadcml: 3112, 3063, 2904, 2852, 1707, 1636, 1546, 14460,12866. 'H NMR (300
MHz, CDCk) 6. 2.09 (quint, 2HJ = 6.9 Hz), 2.83 (t, 2H) = 7.5 Hz), 4.24 (t, 2H) = 6.3
Hz), 5.42 (s, 2H), 6.42 (d, 1Kans = 16.0 Hz), 6.99 (d, 2H] = 8.1 Hz), 7.25 (s, 1H), 7.38-
7.70 (m, 8H)XC NMR (75 MHz, CDCJ) &: 22.2, 28.3, 53.4, 63.6, 94.4, 117.9, 120.8, 128.0,
128.9,129.7,130.3, 134.3, 134.5, 138.2, 144.8.,614.66.9.

Data for 3-(1-(4-nitrobenzyl)-1H-1,2,3-triazol-4-yl)gl cinnamat&9d)

White solid, m.p. 63.8-65.2C, purified by column chromatography eluted with hexathyl
acetate (2:1 v/v), TLC:{R= 0.14 (hexane/ethyl acetate/dichloromethane 3:1/8)viR (ATR)

V madcnt: 3139, 2946, 2913, 2853, 1707, 1631, 1524, 14508,18309, 1159'"H NMR (300
MHz, CDCk) ¢: 2.11 (quint, 2HJ = 6.9 Hz), 2.86 (t, 2H) = 7.5 Hz), 4.25 (t, 2H) = 6.3
Hz), 5.60 (s, 2H), 6.41 (d, 1Hyans = 16.0 Hz), 7.35-7.50 (m, 8H), 7.65 (d, 1ddans = 16.0
Hz), 8.20 (d, 2HJ = 8.5 Hz).*C NMR (75 MHz, CDCJ) &. 22.2, 28.3, 53.0, 63.5, 117.9,
121.2,124.3,128.0, 128.5, 128.9, 130.4, 134.3,91444.9, 147.9, 148.0, 166.9.

Data for 3-(1-(4-bromobenzyl)-1H-1,2,3-triazol-4-ylpymyl cinnamate(9¢) Yellow
solid, m.p. 101.7-102.9C, purified by column chromatography eluted withxdnee/ethyl
acetate (2:1 v/v), TLC:R= 0.58 (hexane/ethyl acetate/dichloromethane 3:1/8)viR (ATR)
Vmadcml: 3112, 3056, 2954, 2905, 2848, 1708, 1637, 15456,14283, 1166.'H NMR
(300 MHz, CDC¥) ¢: 2.09 (quint, 2HJ = 7.0 Hz), 2.83 (t, 2H) = 7.5 Hz), 4.24 (t, 2H) =
6.3 Hz), 5.43 (s, 2H), 6.42 (d, 1Bans = 16.0 Hz), 7.12 (d, 2H] = 8.2 Hz), 7.25 (s, 1H),
7.38-7.50 (m, 7H), 7.66 (d, 1Hyans = 16.0 Hz).23C NMR (75 MHz, CDCJ) &: 22.2, 28.3,
53.3, 63.6, 117.9, 120.8, 122.8, 128.0, 128.9,6,280.3, 132.2, 133.8, 134.3, 144.8, 147.6,
166.9.

Data for 3-(1-(4-chlorobenzyl)-1H-1,2,3-triazol-4yytopyl cinnamate(9f) Yellow
solid, m.p. 58.2-59.4C, purified by column chromatography eluted with hextathyl acetate
(2:1 viv), TLC: R = 0.34 (hexane/ethyl acetate/dichloromethane 3:1:8/)vAR (ATR)
Omadcm®: 3117, 3060, 2967, 2904, 2851, 1706, 1638, 15450,14983, 1167.'H NMR
(300 MHz, CDC}) ¢: 2.08 (quint, 2HJ = 7.0 Hz), 2.83 (t, 2H) = 7.6 Hz), 4.23 (t, 2H) =
6.4 Hz), 5.45 (s, 2H), 6.41 (d, 1Bjans= 16.0 Hz), 7.18 (d, 2Hl = 8.4 Hz), 7.25 (s, 1H), 7.32
(d, 2H,J = 8.4 Hz), 7.36-7.51 (m, 5H), 7.66 (d, 18tans = 16.0 Hz)."3C NMR (75 MHz,
CDCh) 6:22.2, 28.3, 53.2, 63.6, 117.9, 120.8, 128.0, 1229,3, 130.3, 133.3, 134.3, 134.7,
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144.8, 147.6, 166.9.

Data for 3-(1-(3,4-difluorobenzyl)-1H-1,2,3-triazol-44ytppyl cinnamatg9g) White
solid, m.p. 69.5-70.8C, purified by column chromatography eluted with hextathyl acetate
(2:1 vlv), TLC: R = 0.18 (hexane/ethyl acetate/dichloromethane 3:M&)V/IR (ATR) V
ma/cm: 3099, 3053, 2956, 2931, 2858, 1701, 1634, 15207,14312, 1160'H NMR (300
MHz, CDCk) &: 2.10 (quint, 2HJ = 7.0 Hz), 2.84 (t, 2H) = 7.6 Hz), 4.25 (t, 2H) = 6.4
Hz), 5.44 (s, 2H), 6.42 (d, 1Hyans= 16.0 Hz), 6.97-7.19 (m, 3H), 7.28 (s, 1H), 7B39 (m,
3H), 7.50-7.52 (m, 2H), 7.66 (d, 1Hyans = 16.0 Hz).”3C NMR (75 MHz, CDGQ) & 22.2,
28.3,52.9 (dJc-F = 1.3 Hz), 63.5, 117.0-118.1 (m), 117.9, 120.81.0Zdd Jc.r = 3.8 Hz and
Jc-F = 6.6 Hz), 128.0, 128.9, 130.3, 131.8 (d¢ls = 4.0 Hz andlcr = 5.6 Hz), 134.3, 144.9,

Data for 3-(1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yfjypyl cinnamate (9h) White
solid, m.p. 75.9-76.8C, purified by column chromatography eluted with hextathyl acetate
(2:1 vlv), TLC: R = 0.18 (hexane/ethyl acetate/dichloromethane 3:M&)V/IR (ATR) Vv
ma/cmt: 3132, 3066, 2944, 1703, 1632, 1509, 1313, 12197.11% NMR (300 MHz,
CDCb) &: 2.09 (quint, 2HJ = 7.0 Hz), 2.83 (t, 2H) = 7.5 Hz), 4.24 (t, 2H] = 6.4 Hz), 5.45
(s, 2H), 6.41 (d, 1H}rans = 16.0 Hz), 7.04 {, 2H,J = 8.6 Hz), 7.22-7.53 (m, 8H), 7.66 (d,
1H, Jians = 16.0 Hz).°C NMR (75 MHz, CDGJ) &: 22.2, 28.3, 53.3, 63.6, 116.1 @@ r =
21.6 Hz), 117.9, 120.7, 128.0, 128.9, 129.8¥d; = 8.4 Hz), 130.3, 130.7 (dc.r = 3.3 Hz),
134.3, 144.8, 147.5, 162.8 @t,r = 246.5 Hz), 166.9.

Data for 3-(1-(4-(trifluoromethoxy)benzyl)-1H-1,2,3-tridzl-yl)propyl cinnamate
(90)

White solid, m.p. 73.8-75.8C, purified by column chromatography eluted with hexathyl
acetate (2:1 v/v), TLC:R= 0.37 (hexane/ethyl acetate/dichloromethane 3:1/8)viR (ATR)
Vmadcml: 3126, 3068, 2993, 2949, 1706, 1634, 1508, 14490.1%6 NMR (300 MHz,
CDCl) ¢: 2.10 (quint, 2HJ = 6.9 Hz), 2.84 (t, 2H) = 7.5 Hz), 4.25 (t, 2H) = 6.3 Hz), 5.49
(s, 2H), 6.42 (d, 1HJ}rans = 16.0 Hz), 7.20 (d, 2H] = 8.3 Hz), 7.27-7.51 (m, 8H), 7.67 (d,
1H, Jrans = 16.0 Hz).**C NMR (75 MHz, CDCJ) &: 22.2, 28.3, 53.1, 63.6, 117.9, 120.31q,
= 256.1 Hz), 120.8, 121.5, 128.0, 128.9, 129.4,.3,3033.5, 134.3, 144.9, 147.8, 149.3,
167.0.

Data for 3-(1-(4-(trifluoromethyl)benzyl)-1H-1,2,3-tmal-4-yl)propyl cinnamaté9j)
White solid, m.p. 97.3-98.2C, purified by column chromatography eluted with hexahgle
acetate (2:1 v/v), TLC:R= 0.25 (hexane/ethyl acetate/dichloromethane 3:1/8)viR (ATR)
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Vmadcmt: 3116, 3063, 2954, 1708, 1638, 1447, 1324, 1THLNMR (300 MHz, CDC) &:
2.10 (quint, 2HJ = 7.0 Hz), 2.85 (t, 2HJ = 7.5 Hz), 4.25 (t, 2H) = 6.4 Hz), 5.56 (s, 2H),
6.42 (d, 1HJyans = 16.1 Hz), 7.29-7.69 (m, 11HYC NMR (75 MHz, CDCJ) &: 22.2, 28.3,
53.3, 63.5, 117.9, 121.0, 123.8 (g= 270.6 Hz), 126.1 (q] = 3.7 Hz), 128.0, 128.1, 128.9,
130.3, 130.9 (qJ = 32.6 Hz), 134.3, 138.8, 144.9, 147.8, 167.0.

Data for 3-(1-(4-methoxybenzyl)-1H-1,2,3-triazol¥pyopyl cinnamate9k) Yellow
solid, m.p. 87.3-88.6C, purified by column chromatography eluted with hextathyl acetate
(2:1 vlv), TLC: R = 0.28 (hexane/ethyl acetate/dichloromethane 3/4#8)v IR (ATR) mad/Ccm’

1. 3101, 3054, 3006, 2949, 2831, 1707, 1638, 1509414243, 1167 H NMR (300 MHz,
DMSO-de) & 1.95 (quint, 2H,) = 7.0 Hz), 2.70 (t, 2H] = 7.5 Hz), 3.70 (s, 3H), 4.15 (t, 28,

= 6.5 Hz), 5.43 (s, 2H), 6.61 (d, 1Bans = 16.1 Hz), 6.89 (d, 2H] = 8.6 Hz), 7.24 (d, 2H)

= 8.6 Hz), 7.39-7.41 (m, 3H), 7.60-7.71 (m, 3HR7/(s, 1H)13C NMR (75 MHz, DMSO#)

0. 22.0, 28.5, 52.7, 55.5, 63.9, 114.5, 118.5, 12128,6, 128.8, 129.3, 129.9, 130.9, 134.4,
144.9, 146.7, 159.5, 166.7.

Data for 3-(1-(2-bromobenzyl)-1H-1,2,3-triazol-4pippyl cinnamate(9l) Yellow
oil, purified by column chromatography eluted with heé@thyl acetate (2:1 v/v), TLCsR
0.33 (hexane/ethyl acetate/dichloromethane 3:1:3 )WAR (ATR) Vma/cm™: 3136, 3059,
3027, 2953, 2855, 1703, 1634, 1573, 1443, 130%.246NMR (300 MHz, CDCJ) &: 2.10
(quint, 2H,J=7.0 Hz), 2.85 (t, 2H) = 7.6 Hz), 4.25 (t, 2H) = 6.4 Hz), 5.62 (s, 2H), 6.42 (d,
1H, Jyans = 16.0 Hz), 7.10-7.62 (M, 10H), 7.67 (d, Lkhns = 16.0 Hz).23C NMR (75 MHz,
CDCk) 6:22.3, 28.4, 53.7, 63.6, 118.0, 121.2, 123.3, 1228,2, 128.9, 130.2, 130.3, 130.3,
133.1,134.3,134.4, 144.8, 147.4, 166.9.

Data for 3-(1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yljgpyl cinnamate(9m) White
solid, m.p. 45.5-46.8C, purified by column chromatography eluted with hextathyl acetate
(2:1 vlv), TLC: R = 0.35 (hexane/ethyl acetate/dichloromethane 3:M&)V/IR (ATR) V
ma/CM: 3125, 3061, 2948, 1710, 1636, 1490, 1313, 11@6NMR (300 MHz, CDJ) &
2.09 (quint, 2HJ = 7.0 Hz), 2.83 (t, 2H) = 7.6 Hz), 4.24 (t, 2HJ) = 6.4 Hz), 5.54 (s, 2H),
6.42 (d, 1H,Jvans = 16.0 Hz), 7.07-7.53 (m, 10H), 7.66 (d, 1Jhns = 16.0 Hz).3C NMR
(75 MHz, CDC}) &: 22.3, 28.4, 47.5 (dlc.F= 4.4 Hz), 63.7, 115.8 (dcr= 21.1 Hz), 118.0,
120.9 (d,Jc.r = 1.5 Hz), 122.1 (dJc-r = 14.7 Hz), 124.8 (dJcr = 3.7 Hz), 128.1, 128.9,
130.3, 130.5 (dJc-r = 3.3 Hz), 130.8 (dJc-r= 8.2 Hz), 134.4, 144.8, 147.5, 160.5 Jd+ =
246.3 Hz), 167.0.
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4.2 Biological evaluation

4.2.1 Cell culture and culture conditions

Metastatic melanoma cells (B16-F10) were kindly providgdDb. Anésia Aparecida
dos Santos (Department of General Biology, Federal Wsityeof Vigosa, Vigcosa (UFV),
Minas Gerais, Brazil). Embryonic fibroblasts cell liféli3T3) were kindly provided by Dr.
Leandro Licusi de Oliveira (Department of General BigloUFV, Vicosa, Minas Gerais,
Brazil). The African green monkey kidney cell line (@mwere kindly provided Dr. Juliana
Fietto Lopes Ragel (Department of Biochemistry and MdéecBiology, UFV, Vigosa,
Minas Gerais, Brazil). Cell lines were grown in RPMHB06medium (Sigma) supplemented
with 10% (v/v) fetal bovine serum (FBS) (LGC Biotecna&g 100 mg/mL streptomycin,
and 100 units/mL penicillin at pH 7.2 and 37°C under 5% &@osphere.

4.2.2 Cell viability assay

Cell B16-F10 (1 x 1Bcells/well) were seeded in 96-well plates. Each well ¢oeta
100 pL of complete RPMI medium and 100 pL of each compound solution at different
concentration (0-20@mol L?). The compound8a-8m and 9a-9m were diluted in RPMI
medium with 10% FBS and 0.4% DMSO (v/v, Sigma). Aft8rhof incubation, MTT (5
mg/mL, Sigma) was added to the wells. After 4 h at 3#RMTT solution was removed and
added 100umol L*Ywell of DMSO to solubilize the formazan crystals. Absotbe was
measured at 540 nm in a microplate reader (SpectrdMbeMolecular Devices). The results
were normalized considering the cultures treated with #f#% @MSO (control) and the half-

maximal inhibitory concentration (Kg) was calculated [Siqueira et al., 2015].

4.2.3 Migration assay

In order to investigate the cell migration inhibition eficcy of the cinnamic acid
derivatives, the wound healing assay was performe816-F10 cells as described in a
previous report [Liang et al., 2007; Anasamy et al., 20lith some modifications. Briefly,
cells (2x10 cells per well) were seeded in a 24-well plate dimvad to grow overnight at
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37° C and 5% Ceto form a confluent monolayer. After, the monolayerevwounded by a

sterile pipette tip. The cells were washed with PBS twoceemove cellular detached cells.
Initially the cells were treated with the compou®@s8m and 9a-9m at the concentration of

100 uM and after evaluation, the selected compounds treated at the concentration of 50
pM. DMSO (0.4% v/v) was used as control. Digital imageere captured using an inverted
microscope (EVOS fl, Life Technologies). Wound clesuates were then calculated
quantitatively as the difference between wound width a&n@ 24 h. The results were

expressed as percentage of cell migration.

4.2.4 Invasion assay

Cell invasion assay were performed using transwell ckear{® pum pore diameter;
Millipore) based on protocols described previousliyhwsome modifications [Chen, 2005;
Hulkower andHerber, 2011]. Briefly, 60 pul of matrigel (BD Biosciences), diluted in serum
free medium (1:12) was added to the upper chamlbeéhe aranswell inserts and left for 1h at
37 °C to gel formation. Thereafter, B16-F10 cells wétel1@®) diluted with serum free
medium and treated with compou8d in different concentrations (12.50, 25 and 50uM) for
1h, were seeded into the upper compartment, while the meabataining 10% fetal bovine
serum was added in the lower compartment. After 2&ihcoibation at 37°C and under 5%
CQO; atmosphere, the non-invaded cells on the upper$idtee membrane were removed with
a cotton swab. The invaded cells on the bottom sanfgere fixed with methanol and stained
with 0.5% toluidine blue solution (Sigma). The invadeells were quantified by manual
counting and ten randomly chosen fields were analypedeach group. DMSO-vehicle
treatment (0.4% v/v) was used as control. The resulte wepressed as percentage cell

migration. Three independent experiments were peridfioreeach sample.
4.2.5 Adhesion assay

Cell adhesion assay was performed as describedopstyiwith some modifications
[Anasamy et al., 2017]. In synthesis, B16-F10 cellsl(B)xwere diluted with serum free

medium and treated with the compoalin different concentrations (12.50, 25 andpmol

L) for 30 min. After, the cells were seeded to matrigeited plates and then incubated
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overnight at 37° C and 5% GONon-adherent cells were removed by gentle washinly wi

PBS. Then, colorimetric MTT assay was employed tdyanahe adhesion ability of cells.

4.2.6 Molecular docking

Molecular docking analysis of the synthesized compoy8ds8m and 9a-9nm) was
performed to determine the relative affinity with npatmetallopeptidase 9 (MMP-9) and
matrix metallopeptidase 2 (MMP-2) enzymes using the AutdDdina (1.1.2) (Trott and
Olson, 2010). The crystal structure of MMP-9 (PDB ID6I) and MMP-2 PDB ID: 1QIB)
was extracted from Protein Data Bank. The binding siteidetified by selecting the zinc
ions and the amino acids within radius 12 A were seleatéde binding site. The molecular
structures of all the compounds were drawn using Makeitth software (Chemax®n
Binding energy estimated using Auto Docking Tools. Ddc&euctures were visualized and
edited using PyMOL software (Koca et al., 2016).

4.2.7 Clonogenic assay

The clonogenic cell assay was implemented as descrilebpsly [Franken et al.,
2006; Mao et al., 2016] with some modifications. ByieB16-F10 cells (1x19 cells per
well) were seeded in a 6-well plate and allowed to aghatnat 37°C and 5% CO
Posteriorly, exhausted medium was changed with fresdium containing different
concentrations (12.50, 25 and pfhiol L) of the compoun®a. Treatment was carried out
for 24 h following which. The cells were then cultured igr days with growth medium
replaced every two days. On day 15, the resultingniedowere fixed with metanol and
stained with 0.5% toluidine blue solution. The coloniesravcounted and expressed as a

percentage compared to untreated control cultures.
4.2.8 Proliferation assay
Proliferation assays was performed in 6-well platesainimg 16 B16-F10 cells per

well. The compoun®a was added at 100mol L, and as control were used DMSO (0.4%
v/v). The effect of the compound on cell growth were heilged by trypan blue (Invitrogen)
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dye exclusion. After 24, 48, and 72 h cells weredémhon a hemocytometer to obtain the

viable cell count.

4.2.9 Cytotoxicity on non-tumor cell lines

The cytotoxicity of compound®a was tested on three non-tumor cell lines. Cell
NIH3T3 (1x10 cells/well) and Vero (3x¥0cells/well) were seeded in 96-well plates and cell

viability was determined by MTT assay as described @bov

4.2.10 Hemolysis assay

This assay was used to determine the compatibilitycbbleod cells to the compound
9a. Blood was collected from a five healthy C57BL/6Jammaice and centrifuged at 700 g for
10 min and washed three times with saline, then readsgden the same buffer to prepare 2%
red blood cells suspension [Xu et al., 2017]. Subsety different concentrations (0-200
umol L) of the compoun®a were incubated with the suspension at 37°C. Thebheald
cells were also incubated with saline and triton (1% v/vhegative control and positive
control, respectively. After 1 h, the samples weredrdeged for 10 min at 70@ and then
determined the release of hemoglobin by photometricysisaht 540 nm. The procedures
were in accordance with the ethical principles in aninegkarch adopted by the Animal
Ethics Committees (CEUA protocol number 27/2015).

4.2.11 Statistical Analysis

All numeric data were obtained from three independenemxents and are shown as
mean * standard error mean (S.E.M). Analyses weréompeed using Microsoft Excel
(Microsoft Office Software) and GraphPad Prism (GRgth Software Inc.). Statistical
analyses were done by one-way ANOVA followed by Deitig test.
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CAPITULO 3 - ARTIGO 2

Sintese de derivados de isobenzofuranona contendag@o 1,2,3-triazélica e triagem da
atividade antimetastaticain vitro de derivados de isobenzofuranonas frente a linhagem
de melanoma B16-F10

RESUMO

Pacientes diagnosticados com melanoma cutaneo recebeprogmosticos desfavoravel,
principalmente devido a alta ocorréncia de metéstase tiggs de cancer. Isobenzofuranonas
sdo compostos heterociclicos que estudos anterigledaram possuir efeito citotdxico contra
leucemia, glioblastoma e melanoma. Assim, neste arégoredveremos a sintese de 13 novos
compostos derivados de isobenzofuranona contendd@@dr@,3-triazolica e a triagem da
atividade antimetastatida vitro destes 13 compostos e de mais 12 compostos deridados
isobenzofuranona funcionalizada na posicdo C-3. ZBs compostos derivados de
isobenzofuranona foram submetidos a bioengaie#ro para investigar seus efeitos sobre o
comportamento metastatico de células de melanoma B16eFtOmposto mais efetivo 1f,
um derivado de isobenzofuranona funcionalizada na osiz& contendo hidroxilas nas
posicbes C-2' e C-6' do anel aromatico, apresentovidadies antimetastatica e
antiproliferativa significativas contra células B16-F10lérA disso, ndo mostra efeito
citotéxico importante frente a células ndo tumorais naserdracfes avaliadas. Portanto,
esses resultados sugerem que os derivados de isdlranpmas funcionalizadas na posicao

C-3 avaliados neste trabalho tem potencial como agantiesetastatico contra 0 melanoma.

Palavras chavesfitalidas, metastatico, por¢éo 1,2,3 triazélica, pos@@&funcionalizada.
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1. Introducao

A incidéncia do melanoma cutdneo aumentou nas Ultimas déaadas mais
rapidamente do que qualquer outro tipo de tumor solidte tipo de cancer é reconhecido
como um dos mais agressivos que existe, devido apartamento altamente metastético de
suas células, que acaba resultando em elevada taxaodelidade entre os pacientes
acometidos com essa doenca (Giblin et al., 2007; Agaésde 2017). Quando diagnosticado
precocemente, o melanoma pode ser tratado por meiateteeingdo cirdrgica. No entanto,
ele é fatal em seu estadio metastatico, caracterizanplo-ggogndsticos desfavoraveis e alta
resisténcia as atuais estratégias terapéuticas (Aladowitz 2018; Isola et al., 2016). Neste
sentido, varios estudos tém sido realizados no intuitdedenvolver drogas alternativas e
eficazes no tratamento do melanoma, principalmentstagie avancado.

Atualmente, produtos naturais, como extratos provenientggad&as e fungos, tém
sido reconhecidos como potenciais fontes de compostos atividade antitumoral.
Adicionalmente, esses compostos tém sido alteradosuamaesirutura com o intuito de
incrementar seu potencial bioldgico, sendo esta uma inmperéstratégia na descoberta de
novas drogas (Silva et al., 2015; Muhammad et al.7R@entre esses compostos naturais de
aplicacédo farmacéutica, mais de 70% deles sdo de matheterociclica (Quin & Tyrell,
2010; Lamberth & Dinges, 2012; Muhammad et al., 20A8) isobenzofuranonas, também
denominadas de fitalidas, pertencem a uma classe deodielieos que se caracteriza
estruturalmente pela presenca de um g#attdnico fundido a um anel aromético (Fig. 1 A)
(Franca et al., 2016), que podem ser isoladas déagléFig. 1 B) (Xin et al., 2009) ou fungos
(Fig. 1 C) (Franca, et al., 2016).

TR o i OH ¢

6 1 Z N /“\.‘“:_ _.---"'\
5©:[<02 RSN |/oj< - I ,I 0
07 N

[ < \aoH
(A) (B) ©

Fig. 1 - Estrutura quimica do nucleo de isobenzofurar{@) e isobenzofuranona isolada de
planta (B) e de fungo (C).

Recentemente, diferentes trabalhos mostraram atividiémtéxaca de derivados de

isobenzofuranonas frente a linhagens tumorais de leac@fig. 2 A-D) (Teixeira et al.,
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2013; Maia et al., 2016), glioblastoma (Fig. 2 E) éamema (Fig. 2 F) (Logrado et al., 2010).
Estes exemplos ilustram o potencial anticancer das isofuearnonas e seu valor como

substancia de partida para a sintese de novos compostoaplicacdes antitumorais.

o o O OMe ¢ OMe o
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OH OAC Z Z
HO Q AcO O o] o X/ CigHzz /—CisHaz
X
X=0

Ar Ar X=OH,H
Ar= 3-metil-fenil Ar= 3-metoxi-fenil !

IC50=2,79 umol L ICs0=1,71 pmol L*  ICs0=5,24 umol L*  IC50=5,01 pmol L™  1C50=10, umol L* pM  IC50=12,27 pmol L*

(A) (B) (©) (D) (B) (F)
Fig. 2 - Estruturas quimicas de derivados de isobaremodnas com atividade citotoxica
sobre linhagens tumorais de leucemia, glioblastoma anmla. (A e B) Resultado frente a
linhagem de leucemia K562; (C) Resultado frente a lieimgle leucemia Nalm6; (D)
Resultado frente a linhagem de leucemia HL-60; (E) Rekulfaente a linhagem de
glioblastoma; (F) Resultado frente a linhagem de melandibAMB-435.

Atualmente nosso grupo de trabalho esta envolvido emu®as que visam o
desenvolvimento e sintese de compostos bioativos (Sigeteab, 2015; Silva et al., 2015;
Oliveira et al., 2017; Siqueira et al., 2017), bem comcintese e avaliagdo de atividades
bioldgicas de compostos com porcdo 1,2,3 triazolica @bobrgt al., 2013) e de
isobenzofuranonas funcionalizadas na posicao C-Xdiraiet al., 2013; Pereira et al., 2015;
Maia et al., 2016). Nossas investigagbes mostraram aprapostos derivados de
isobenzofuranonas, funcionalizadas na posicdo C-&saptaram efeitos citotdxicos contra
linhagens de tumores nao sélidos, como linhagensacetutie leucemia K562 (Fig. 2 A-B),
Nalmé (Fig. 2 C) e HL-60 (Fig. 2 D). No que se refaos compostos heterociclicos
triaz6licos com atividade antitumoral, outros autorestracem a atividade citotoxica desses
compostos frente a linhagens tumorais de carcinomaldep (Fig.3 A) e melanoma (Fig.3
B) (Wang et al., 2011; Ali et al., 2017).
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Fig. 3 - Estruturas quimicas de compostos

heterociclicos triazdlicos com atividade
citotoxica sobre linhagens celulares de
carcinoma de pulmédo (B; NCI-H226) e
melanoma (C; SK-Mel-28).

Estes resultados em conjunto nos levaram a idealigatetizar 13 novos compostos
derivados désobenzofuranona contendo porc¢éo 1,2,3-triazélieg. @) e a investigar novas
atividades anticancer de derivados de isobenzofuran&saim, neste artigo descreveremos a
sintese destes 13 novos compostos (Teixeira et al. aboratao) e a triagem da atividade
antimetastaticain vitro destes 13 compostos e de mais 12 compostos derivdelos
isobenzofuranona funcionalizada na posi¢do C-3 Bigcuja sintese foi publicada em nosso
trabalho anterior (Teixeira et al., 2013). Para tal trag®i utilizada a linhagem metastatica

de melanoma cutaneo murino B16-F10.

(2a) (2b) (20) (2d)
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Fig. 4 - Estruturas quimicas de isobenzofuranonas mboteorcéo 1,2,3-triazdlica.
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(1a) R=IFEI (1d) R=HR (1g) R=H 1))
(1b) R=CH (1e) R=CH (1h) R=CH
(1c) RA-Pr  (1f) R=-Pr (1i) R=-Pr

Fig. 5 - Estruturas quimicas de isobenzofuranonasdnatizadas na posicao C-3. (Fonte:
Teixeira et al., 2013).

2. Resultados e discussao

Inicialmente, as isobenzofuranonas contendo porcao-tti@z8lica (2a-2m) e as
funcionalizadas na posicdo C-3a{ll) foram avaliadas em relagdo a duas linhagens de
tumores sélidos, hepatocarcinoma humano (HepG2) enomat metastatico murino (B16-
F10), isso para determinar concentracdes ndo citogdxicade baixa citotoxicidade dos
compostos. A Tabela 1 mostra os resultados da aleidaotoxica dos 25 compostos sobre
as linhagens HepG2 e B16-F10. Apds 48 h de trataméftacompostos avaliados néo
apresentaram citotoxicidade consideraves{#200 umol L). Os compostos 1f, 1i, 1k e 2d
mostraram maior atividade citotoxica sobre a linhagei-B10 (1Go 186,0; 195,9; 138,6;
132,5; respectivamente), e os compostos 1f, 1i, Zeselze a linhagem HepG2 @§153,7;
128,6; 43,88; 160,6; respectivamente). Adicionalmemteis compostos derivados de
isobenzofuranona funcionalizada na posicdo C-3ge 1fi, apresentaram maior atividade
citotoxica frente as duas linhagens celulares testadas.

Com base nestes resultados, todos 0s ensaios suliesqrealizados para avaliar a
atividade antimetastétiéa vitro dos compostos foram conduzidos utilizando-se ogostos

em concentracées inferiores ou iguais a 1601 L™ sobre a linhagem metastatica B16-F10.
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Tabela 1 - Valores de g (umol L) obtidos quando as linhagens
celulares de tumores sélidos B16-F10 e HepG2 foratadas com
concentragdes crescentes (0-2@fol L) de cada composto por 48
horas. (2a-2m) isobenzofuranonas contendo por@@8-trjazdlica. (1a-

1) isobenzofuranonas funcionalizadas na posi¢éo C-3

Compostos  |Cg,(umol LY Compostos  |Cs(umol LY
B16-F10 HepG2 B16-F10 HepG2
la >200 >200 2a >200 >200
1b >200 >200 2b >200 >200
1c >200 >200 2c >200 >200
1d >200 >200 2d 132,5 >200
le >200 >200 2e >200 43,8
1If 186,( 153,7 2f >200 160,6
19 >200 >200 29 >200 >200
1h >200 >200 2h >200 >200
1i 195,9 128,6 2i >200 >200
1 >200 >200 2j >200 >200
1k 138,60 >200 2k >200 >200
1l >200 >200 2l >200 >200
2m >200 >200

Dados normalizados frente a células tratadas comSOMO0,4% v/v). B16-F10:
melanoma metastatico murino. HepG2: hepatocarcinmmaano.aCsy: Concentracéo
de composto necesséria para inibir 50% das célidasis, valor determinado apds 48
h de tratamento continuo. A viabilidade celular determinada pelo ensaio de MTT

apos trés experimentos independentes.

A migracéo celular € um comportamento importante paveoaréncia de metastase,
principalmente no melanoma (Isola et al., 2016). d&hicente, avaliou-se o efeito dos 25
compostos Za-2m e umol L) sobre a atividade migratdria de células B16-F10a Paif
aplicamos o ensaio de fechamento de fenda na peesemgséncia dos compostos. Dentre 0s
compostos testados, 10 deles (le, 1f, 1h, 1i, 1j, Z&, 2c, 2e e 2f) suprimiram
significativamente a migracdo de células B16-F10 apbifl L™ apés 24 h em comparacdo
com células tratadas com DMSO (Fig. 6 A). Os congm&f, 1i e 2a foram os mais ativos,
suprimindo a migracgao celular em mais de 60% (P<@)0§@Gando comparados ao controle.

Posteriormente, os compostos derivados 1f, 1i e 2a fanaatiados quanto a sua
eficacia utilizando o ensaio de fechamento de fendameeatracdo de 5@nol L (Fig. 6 B-

C). Nesta concentragédo, os trés compostos foram caplazésibir significativamente a
migracdo de células B16-F10, sendo os composteslifos mais ativos, com supressdo da
migragdo em mais de 60% (P<0,001) em comparacaocc@antrole. Particularmente, o

composto 1f (Fig. 6 B) inibiu a migragdo em aproxdaaente 80%. Com base nestes
65



resultados, podemos sugerir uma relagéo entre o efgtitnigratdtio dos compostos 1f e 1li e
a presenca de um anel aromatico diretamente ligadgosicdo C-3 do nucleo de
isobenzofuranona (Fig. 6 D). Este anel arométicoigemado nas posicbes C-2 ' e C-6' e
exibe um grupo alquila (isopropila) ligado a C-4' (FégD). Assim, essas caracteristicas
estruturais parecem ser importantes em termos da agvatganigratoria desses compostos.
Outros estudos encontraram efeitos citotéxicos sobriakdlidade celular relacionados as
mesmas caracteristicas estruturais das isobenzofimmnoomo enteishmania(Pereira et
al., 2015) e na linhagem celular K562 (Teixeira et2813).
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Fig. 6 - Efeito de compostos derivados de isobenzofmonas funcionalizadas na
posicdo C-3 (la-1l) e isobenzofuranonas contendo péacg; 1,2,3-triazélica (2a-2m)
sobre a migracao de células B16-F1GA e B) Apoés confluéncia, as células B16-F10
foram retiradas com auxilio de uma pipeta (281 L™?) e lavadas com meio de cultura
para remover células livres. Em seguida, as céfolasn incubas com meio de cultura
contendo os compostos na concentracdo deutd0 L ou 50umol L durante 24 h. (D)
Fotomicrografia mostrando o resultado do ensaio defeento de fenda a 0 e 24 h ap6s o
tratamento. (C) Estruturas quimicas dos compostos 1f, 2H. édados expressos como
média + S.E.M. *P <0,05, **P <0,01, **P <0,001 &#0,0001 versus controle (DMSO

0,4% v/v) pelo teste de Dunnett.

Além de migracgdo, invasdo e adeséo celular séo eiapastantes na metastase do
melanoma, podendo ser alvos preferenciais para o \dédgemento de novas drogas
antimetastaticas (Shtivelman et al., 2014). Neste seriddipu-se os efeitos dos compostos
1f e 1i sobre as atividades de invas@o e adeséoldascda linhagem B16-F10 (Fig 7). A

capacidade de invasado dessas células foi significaginte reduzida apés tratamento de 24 h
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com o composto derivado 1f em relacdo as célulaxaiirole nas concentragdes 12,5
(45,2%), 25 (43,8%) e 50 (56,7%mol L* (Fig. 7 A-B). JA o composto li reduziu
significativamente a atividade de invasdo celular quardoconcentracdes 25 (34%) e 50
(89,2%) umol L (Fig. 7 A e Fig. 7 C). Considerando adesdo celai@ylas da linhagem
B16-F10 apresentaram redugéo significativa nesta atigiqaando tratadas com o composto
1f nas concentracdes de 25 (19,1%) e 50 (35;a#0) L™ (Fig. 7 D). O composto derivado
1i ndo comprometeu a adeséo das células B16-F107(Ep.

Quando analisados conjuntamente os dados de migrag&@sao e adesao celular,
pode-se observar que o composto 1f foi mais efetivindam a migracéo e a invasividade de
células da linhagem B16-F10 do que o composto tlicamdo que as hidroxilas (grupo
funcional -OH) presentes nas posicdes C-2' e C-@nabaromético do composto 1f (Fig. 8
A) desempenharam atividade biolégica mais eficaz dooqgreipo acetina (Ac) presente nas
mesmas posi¢des do composto 1i (Fig. 8 B).

No que se refere aos derivados de isobenzofuratrabalhos sugerem que a natureza
heterociclica de sua estrutura quimica favorece a intei@dgstes compostos com proteinas
PKCs, (Baba et al., 2004a; Baba et al., 2004b; Hiraalget2007; Hirai et al., 2011),
comprometendo assim sua atividade, e como consequélieimcOes na expressao de
metaloproteinases de matriz envolvidas nas etapas dataset{Chien et al., 2015; Noh et
al., 2015). Noh et al. (2015), avaliaram o efeito dongosto fisetina, um composto
heterociclico, sobre a atividade invasiva de células deecdde mama (MCF-7), e os
resultados mostraram que este composto foi efetivo emandomportamento invasivo desta
linhagem celular, por suprimir a ativagdo da MMP-9 pelgulacdo da via PKC/MAPK.
Outro composto heterociclico com atividade sobre a viBKIa, é a galangina. Chien et al.
(2015), ao avaliarem os efeitos da galangina sobmnportamento metastatico de células de
hepatocarcinoma (HepG2), observaram que este compatgouou a caracteristica
metastatica destas células, por reduzir a expressédo M&s2ve -9, devido a inibicdo da via
PKC/ERK.

67



B = C =
=) =
,‘g: 1001 Composto 1f % 1001 Composto 1i
S 80 . S 801 T
> *x - =
2 607 # 32 60
5 F
E 40' :=. 40'
@
< 204 O: 20+ #
§ 0- - ; ; % o . . il
£ DMSO 1250 25 50 (uM) E  DMSO 1250 25 50 (uM)
D % Composto 1f E o) Composto 1i
£ 1007 £ 1007
: H : = b b
: 80 sk : 80+
= =
60 < 60
= =
2 404 2 40
= =
S 20 S 201
lg lg
3: DMSO 12,5 25 50 (uM) =z DMSO 12,5 25 50 (uM)

Fig. 7 - Efeito dos compostos 1f e 1i sobre a invasd@adeséo de células B16-
F10 in vitro. (A) Fotomicrografias do ensaio de invasdo de cgllBa6-F10
tratadas com os compostos 1f e 1i nas concentracesde% e 5Qumol L. A
invasdo foi avaliada por meio da quantificacdo de célgles atravessaram 0s
insertos de Trasnwell revestidos com matrigel. As célalalidas foram coradas
com azul de toluidina 1% e contabilizadas. (B) e (C) iGryéfrepresentativos do
ensaio de invasdo celular. (D) e (E) Gréficos reptatgos do ensaio adesao
celular. Células B16-F10 foram tratadas com os compodfo e 1i nas
concentragdes de 12,5, 25 e fflol LY. A adesfo foi avaliada por método
espectrofotométrico usando MTT. Dados expressos cogédiant S.E.M. *P
<0,05, *P <0,01, **P <0,001 e #P <0,0001 verswnitole (DMSO 0,4% v/v)
pelo teste de Dunnett.
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Composto 1f Composto 1i

Fig. 7- Estrutura quimica das isobenzofuranonas 1if e 1
funcionalizadas na posigdo C-3. (A) Composto 1f com
hidroxilas (grupo -OH) presentes nas posi¢des C-26& C

do anel aromético. (B) Composto 1i com o grupo acetina

(Ac) presentes nas posi¢Bes C-2 'e C-6' do anelaicm

ApGs as células tumorais colonizarem um novo sitio,Elsisam proliferar para que
0 novo tumor se estabeleca (Guan, et al., 2015)mAssilizou-se o ensaio de proliferagéo
por excluséo usando corante azul de tripan paratigee se o derivado de isobenzofuranona
1f poderia comprometer a proliferacdo de células Bl®-P resultado obtido indicou que o
compostolf, na concentracdo de 1@@nol L?, inibiu significativamente a proliferacdo de

células B16-F10 de maneira tempo dependente em cogaparam controle (Fig. 9).
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Fig. 9 — Viabilidade de células B16-F10 apés tratameatn @ composto
derivado de isobenzofuranona 1f. A proliferacdo élelas B16-F10 (1 x
10°/poco) foi determinado por exclusdo do azul de trig@s®4, 48 e 72 h
de exposi¢do a 100 pM do composto 1f ou com o vei@MSO 0,4%
v/v). Dados expressos como meédia + S.E.M. *P <@,@% <0,0001 versus
controle (DMSO 0,4% v/v) pelo teste de Tukey (ANOVAGway).
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Além de apresentar atividade bioldgica contra linhagemerais, é importante que os
Novos compostos possuam baixa citotoxicidade sobuéasélormais e sanguineas. Por isso,
avaliou-se a citotoxicidade do composto 1f sobrelaglndo tumorais de rim de macaco
(Vero), macrofago (RAW 264.7) e eritrécitos. Célulard/ndo foram sensiveis ao composto
1f na concentracdo de 1Qfhol L (Fig. 10 A), enquanto que macréfagos foram ligeirament
sensiveis ao composto nesta mesma concentracdo. @stonderivado 1f causou hemdlise

apenas quando na concentragdo de 100 uM (Fig..10 B)
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Fig. 10 — Efeito do composto derivado de isobenzofurarid sobre a viabilidade de
células ndo tumorais e eritrocitos. (A) Células Verdu(aéde rim de macaco verde
africano) e macréfagos (RAW 264.7) foram exposta8&uM do composto 1f durante
48 h. (B) Gréfico representativo do teste de hemolisdoB&xpressos como média +
S.E.M. *P <0,05 versus DMSO (0,4% v/v), #P <0,00@&tsus Triton e T P <0,05

versus salina pelo teste de Dunnett.

3. Conclusao

Em conclusdo, este estudo mostrou pela primeira vezuqu derivado sintético de
isobenzofuranona pode comprometer significativamientéro o comportamento metastéatico
de células B16-F10, principalmente por inibir a fiddde, adesdo e invasdo dessas células.
Adicionalmente, o composto 1f mostrou baixa toxicidadevitro frente a células nao
tumorais. Os achados deste estudo sugerem que odiefif/& um composto potencial para
se desenvolver como um agente antimetastatico contr@lam@ma, mas seu mecanismo de

acao precisa ser melhor investigado.
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CONSIDERACOES FINAIS

Neste trabalho foi avaliado o potencial antimetastaticovitro de dois grupos
quimicos, 26 compostos derivados do &cido cinamico5ec@mpostos derivados de
isobenzofuranona. Ambos os grupos de derivadoseap@am compostos com capacidade
de inibir significativamente o comportamento metastéizdinhagem de melanoma cuténeo
B16-F10. Em particular, os resultados chamam atencé® gaelagdo entre a natureza
heterociclica de dois derivados, 9a e 1f, e o efeitbitémio destes derivados frente a
motilidade, adeséo e invasdo de células B16-F10, d&suas baixas atividades citotdxicas
frente a células ndo tumorais. Juntos, esses ressilitadstram o potencial destes derivados
para desenvolvimento de novos candidatos para o tratadenielanoma cutaneo.

Como perspectiva, este trabalho propbe estudos pamgpreender melhor os
mecanismos pelos quais estes derivados desempenhaatiddade antimetastatica. Isso
pode ser feito por andlises mais aprofundadas de sg@dizzelular e atividade enzimética de
metaloproteinases. Propde-se ainda a avaliagdeivo da atividade antimetastatica dos

compostos 9a e 1f, por meio do modelo experimentaldiecdo de nddulos pulmonares.
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