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RESUMO

A Doenca de Chagas € uma doenca causada pelo gaotoErypanosoma cruzique afeta
milhdes de pessoas na América Latina. As drogasoudigeis para o tratamento desta
infeccdo causam sérios efeitos colaterais e terh@# variavel especialmente na fase cronica
da doenca. Neste contexto, produtos naturais téstratm bom potencial para a descoberta
de novos quimioterapicos para o tratamento dedergéo. Recentemente, nosso grupo
relatou a atividade do elatol, extraido da algane#ihalaurencia dendroideapresente no
litoral brasileiro, sobT. cruzi Esta atividade tripanocida pode ser resultad@ltbracoes
morfologicas e ultra-estruturais reveladas por asicopia eletrbnica. Assim, a proposta do
presente trabalho foi estudar os possiveis mecasistie acdo e vias de morte celular
envolvidas na atividade tripanocida do eladbssos resultados mostraram que o tratamento
de tripomastigotas d&. cruzi com elatol induziu alteracdo no potencial de memddr
mitocondrial, alteracdo na integridade da membrahalar, aumento da formacdo de anion
superoxido mitocondrial, lipoperoxidacédo, fragmeéta de DNA, diminuigcdo do volume
celular e formacéo de vacuolos autofagicos. Esmgtados sugerem que a acao tripanocida
do elatol envolve multiplos eventos que culminamm@morte dd. cruzi Nossa hipétese é
que a alteracdo mitocondrial seria um evento crggia determinaria caminhos bioquimicos
distintos induzindo tipos diferentes de morte @lul

Palavras-chave:Elatol, Trypanosoma cruztripomastigotas e morte celular.



ABSTRACT

Chagas’ disease is an illness causediypanosoma cruzarasite, which affects millions of
people on Latin America. The available drugs featment of this infection cause serious side
effects and has variable efficacy especially indhnic phase of the disease. In this context,
natural products have shown good potential fordiseovery of new chemotherapy for the
treatment of this infection. Recently our groupared the activity of elatol, extracted from
red macroalgaeLaurencia dendroidea present in brazilian coast, om. cruzi This
trypanocidal activity might be a result of morphgiltal and ultrastructural alterations
revealed by electronic microscophhus, the proposal of this work was to study thespue
mechanisms of action and cell death pathways ir¢bla the trypanocidal activity of elatol.
Our results showed that treatment of trypomastgyofd. cruziwith elatol induced changes
in mitochondrial membrane potential, changes i cembrane integrity, increase in the
formation of mitochondrial superoxide anion, lipjkeroxidation, DNA fragmentation,
decreased cell volume and formation of autophagmuules. These results suggest that the
trypanocidal action of elatol involves multiple et that culminate in the death Bf cruzi

Our hypothesis is that the mitochondrial changesilv@e a crucial event that determines
distinct biochemical pathways by inducing differgyes of cell death.

Keywords: Elatol, Trypanosoma cruztrypomastigotes and cell death.
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1. INTRODUCAO

O Trypanosoma cruz o agente etiologico da doenca de Chagas, dogrceonstitui
ainda hoje no Brasil, e entre outros paises da imé&atina, um problema médico e social
grave. Acomete cronicamente cerca de 10 milh6gmedsoas e sdo estimadas mais de 10 mil
mortes por ano (WHO, 2010). No Brasil, estima-se guistam em torno de 2 milhdes de
individuos portadores da doenca (MINISTERIO DA SAE/IDO BRASIL, 2010).

O tratamento da doenca de Chagas ainda é um deggimsar dos esforcos
investigativos nenhuma droga tornou-se disponiagd p tratamento da doenca, desde o final
de 1960 e inicio de 1970, quando foram introduzitns farmacos no mercado, o nifurtimox
(Lampiti®/Bayer) e o benzonidazol (Rochafj#Roche) (COURA; CASTRO, 2002; CENCIG
et al., 2011). Ambas as drogas sdo altamente ®&xacahospedeiro (COURA, 2009) e
possuem atividade limitada, conforme a susceptdulie de diferentes cepas de cruzi
(VELOSO et al.,, 2001). Dessa forma, novas drogasna® toxicas e mais efetivas, sédo
urgentemente necessarias para o tratamento daadderithagas.

Nos ultimos anos, 0 uso de produtos naturais tescicto em todo o mundo, inclusive
no Brasil (CALIXTO, 2000). Recentemente foi demoadd a atividade do elatol, um
sesquiterpeno halogenado isolado da dlgarencia dendroideacontra T. cruzi Este
composto provocou altera¢cdes morfolégicas e ulinaiesais importantes nas tripomastigotas
e amastigotas intracelulares @ecruzi (VEIGA-SANTOS et al., 2010). De acordo com o0s
resultados obtidos pela microscopia eletronicardestnissdao (MET) (VEIGA-SANTOS et
al., 2010) a mitocondria pode ser um alvo potenpata acdo do elatol. De fato, a
mitocondria dos tripanossomatideos apresenta estratfuncao caracteristica, o que a difere
das mitocondrias dos mamiferos. Desta forma, egemnela tem sido apontada como um alvo
potencial para o desenvolvimento de drogas tripdaesdMENNA-BARRETO et al., 2009a).

Com base no exposto, propusemos estudar possieemniemos de acdo e vias de
morte celular envolvidas na atividade tripanocidaethtol sobre d@. cruzi Considerando que
a atividade do elatol envolve alteracdes morfoldgie mitocondriais, avaliamos algumas
funcdes bioquimicas, principalmente as associadems o desenvolvimento de estresse
oxidativo nas tripomastigotas.

Os topicos desta introducdo detalham temas quedsuisa compreensdo do nosso

trabalho.
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1.1 Aspectos Gerais da Doencga de Chagas

A doenca de Chagas (tripanossomiase americanajoiz@sipanose) foi descrita pela
primeira vez pelo cientista Carlos Ribeiro Justiniglas Chagas em 1909, e tem por agente
etioldgico oT. cruzi(CHAGAS, 1909). Em sua descoberta, Chagas estahekspectos da
biologia do parasito e epidemiologia da doencacrégsu a patologia e seu diagnostico, e
identificou reservatérios domésticos e silvestres.

A infeccdo chagasica, inicialmente uma parasitoseodica silvestre, foi
transformada em uma antropozoonose, com a ocupiachomem durante o desmatamento,
agricultura e pecuaria. Nos ultimos 200-300 anostomineos, que ndo puderam se
alimentar, devido ao deslocamento de animais $ik®scomecaram a colonizar areas em
torno e dentro de casas. Eles se adaptaram aielste a alimentacdo de sangue de animais
domésticos e humano, como uma zoonose (COURA, 2007)

Apos isso, a doenca estendeu-se por toda a Amésitaa (RODRIGUEZ et al.,
2009), e além de ser um problema médico e so@akgacomete milhdes de pessoas (WHO,
2010; URBINA, 2010), sendo registradas de 50.0@D@&000 novas infeccbes a cada ano
(TARLETON et al., 2007). Nos ultimos anos, diversasos tém sido registrados no Brasil,
com destaque na regido amazonica (DIAS; PRATA; SEIHOD, 2002). Essa regido tem
registrado muitos casos da forma aguda da doengahdgas, caracterizando essa doenca
como emergente nessa regiao (VALENTE et al., 2009).

Assim, a doenca de Chagas € considerada um problersalde publica, encontrada
em regides rurais ou comunidades isoladas, de lemgalaridade, com pouco ou nenhum
acesso a servicos de salde e saneamento basmsifiecada a segunda enfermidade (apés a
malaria) associada a vetor, em prevaléncia e nudathd. Fatores econdmicos, sociais e
politicos tém aumentado a migracdo de pessoas despandémicos para paises nao-
endémicos, onde estdo sendo detectados casosdedimfhumana, através de transfusfes de
sangue, transplantes de Orgdos infectados e imfeco@génita (SCHMUNIS, 2007a;
MONCAYO; SILVEIRA, 2009), transformando a doencaCGleagas de um problema rural da
América Latina para um problema global (SCHMUNIS0?2b).
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1.2 Trypanosoma cruz e a Doenca de Chagas

O T. cruzié um protozoario do filo Sarcomastigophora, sabfllastigophora, ordem
Kinetoplastida e familia Trypanosomatidae. Onde, cibetoplato é uma organela
especializada, onde se concentra o DNA mitocondigalparasito. Apresenta trés formas
evolutivas morfologicamente distintas pela posidéaocinetoplasto em relagdo ao nucleo e
insercao do flagelo: tripomastigota, amastigotpimastigota (BRENER, 1992).

O ciclo de vida deT. cruzi alterna entre mamiferos e insetos vetores, apeasim
diferentes formas evolutivas: (i) epimastigota, nfar responsavel pela manutencdo da
infeccdo no inseto vetor; (ii) tripomastigota, f@mfectante presente no sangue circulante do
mamifero e nas fezes e/ou urina do inseto vetdjii)eamastigota, forma infectante de
replicacdo intracelular, encontrada nos tecidosntimifero. Resumidamente, no ciclo
biolégico as tripomastigotas sanguineas ingeridal® jnseto vetor se diferenciam em
epimastigotas proliferativos, que por sua vez,ifgahciam em tripomastigotas metaciclicas
no intestino posterior do inseto. Durante o repaattguineo as tripomastigotas metaciclicas
sao liberadas nas fezes e/ou urina do inseto &ti@ves de solucao de continuidade da pele
ou mucosa integra, as tripomastigotas metacicliceadem varios tipos de células e
transformam-se em amastigotas, que se reproduzeiyi®do binaria, em seguida, sofrem
novo processo de diferenciagdo em tripomastigatesponsaveis pela disseminagdo da
infeccdo (COURA; CASTRO, 2002; SILVA JUNIOR et £Q08).

Atualmente existem 140 espécies de triatomineoscrittess (PATTERSON;
BARBOSA; FELICIANGELI, 2009; VALLEJO; GUHL; SCHAUB2009). Estes pertencem
a ordem Hemiptera, familia Reduviida&e subfamilia Triatominae, sendo que algumas
espécies tém especial importancia epidemiologicsiee consideradas espécies primarias:
Triatoma infestans T. rubrofasciata, T. braziliensis Panstrongylus megistusT.
pseudomaculate T. sordida As espéciefRhodnius neglectufk. nasutusT. rubrovariae T.
vitticepssao consideradas espécies secundéBiay/EIRA, 1983). Possuem habito noturno e
sdo hematoéfagos, desde a primeira fase da vidadatios, o que estabelece o estreito
relacionamento desses insetos com animais, prinogoée aves e mamiferos.

A maior parte dos casos de infecgcdo humana, owtlesovertebrados é causada pela
via vetorial (PRATA, 2001; GODOY; MEIRA, 2007). Afé da transmissdo vetorial,
podemos citar outros tipos de transmissdo, comgérota (GURTLER; SEGURA; COHEN,
2003; DIAS; AMATO NETO; LUNA, 2011; CARLIER et al2011), transfusdo sanguinea,
transmissao oral por ingestdo de alimentos contdos) transplantes de 6rgaos infectados e
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acidentes laboratoriais (BRENER; ANDRADE; BARRAL-N@, 2000; DIAS; AMATO
NETO; LUNA, 2011).

Com relacdo a transmissao vetorial, em 2006, oilBrasebeu o certificado pela
Organizacdo Pan-Americana da Saude/Organizacédo iMudd Saude (Opas/OMS) de
eliminacao da transmissao pédloinfestansconsiderado o principal vetor.

Quanto a transmissdo oral, em 2005, 25 pessoam forfectadas oralmente ao
consumirem caldo de cana infectado p€locruzi em Navegantes, Santa Catarina. Pouco
tempo depois foi relatada a infeccédo de 26 pessmasgerirem suco de acai contaminado em
Igarapé da Fortaleza, Amapa (IANNI; MADY, 2005).té&s episodios tém sido frequentes,
colocando a transmisséo oral como a principal giamteccdo na Amazonia Legal.

Além disso, a transmissdo congénita pode afet@nsente a sobrevivéncia do bebé,
por conta dos efeitos colaterais dos medicamenisgomiveis (GURTLER; SEGURA,;
COHEN, 2003; CARLIER et al., 2011).

Em relacdo as fases clinicas, a doenca de Chaghes qav dividida em aguda e
cronica, sendo a crbnica subdividida em indeterdanaardiaca, digestiva e mista (cardiaca e
digestiva) (BRENER; ANDRADE; BARRAL-NETO, 2000).

O diagnostico da fase aguda pode ser determinadfuegdo do sinal de porta de
entrada da infeccdo. A infec¢do chagasica se inicéavés de um conjunto de manifestagoes,
que pode ser variavel em freqiéncia e intensidaoigém, pode ser assintomatica. Apos a
infeccdo, a mesma pode ser aparente, através gormhade inoculacédo, edema cutaneo que
surge no local de entrada do parasito ou pelo sieaRomafa, um edema bipalpebral
unilateral, que ocorre com a entrada do parasitmnauntiva ocular (BRENER; ANDRADE;
BARRAL-NETO, 2000). Outros sintomas nesta fase &&wre, mal estar geral, dores
abdominais, edema, insuficiéncia cardiaca, entt@suque podem durar algumas semanas.
Tais sintomas sao decorrentes da multiplicacédssediinacao do parasito, fase caracterizada
também, pela maior parasitemia sanguinea (PRAT®A1;2AARCON et al., 2011).

A presenca comprovada da doenca, na auséncia dgacaks clinicas,
eletrocardiogréaficas ou radiologicas de acometimeatrdiaco ou digestivo, compreende-se
por forma indeterminada da doenca de Chagas. Nemtes ocorre baixo nivel de parasitemia
e alto teor de anticorpos. Apos a fase aguda, apemdamente 50% dos pacientes evoluem
para a forma indeterminada, na qual, embora existfeccdo ativa, praticamente ndo ha
lesGes e os Orgaos e sistemas encontram-se piaEe(BRENER; ANDRADE; BARRAL-
NETO, 2000).
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As manifestacdes da fase crénica ocorrem geralnteni® a 30 anos apoés a infec¢éo
(RIBEIRO et al., 2010). Tais sintomas provém das@nga de ninhos de amastigotas, que
induzem a disfuncdo das células infectadas e cawsagies inflamatorias, resultando em
aumento de massa muscular e diminuicdo da func@ogdm comprometido, podendo causar
cardiopatia, danos no sistema nervoso e disfungdsistema digestivo, que conduz ao
megaesbtfago e/ou megacolon (PRATA, 2001).

1.3 Drogas Utilizadas no Controle da Doenca de Chag

Apenas dois farmacos tém sido usados como as paisairogas antiparasitarias para
a doenca de Chagas, o benzonidazol e o nifurti@@URA, 2009; DE SOUZA et al., 2011).
No Brasil, ap6s a proibicdo do uso do nifurtimoxs ramos 80, o benzonidazol, é o Unico
farmaco com atividade tripanocida disponivel nocado (PEDROSA et al., 2001; COURA,;
CASTRO, 2002). Tais compostos podem encurtar a dgsela e diminuir a mortalidade,
porém, eles promovem a cura parasitolégica em tden®0% dos pacientes em fase aguda, e
20% na fase cronica da doenca (COURA, 2009). A adéstes fa&rmacos é afetada
diretamente por algumas condi¢bes, como a duragdoathmento, a idade e a distribuicao
geografica dos pacientes, entre outros. Estes cstopp@odem causar toxicidade sistémica
(TONIN et al., 2010; IZUMI et al., 2011), onde oitos colaterais mais importantes sao
hipersensibilidade (febre, edema, linfoadenopa@&antema, dores musculares e nas
articulacbes), depressdo da medula 6ssea (purpanabdcitopénica e neutropenia) e
polineuropatia periférica. Estes efeitos secundas@o dose-dependente (PRATA, 2001).
Devido aos efeitos adversos, frequentemente oneateo é abandonado (MENNA-
BARRETO et al.,, 2009b). No entanto, o tratamentoe@mendado para todos 0s casos
agudos e congénitos da doenca de Chagas, em iegecginicas e em individuos com idade
inferior a 18 anos (OLIVEIRA et al., 2008; SOSA-ESNI; VIOTTI; SEGURA, 2009).

Contra a transmissao transfusional, a solucdo éalcvioleta foi utilizada como
agente quimioprofilatico para esterilizacdo do sangos Bancos de Sangue do Brasil
(NUSSENZWEIG et al., 1953). No entanto, essa mepidélatica apresenta restricbes a sua
utiizacdo (THOMAS; MACPHEE, 1984), como por causartacdes nas mucosas,
decréscimo do numero de leucécitos, corar a pedepdoientes transfundidos por algumas

horas e apresentar potencial mutagénico e caraimmgOCAMPO; MORENO, 1990).
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Muitas substancias de origem natural, sintéticaemi-sintética apresentam atividade
tripanocidain vitro e in vivo, mas estao longe de tornarem-se um farmaco (MAYAl.e
2007; LOPEZ-MUNOZ et al., 2010). Varios trabalhémtrelatado compostos com atividade
tripanocida, exemplo disso pode ser encontrado ram revisdo recente, onde cerca de 136

compostos ja foram testados na ultima década coftraruzi(IZUMI et al., 2011).

1.4 Alvos Potenciais da Atividade Tripanocida de Gapostos

Vias bioquimicas encontradas em tripanossomatideas, ausentes em hospedeiros
mamiferos tem sido consideradas como alvos de nowwgostos (MAYA et al., 2007).
Algumas vias dd. cruzimerecem destaque, como a sintese do ergosteyohaipal esterol
presente nas membranas deste parasito, que énthfed® colesterol encontrado em
mamiferos (MAYA et al., 2007; DE SOUZA; RODRIGUEX)09; URBINA, 2009; VAS et
al., 2011).

Outros alvos direcionam-se as enzimas da via diica| sintese de DNA (acido
desoxirribonucléico) (BARRETT et al., 2003) e sisteantioxidante, sendo que este ultimo é
um dos mais estudados na pesquisa de novas dRIGHSY(RO et al., 2008).

Enquanto em organismos eucariotos o0 sistema glotat{GSH)/GR e tioredoxina
(Trx)/TrxR mantém a homeostase redox intraceluters tripanossomatideos o sistema
tripanotiona é o responsavel pela detoxificacadideoperoxidos (TURRENS, 2004). Este
sistema é fundamental para a sobrevivéncia destsiftae a0 mesmo tempo um alvo
potencial para novas terapias (KRAUTH-SIEGEL; COMINKO008). Apesar de possuir
defesas antioxidantes, o parasito tem se mostradm reensivel a acdo de radicais livres
(TURRENS, 2004), sofrendo oxidacdes em macromakécussenciais como proteinas,
lipideos e DNA (BA et al., 2010).

T. cruziapresenta apenas uma mitocondria (CAMPOS et(dl1)2onde o mecanismo
de obtencédo de energia neste parasito € apontatm wm dos alvos para o desenvolvimento
de novas drogas tripanocidas (CARRANZA et al., 2009

Além disso, o metabolismo das poliaminas, degramggatéica, acidocalcissomo,
glicossomo, enzima transialidase, entre outroshéms&o considerados alvos potenciais de
novos compostos (BARRETT et al., 2003).
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1.5 Tipos de Morte celular

A apoptose, necrose e autofagia sao tipos difesateenorte celular (KROEMER et
al., 2009). Dependendo de fatores que induzam aafies morfologicas, enzimaticas,
funcionais ou imunolégicas, um determinado tiponderte celular pode predominar. No
entanto, podem existir situacfes onde estimulosrsidg induzam mais que um tipo de morte
celular.

A morte apoptética apresenta algumas peculiaridageso reducdo de volume
celular, condensacéo da cromatina, fragmentacdaNfg arredondamento celular e discreta
ou nenhuma modificacdo ultraestrutural de organetmplasméticas (KROEMER et al.,
2009; DE SOUZA et al., 2010). Um conjunto de preé&saconhecidas como caspases regulam
a apoptose (KOSEC et al., 2006). As caspases sfatizadas como precursores inativos e,
diante de estimulos apoptoéticos, sofrem ativacadeplitica. Algumas proteinas podem
regular a ativagdo das caspases, uma série desgag@s tem localizagdo ou interacdo
mitocondrial. As mitocondrias também possuem pnaieique inativam proteinas citosolicas
responsaveis pela inibicdo de caspases. O citocnyeralmente encontrado no espaco
intermembranas mitocondrial, quando liberado pac#tasol, também participa do processo
de apoptose. As mitocdndrias também possuem urartonjle proteinas capazes de causar a
condensacgao da cromatina nuclear e a fragmentagdaNd (RAVAGNAN; ROUMIER,;
KROEMER, 2002).

A necrose, uma outra forma de morte celular, deramiito tempo foi avaliada como
um processo de morte acidental e descontrolader®goente evidéncias tém mostrado que
a execucdo de morte celular necrética pode ser dmntrolada e regulada (FESTJENS;
BERGHE; VANDENABEELE, 2006). Varios mediadores, anglas e processos celulares
tém sido implicados na morte celular necrdtica, doelui dilatacdo de organelas
citoplasmaticas (mitocondria, reticulo endoplasceate complexo de Golgi), alteracdes
nucleares e de membranas (KROEMER et al., 2009 ENIEZ-RUIZ et al., 2010),
vacuolizacdo citoplasmatica (RODRIGUES; SEABRA; S@lJ) 2006), aumento nha
concentracdo de calcio citosolico que resulta ebresarga mitocondrial e ativacdo de
proteases ndo caspases (calpainas e catepsinais).ol@alcio como as espécies reativas de
oxigénio (EROs) séo causadores da propagacédo eg&eecla morte celular por necrose.
Estes agentes podem atuar de forma direta ou tadpeovocando varios danos as
macromoléculas, culminado com ruptura de orgarelasrte celular (ZONG; THOMPSON,

2006). Apesar do conhecimento dessas alteracOeayaaterizacdo de morte celular por
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necrose € avaliada principalmente por permeabdizade membrana plasmatica precoce
(FERNANDES et al., 2010; JIMENEZ-RUIZ et al., 2010)

Além desses processos, as células eucarioticasmpatigradar seus proprios
componentes, como proteinas citosoélicas e organetasmdo hidrolases contidas em seus
lisossomos. Esse processo de reciclagem é denaménadfagia, que facilita a remodelagéo
metabdlica em resposta a varios estimulos, comaeatais. Neste contexto, diferentes vias
autofagicas ocorrem nas células, a forma mais comanmacroautofagia, um processo nao-
seletivo, onde porcdes do citoplasma e constitsiiottoplasmaticos sdo cercados por uma
estrutura de membrana dupla, o fagofaro. Estatesdradesenvolve-se em uma vesicula de
membrana dupla, o autofagossomo, em seguida, a raemlexterna da vesicula se funde
com a membrana lisossomal vacuolar, formando olisossomo. A vesicula presente no
[limen do lisossomo € chamada de corpo autofagiceua, membrana é rompida por
hidrolases lisossébmicas e seu conteudo degradado.produtos da degradagcdo sao
transportados de volta para o citosol através dabrana lisossomal. Em alternativa, no
processo conhecido por microautofagia, os constési citoplasmaticos sdo tomados pelo
lisossomo como resultado da imersdo pela membrassad organela, formando o
autolisossomo (KIEL, 2010; BRENNAND et al., 2011).

Cada um dos processos citados acima, é caracnmadima sequéncia de eventos
morfoldgicos e bioquimicos. Apesar da necrose @tage serem processos tipicos da morte
celular programada (PCD), deve-se ressaltar qudéadagia € geralmente considerada como
um processo que ndo tem primariamente a intencadmatar, mas sim, de sustentar a
sobrevivéncia celular em condi¢cdes de degradag@&medelacdo celular. Apenas quando a
degradacgédo é continua a autofagia é desencadeadsepanismos que resultam na morte da
célula (BRENNAND et al., 2011).

1.6 GéneroLaurencia e o Elatol

A biodiversidade do Brasil é considerada uma fodie novas substancias
biologicamente ativas e sua preservacao € fundaiméantto pelo valor dessa imensa riqueza
biolégica como pelo potencial de fonte de novom&nos (BARREIRO; BOLZANI, 2009).

O estudo da biodiversidade marinha e os diferesuagpostos extraidos, associados as suas
atividades biologicas, tém atraido a atencao dersids grupos de pesquisa. Atualmente, séo

conhecidas vérias substancias originadas de itwades e micro-organismos marinhos,
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muitas com potente atividade farmacolégica (CAVAICH et al., 2008; BARREIRO;
BOLZANI, 2009). A exemplo, temos as algas vermeljas sdo grandes produtoras de
metabolitos secundarios. Dentre essas, o gdrmneenciadestaca-se como fonte de novos
produtos naturais (KLADI et al., 2008).

O Elatol foi isolado dd.. elata pela primeira vez por Sims, Lin e Wing (1974). E
isolado como componente majoritario da alga veraelhmicrocladiaKutz, coletada no Sul
do Brasil (LHULLIER et al., 2009). Alem do sesqueno elatol, muitas espécies do género
Laurenciaproduzem metabolitos halogenados (HAY; FENICAL839MACHADO et al.,
2010). Alguns trabalhos descrevem atividades bicédgde varios compostos do género
Laurencig como antibacterian@/AIRAPPAN et al., 2001aVAIRAPPAN et al., 2001b;
VAIRAPPAN, 2003; KLADI et al., 2008; MAYER et al2009), antimalérica (WRIGHT et
al., 1996; TOPCU et al., 2003; MENDIOLA-MARTINEZ eil., 2005) antitricomonas
(MOO-PUC; ROBLEDO; FREILE-PELEGRIN, 2008), anti-hehtica (MAYER et al.,
2009), tripanocida (VEIGA-SANTOS et al., 2010) skenanicida (SANTOS et al., 2010). O
elatol, por sua vez, apresenta atividades impasaigcbmo inibicdo da herbivoria (PEREIRA
et al., 2003), da incrustacao (DA GAMA et al., 2))GBividade antibacteriana (PARADAS et
al., 2010; VAIRAPPAN et al., 2001a; VAIRAPPAN, 200% também contra protozoarios
(VEIGA-SANTOS et al., 2010; SANTOS et al., 2010).

Recentemente, nosso grupo mostrou a atividade adol,eisolado dd.. dendroidea
(Fig. 1), contra formas parasitariasTecruzi(VEIGA-SANTOS et al., 2010). Este composto
apresentou maior atividade sobre tripomastigotasnastigotas intracelulares, além disso,
provocou alterac6es morfologicas e ultraestruturaportantes nessas formas, como: células
arredondadas com intensa vacuolizacdo citoplasmatichaco mitocondrial, alteracdo da
integridade da membrana celular e figuras de naekpresentou também menor toxicidade
para ceélulas LLCMK (células epiteliais do rim deMacaca mulatta do que para
tripomastigotas e amastigotas intracelulares.

Outro trabalho indicou que o elatol é um potentenés antiproliferativo contra as
promastigotas e amastigotas intracelulared_eishmania amazonensisnde os parasitos
tratados com elatol apresentaram inchaco mitocalpdaparecimento de estruturas
membranosas dentro desta organela, alteracdo darar@rplasmatica, vacuolos autofagicos
e extensdo do reticulo endoplasmético (SANTOS. g2@10).



Figura 1. Espécime déaurencia dendroidea
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2. OBJETIVOS

2.1 Objetivo Geral

Estudar possiveis mecanismos de agéo e vias de psdular envolvidas na atividade

tripanocida do elatol em tripomastigotasideruzi

2.2 Objetivos Especificos

. Verificar o efeito do elatol sobre o potencial demibrana mitocondrial e
alteracéo da integridade da membrana celular;

Avaliar o efeito do elatol sobre a fluidez da meaniar,

. Avaliar o efeito do elatol sobre a formacéo de @rsioperdéxido mitocondrial,

. Avaliar o efeito do elatol sobre a peroxidacacdiiga;

. Avaliar o efeito do elatol sobre a fragmentaca®iiA,

. Avaliar o efeito do elatol sobre a diminuicdo dduwe celular;

. Avaliar o efeito do elatol sobre a autofagia.
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Objectives: Natural compounds have shown good potential f@discovery of new
chemotherapy for the treatment of Chagas’ disd&seently our group reported trypanocidal
activity of elatol, extracted from red macroaldgairencia dendroideecollected off the
Brazilian coast in trypomastigote formsTafypanosoma cruzirhis trypanocidal activity
might be a result of morphological and ultrastrugtalterations revealed by electronic
microscopy. Thus, the proposal of this work wasttaly the trypanocidal activity of elatol on
trypomastigote forms of. cruziin an attempt to delineate the putative mechamwisaction

of this compound.

Methods: For this, the effect of elatol on parasite dea#is wvaluated by differents
biochemical tests.

Results: Our results showed that elatol induced depolaaraif mitochondrial membrane
loss of cell membrane and DNA integrity. Additioyaklatol induced an increase in the
formation of mitochondrial superoxide anion, a @ase in cell volume and the formation of
autophagic vacuoles.

Conclusions:All these together suggest that the trypanocidaba of elatol involves

multiple events and mitochondria might be the ahitarget organelle. Our hypothesis is that
the mitochondrial dysfunction leads to an incressROS production in the electron transport
chain which affects cell membrane and DNA integliegding to differents types of parasite

death.

Keywords: Elatol, Trypanosoma cruziChagas’ disease, mitochondria.
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Introduction

More than hundred years after the discovery of @Ragisease there are only two
drugs available for the treatment of this infectidhese two drugs, nifurtimox and
benznidazole have variable efficacy, especiallhanchronic phase of the disease. Using
these drugs cause serious toxic side effects dawekpose the patient to prolonged
treatment. This infection is considered a serieath as well as social problem. Estimates
indicate that there are about 10 million casesdawvade' and around 50,000 to 200,000 new
infections occurring every yeain addition, more than 10,000 deaths per yeattereesult
of Chagas’ disease.

In this context, the search for new effective as$ltoxic chemotherapy agents for the
treatment of Chagas' disease is increa$iihough literature presents various studies
regarding extracts and pure compounds obtained fdants and macroalgae with good
potential for the treatment of this infectidfjittle is known about their mechanisms of
action.

As an example of that, our group recently repottedtrypanocidal activity of elatol
(Fig. 1), extracted from red macroaldasurencia dendroidegoresent in Brazilian coast on
Trypanosoma cruZi This compound proved to be about 20 times less toxthe LLCMK;,
than to the trypomastigot&siowever, nothing was described about the mechaofsamtion
of this compound, only hypothesis concerning itsoacon mitochondrial functiofIn fact,
the mitochondria of Trypanosomes exhibit uniquerati@ristics that are distinct from
mammalian mitochondria, making this organelle aan&grget of chemotherapeutic agehts.

This prompted us to further investigate the invateat of mitochondrial dysfunction
onT. cruzideath induced by elatol. This hypothesis is stiyohgsed on our previous work by
the transmission electron microscopy (TEM) data évadenced ultrastructural alteration

such as swollen mitochondrial. The trypanocidaloacof elatol was described for both
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infective forms ofT. cruzj intracellularamastigotes and trypomastigotes. However, we
focused our efforts on trypomastigotes, the maimfthat disseminates the infection. Thus,
we evaluated some biochemical alterations on trygstigote forms treated with elatol in a
way to better elucidate the relationship betweetochondrial dysfunction and the type of

cell death triggered.

Methods
Isolation of elatol from Laurencia dendroidea

Elatol was isolated of specimenslofdendroideacollected by hand during low tide,
in the midlittoral zone on the rocky coast of Cé&vm Island (22°59’ S, 42°59’ W), Rio de
Janeiro State, Brazil. The seaweed was storedstiplbags and chilled on ice during
transport to the laboratory. The specimenk.afendroideaised in this study were identified
by Dr. Mutue Toyota Fuijii, and voucher specimensengeposited in the herbaria SP,
Instituto de Botanica, Sao Paulo State, Brazili8mber: 399789).. dendroideavas dried
in the dark at room temperature in order to avaidtplysis and thermal degradation.

The air-dried algal material (300.0 g) giving 50 ofgelatol was successive and
exhaustively extracted imhexane at room temperature for 15 days. The sbivas
eliminated in a rotary evaporator, at low tempeaaa{s50 °C), yielding 3.64 g of a dark green
extract containing the sesquiterpene elatol, whiak detected as brown spot on TLC plates
after spraying with a solution of ceric sulphate anlfuric acid (2.1 g of GESOy)3- 4H,0; 21
mL of H,SO, and 300 mL of KO), followed by heating at 100 °C for 3 min. Ancaiot of
HE (0.35 g) was submitted to preparative thin lagreomatography (PTLC) (Merck, silica
gel 60 ks4 20 x 20 cm, mobile phase:hexane/ethyl acetate 8:2), to afford a yellowigh o

(50 mg) which was identified as the sesquitepeatkl[The purity was confirmed by TLC
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(Rf = 0.45), usingi-hexane/AcOEt 8:2 as mobile phase, andHNMR spectroscopy (300
MHz), and comparison with the literatuf®'*

Elatol stock solutions (1 mg/mL) were prepared M$D, stored at 4C. All groups
(including controls) were tested at final concetitres of less than 1% DMSO, a
concentration found not to affect trypomastigotietgd not shown). The tested concentrations

were based on effective concentration {§€

Parasites and cells cultures

T. cruzitrypomastigote forms (Y strain) (95% of purity) webtained from the
supernatant of an infected LLCMIKells monolayer (epithelial cell of monkey kidney
Macaca mulattain DMEM medium supplemented with 2 mM L-glutamii®% heat-
inactivated fetal bovine serum (FBS), 50 mg/L gamtén, and buffered with sodium
bicarbonate in a 5% GQir mixture at 37 °C. Sub-confluent cultures of@NK; cells were
infected with 5 x 1Btrypomastigotes. Extracellular parasites were resdamfter 24 h, the
cells washed, and these cultures were maintainBdiEM medium containing 10% FBS,

until trypomastigotes emerged from the infectediscel

Cell membrane integrity and mitochondrial membraogential assays

Trypomastigotes (1 x 1@ells/mL) treated or untreated with 1.5 and @0 of elatol,
for 2 and 3 h at 37 °C, were washed and incubat#d0a2 ug/mL of propidium iodide (P1)
for 10 min to verify possible alteration in cell mbrane integrity, and pg/mL of rhodamine
123 (Rh123) for 15 min to evaluate the mitochorldriambrane potentiah’m). The
compound antimicyn A (AA) 2.0M was used as a positive control for measurement of
mitochondrial membrane potential and digitonin 4dMDfor cell membrane integrity. Data

acquisition and analysis were performed using a &E8alibur flow cytometer (Becton-
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Dickinson, Rutherford, NJ, USA) equipped with thellQuest software (Joseph Trotter,
Scripps Research Institute, La Jolla, CA, USA)ofal of 10,000 events were acquired in the
region previously established as that correspontdiriije parasites. Alterations in the
fluorescence of Rh123 were quantified as the péfereduction of the fluorescence

compared with the control (untreated parasites).

Spin labeling

The spin label 5-doxyl stearic acid (5-DSA), haythe nitroxide radical moiety
(doxyl) in the ' carbon atom of the acyl chain (Fig. 2), was puseldarom Sigma Chem.
Co. (St. Louis, MO). A small aliquot (&) of stock solution of spin label in ethanol (2
mg/mL) was transferred to an eppendorf tube. Aftat, the solvent was evaporated and
about 1 x 1Btrypomastigotes/mL, suspended injd0of phosphate-buffered saline (PBS),
was added on the film of spin label and gentleatigih applied. After spin labeling, 1 o8
of a stock solution of elatol in ethanol (300 mg)mias applied to the cell suspension and
gently mixed. The cells were then introduced irorh 1.D. capillary for electron

paramagnetic resonance (EPR) measurements, whrehsealed by flame.

EPR spectroscopy

EPR spectroscopy was performed with a Bruker ESPsB@ctrometer (Rheinstetten,
Germany) equipped with an ER 4102 ST resonator.if$teument settings were: microwave
power of 10 mW; modulation frequency of 100 KHz;dutation amplitude of 1.0 G;
magnetic field scan of 100 G; sweep time of 168nsl detector time constant of 41 ms. EPR
spectra simulations were performed using the NLidgam (nonlinear least-squares fitting
program) developed by Freed and coworkéts.the spectral calculations, the NLLS

program includes the magnetic g- and A-tensorstla@dotational diffusion tensor, R, which
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are expressed in a system of Cartesian axes fixdwispin-labeled molecule. To reduce the
number of parameters in the fittings and to singglie simulation, the average rotational
diffusion rate, Ba, was calculated by the fitting program using thlation R =

(Rpe®-Roa)™’>, where Reis the perpendicular and,Ris the parallel component of the
rotational diffusion:? R,ar Was converted to the parameter rotational coiceldime, T,
following the relationshipg. = 1/6 Ry, In this work, the spectra were simulated with@ded

of a single spectral component. Similar to previsuslies->**the magnetic parameters were
determined based on a global analysis of the dvgpattra obtained in this work, and all of
the EPR spectra were simulated using the sametpredeed parameters. Input parameters
of tensors g and A wereyg= 2.0082; g, = 2.0060; g = 2.0022; Ax = 7.5; Ay = 7.0 G and

Az;=31.50G.

Fluorimetric detection of mitochondrial-derived,O

Mitochondrial production of superoxide anion waaleated during the exposure of
trypomastigotes to elatol, 1.5, 3.0, 6.0, 15.0 3@ uM using the fluorescent O sensitive,
mitochondrial-targeted probe MitoSOX [3,8-phenaidiinediamine, 5-(6-
triphenylphosphoniumhexyl)-5,6-dihydro-6-phenyl] gMcular Probes, Eugene, OR, USA).
Trypomastigotes (2 x 1@ells/mL) were loaded with @ MitoSOX for 10 min at room
temperature (22C) and then washed with the KH (Krebs-HenseleifjaspH 7.3)
containing 15 mM NaHC¢ 5 mM KCI, 120 mM NacCl, 0.7 mM N&lPO, and 1.5 mM
NaH,PO, before the assays. Loaded cells were exposea tithuli, and after different
times the fluorescence was measured in a fluoresamicroplate reader (Victor X3 -
PerkinElmer) akex = 510 nm anden = 580 nm. In some of the experiments, cells were

exposed to 1AM AA, a stimulus known to induce O production by mitochondri&.
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Lipid peroxidation assay

Trypomastigote forms (12 mg/mL) were incubatechim DMEM medium at 37 °C,
and elatol was added in concentrations of 1.5,8@,15.0 and 30.0M. Cells were
incubated at 37 °C for 3 h. The extent of lipidgpedation was determined as the amount of
thiobarbituric acid-reactive substances (TBARSkmms of malondialdehyde (MDA). After
incubation, samples (0.5 mg protein) were heatedsalution containing 0.37%
thiobarbituric acid, 15% trichloroacetic acid, &h@5 N HCI at 95 °C for 45 min. After
cooling, the absorbance was read at 532 nm ancbtientration of TBARS was calculated

based on a value of 153 000 Mcm 1.1

DNA fragmentation

We analyzed DNA double-strand ruptunesitu by TUNEL (Terminal
Deoxynucleotide Transferase dUTP Nick End Labelifigy this, trypomastigotes (1 x 10
cells/mL) were treated with elatol at concentragidrb and 3.0 uM for 24 h, after the cells
were subjected to the TUNEL assay according tartarufacturer’s instructions (Molecular
Probes, Eugene, OR, USA). The compound actinonyd0 pg/mL was used as a positive
control. The nuclei were counterstained with prapidiodide. Cells that have undergone
DNA double-strand ruptures should fluorescencehiygunlike the untreated cells.
Fluorescence was observed in a fluorescence mapesdlympus BX51 (Olymp® and

pictures were captured with a UC&8mera (Olympufy.

Cell volume determination
Trypomastigotes (1 x 1@ells/mL) treated with elatol at concentratiors dnd 3.0
uM for 3 h and 24 h, were collected by centrifugatiwashed twice in PBS, resuspended in

PBS and analyzed by fluorescence-activated cdihgousing a FACSCalibur flow cytometer
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(Becton-Dickinson, Rutherford, NJ, USA). The compdwactinomycin D 20.0 mM was used
as a positive control. A total of 10,000 eventsev@cquired in the region previously
established as that corresponding to the parasltssagrams and analysis were performed in
CellQuest software, FSC-H which represents thevodlime (Joseph Trotter, Scripps

Research Institute, La Jolla, CA, USA).

Autophagy assay

The study of the cell death pathway in cells treéateh elatol was performed using
monodansylcadaverine labelling (MDE)Autophagy was induced by elatol 1.5 and @0
in trypomastigotes (1 x 1@ells/mL) after an incubation time of 24 h. Thtfe cells were
incubated with 0.05 mM of MDC in PBS at 37 °C f&r rhin. After incubation the cells were
washed in PBS two times. MDC stain was analyzefiumyescence microscope Olympus
BX51 (Olympu$) and images were captured using a UEa®era (Olympy. In some
experiments, cells were pre-treated with wortmanaipotent PI3- kinase inhibitor, before

induction of autophagy.

Statistical analysis

The data shown in the graphs are expressed as matarsdard deviation of the mean
(SEM) of independent experiments. Data were andlyath one-way and two-way analysis
of variance (ANOVA), significant differences amomgans were identified by Tukey post-
test.P < 0.05 was adopted as the minimum criterion of $icgmce. Statistical analyses were

performed using the Statistica™ software package.
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224  Results

225 Effect of elatol on mitochondrial membrane potdraiad on cell membrane integrity of

226 trypomastigote forms

227 Based on our previous work that indicated, by etecimicroscopy, the effect of elatol
228 onT. cruzimitochondria and cell membrafee decided to evaluate the mitochondrial

229 membrane potentiah@m) and the cell membrane integrity in elatol-treaiypomastigotes
230 by flow cytometry. Histograms showed a marked deseen fluorescence intensity total

231 Rh123, indicating mitochondrial depolarization glls treated with 1.5 and 3.0 uM of elatol
232  for 3 h, withA¥m reductions of 80.9 and 86.0% respectively (FiB).3A decrease in

233 fluorescence intensity was also observed in 2theatment, with¥m reductions of 27.2 and
234  27.7%, respectively (data not shown). The positmetrol AA induced 81.3% change in

235 mitochondrial membrane potential (Fig. 3 A).

236 For cell membrane integrity, the histograms of feszence (PI) of trypomastigotes
237 treated with elatol at 1.5 and 3.0 uM for 2 h shdwerease in intensity in both tested

238 concentrations, indicating alteration of cell meart® integrity. Figure 4 shows that the

239 percentage of Pl-stained cells in untreated trymtigates (A) was 6.3% (upper-right and left
240 quadrant). The positive control (B) with digitorshowed an increase in fluorescence 55.0%
241  (upper-right and left quadrant). However, the petage of Pl-stained cells at 1.5 and 3.0 uM
242 (C, D) increased to 92.9% and 96.9% (upper-rightlafi quadrant), respectively.

243

244 EPR spectra of spin labeled of trypomastigote forms

245 To confirm the effect of elatol on the cell membwdhe experimental and best-fit EPR
246 spectra of spin label 5-DSA (Fig. 2) structuredhe plasmatic membrane of trypomastigotes
247 was made and are shown in Figure 5. These EPRrapeete typical for cellular membranes

248 containing an appreciable amount of integral prtel he treatment with elatol increased two
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EPR parameters, the outer hyperfine splitting,,2Rd the rotational correlation tine,
indicating significant reduction in membrane ligighamics. 2Ais a practice parameter
measured directly in the EPR spectra (Fig. 5). has been widely used to monitor
membrane fluidity even though, in principle, iaistatic parameter associated with the

orientation distribution of the spin labels in thembrane.

Detection of mitochondrial-derived,O of trypomastigote forms

Changes in mitochondrial membrane potential candadn increase in the
production of reactive oxygen species (ROS) thrathghelectron transport chaihus,
based on our mitochondrial membrane potential tesvg decide to evaluate the superoxide
anion production ().

As shown in Figure 6, elatol induced an increashénQ™™ production in all
concentrations assayed starting from 1 h of incgabaHowever, the 15.0 and 30.0 uM were
the more effective concentrations of elatol dispigya significant increase of mitochondrial
O, production in trypomastigotes at 2 and 3 h whenpamed to the control. The positive

control with AA also induced an increase of mitaetival O, production (data not shown).

Effect of elatol on lipid peroxidation of trypomiggtte forms

It is well known that ROS can lead to destructiffecs through the reaction with
biological macromolecules such as lipids, proteind DNA® Thus, the increase of,0
production in trypomastigotes treated with elasblpwed on Figure 6, might be responsible
for the loss of integrity of the cell membrane (g4 and 5). In order to confirm that, we
measured the production of TBARS (which is freglyemsed to quantify lipoperoxidation of

the cell membrane and is expressed by the produocfi®™DA). The measurement of TBARS
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273 in trypomastigotes treated with 15.0 and 30.0 pMlafol revealed a significant increase in
274  lipid peroxidation in 3 h when compared to the coinfFig. 7).

275

276 Effect of elatol on DNA fragmentation of trypomgste forms

277 The oxidative stress can also trigger destructifeces on DNA'® Therefore, the

278 increase of @ production induced by elatol might lead to a DNA&dk as well. As shown in
279 Figure 8, bright fluorescence was observed in tnygstigotes treated with 1.5 and 3.0 uM
280 elatol for 24 h and staining with TUNEL (D, F). Aitdnally, the counterstaining with PI (J,
281 L) denotes that elatol induced the condensatiomaargjination of chromatin. The control
282  without treatment showed TUNEL and Pl negativeHR,In addition, bright fluorescence
283 was also observed with actinomycin D, a known agtptnducer (data not shown).

284

285 Effect of elatol on cell volume of trypomastigataris

286 The DNA fragmentation is one of the final stepshe apoptotic process and could be
287 an evidence of apoptosis in trypomastigotes treattddelatol. Therefore, we performed
288 additional experiments to evaluate the cell shgeka hallmark of apoptotic death. As shown
289 in Figure 9, there was a decrease in cell volunententrations 1.5 and 3.0 uM of elatol
290 after 24 h, where reductions of 20.0 and 23.8% wbeerved, respectively. The positive
291 control actinomycin D induced a decrease of 79.@%e cell volume (data not shown).
292

293 Effect of elatol on autophagy of trypomastigoterfer

294 Based on our previous work showing by TEM the esttenformation of cytoplasmic
295 vacuoles off. cruzitreated with elat8lwe decide to evaluate if autophagy could also be a
296 death pathway induced by elatol. For this, we eataldi autophagy by staining

297 trypomastigotes treated with elatol with MDC, eoflescent probe that accumulates in
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autophagic vacuol€g.As shown in Figure 10 the presence of fluorescémeceunded
structures in cells treated with 1.5 and 3.0 pMlafol for 24 h, revealed the formation of
autophagic vacuoles (D, H), unlike the cells urteddB). This effect could be partially

prevented in trypomastigotes pre-treated with wartnin (F).

Discussion

Elatol has previously been reported to have trypitad? leishmanicidal,
antimicrobial activity®??and significantly active roles in ecological irtetions, such as
antiherbivore activity® In the present study we focus our efforts on tjyeanocidal activity
of elatol an attempt to delineate the putative rma@dm of action of this compound.

In this context, our data adds further evidencasrthitochondria is a target for elatol
action, strengthening the idea introduced in oewjous worlé In fact, increasingly well
documented papers have described trypanocidal aamasdargeting parasite mitochondrial
function®*

Our results also show that not only the mitochandaiunique and essential organelle
of trypomastigote$® was affected by elatol, but also the plasma menehra selective
structure that controls the movement of substamcansd out of cells essential for the
maintenance of the parasite homeostasis. Thisteffes evidenced by Pl-stained cells.
Adding to this result, the presence of the sespetee elatol significantly increased the
rigidity of the membrane oF. cruzias evidenced by EPR spectra. The spin probe used in
EPR is sparsely distributed in the membrane ardlefbre, the spin probe spectroscopy only
detects changes in membrane fluidity when a widssgpchange occurs. Moreover, the EPR
data strongly support the lipid peroxidation obserin trypomastigotes treated with elatol.
The lipid peroxidation alters essential structa@hponents of cell membranes affecting cell

membrane permeability and fluidityWe could not forget to mention that all these
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membrane alterations induced by elatol are undetatade considering the oxidative
imbalance caused by the production ef @etected, by a very sensitive fluorimetric assay, i
mitochondria of elatol-treated trypomastigotes. pheduction of ROS by mitochondria
occurs through oxidative phosphorylation involvihg electron transport chain. In normal
conditions, the transport of electrons along thigic is used to oxidize o form water.
However, in certain situations, for example, droxjcity, oxygen is reduced toO. This
process contributes to mitochondrial damage foltbtwe an increase of permeability of their
membranes resulting in the release of apoptosigaticly factors such as ROS toward the
cytosol?”?|n this context, and based on well-establisheudldiure, we can state that elatol
induce an oxidative stress condition leading to alative oxidative damage in the parasite
macromolecules. Therefore, besides lipid peroxiative showed that elatol-treated
trypomastigotes can also trigger destructive effect DNA evidenced by TUNEL and PI
staining cell.

Up to here our results indicate that elatol induakerations that might be responsible
for different types of cell death. For example, #fterations in mitochondria and the
breakdown of the plasma membrane observed herthardistortion in the cell body
described befofeare all hallmarks of necrosis. The DNA fragmemtatione of the final steps
in the apoptotic process, could be an evidenc@aoptasis in elatol-treated trypomastigotes.
Additionally, the decrease in cell volume obserfiece in treated parasite is one more
indicator of apoptosi&’ Another type of cell death described Torcruziis autophagy which
is characterized by an increase in cytoplasmic etaration>° Our previous TEM dafzoint
to the formation of cytoplasmic vacuoleslincruzitreated with elatol which suggest
autophagyc death. Here we confirm that, showingttha effect was partially reduced by
wortmannin a PI13-K inhibitors, an enzyme part a signaling pathway involved in

autophagy regulatiof?.**
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In conclusion, taken together, our results indithéd the trypanocidal action of elatol
is associated with mitochondrial depolarizatioideled by an increase of ROS production in
the electron transport chain which affects all sallicture leading to different types of
parasite death. In this perspective of view, theamondria might be the initial target
organelle of elatol. This hypothesis agrees witmynather studies and strengthens the idea
that mitochondria might be a target for trypanokakion of new compoundé:3*2*0n the
other hand we could also speculate that the irgtraht induced by elatol would be the
increase of mitochondrial ROS, induced for exanlyyl@ decrease in the antioxidant enzymes
activity of the parasite. In this case the mitodad dysfunction induced by elatol, described
here, would be a consequence of the increase of R@B situations are conceivable and are
well supported by the “Reactive Oxygen Species (Ri@&uced ROS-release” (RIRR)
process’ This process involves first the increase of mitoah@l ROS, then the
mitochondrial membrane potential disruption follail®y ROS production by the electron
transport chain, leading to cellular damage anddegth. Based on the small time course and
also in the small concentrations of elatol in thel B3 assay results compared to mitoSOX
assay results we strongly believe that the depaaon of mitochondrial membrane is the

initial event undergone by the elatol-treated trpastigotes.
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Legends for Figures
Figure 1. Chemical structure of elatol, the sesquiterperteaeted from red macroalgae

Laurencia dendroidea.

Figure 2. Chemical structure of spin label 5-DSA used is thiork.

Figure 3. Flow cytometry analysis of trypomastigotesloypanosoma cruzreated with
elatol for 3 h and stained with Rh 123. (A) Trypatigotes treated with 2.0 uM of AA
(positive control). (B) Trypomastigotes treatedwit5 and 3.0 uM for 3 h. Control group is

also shown. Typical histograms of at least threependent experiments.

Figure 4. Flow cytometry analysis of trypomastigotesloypanosoma cruzreated with

elatol for 2 h and stained with PI. (A) Untreatedls (B) Trypomastigotes treated with
digitonin 40 uM (positive control). (C) Trypomastigs treated with 1.5 uM. (D)
Trypomastigotes treated with 3.0 uM. The numbeosvsithe percentage of Pl-stained
positive cells in upper right and left quadrantpital histograms of at least three independent

experiments.

Figure 5. Experimental (black line) and best-fit (red lite}R spectra of spin label 5-DSA of
trypomastigotes of rypanosoma cruzreated with elatol. The EPR spectra (a) and (dgwe
obtained from trypomastigotes without treatmenh{om samples); spectra (b) and (e) are
from samples treated with 5.4 x“1élatol molecules/cell and the spectrum (c) is fam
sample treated with 1.6 x felatol molecules/cell. EPR spectra were simulatit the

fitting program NLLS and the values of the paramed¢ational correlation timac, obtained

from the fit for each spectrum are indicated inos®tond scale. The EPR parametey BA
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the separation in magnetic-field units betweerfitiseand last resonance lines (indicated by
vertical lines) of the spectrum. The estimated erpental error for 24 andtc parameters

are 0.5 G and 1.0 ns, respectively. Typical spexfttevo independent experiments.

Figure 6. Mitochondrial Q" production in trypomastigote forms dfypanosoma cruzi
treated with elatol for up to 3 h. Mitochondriad Oproduction was evaluated using the
fluorescent probe MitoSOX. Results are expressedes fluorescence (in arbitrary units) £
SD of at least three independent experiments. A&geimdicate significant differences
relative to the control group as identified by aeage analysis (two-way) with Tukey post-test

(p<0.05).

Figure 7. Determination of lipid peroxidation in trypomasitg forms offrypanosma cruzi
treated with elatol in differents concentrations3dh. The MDA concentration was measured
by TBARS production. The results are expressedesm SD of at least three independent
experiments. Asterisks indicate significant diffeces relative to the control group as

identified by variance analysis (one-way) with Tykm®st-test < 0.05).

Figure 8. DNA fragmentation in trypomastigote formsTfypanosoma cruzreated with

elatol for 24 h. TUNEL assay (panels A, B, C, DHEand PI (panels G, H, |, J, K, L)
staining were analyzed by fluorescence microsc@pay column is phase contrast and black
column is fluorescence. (A, B, G, H) Representaitivages of untreated cells. (C, D, I, J)
Representative images of trypomastigotes treatdd Wb pM. (E, F, K, L) Representative
images of trypomastigotes treated with 3.0 uM. s andicate DNA fragmentation (green)

and condensation and margination of chromatin (f@ds: 10 um.
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Figure 9. Flow cytometry analysis of trypomastigote formsTofpanosoma cruzreated

with elatol for 24 h. Forward light scatter (FSCaMas considered as function of cell size.
Representative FACS histogram showing FSC-kygomastigotes treated with 1.5 uM and
3.0 uM and untreated cells (gray full histogram)pi€al histograms of at least three

independent experiments.

Figure 10. Determination of autophagy in trypomastigote fowh$rypanosoma cruzreated
with elatol for 24 h and stained with MDC. Graywwin is phase contrast and black column
is fluorescence. (A, B) Representative fluorescemage of untreated cells. (C, D)
Representative image of trypomastigotes treateld Wi uM. (E, F) Representative image of
trypomastigotes treated with 1.5 uM + wortmanir, 1) Representative image of
trypomastigotes treated with 3.0 uM. Arrows indéctite stained autophagic structures. Bars:

10 pm.
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Figure 1. Chemical structure of elatol, the sesquiterperteeted from red macroalgae

Laurencia dendroidea.

Figure 2. Chemical structure of spin label 5-DSA used i thiork.
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Figure 3. Flow cytometry analysis of trypomastigotesloypanosoma cruzreated with

elatol for 3 h and stained with Rh 123. (A) Trypatigotes treated with 2.0 uM of AA

(positive control). (B) Trypomastigotes treatedwit5 and 3.0 uM for 3 h. Control group is

also shown. Typical histograms of at least threependent experiments.
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Figure 4. Flow cytometry analysis of trypomastigotesioypanosoma cruzreated with
elatol for 2 h and stained with PI. (A) Untreatedls (B) Trypomastigotes treated with
digitonin 40.0 uM (positive control). (C) Trypomagites treated with 1.5 uM. (D)
Trypomastigotes treated with 3.0 uM. The numbeosvsithe percentage of Pl-stained
positive cells in upper right and left quadrantpital histograms of at least three independent

experiments.



621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

Desotiet al.
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Figure 5. Experimental (black line) and best-fit (red lit€}R spectra of spin label 5-DSA of
trypomastigotes of rypanosoma cruzreated with elatol. The EPR spectra (a) and (dgwe
obtained from trypomastigotes without treatmenn{od samples); spectra (b) and (e) are
from samples treated with 5.4 x*1élatol molecules/cell and the spectrum (c) is fm
sample treated with 1.6 x felatol molecules/cell. EPR spectra were simulatith the
fitting program NLLS and the values of the parametéational correlation timeag, obtained
from the fit for each spectrum are indicated inos®tond scale. The EPR parametey BA
the separation in magnetic-field units betweerfitiséand last resonance lines (indicated by
vertical lines) of the spectrum. The estimated expental error for 24 andtc parameters

are 0.5 G and 1.0 ns, respectively. Typical spexfttevo independent experiments.
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Figure 6. Mitochondrial Q™ production in trypomastigote forms ®fypanosoma cruzi
treated with elatol for up to 3 h. Mitochondriad Oproduction was evaluated using the
fluorescent probe MitoSOX. Results are expressedess fluorescence (in arbitrary units) =
SD of at least three independent experiments. A&gemdicate significant differences
relative to the control group as identified by aage analysis (two-way) with Tukey post-test

(p<0.05).
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Figure 7. Determination of lipid peroxidation in trypomagitg forms ofTrypanosma cruzi
treated with elatol in differents concentrations3dh. The MDA concentration was measured
by TBARS production. The results are expressedesm: SD of at least three independent

experiments. Asterisks indicate significant diffezes relative to the control group as

identified by variance analysis (one-way) with Tyk®st-testg < 0.05).



Desotiet al.

696
697
698
699
700
701
702
703
704
705 E
706

707

708

709
710 Figure 8. DNA fragmentation in trypomastigote formsTypanosoma cruzreated with

711 elatol for 24 h. TUNEL assay (panels A, B, C, DHtand PI (panels G, H, |, J, K, L)

712  staining were analyzed by fluorescence microsc@pay column is phase contrast and black
713 column is fluorescence. (A, B, G, H) Representaitivages of untreated cells. (C, D, I, J)
714 Representative images of trypomastigotes treatdd Wb pM. (E, F, K, L) Representative
715 images of trypomastigotes treated with 3.0 uM. Asandicate DNA fragmentation (green)
716 and condensation and margination of chromatin (i@djs: 10 um.
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729 Figure 9. Flow cytometry analysis of trypomastigote formsTofpanosoma cruzreated
730 with elatol for 24 h. Forward light scatter (FSCamMas considered as function of cell size.
731 Representative FACS histogram showing FSC-kygomastigotes treated with 1.5 uM and
732 3.0 uM and untreated cells (gray full histogramypi€al histograms of at least three
733 independent experiments.

734

735

736

737

738

739

740

741

742

743

744

745



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

Desotiet al.

Figure 10. Determination of autophagy in trypomastigote fowh$rypanosoma cruzreated
with elatol for 24 h and stained with MDC. Graywwin is phase contrast and black column
is fluorescence. (A, B) Representative fluorescemage of untreated cells. (C, D)
Representative image of trypomastigotes treateld Wi uM. (E, F) Representative image of
trypomastigotes treated with 1.5 uM + wortmanir@, K) Representative image of
trypomastigotes treated with 3.0 M. Arrows indéctite stained autophagic structures. Bars:

10 pum.
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4. CONCLUSOES

De acordo com os resultados obtidos até aqui, vdseErs que a acao tripanocida do
elatol envolve multiplos eventos que culminam comate deT. cruzi(Fig. 2). Assim, na
tentativa de elucidar este mecanismo criamos updtdse orientada a partir das alteracdes
mitocondriais, que em seguida determinaria camitteguimicos distintos induzindo tipos
diferentes de morte celular.

Assim, a alteracdo no potencial de membrana mitlrc@re o aumento na producéo
de anion superodxido, poderiam ser responsaveis @etlacdo de lipideos de membrana,
seguida de perda da integridade da membrana celigtgs eventos sao sinais classicos de
morte celular por necrose.

Da mesma forma o aumento de anion superoxido moderuzir ainda a
fragmentacdo de DNA, uma caracteristica de apogtéambém de necrose. Adicionalmente,
como um sinal confirmatorio de apoptose descreverhsinuicdo do volume celular.

Por ultimo, a formacdo de vacuolos autofagicos endthria a morte celular por

autofagia.
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* Alteracao da integridade celular autofagicos
da membrana celular  * Fragmentagdao de DNA

a v x~
Apoptose Autofagia

Figura 2. Possiveis mecanismos da atividade tripanocida ldtole Inducdo de tipos
diferentes de morte celular a partir da disfungéocuandrial.



