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RESUMO

A esquistossomose € uma doenca parasitaria que afeta cerca de 260 milhdes de pessoas no
mundo. Atualmente apenas o Praziquantel é utilizado para o tratamento de individuos
infectados, havendo relatos do surgimento de cepas tolerantes ao medicamento. Para o
controle de vetores da esquistossomose, a Niclosamida é o unico moluscicida recomendado,
entretanto, apesar de eficaz, é toxico para o meio ambiente, possui alto custo e se decompde
sob raios UV. Este trabalho teve como objetivo: (1) avaliar a atividade do extrato etéreo do
liguen Ramalina aspera sobre embrides e caramujos adultos da espécie Biomphalaria
glabrata e cercérias de Schistosoma mansoni e (2) analisar as atividades esquistossomicidas
in vitro dos metabolitos secundarios liquénicos, acidos barbatico e divaricatico, extraidos de
Cladia aggregata e Canoparmelia texana, respectivamente, sobre vermes adultos de S.
mansoni. O extrato etéreo de R. aspera demonstrou atividade moluscicida tanto para embrides
(LCyo de 22.78, 24.23, 16.63 e 16.03 pug mL* para as fases de gastrula, blastula, trocéfora e
véliger, respectivamente), como para caramujos adultos (LCgo de 8.66 pug mL™). As doses
subletais causaram a diminuicdo da fertilidade em caramujos adultos e alteragdes quantitativas
e morfologicas em seus hemdcitos. O extrato etéreo de R. aspera também exibiu efeito
cercaricida a partir de 5.0 ug mL, ndo demonstrando toxicidade por meio do bioensaio com
Artemia salina. Na avaliacdo esquistossomicida in vitro dos acidos barbatico e divaricatico,
foi observada atividade dos compostos a partir de 3 h de exposigdo. Ao final de 24 h, na
avaliacdo de motilidade, o acido barbatico apresentou letalidade sobre S. mansoni nas
concentragfes de 50 - 200 uM e o acido divaricatico nas concentragdes de 100 e 200 uM.
Alteracdes de motilidade foram observadas nas concentracfes subletais para ambos os acidos.
A ICsp obtida no ensaio de viabilidade celular dos vermes adultos, através da metodologia por
MTT, foi de 100.6 uM para o acido divaricatico e 99.43 uM para 0 acido barbatico. Danos
extensivos ao tegumento dos vermes foram causados pelos acidos divaricatico e barbatico
como descamacao, erosdo, formacdo de bolhas, edema e danos tuberculares. A citotoxicidade
dos acidos em células humanas foi avaliada por meio do ensaio com células mononucleares
do sangue periférico (PBMCs), onde os resultados demonstraram atoxicidade ate a
concentracédo de 200 uM. Pode-se concluir que o extrato de R. aspera demonstrou promissora
atividade moluscicida, visando o controle de B. glabrata, assim como atividade cercaricida e
baixa toxicidade sobre A. salina. O efeito esquistossomicida in vitro dos &cidos barbético e

divaricatico sobre S. mansoni foi comprovado, causando morte, alteracbes de motilidade e



danos ultraestruturais aos vermes, em concentra¢fes que ndo provocaram citotoxicidade sobre
PBMCs.

Palavras-chave: Liquens. Atividade esquistossomicida. Atividade moluscicida. Schistosoma
mansoni. Biomphalaria glabrata.



ABSTRACT

Schistosomiasis is a parasitic disease that affects about 260 million people worldwide.
Currently only Praziquantel is used to treat infected individuals, with reports of drug-tolerant
strains. For the control of schistosomiasis vectors, Niclosamide is the only recommended
molluscicide. However, although effective, it is toxic to the environment, has a high cost and
decomposes under UV rays. The objective of this study was: (1) to evaluate the activity of
ether extract of lichen Ramalina aspera on embryos and adult snails of the species
Biomphalaria glabrata and Schistosoma mansoni cercariae and (2) to analyze the in vitro
schistosomicidal activities of lichen secondary metabolites, barbatic and divaricatic acids,
extracted from Cladia aggregata and Canoparmelia texana, respectively, on adult S. mansoni
worms. The R. aspera ether extract showed molluscicidal activity for both embryos (LCgo 0f
22.78, 24.23, 16.63 and 16.03 pg mL™ for gastrula, blastula, trocophore and veliger phases,
respectively) and for adult snails (LCq of 8.66 g mL™). Sublethal doses caused decreased
fecundity in adult snails and quantitative and morphological changes in their hemocytes. The
ether extract of R. aspera also exhibited cercaricidal effect from 5.0 ug mL™, showing no
toxicity by Artemia salina bioassay. In the in vitro schistosomicidal evaluation of the barbatic
and divaricactic acids, activity of the compounds was observed after 3 h of exposure. At the
end of 24 h, in the motility evaluation, the barbatic acid presented lethality over S. mansoni at
50 - 200 uM and the divaricatic acid at 100 and 200 uM. Motility changes were observed in
sublethal concentrations for both acids. The 1Cso obtained in the cell viability assay of adult
worms using the MTT methodology was 100.6 uM for divaricatic acid and 99.43 uM for
barbatic acid. Extensive damage to the tegument of the worms was caused by the divaricatic
and barbatic acids such as peeling, erosion, blistering, edema and tubercular damage. The
cytotoxicity of lichen acids in human cells was assessed by the peripheral blood mononuclear
cell (PBMCs) assay, where the results demonstrated atoxicity up to 200 pM concentration. It
can be concluded that R. aspera extract showed promising molluscicidal activity aiming at
controlling B. glabrata, as well as cercaricidal activity and low toxicity on A. salina. The in
vitro schistosomicidal effect of barbatic and divaricatic acids on S. mansoni has been proven
to cause death, motility changes and ultrastructural damage to worms at concentrations that

did not cause cytotoxicity on PBMCs.

Keywords: Lichens. Schistosomicidal activity. Molluscicidal activity. Schistosoma mansoni.
Biomphalaria glabrata.
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1 INTRODUCAO

A esquistossomose é considerada uma doenca de grande impacto social, e representa
um sério problema de salude publica em diversos paises tropicais e subtropicais. Causada por
vermes trematddeos do género Schistosoma, a esquistossomose tem prevaléncia em
comunidades que vivem sob condi¢des inadequadas de saneamento e sem acesso a agua
potavel, levando individuos infectados a desenvolverem uma série de complicagdes clinicas
que, em casos mais graves, podem culminar em ébito (CADEDOS, 2018).

E estimado que, no mundo, cerca de 261 milhdes de pessoas estejam infectadas por
vermes Schistosoma, havendo em torno de 200.000 ébitos anuais, e, aproximadamente, 700
milhdes de individuos vivam em areas endémicas onde ha o risco de contrair a doenca (WHO,
2015; FEITOSA et al., 2018; EISSA; EL BARDICY; TADROS, 2011). Na Africa e Américas
Central e Sul, a espécie S. mansoni € a responsavel por causar a esquistossomose intestinal,
tendo como hospedeiro intermediario caramujos do género Biomphalaria (COLLEY et al.,
2014).

A interrupc¢do do ciclo de vida do parasita é essencial para impedir a transmissdo da
doenca. Além do tratamento quimioterdpico de individuos infectados, faz-se necessaria a
utilizacdo de meios alternativos de interrup¢do da transmissdo através da reducdo de
hospedeiros intermediarios em locais endémicos e a implementacdo de saneamento basico
para evitar a contaminacao hidrica (KING; BERTSCH, 2015).

Atualmente, ndo existe uma vacina eficaz implantada contra a esquistossomose, e 0
tratamento com o praziquantel é a (nica forma eficaz de controlar a infecgdo pelo
Schistosoma (LORSUWANNARAT et al., 2013). O praziquantel, hoje, é a droga de escolha
contra o parasito, que atua induzindo contra¢fes espamddicas sobre o corpo do helminto
através do influxo de Ca™ pela membrana celular (BECKER et al.,1980). Entretanto,
utilizacdo da quimioterapia massiva com o praziquantel vem causando preocupacao devido ao
surgimento de resisténcia/tolerancia em residentes de &reas endémicas que recebem
tratamento sequencial com o praziquantel (ABDUL-GHANI et al., 2009).

No que concerne ao controle dos caramujos vetores, atualmente, o Unico moluscicida
recomendado pela Organizacdo Mundial de Saide é a Niclosamida (Bayluscide, Bayer)
(WHO, 2002), substancia sintética, que apesar de eficiente no controle dos caramujos vetores,
apresenta alto custo em sua aplicacdo, se decompde sob luz solar e apresenta elevado nivel de
toxicidade para organismos nao-alvo, como peixes, anfibios e plantas (OLIVEIRA-FILHO;
PAUMGARTTEN, 2000; ABREU; GOULART; OLIVEIRA BRETT, 2002; GRAEBING et
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al., 2004; FARIA et al., 2018). A procura por moluscicidas de origem natural, ndo toxicos ao
meio ambiente e eficazes no combate aos moluscos vetores e & fase larval infectante do
parasita (cercarias) se faz necessaria, surgindo como alternativa, principalmente em areas
rurais de paises em desenvolvimento, onde a doenca é endémica (LIMA et al., 2002; SHENG-
XIA et al., 2007; KE etal., 2017).

O foco da busca por novos compostos para o controle da esquistossomose se
intensificou sobre os produtos de origem natural, sendo observados na literatura diversos
trabalhos que reportam o estudo da atividade anti-helmintica e moluscicida de produtos
naturais (MORAES et al.,, 2012; CASTRO et al., 2015; ROCHA-FILHO et al., 2015;
MARTINS et al., 2017; ARAUJO et al., 2018).

Liquens, associacdes simbioticas entre fungos e algas, produzem substancias
qgue se classificam em produtos intracelulares (proteinas, carboidratos, vitaminas e
carotendides) e extracelulares (metabolitos secundarios de natureza fendlica). Os diversos
metabolitos produzidos pelos liquens, sendo a grande maioria de natureza fendlica, séo
organizados em diferentes classes, como as classes dos depsideos, depsidonas,
dibenzofuranos, xantonas, ésteres benzilicos, antraquinonas, dentre outras (HONDA;
VILEGAS, 1998; BELLIO et al., 2015).

Na literatura, encontram-se relatos da utilizagdo de materiais ricos em compostos
fendlicos com propriedades antibacterianas, antitumorais, antinflamatorias, fungicidas,
antivirais, moluscicidas e anti-helminticas (PUUPPONEN-PIMIA et al., 2001; MILES et al.,
2005; ARAUJO, 2009; DAI; MUMPER, 2010; HU et al., 2013; LORSUWANNARAT et al.,
2013; ZABKA; PAVELA, 2013; MARTINS et al., 2017; ). Neste contexto, os extratos
liguénicos e seus metabdlitos fendlicos se mostram promissores em avaliacdes
esquistossomicidas e moluscicidas, visando uma alternativa para o tratamento e controle da
esquistossomose.

Diante do exposto, e levando-se em consideracdo o extenso potencial bioldgico das
substancias liquénicas, este trabalho apresenta uma analise das atividades moluscicida,
cercaricida e esquistossomicida dos metabdlitos liquénicos oriundos dos liquens Ramalina

aspera, Canoparmelia texana e Cladia aggregata.
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1.1. OBJETIVOS

1.1.1 Objetivo geral

Avaliar a atividade moluscicida, cercaricida e artemicida do extrato etéreo de
Ramalina aspera sobre Biomphalaria glabrata, Schistosoma mansoni e Artemia
salina, e a atividade esquistossomicida in vitro e citotdxica dos acidos divaricatico e
barbatico, extraidos de Canoparmelia texana e Cladia aggregata, sobre Schistosoma

mansoni e células mononucleares de sangue periférico.

1.1.2 Objetivos especificos

Obter os extratos etéreos de Ramalina aspera, Canoparmelia texana e Cladia
aggregata;
Isolar e caracterizar os acidos divaricatico e barbético a partir dos liquens C. texana e

C. aggregata, respectivamente.

ARTIGO 1

Avaliar a atividade moluscicida do extrato etéreo de R. aspera e seus efeitos sobre a
reproducéo de moluscos adultos de Biomphalaria glabrata;

Avaliar morfologicamente e quantitativamente os hemdcitos de B. glabrata apds
exposi¢do do molusco ao extrato etéreo de R. aspera,;

Verificar a atividade embriotdxica do extrato etéreo de R. aspera sobre Biomphalaria
glabrata em diferentes fases embrionarias;

Avaliar a atividade cercaricida do extrato etéreo de R. aspera sobre Schistosoma
mansoni.

Analisar a toxicidade ambiental do extrato etéreo de R. aspera atraves do bioensaio

utilizando Artemia salina.

ARTIGOS 2E 3
Avaliar a susceptibilidade in vitro de casais de vermes adultos de S. mansoni aos

acidos divaricatico e barbatico;
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Analisar a viabilidade celular de casais de S. mansoni através do método Thialzolyl
Blue Tetrazolium Bromide (MTT)

Avaliar alteracbes tegumentares nos vermes expostos aos &cidos divaricatico e
barbaticoatravés da microscopia eletrénica de varredura (MEV);

Mensurar o efeito citotoxico dos &cidos divaricatico e barbatico sobre células

mononucleares de sangue periférico (PBMC) humano.
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2 FUNDAMENTAGCAO TEORICA

2.1 ESQUISTOSSOMOSE, UM BREVE HISTORICO

A esquistossomose € uma doenca infecciosa parasitaria causada por vermes
trematddeos do género Schistosoma (COLLEY, 2014). Considerada uma doenca antiga, seus
aspectos clinicos foram descritos pela primeira vez pelo japonés Fuji, em 1857. Registros de
Ruffer, no ano de 1910, relatam a descoberta de ovos de Schistosoma calcificados em mdmias
egipcias datadas por volta de 1200 a.C (PARAENSE, 2008; LEWIS; TUCKER, 2014).
Através da deteccdo de antigenos circulantes do parasito nos tecidos de mumias egipcias,
sabe-se hoje que a humanidade convive com a esquistossomose desde os 3000 a.C. (MILLER
etal., 1992).

Na Africa, sdo identificadas um grande nimero de espécies de Schistosoma, por isso é
razodvel que muitos imaginem que a origem da espécie se deu no continente africano, se
espalhando posteriormente para outros continentes (DAVIS, 1980, 1992). No entanto, estudos
filogenéticos moleculares e estudos de padrbes cromossdémicos de bandas C revelaram que o
S. japonicum possui uma posicdo basal dentro da arvore filogenética do género. Assim sendo,
apesar de muitas espécies do género Schistosoma serem majoritariamente encontradas na
Africa e do seu maior significado médico e veterinario, diferentes linhas de pesquisa sugerem
que suas origens estdo na Asia (LOCKYER et al., 2003; NAHUM; MOURAO; OLIVEIRA,
2012).

Em 1851, o médico Theodor Bilharz, descreveu pela primeira vez a doenca em
humanos ap6s se deparar, em uma necropsia, com um helminto na veia porta de um jovem
egipcio, dando o nome de Distomum haematobium ao verme e, posteriormente, Schistosoma
haematobium. Como foi o primeiro pesquisador a descrever o parasito em detalhes, a
esquistossomose tambeém ficou conhecida como bilharziase ou bilharziose. Quarenta anos
depois, o medico Patrick Manson levantou a hipdtese da existéncia de duas espécies de
Schistosoma parasitas do homem. Hoje, sabe-se que 5 espécies sdo responsaveis pela doenca
em todo o mundo (KATZ; ALMEIDA, 2003).

A chegada e instalacdo da esquistossomose no Brasil se deu pela imigracdo de
escravos africanos infectados, e a presenca de hospedeiros intermediarios do ciclo do S.
mansoni. Os focos priméarios da doenga se deram na regido canavieira nordestina. A partir dai,
com 0s movimentos migratorios (ciclo do ouro, ciclo da borracha, ciclo do café e

industrializacdo), a esquistossomose se expandiu para outras regides do pais (NEVES, 2005).
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A espécie existente no Brasil foi relatada pela primeira vez em 1907 pelo inglés Louis
Sambon, que se baseou na observagdo de ovos caracteristicos do trematédeo que continham
espiculo lateral, nomeando-a de Schistosoma mansoni em homenagem a Manson. No ano
seguinte, Manoel Augusto Piraja da Silva, medico brasileiro, publicou o primeiro trabalho
sobre a doencga no Brasil, intitulado “Contribuicdo para o estudo da Schistosomiase na Bahia”.
Em dois anos de estudos (1908-1909), Piraja da Silva, pela primera vez, descreveu com
riqueza de detalhes a espécie Schistosoma mansoni, ja que as observacdes feitas por Sambon
foram realizadas de forma superficial com apenas um representante macho da espécie. Foram
trés trabalhos publicados, onde Piraja da Silva descreve 20 casos diagnosticados através de
exames de fezes e autopsias. Foi por meio das preciosas observacdes de Piraja da Silva que as
incertezas taxondmicas da descricdo de Sambon foram suprimidas, sendo decisivas para a
validacdo da nova espécie (KATZ; ALMEIDA, 2003; KATZ, 2008; MATI, 2009; NOYA et
al., 2015).

2.2 EPIDEMIOLOGIA DA ESQUISTOSSOMOSE

A esquistossomose é uma doenca conhecida desde a Antiguidade e, a partir de uma
perspectiva de salde publica global, é a mais importante doenca infecciosa com transmissao
hidrica do mundo (STEINMANN et al., 2006; UTZINGER et al., 2009). E enquadrada na
lista das Doencas Tropicais Negligenciadas (NTD — Neglected Tropical Disease) estabelecida
pela Organizacdo Mundial de Saide (OMS), sendo estas um grupo diversificado de doencas
que prevalecem em condi¢Oes tropicais e subtropicais em 149 paises, afetando mais de 1
bilhdo de pessoas e matando cerca de 1 milhdo de pessoas anualmente (WHO, 2009). O
nimero de pessoas afetadas por estas enfermidades é mais elevado em regifes de maior
pobreza, existindo uma relacdo direta entre a prevaléncia destas doencas e um baixo indice de
desenvolvimento humano (IDH). Além disso, a infec¢do pelos agentes causadores de NTDs
causa incapacidade e desfiguracdo, com profundo impacto econémico, social e politico
(LINDOSO; LINDOSO, 2009).

Em todo o mundo, aproximadamente 261 milhdes de pessoas se encontram infectadas
por vermes do género Schistosoma e mais de 700 milhGes se encontram em situacdo de risco
de contrair a doenca (WHO, 2015; FEITOSA et al., 2018). Entretanto, a subestimacdo da
verdadeira prevaléncia da esquistossomose tem sido relatada, devido, principalmente, & baixa

sensibilidade da metodologia diagnostica atualmente utilizada. Existe uma estimativa
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afirmando que a prevaléncia da esquistossomose no mundo atingiu mais de 400 milhGes de
infectados (LIN et al., 2008; KING, 2010; SOUZA et al., 2017; KING; GALVANI, 2018).

Com prevaléncias em regides tropicais e subtropicais, a esquistossomose &
considerada endémica em 78 paises e territorios distribuidos entre a Africa, Asia e Américas
Central e Sul. Na Figura 1 é demonstrada a distribuicdo global da esquistossomose e das cinco
espécies do género Schistosoma que apresentam importancia médica na epidemiologia
humana: S. haematobium (Africa e Oriente Médio), S. intercalatum (Africa Central), S.
japonicum (China, Japo e Filipinas), S. mekongi (Sudeste Asiatico) e S. mansoni (Africa,
Antilhas, América Central e Sul) (COLLEY et al., 2014, WHO, 2019).

Figura 1 — Distribuicéo global da esquistossomose humana.
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Fonte: COLLEY et al., 2014

A Africa responde por 97% de todas as infeccBes mundiais e 87% da populacio
africana se encontra sob risco de infeccdo (STEINMANN et al., 2006; TLAMCANI; ER-
RAMI, 2014; UMAR et al., 2017). A prevaléncia da esquistossomose na Africa Subsaariana é
considerada alta, sendo criangas e adultos jovens os mais acometidos pela doenga. As maiores
prevaléncias sdo encontradas na Nigéria, que é seguida pela Republica Unida da Tanzania,
Gana, Republica Democratica do Congo e Mocambique, que compdem 0s cinco principais
paises endémicos da Africa (ADENOWO et al., 2015).

Na Asia, os principais focos endémicos da esquistossomose humana s&o encontrados

na China, nas Filipinas e em pequenos bolsdes da Indonésia (S. japonicum) e, em menor grau,
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ao longo do rio Mekong, nas fronteiras do Camboja e do Laos (S. mekongi). No Japéo, a
eliminacdo da doencga foi alcancada por meio do controle ambiental, ou seja, recuperagéo de
terras para melhorar a producao agricola e cimentacdo de valas usadas para a irrigacdo do
arroz, e também através do desenvolvimento econémico social (ROSS et al., 2013).

Desde 1950, a China desenvolve um eficiente programa de controle da
esquistossomose, onde o foco se volta para a eliminacdo de caramujos infectados. Dos 454
municipios endémicos, 274 erradicaram completamente a ocorréncia de transmissdo (XU et
al., 2015). Na Martinica e Arabia Saudita (S. mansoni) e Tunisia e Mauricio (S. haematobium)
esta patologia também foi controlada com sucesso ou mesmo eliminadas usando medidas
integradas, que além a administracdo de medicamentos, levaram em consideracdo fatores
ambientais, como a distribuicdo de hospedeiros intermediarios, o auxilio de estratégias de
engenharia preventiva e analises interrelacionadas de demografia, saide e sistemas sociais. O
Marrocos e alguns paises caribenhos tem feito progressos significativos no controle da
esquistossomose, enquanto o Brasil, China e Egito caminham na busca de alternativas para o
controle desta doenca (UTZINGER et al., 2009; ADENOWO et al., 2015).

A descoberta da presenca de focos de transmissdo de esquistossomose na Europa é
recente. Em marco de 2014, casos de esquistossomose urogenital humana, transmitidos por
meio de caramujos Bulinus de agua doce, foram diagnosticados simultaneamente em hospitais
franceses e alemdes. Esses pacientes nunca haviam visitado um pais endémico de S.
haematobium, ou seja, Africa e Peninsula Arabica, mas todos os individuos infectados
estiveram em contato com o rio Cavu (sul da Cdrsega). Apds uma enorme campanha de
diagndstico em abril de 2015, mais de 100 casos adicionais que haviam contraido a doenca
durante o verdo de 2013 foram relatados na Franca (BOISSIER, et al., 2015; KINCAID-
SMITH, 2017).

No Brasil, encontram-se 96% dos casos de esquistossomose de toda América Latina e
Caribe (MARTINS-MELO et al., 2015). Outros focos de transmissdo no continente
americano sdo encontrados na Colombia, Venezuela, Porto Rico, Republica Dominicana,
Santa Lulcia, Guadalupe, Martinica, St. Kitts, Suriname, Montserrat, Haiti e San Martin
(SOUZA et al., 2007; CARDIM, 2010; NOYA et al., 2015).

No Brasil, a esquistossomose esta distribuida em terras continuas e contiguas, em
quase toda a costa litoranea desde o Rio Grande do Norte até o Sul do pais, se interiorizando
alcancando Minas Gerais, no Sudeste, acompanhando Vérias bacias hidrograficas importantes
nessas regides. Focos da doenca podem ser observados nos Estados do Ceara, Pernambuco,

Paraiba, Alagoas, Sergipe, Bahia, Piaui, Maranhdo, Para, Rondonia, Goias, Distrito Federal,
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Espirito Santo, S&o Paulo, Rio de Janeiro, Minas Gerais, Parana, Santa Catarina e Rio Grande
do Sul (Figura 2) (MINISTERIO DA SAUDE, 2014).

Figura 2 - Distribuicdo da esquistossomose no Brasil.
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Fonte: MINISTERIO DA SAUDE (2014).

Estima-se que cerca de 2,5 a 6 milhGes de pessoas estejam infectadas no Brasil (destes,
5 a 10% podem desenvolver formas hepatoesplénicas graves e potencialmente fatais) e 25
milhGes que vivem em éareas endémicas correm risco de infec¢do. Entre 1990 e 2010,
registrou-se um namero significativo de formas graves, com uma média de 1.567 internacdes
anuais e 527 6bitos (MARTINS-MELO et al., 2014; MINISTERIO DA SAUDE, 2012).

Pernambuco é considerado o estado brasileiro com maior grau de endemicidade,
concentrando cerca de 1/3 dos 06bitos e apresentando uma série histdrica (1979- 2010) de taxa
de mortalidade de cerca de cinco vezes maior que a taxa nacional. De acordo com o SISPCE
(Sistema de Informacdo do Programa de Controle da Esquistossomose), em 2014 foram
realizados 256.660 exames parasitoldgicos de fezes em 117 municipios. A positividade de
Schistosoma mansoni variou de 0,1% a 22,0% nos municipios endémicos. Em 2017, foram
definidas como prioritarias 56 localidades distribuidas em 26 municipios que apresentaram
indice de Positividade (IP) >10% em pelo menos dois anos no periodo de 2010-2014 (Figura
3) (SECRETARIA ESTADUAL DE SAUDE DE PERNAMBUCO, 2017). Dos 185
municipios pernambucanos, 103 sdo endémicos para esquistossomose e destes, 46,1%
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pertencem a mesorregido do Agreste de Pernambuco, 41,2% estdo na mesorregido da Zona da
Mata Pernambucana e 12,7% na mesorregiio metropolitana do Recife (MINISTERIO DA
SAUDE, 2014).

Figura 3 - Distribui¢do geografica dos municipios prioritarios para esquistossomose.
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Fonte: SECRETARIA ESTADUAL DE SAUDE DE PERNAMBUCO (2017)

Desde a década de 1990, pesquisas sobre a prevaléncia da esquistossomose sdo
realizadas na Regido Metropolitana do Recife. Estas pesquisas revelam o aparecimento
sistematico de novos focos de transmissdo ativos da esquistossomose em areas periurbanas e
litordneas, indicando a expansdo e descontrole da doenca no estado de Pernambuco
(OLIVEIRA et al., 2018).

2.3Schistosoma mansoni, ASPECTOS GERAIS

A familia Schistosomatidae engloba 13 géneros de trematddeos que, em sua fase
adulta, vivem no sistema venoso de crocodilos, aves e mamiferos. Entre as mais de 18.000
espécies de trematodas digenéicos (Filo Platyhelminthes, Classe Trematoda, Subclasse
Digenea), os esquistossomos, juntamente com as familias Spirorchiidae (em tartarugas) e
Sanguinicolidae (em peixes) se diferenciam das demais, pois possuem dois hospedeiros (um
caracol hospedeiro intermediario e um hospedeiro definitivo vertebrado), realizam a
penetracdo direta na pele desses hospedeiros (em suas formas cercarianas), e eliminam ovos
operculados, com espinho lateral ou terminal, e embrionados (miracidio). Estas familias ndo
possuem 0 estagio de metacercaria e o terceiro hospedeiro, como é o caso dos outros

trematodeos digeneicos. Os esquistossomos também tém sexos separados (sdo dioicos), em
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nitido contraste com os Spirorchiidae, Sanguinicolidae e quase todos os Digenea restantes,
que sdo monoicos (LOKER; MKOJI, 2005; SILVA; NEVES; GOMES, 2008).

Englobado na familia Schistosomatidae, o género Schistosoma (Figura 4) apresenta
diversas espécies descritas. No ano de 1994, a OMS iniciou o “Schistosoma Genome
Network”, 0 qual levou a descoberta do genoma do parasito. Os primeiros dados, publicados
em 2009, evidenciaram 7 pares de cromossomos autossomicos e um par de cromossomos
sexuais (ZW fémea e ZZ macho) (BERRIMAN et al., 2009). Posteriormente, o
sequenciamento do DNA mitocondrial fundamentou a classificacdo das 21 espécies de
Schistosoma encontradas (YOUNG et al., 2012)

Figura 4 — Classificacdo taxondmica do género Schistosoma
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2.3.1 Ciclo bioldgico de Schistosoma mansoni

O S. mansoni apresenta um complexo ciclo bioldgico (Figura 5), demonstrando uma
excelente capacidade adaptativa ao meio ambiente e aos seus hospedeiros intermediarios e
definitivos (NEVES, 2005). O seu ciclo de vida é heteroxénico, sendo composto por duas
fases: uma fase sexuada e outra fase assexuada. A fase assexuada tem inicio quando fezes de
individuos infectados contendo ovos sdo liberados no meio ambiente em colecdo hidrica.
Dentro das condicGes ideais de temperatura, luminosidade e oxigenacdo, o miracidio, fase
larval ciliada e infectante para o hospedeiro intermediario, eclode dos ovos. Guiados por
estimulos luminosos e quimicos, esses miracidios nadam ativamente em busca de caramujos
do género Biomphalaria, penetrando em seus tegumentos em um processo que dura,
aproximadamente, 15 minutos (COLLEY et al., 2014).



28

Figura 5 — Ciclo bioldgico de Schistosoma mansoni
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Fonte: MCMANUS et al. (2018) (com modificaces).

No molusco, o miracidio, ap6s sofrer as tranformaces morfolégicas e fisiologicas
iniciais, se transforma em esporocisto primario, que por poliembrionia origina esporocistos
secundarios, 0s quais migram para as glandulas digestivas e ovoteste do molusco. Cada
esporocisto dard origem a uma numerosa quantidade de cercarias por reprodugdo assexuada.
Um Unico miracidio tem potencial de originar mais de 100.000 cercarias . Todo esse processo
evolutivo no hospedeiro intermediario dura cerca de quatro semanas (SOUZA et al., 2011).
As cercarias saem do hospedeiro intermediario através da formagdo de vesiculas no
tegumento do molusco. Tal processo ocorre nos periodos mais quentes e luminosos do dia,
sendo sua sobrevida limitada em cerca de dois dias e seu periodo de maior infectividade
ocorrendo nas primeiras 8 horas apds sua liberacdo em meio aquatico (NEVES, 2005;
SOUZA et al., 2011).

A fase sexuada se inicia com a penetragdo de cercarias (segunda fase larval do parasito
e infectante para o hospedeiro definitivo) através da pele e mucosas do hospedeiro, o qual
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entrou em contato com colegfes aquaticas contaminadas. Durante o processo de penetragéo,
as cercarias se fixam na pele ou mucosas do hospedeiro com o auxilio de suas duas ventosas
(oral e ventral) e da liberagdo de uma substancia mucoprotéica secretada por suas glandulas
acetabulares. Ao atingir os capilares subcutaneos, o parasito perde a cauda bifida, se
transformando em esquistossdmulo, sendo levado pela corrente sanguinea ao lado direito do
coracdo e, consequentemente, alcancando os capilares pulmonares (BARSOUM; ESMAT,
EL-BAZ, 2013).

Ap0s atingir os pulmdes, os esquistossdmulos migram para o sistema porta, podendo
seguir este percurso por duas vias: (1) na via sanguinea, comumente mais aceita e de maior
importancia, os esquistossomulos saem das arteriolas pulmonares e dos capilares alveolares,
ganhando a pequena circulacdo e chegando ao lado esquerdo do coracdo. Ganham a grande
circulacédo através do fluxo aortico e chegam até o sistema porta intra-hepatico e ali se fixam.
Ja pela (2) via transtissular, os esquistossdmulos saem dos alvéolos pulmonares através da
penetracdo do parénquima pulmonar, pleura e diafragma, alcancando a cavidade peritoneal e
perfurando a capsula e parénquima hepatico, chegando ao sistema porta intra-hepatico
(NEVES, 2005).

No sistema porta intra-hepatico, intensificam o processo de nutri¢do e se desenvolvem,
diferenciando-se morfologicamente em machos e fémeas ap6s 25-28 dias apds a infecgéo.
Apo6s o amadurecimento, 0s vermes, acasalados, migram até as vénulas terminais do plexo
mesentérico inferior, onde a fémea realizara o processo de oviposi¢do. O tempo de vida de S.
mansoni € de cerca de 5 anos, entretanto existem relatos de que casais de vermes ja atingiram
0s 30 anos de vida produzindo ovos ativamente (GRYSSELS at al., 2006). Os primeiros ovos
podem ser vistos nas fezes de individuos infectados ap6s 45 dias da penetracdo cercariana
(NEVES, 2005; SOUZA et al., 2011). Se os ovos contidos nas fezes encontrarem novamente

0 ambiente aquatico, o ciclo se reinicia.
2.3.2 Morfologia das fases evolutivas de Schistosoma mansoni
A morfologia do género Schistosoma varia de acordo com a fase evolutiva do parasito:

ovo, miracidio, esporocisto, cercaria, esquistossomulo e vermes jovens e adultos. Na espécie

S. mansoni, a morfologia é descrita da seguinte forma:
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e Ovo

Possui formato oval e mede cerca de 150 pm de comprimento por 60 um de largura,
ndo apresenta opérculo e, em sua parte mais larga, possui um espinho lateral. No momento da
postura, os ovos contém um embrido em formacdo, entretanto apenas passados 6-7 dias, 0
miracidio (larva ciliada) no ovo se torna maduro. A presenca de um miracidio devidamente
formado em seu interior Ihe caracteriza como ovo maduro, sendo a forma comumente
encontrada nas fezes (Figura 6). Ovos maduros possuem tempo de vida médio de 20 dias nos
tecidos do hospedeiro, morrendo o miracidio caso ndo ocorra sua expulsao nas fezes (NEVES,
2005; MINISTERIO DA SAUDE, 2014).

Figura 6 — Ovo de Schistosoma mansoni

Miracidio

FONTE: http://lineu.icb.usp.br (com modifica¢6es). Acesso em 05.04.2018.

e Miracidio

Possui forma cilindroconica (Figura 7), medindo cerca de 160 — 180 pm de
comprimento por 60 um de largura. A sua superficie tem 21 placas epidérmicas ciliadas, sem
nacleo, e agrupadas em quatro fileiras, cujos cilios aumentam de tamanho da regido anterior
para a posterior. Em sua regido anterior, o miracidio consiste de uma papila apical em formato
conico (terebratorium), representado por pregas anastomosadas do tegumento, e contendo
glandulas adesivas e de penetracdo, juntamente com diversos receptores sensoriais (SILVA,
NEVES; GOMES, 2008).



31

Figura 7 — Miracidio de Schistosoma mansoni

FONTE: http://www.fiocruz.br. Acesso em 05.04.2018.

Seu aparelho excretor é composto por células solendcitos (células flama), dispostas em
em dois pares e unidas por pequenos canais que sdo drenados para uma ampola excretora, que
culmina no poro excretor (NEVES, 2005).

Possui sistema nervoso primitivo, formado por uma juncéo de fibras conectadas as
células nervosas por um grande ganglio cefalico e composto por numerosas fibras nervosas
com corpos celulares periféricos. A contratilidade e motilidade da larva sdo comandadas por
este sistema (SILVA; NEVES; GOMES, 2008).

e Esporocisto

A modificagdo de ambiente do miracidio, apds a penetragdo em um molusco, exige
uma adaptacdo as novas condicBes fisioldgicas, como temperatura, pH, oxigenacéo,
osmolaridade, etc. As células germinativas (de 50 a 100 células) iniciam um intenso processo
de multiplicacdo chamado de poliembrionia. Assim sendo, os miracidios sofrem réapidas
transformacoes estruturais na proximidade do seu ponto de penetracdo para a formacdo do
esporocisto primario. Permanecendo no mesmo local, crescem e se transformam em um saco
alongado, e apds 2 horas da penetracdo, perdem seu revestimento epitelial ciliado e demais
estruturas externas. No segundo dia, uma nova membrana surge em sua superficie, na qual

aparecem inumeras dobras semelhantes a microvilosidades cobertas por uma camada

eletrodensa que realiza trocas metabolicas com a hemolinfa do molusco. O novo tegumento
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sincicial contém mitocondrias, ribossomos, reticulo endoplasmaético, glicogénio e lipideos
(SILVA; NEVES; GOMES, 2008).

Na segunda semana de infeccdo, uma série de ramificacdes tubulares se formam no
interior do esporocisto, preenchendo todos 0s espacos intercelulares do tecido conjuntivo. No
interior dessas ramificacGes, as células germinativas permanecem em intensa multiplicacéo.
Em condi¢bes climéticas ideais, a formacdo do esporocisto secundario ocorre a partir do 14°
dia ap6s a penetracdo do miracidio no hospedeiro intermediario. O desenvolvimento do
esporocisto secundario se inicia com um aglomerado de células germinativas nas paredes do
esporocisto primario, podendo ser observada uma vacuoliza¢do proeminente na regido central
da larva. Esses aglomerados se reorganizam, dando origem a septos, sendo o esporocisto
primario dividido em 150 a 200 camadas, e podendo cada septo ou camada ja ser chamado de
esporocisto secundario (NEVES, 2005; SILVA; NEVES; GOMES, 2008) (Figura 8).

Figura 8 — Esporocistos de Schistosoma mansoni. ES1 — Esporocisto primario. ES2 — Esporocisto

secundario.

Fonte: SILVA; NEVES; GOMES (2008)

e Cercaria

As cercéarias (Figura 9) apresentam, aproximadamente, 500 pum de comprimento
(cauda bifurcada medindo 230 por 50 um e corpo cercariano medindo 190 por 70 um).
Exibem duas ventosas: uma oral e uma ventral. Se apresentam cobertas de pequenos espinhos,
onde o nimero e saliéncia das proje¢des desses espinhos se mostram menos proeminentes no
corpo que na cauda, demonstrando diferenca na composicdo do tegumento. A presenca de um

“colar” de receptores sensoriais composto por cilios € medindo, aproximadamente, 2,18 pm
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no corpo cercariano é observado, assim como 8 pares de glandulas sensoriais que podem ser
retraidas ou projetadas através da ventosa oral. A ventosa ventral (ou acetdbulo) é a maior e
possui musculatura mais desenvolvida, devido a sua funcéo de fixacdo na pele do hospedeiro
no processo depenetracdo. Possuem sistema excretor formado por quatro pares de células
flama. Como a cauda é uma estrutura que se perdera rapidamente no processo de penetragéo,
ndo possui estrutura complexa nem 6rgao definidos, servindo apenas para a movimentacdo da
larva em meio aquético (PEREIRA et al., 2013; NEVES, 2005).

Figura 9 — Cercéria de Schistosoma mansoni

Fonte: AUTOR (2019)

e Esquistossomulo

Ap0s penetrar no hospedeiro definitivo, a cercaria perde a cauda dando inicio a uma
série de transformacdes fisioldgicas e ultraestruturais para a adaptacdo do parasito ao
ambiente interno do hospedeiro. Algumas dessas mudancas é a perda do glicocélix, respiracao
anaerdbica, conversdo da membrana tegumentar trilaminada para heptalaminada, perda da
tolerancia a agua e a evacuacéo de glandulas secretdrias. Todas essas mudancas resultam no
esquistossomulo (Figura 10) de pele apds 2-3 horas da penetragdo. Ap6s 3 horas, a maior
parte da membrana externa € heptalaminada e o tegumento apresenta grandes vacuolos,
corpos alongados e pequenos corpos membranosos. Apés 24 horas, a principal modificacdo é
a formacéo de pregas e cavidades na superficie (SILVA; NEVES; GOMES, 2008; TEKWU
etal., 2016)
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Figura 10 — Esquistossdmulo de Schistosoma mansoni

Fonte: AUTOR (2019)

Ap6s migrarem para 0s pulmdes, cerca de 6 dias depois da penetracdo, 0S
esquistossomulos se tornam maiores, com cerca de 400 pm de comprimento e mais estreitos
do que os encontrados na pele, com as extremidades (anterior e posterior) recobertas de
espinhos. A superficie do tegumento se torna pregueada e escavada e, apos 14 dias da
penetracdo, apresentam ceco preenchido por pigmento, resultante da digestdo de
hemoglobina. A érea de superficie do tegumento do esquistossdmulo pulmonar é cerca de
quatro vezes maior que a area do esquistossébmulo de pele de sete dias (SILVA; NEVES;
GOMES, 2008).

e \ermes jovens

Ap0s chegarem ao figado, as transformacdes seguintes d&do inicio a organogénese e
formacdo dos vermes jovens (Figura 11), cerca de 21 dias apds a penetracdo no hospedeiro
definitivo. Os machos imaturos apresentam dois pequenos lobos testiculares e o canal
ginecoforo parcialmente desenvolvido. Ja nas fémeas, o Utero ainda é rudimentar e o
tegumento é composto por largas estrias profundas e bem organizadas. Ap6s quatro semanas a
gametogénese ocorre. Machos apresentam oito lobos testiculares, com espermatozoides
visiveis nos dois ou trés lobos anteriores. A superficie do corpo se torna mais lisa, surgem
organelas sensoriais e na sua regido dorsal surgem protuberancias denominadas de tubérculos.
Nas fémeas hd um pequeno ovario e o inicio do desenvolvimento do oo6tipo. Na quinta

semana, 0S machos ndo apresentam mais modifica¢cbes importantes em seus sistemas
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reprodutores. O canal ginecoforo se forma quando as extremidades do corpo dobram entre si,
da esquerda para a direita ou vice-versa. A regido dorsal ja se encontra recoberta de inimeros
tubérculos, separados por uma superficie dotada de estrias rasas. Nas fémeas a proteina da
casca do ovo aparece e os foliculos ovarianos se desenvolvem ao longo do corpo, posteriores
ao ovario (SILVA; NEVES; GOMES, 2008).

Figura 11 — Vermes Schistosoma mansoni jovens (21 dias)

Fonte: AUTOR (2019)

e Vermes Adultos

Os vermes machos possuem, aproximadamente, 1 cm de comprimento, coloracdo
esbranquicada, tendo seu tegumento recoberto por inumeros tubérculos e corpo dividido em
duas porc¢des: anterior, regido onde sdo encontradas as ventosas oral e ventral (acetabulo), e
posterior, regido que se inicia apos a ventosa ventral e da inicio ao canal ginecdforo. Apos a
ventosa oral, pode-se observar o es6fago, que se bifurca na regido do acetabulo, fundindo-se e
formando um Unico ceco, que culmina na extremidade posterior. Atrds do acetabulo se
encontram de sete a nove massas testiculares que se abrem diretamente no canal ginecéforo
(dobras das laterais do corpo no sentido longitudinal para albergar a fémea). N&o possuem
orgdao copulador, assim sendo, quando acasalado com a fémea (Figura 12), os
espermatozéides passam pelos canais deferentes, se abrindo no poro genital dentro do canal

ginecoforo, alcangando a fémea e fecundando-a (NEVES, 2005).
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Figura 12 — Casal de Schistosoma mansoni adultos

Fonte: http://www.cdipd.org. Acesso em 05.04.2018.

Vermes fémeas possuem uma coloragdo mais escurecida que a do macho, medindo
cerca de 1,5 cm de comprimento, é cilindrica com extremidades afiladas, possuindo
tegumento liso com discretas estrias paralelas. Na regido anterior se encontram as ventosas
oral e ventral. No inicio da porcdo posterior observa-se em sequéncia a vulva, Utero e o
ovario. Toda porcdo posterior é preenchida pelas glandulas vitelogénicas (ou vitelinas) e o
ceco (NEVES, 2005; MINISTERIO DA SAUDE, 2014).

2.5 ASPECTOS CLINICOS E PATOLOGICOS DA ESQUISTOSSOMOSE MANSONICA

O quadro e a evolucdo do processo patolégico na esquistossomose varia com uma
série de circunstancias: linhagem do parasito, carga infectante, condicdes fisioldgicas das
cercarias no momento da infeccdo, caracteristicas do hospedeiro (idade, aspectos nutricionais,
habitos e condicdes de vida), ocorréncia ou nao de infeccdes anteriores e grau de imunidade
do hospedeiro (REY, 2001). Os variados aspectos patogénicos e patoldgicos observados na
esquistossomose também vd@o depender da interacdo parasito-hospedeiro nas 4 fases
evolutivas do verme que entram em contato com o hospedeiro humano: cercérias,
esquistossomulo, vermes adultos e ovos (MORAES, 2011).

Logo apos a infecgdo, o individuo infectado pode apresentar dermatite cercariana, de
duracdo geralmente transitdria (24 a 72 horas), caracterizada por micropapulas eritematosas e
pruriginosas, com intensidade e duragdo geralmente pequenas (LAMBERTUCCI; SILVA;
VOIETA, 2005; AIRES, 2013).

Posteriormente, hd um periodo de incubacdo no qual ocorre o desenvolvimento das
fases imaturas do verme (esquistossdbmulos) e sua posterior eliminacdo para a corrente

sanguinea e migracdo para os pulmdes. Nessa fase, pode ocorrer linfadenia generalizada e
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aumento volumétrico do baco. Parte dos pacientes passam por esse periodo de forma
assintomaética, entretanto outros podem apresentar mal-estar, com ou sem febre, problemas
pulmonares (tosse), dores musculares, desconforto abdominal e um quadro de hepatite aguda
causada pela formacao de produtos oriundos da destruicdo dos esquistossomulos pelo sistema
imune (NEVES, 2005).

Por volta do 15° ao 25° dia ap0s a infecgdo, quando 0s vermes se encontram em sua
fase juvenil, pode ocorrer febre, eosinofilia, linfadenopatia, esplenomegalia e urticaria. O
figado pode apresentar um processo inicial de hepatite com volume ligeiramente aumentado.
A esplenomegalia possui caracteristicas de uma esplenite infecciosa aguda, com infiltragdo
eosinofilica abundante. As alteracBes intestinais também comecam a surgir antes do periodo
postural, compreendendo numerosas ulceracGes necroticas hemorragicas da mucosa, com
pequenas Ulceras disseminadas por todo o intestino. Pode ser observada hipertrofia ganglionar
generalizada, aumento das células imunocompetentes, e das gamaglobulinas, com inversdo da
relacdo albumina/globulina. Quando a doenca progride, e se inicia o periodo pés-postural, ha
a disseminacdo de ovos em diversos 6rgdos associados a reacbes granulomatosas (REY,
2001).

Na fase aguda da doenca, em torno de 50 dias ap6s a infeccdo, ocorre uma
disseminacdo volumosa de ovos, com destaque nas paredes intestinais, podendo ser
observadas areas de necrose, ocasionado uma enterocolite aguda, e surgimento de granulomas
hepaticos, caracterizando a forma toxémica, que pode apresentar sinais clinicos de febre,
acompanhada de sudorese, calafrios, emagrecimento, fenémenos alérgicos, diarreia,
disenteria, cdlicas, tenesmo, hepatoesplenomegalia discreta, linfadenia, leucocitose com
eosinofilia, aumento das globulinas e alteracdes discretas das transaminases. Em casos mais
graves, pode até haver casos de Obito na fase toxémica, ou entdo, como é observado na
maioria dos casos, ocorre a evolucdo da doenga para a fase cronica, cuja evolugdo € lenta
(NEVES, 2005).

Depois da fase aguda, os sintomas regridem, permanecendo a maioria dos pacientes
assintomaticos. As manifestagdes clinicas ocorrem, em sua maioria, mais tardiamente, devido
as repetidas exposicdes do paciente a reinfeccdo nos focos endémicos, com 0 consequente
aumento da carga parasitaria. Nessa fase, as manifestagdes clinicas da doenca sao
predominantemente intestinais e hepatointestinais (REY, 2001). Na fase cronica da
esquistossomose, em muitos casos, 0 paciente apresenta diarreia mucossanguinolenta, dor
abdominal e tenesmo. Nos casos cronicos mais graves, pode ser observada a fibrose da alca

retossigmoide, levando a diminuicdo do peristaltismo e constipacdo constante. A diarreia
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mucossanguinolenta é resultado da passagem simultanea de um grande numero de ovos para
a luz do intestino, originando pequenas (mas numerosas) hemorragias e edema (NEVES,
2005).

O elemento anatomopatoldgico basico do processo esquistossomatico crdnico, 0
granuloma (Figura 13), que surge em torno dos ovos do parasita em funcdo de uma reagéo
inflamatoria, demonstra a importancia do ovo como agente patogénico (REY, 2001). As
lesbes hepatoesplénicas s@o oriundas, principalmente, da formacdo desses granulomas,
produtos da hipersensibilidade do hospedeiro aos antigenos secretados pelo miracidio,
presente no interior do ovo, e denominados genericamente de SEA (Soluble egg antigens —
antigenos sollveis do ovo) (AIRES, 2013).

Figura 13 — Granuloma periovular hepatico em paciente infectado com Schistosoma mansoni

Muitos dos granulomas formados em torno dos ovos arrastados pela corrente
sanguinea e que ficaram retidos nos capilares dos espagos porta do figado, acabam por dar
inicio ao desenvolvimento uma neoformacdo conjuntivo-vascular, onde se observa uma
retracdo da capsula hepatica por fibrosamento dos espagos porta, em torno das ramificacdes
intra-hepaticas da veia porta. Esta disposicdo sistematizada do tecido reacional é denominada
de fibrose periportal (fibrose de Symmers), sendo considerada, também, um importante
elemento anatomopatoldgico do curso da fase cronica da esquistossomose (REY, 2001;
NEVES, 2005).

Uma das mais importantes consequéncias da fibrose hepatica, devido uma maior
dificuldade do fluxo venoso nesse local, é a hipertensdo na veia porta e em todo territério
drenado por ela, acarretando congestdo e edema na parede do estdmago e intestinos,
congestdo e aumento do volume esplénico (esplenomegalia), bem como alteracBes na

circulacdo e atividade fisiolégica de outros Orgdos da cavidade abdominal. Quando a
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dificuldade circulatoria aumenta, o sangue abre passagem através das anastomoses entre 0s
sistemas porta e cava inferior e entre os sistemas porta e cava superior. Essa formacao
circulatéria colateral leva a formacdo de veias varicosas de grande calibre na parede
esofagica, sujeitas a ruptura e hemorragias grave que podem levar o paciente a 6bito (REY,
2001; AIRES, 2013).

2.6 HOSPEDEIROS INTERMEDIARIOS DE Schistosoma mansoni

2.6.1 Aspectos bioldgicos do género Biomphalaria

Quatro géneros de moluscos podem albergar parasitos Schistosoma de importancia
médica e epidemioldgica, servindo como hospedeiros intermediarios de seu ciclo de vida, séo
eles: os moluscos do género Biomphalaria . (S. mansoni), Bulinus (S. haematobium e S.
intercalatum), Oncomelania (S. japonicum), e a espécie Neotricula aperta (S. mekongi)
(ROZENDAAL, 1997; ATTWOOD; UPATHAM, 2012).

No Brasil, trés espécies do género Biomphalaria sdo encontradas naturalmente
infectadas por S. mansoni: Biomphalaria glabrata (Say, 1818), Biomphalaria tenagophila
(D’orbigny, 1835) e Biomphalaria straminea (Dunker, 1848). Infecgdes experimentais foram
documentadas nas espécies Biomphalaria peregrina (D’orbigny, 1835), Biomphalaria
amazonica (Paraense, 1966) e Biomphalaria cousini (Paraense, 1966) (MINISTERIO DA
SAUDE, 2014).

Segundo Rey (2001), a classificagdo taxondmica do género Biomphalaria € descrita de
acordo com a Figura 14.

Figura 14 — Classificagdo Taxondmica do Género Biomphalaria

[ Reino Animalia

[ Filo Mollusca \
{ Classe Gastropoda

[ Ordem Basommatophora J

[ Familia Planorbidae

[ Género Biomphalaria tJ J

Fonte: REY (2001)
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Apesar de ndo possuirem uma constituicdo fisiologica e morfoldgica complexa (Figura
15), a realizagdo das atividades vitais (digestdo, respiracdo, excrecdo, circulacdo e
reproducdo) pelas espécies do género é bastante eficiente, garantindo a sobrevivéncia e
proliferacdo das espécies sob diversos panoramas ambientais, condi¢cdes climaticas ou
ecoldgicas. O sistema digestivo € completo, com boca e &nus. Possuem estbmago e intestino
bem desenvolvidos, e uma glandula digestiva, também denominada de hepatopéncreas. A
obtencdo do alimento é realizada através de raspagens com a radula, estrutura provida de
dentes quitinosos em linhas transversais e longitudinais (TELES; CARVALHO, 2008). A
digestdo extracelular ocorre no estbmago, devido a acdo de enzimas provenientes das bolsas
esofagicas e do ceco digestivo. O intestino estende-se da extremidade anterior do estdmago
através da massa visceral, para se abrir via anus, do lado direito da cavidade do manto. A
porc¢do terminal do sistema digestivo € o reto, que tem por funcdo a formacdo, compactacao e
armazenamento das fezes (BARNES; RUPPERT, 1996; MOORE, 2003).

Figura 15 - Desenho esquematico da concha e da morfologia interna de Biomphalaria glabrata
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A) Desenho da concha de B. glabrata: vista do lado direito, vista frontal e vista do lado esquerdo, respectivamente;
B) Manto de um exemplar adulto, onde se vé a crista renal; C) Manto de um exemplar jovem com linha renal
pigmentada; D) Sistema reprodutor: canal coletor do ovoteste (cc), encruzilhada genital (eg), ovispermiduto proximal
(odp), ovispermiduto distal (odd), ovoteste (ot) e vesicula seminal (vs); estruturas masculinas: bainha do pénis (bp),
canal deferente (cd), espermiduto (ed), musculos do complexo peniano [retrator (mr) e protrator (mp)], preptcio (pp)
e prostata (pr); estruturas femininas: bolsa do oviduto (bo), bolsa vaginal (bv), espermateca (es), glandula
nidamental (gn), oviduto (ov), vagina (va) e utero (ut); coragéo (co), pericardio (pe), glandula do albumen (ga), veia
pulmonar (vp), veia renal (vr), tubo renal (tr), crista lateral (cl), crista renal (cr), linha renal pigmentada (Ir), colar do
manto (cm), ureter (ur), meato do ureter (mu) e pneumostoma (pn).

Fonte: PARAENSE (1975) (com modificagdes)
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A respiracdo € realizada através do saco pulmonar, principal 6rgdo respiratorio, e as
pseudobranquias, pregas tegumentares ricas em vasos. A respiragdo atmosférica €
predominante, onde a hematose ocorre na rede vascular da parede pulmonar, onde o sangue
flui através da veia pulmonar. A respiracdo aquatica ocorre atraves das pseudobranquias e do
tegumento em contato com meio liquido (MINISTERIO DA SAUDE, 2008).

O rim é uma estrutura alongada, com inumeros septos e granulagdes internas,
iniciando-se na cavidade pericardica até a borda do manto, terminado no ureter, que se abre
préximo ao anus e pneumostdmio. O rim é dotado de uma prega mucosa, saliente e
pigmentada, denominada de crista renal (BARNES; RUPPERT, 1996; REY, 2001; NEVES,
2005).

O sistema nervoso € formado por 11 ganglios, sendo 5 deles dispostos em pares
(bucais, cerebrais, pleurais, pedais e parietais) e um deles disposto isoladamente (visceral).
Esses ganglios formam um “anel” em volta do esofago (anel periesofagiano), logo atras do
saco bucal. Os ganglios estdo acomodados em uma capsula de tecido conjuntivo e ligados a
receptores sensoriais através de neurbnios aferentes ou sensoriais, e a musculos e glandulas
por neurdnios eferentes ou motores. Os 6rgaos sensoriais destes moluscos incluem olhos,
receptores de contato (tentaculos), um par de érgdos do equilibrio e orientacdo locomotora
(otocistos), osfradios (6rgdo quimiossensorial) e quimiorreceptores, modificados ou nao,
denominados de rindforos (REY, 2001; CIMERMAM; CIMERMAM, 2001; BARNES;
RUPPERT, 1996).

Os caramujos sdo hermafroditas, realizando, preferencialmente, a fecundacao cruzada,
que propicia maior variabilidade genética, e, em casos isolados, a autofecundacéo, a qual
garante a formagdo de uma populagdo a partir de um unico individuo (MINISTERIO DA
SAUDE, 2008). Possuem gdnada tnica em forma de cachos, denominada ovoteste, no qual os
Ovulos e espermatozoides sdo produzidos lado a lado, entretanto a producgdo simultanea de
gametas ndo ocorre, sendo produzidos em alternancia. O ovoteste possui diversos foliculos,
sendo cada um uma unidade de producéo dos dois gametas (CANTINHA, 2008).

O sistema circulatério desses animais é aberto e composto por coragdo com duas
cavidades: auricula e ventriculo. Possuem hemolinfa rica em hemoglobina (representando
cerca de 97% de todas as proteinas presentes na hemolinfa), 4gua, cloreto de sodio e
bicarbonatos (PESSOA; MARTINS, 2011; REY, 2001; VERRENGIA GUERRERO et al.,
1997). Os componentes celulares presentes na hemolinfa sdo denominados de hemdcitos,
principais células efetoras do sistema de defesa desses animais, as quais se movem livremente

através dos tecidos e exercem atividades de fagocitose, encapsulacéo, liberacdo de substancias
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citotoxicas, transporte de calcio no reparo tecidual e na producdo de fatores coagulantes. Estas
células lembram, em sua forma e funcdo, os macréfagos dos animais vertebrados (ABDUL-
SALAM; MICHELSON, 1980; AMEN et al., 1992; BAYNE; BUCKLEY; DEWAN, 1980;
CAVALCANTI, 2011).

Caramujos pertencentes ao género Biomphalaria possuem concha em formato de disco
de tamanhos variados a depender da espécie. A B. glabrata ¢é a principal espécie hospedeira
de S. mansoni, por ser a mais susceptivel a infeccdo e a todas as linhagens geogréaficas de S.
mansoni. E o maior molusco da familia Planorbidae, com sua concha chegando a atingir até
40 mm de didmetro , 11 mm de largura com seis a sete giros. A principal caracteristica
anatbmica interna da espécie a presenca de uma crista renal pigmentada localizada ao longo
da superficie ventral do tubo renal em individuos adultos. A espécie B. tenagophila possui
concha com até 35 mm de diametro, 11 mm de largura com sete a oito giros. Em relacdo a
anatomia interna, sdo semelhantes aos B. glabrata, embora seu tubo renal seja um pouco mais
alongado e sem a presenca de crista renal. A B. straminea é a menor das trés espécies,
apresentando concha com até 16,5 mm de didmetro, 6 mm de largura e cinco giros. A
principal caracteristica anatdbmica dessa espécie é a presenca de enrugamento transversal nas
paredes dorsal e esquerda da vagina, ausentes em B. glabrata. Também ndo possuem crista
renal. (NEVES, 2005).

As espécies do género Biomphalaria comumente habitam colecGes hidricas de agua
doce naturais, artificiais e temporarias, do tipo léntico ou Iético, e de altitudes variadas, no
mesmo nivel ou acima do nivel do mar. Apesar da grande variacdo de habitats, sdo mais
facilmente observados proximo as margens de colecGes hidricas de pequeno porte (TELES;
CARVALHO, 2008). Optam por locais com boa disponibilidade de matéria organica, boa
iluminacdo, temperatura média entre 20 a 26 °C, se alimentando de folhas e algas (NEVES,
2005). A presenca de vegetacdo vertical ou flutuante é de grande importancia para a
alimentacéo e abrigo dos animais, além de ser um dos substratos de preferéncia dos moluscos
para depositar suas desovas em area submersa (MINISTERIO DA SAUDE, 2014).

Os bidtopos em que vivem esses moluscos, em sua maioria, tem pH em torno de 6,0 a
8,0. Em colecbes aquéaticas com pH inferior, os planorbideos sdo incapazes de promover a
deposicéo de célcio para a formacéo da concha, o que impede sua colonizacgao nesses habitats.
Densidades populacionais elevadas desses animais geralmente sdo encontradas em aguas mais
duras, ricas em célcio (AMARAL; THIENGO; PIERI, 2008).

Como resposta as modificacdes ambientais desfavoraveis, como secas e inundagdes,

os moluscos do género Biomphalaria utilizam diversos mecanismos de sobrevivéncia: (1) a
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anidrobiose (diminuicdo da atividade metabolica), que ocorre em processos lentos de
dessecacdo da colegdo hidrica, (2) o enterramento, onde o caramujo se enterra no solo de
ambientes aquaticos em resposta a possiveis agressdes do meio, como a aplicacdo de agentes
moluscicidas, (3) a diapausa, onde o animal para de forma brusca o seu desenvolvimento,
mesmo em condi¢Oes favoraveis, e (4) a quiescéncia, parada do desenvolvimento do animal
determinada diretamente por condi¢cbes ambientais desfavoraveis, como o aumento
(estivacdo) ou diminuicdo (hibernacdo) da temperatura. Mesmo em estado de anidrobiose,
enterramento, diapausa ou quiescéncia, 0s caramujos podem carregar consigo as formas
imaturas do S. mansoni, 0s quais retomam suas atividades quando as condi¢cbes ambientais
voltam & normalidade (MINISTERIO DA SAUDE, 2014).

A sobrevida dos caramujos, geralmente, ndo ultrapassa um ano. Entretanto, a
populacdo consegue, com sucesso, ser mantida nos criadouros devido as eficientes estratégias
reprodutivas dos animais. Em condi¢Bes adversas, um Unico ou poucos individuos podem
utilizar os mecanismos de autofecundagdo, dando inicio a uma nova populagdo, podendo em
apenas trés meses alcancar cerca de 10 milhGes de descendentes. Sao oviparos, e intensificam
a postura de desovas no periodo noturno, sendo 0s ovos depositados nos substratos em uma
capsula transparente. O nimero de ovos postos em cada desova varia de acordo com o animal
em questdo e fatores ambientais. O tempo entre a postura e a eclosdo dos individuos ocorre
em cerca de 6 a 10 dias (MINISTERIO DA SAUDE, 2014). Possuem fases de
desenvolvimento embrionério ja bem elucidados e definidos, sendo os embribes classificados
em: blastula (0 a 15 horas ap0s a primeira clivagem), gastrula (24 a 39 horas ap6s a primeira
clivagem), trocdfora (48 a 87 horas ap6s a primeira clivagem) e véliger (96 a 111 horas apés a
primeira clivagem) (KAWANO; NAKANO; WATANABE, 2008).

2.6.2 Distribuicdo geogréfica do género Biomphalaria

A espécie B. glabrata é considerada a mais importante hospedeira intermediaria dos S.
mansoni na América do Sul, devido ao grande percentual de moluscos infectados, bem como
apresentar sua distribuicdo espacial sempre relacionada com é&reas endémicas para a
esquistossomose, tendo sido encontrada em ambientes naturais com taxas de positividade de
até 80%. Foi identificada em 16 estados brasileiros (Figura 16 - A): Alagoas, Bahia, Espirito
Santo, Goias, Maranhdo, Minas Gerais, Para, Paraiba, Parand, Pernambuco, Piaui, Rio de
Janeiro, Rio Grande do Norte, Rio Grande do Sul, Sdo Paulo e Sergipe, além do Distrito
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Federal, somando 801 municipios nesses estados (NEVES, 2005; MINISTERIO DA SAUDE,
2014).

Figura 16 — Distribuicdo espacial dos hospedeiros intermediarios de Schistosoma mansoni no Brasil
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Fonte: SCHOLTE et al., 2012

B. straminea é a espécie mais bem adaptada e resistente & mudancgas climaticas.
Apesar de ser menos susceptivel a infeccdo por S. mansoni, a espécie B. straminea é a mais
abrangente no territério brasileiro, com ocorréncia em todos os estados, com excecdo de do
Amapé e Rondénia (Figura 16 - B) (CARVALHO et al., 2008; MINISTERIO DA SAUDE,
2014).

A distribuicdo de B. tenagophila (Figura 16 - C) é mais restrita ao Sul e Sudeste do
pais, sendo a espécie responsavel pela maioria dos casos nos estados de S&do Paulo e Santa
Catarina e por focos isolados em Minas Gerais e Rio de Janeiro. Foi notificada em 562
municipios de 10 estados brasileiros (Bahia, Espirito Santo, Goids, Mato Grosso do Sul,
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Minas Gerais, Parand, Rio de Janeiro, Rio Grande do Sul, Santa Catarina e Sdo Paulo)
(NEVES, 2005; CARVALHO et al., 2008; MINISTERIO DA SAUDE, 2014).

Informacdes a respeito da distribuicdo dos moluscos hospedeiros intermediarios de S.
mansoni no Brasil (Figura 16 - D) sdo de grande importancia, pois os registros de ocorréncia
desses animais fornecem um revelante aporte de conhecimento para o planejamento dos

programas de controle da esquistossomose (CARVALHO et al., 2008)

2.7 CONTROLE DA ESQUISTOSSOMOSE

Desde a década de 50, a Organizacdo Mundial de Saude (OMS) tem estabelecido
sucessivas diretrizes para o controle da esquistossomose em escala global (WHO, 1953, 1961,
1973, 1985, 1993, 2002). Na década de 50, o Comité de Especialistas da OMS tinha foco nos
estudos e pesquisas sobre a esquistossomose e sobre o estudo dos vetores transmissores da
doenca, além de aspectos geogréaficos, demogréficos e socioecondmicos envolvidos na sua
transmissdo (WHO, 1953; BARBOSA et al., 2008).

Em 1961 e 1973, através de dois relatorios, o0 Comité estabeleceu que a medida mais
efetiva para o controle da doenca seria 0 combate aos caramujos transmissores da parasitose
através da utilizacdo de agentes moluscicidas, ja que o controle através da quimioterapia era
considerado ineficaz, devido a auséncia de drogas efetivas contra o parasito. Entretanto,
também deixava estabelecida a importancia de medidas associadas, como o tratamento de
individuos infectados e a melhoria das condicdes de saneamento basico, para a erradicacdo da
esquistossomose (WHO, 1961; 1973; BARBOSA et al., 2008).

A partir da década de 80, o Comité de especialistas da OMS registrou uma importante
mudanca nas diretrizes de combate a esquistossomose, passando a énfase para a quimioterapia
e para as agdes preventivas como saneamento e acesso a agua potavel. Essa nova abordagem
colocava em destaque o hospedeiro humano ao reconhecer sua importancia no sucesso e no
fracasso dos programas de controle, sendo a aplicacdo de moluscicidas considerada como
medida auxiliar de manutencdo, com foco em areas peridomiciliares de transmissdo. Um dos
fortes motivos da mudanca de abordagem se deu em funcdo do aumento de investimento da
industria farmacéutica em novas drogas com formulagfes mais seguras, além do crescente
custo de agentes moluscicidas. Outras a¢Oes preventivas também foram citadas como 0 acesso
a &gua potavel, saneamento, educagdo em saide e melhorias socioeconémicas (WHO, 1980;
BARBOSA et al., 2008).
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2.7.1 Tratamento quimioterapico e o praziquantel

No ano de 1917, apds o tartaro emético ser utilizado pela primeira vez no tratamento
da esquistossomose (CHRISTOPHERSON et al., 1918), assim como a utilizacdo da emetina,
em 1920, sendo considerada altamente tdxica, se observa um longo periodo de tempo para 0
inicio de novos relatos de outros agentes esquistossomicidas. A partir de 1960, entretanto,
avancos significativos puderam ser observados no que concerne a descoberta de novas drogas
esquistossomicidas, sendo introduzidos alguns compostos como o metrifonato, nitrofuranos,
lucantone, niridazol, hicantone e oxamniquine. Entretanto, com exce¢do do oxaminiquine,
todos os outros compostos apresentaram severos efeitos colaterais (LAGO et al., 2018).

No final da década de 60, a atividade esquistossomicida do oxamniquine foi descrita,
apresentando o farmaco com promissores resultados (LAGO et al., 2018). A toxidade do
oxamniquine é considerada baixa, possuindo efeitos colaterais brandos (NEVES, 2005;
KATZ, 2008). Possui efeito sobre vermes e fémeas de S. mansoni, apresentando, também,
atividade sobre fases imaturas do parasito, entretanto apresenta desvantagens como ineficacia
na eliminacdo de outras espécies de Schistosoma de importancia médica, bem como seu alto
custo (CIOLI, 2000). Até a década de 90, o oxamniquine foi considerado o medicamento de
primeira linha para o tratamento da esquistossomose, permanecendo em uso até 2010, sendo
substituido pelo praziquantel (PZQ) até os dias atuais (VALENTIM et al., 2013; LAGO et al.,
2018).

O Praziquantel foi descoberto na década de 70, através de esforgcos conjuntos da
Merck e Bayer. O projeto inicial da Merck tinha por objetivo produzir e promover a
descoberta de novos compostos tranquilizantes (SEUBERT; POHLKE; LOEBICH, 1977).
Posteriormente, esses compostos foram testados pela Bayer com foco na atividade anti-
helmintica, sendo realizada uma triagem em mais de 400 compostos. Dentre estes, apenas 0
praziquantel foi selecionado, por apresentar seguranca, eficacia, conveniéncia operacional e
baixo preco (LAGO et al., 2018). Foi utilizado inicialmente para o tratamento de cestoides,
apresentando atividade anti-helmintica polivalente (KATZ, 2008).

O Praziquantel (Figura 17) é o nome genérico para 2-(cyclohexylcarbonyl)-
1,2,3,6,7,11b-hexahydro 4H-pyrazino[2,1-a]isoquinoline- 4-one. Trata-se de um po de
coloracgéo branca, de gosto amargo, estavel em condi¢cGes ambientes normais, e praticamente
insolivel em &gua, moderadamente solvel em etanol e solivel em solventes organicos como
cloroférmio e dimetilsulfoxido (CIOLI; PICA-MATTOCCIA, 2003). As pastilhas de

Praziquantel comercializadas sdo normalmente alongadas, contendo 600 mg do ingrediente
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ativo. Sua preparacdo comercial € uma mistura de racemato composta por partes iguais de
isbmeros levdgiros e dextrogiros, dos quais apenas o0 primeiro possui atividade
esquistossomicida in vitro e in vivo (DOENHOFF; CIOLI; UTZINGER, 2008).

Figura 17 — Estrutura molecular do Praziquantel

O

Fonte: https://pubchem.ncbi.nim.nih.gov

Wu et al. (1991), ao avaliarem pacientes tratados com o isdmero biologicamente ativo
de forma isolada e com a mistura racémica, chegaram a conclusdo de que a taxa de cura foi
equivalente, entretanto os pacientes tratados apenas com o isdmero biologicamente ativo para
a atividade esquistossomicida apresentaram menos efeitos colaterais. Outros estudos ja
relatam que o maior responsavel pela toxicidade do composto racémico, bem como pelos
efeitos colaterais, € o componente dextrogiro, sugerindo ser de extrema importancia o
desenvolvimento de novas formulagdes que contenham apenas 0 composto ativo (SUN
etal., 2016; GREENBERG; DOENHOFF, 2017).

Sabe-se que o mecanismo molecular de acdo do PZQ atua desestabilizando a
homeostase do Ca?* e a fungdo neuromuscular do verme através de canais de Ca?* voltagem-
dependentes (GREENBERG, 2005), causando um comprometimento da estrutura e funcdo do
tegumento, espasmo e paralisia dos muasculos subjacentes, culminando na eventual morte do
parasita (LORSUWANNARAT et al. 2013). AlteracGes tegumentares também podem ser
observadas ap6s exposi¢do dos vermes ao Praziquantel em um curto periodo de tempo, como
o surgimento de bolhas, descamacio e edema (AIRES et al., 2014; ARAUJO et al., 2019) .
Cepas de Schistosoma resistentes ao Praziquantel demonstraram, em ensaios de captacdo de

Ca2* e contragdo muscular, resultados atenuados em resposta ao Praziquantel, reforcando a
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ligagdo entre os mecanismos destes ensaios e 0 mecanismo de agdo do Praziquantel
(CERQUEIRA et al., 2013).

Embora eficaz contra vermes adultos e considerado biosseguro e de baixo custo
(BERTAO et al. 2012), o PZQ, nas doses recomendadas, ndo apresenta efic4cia terapéutica
contra vermes jovens (3 a 4 semanas de desenvolvimento apds a infeccdo), além de ndo
prevenir a reinfecgdo. Sua formulagéo atual, na forma de racemato, contribui para o grande
tamanho do comprimido e seu sabor amargo, o que dificulta a adesdo ao tratamento,
principalmente em criangcas (GOUVEIA et al., 2018). Além disso, o tratamento em massa em
paises endémicos para a erradicacao da infecgdo é uma preocupagdo da comunidade médica e
cientifica, pois ha relatos de resisténcia e/ou tolerancia das cepas de Schistosoma ao
Praziquantel (BOTROS; BENNETT, 2007; WANG; WANG; LIANG, 2012; VALE et al.
2017). O potencial de resisténcia ao Praziquantel por S. mansoni foi relatado pela primeira
vez em 1994 (FALLON; DOENHOFF, 1994). O estudo demonstrou que a droga aplicada
sucessivas vezes em camundongos que foram expostos a sucessivas passagens em um pool de
cercarias de quatro linhagens geograficas de S. mansoni eram menos sensiveis ao Praziquantel
(BOTROS; BENNETT, 2007).

Diante deste cenario, € preocupante ndo possuir uma droga alternativa para uma
doenca em expansdo que afeta milhdes de individuos em todo o mundo e que possui tamanha
importancia em termos de sadde plblica (BERTAO et al., 2012). O monitoramento ativo da
doenca € necessario, a0 mesmo tempo que esforgos urgentes devem ser feitos para o
desenvolvimento de novas drogas esquistossomicidas, visando uma maior eficacia no
combate da esquistossomose (DOENHOFF et al., 2002).

2.7.2 Controle dos caramujos vetores e agentes moluscicidas

Durante quase toda a década de 70, a utilizacdo de agentes moluscicidas apresentaram
destague nos programas de controle da esquistossomose, sobretudo porque as drogas
disponiveis na época se mostravam ineficazes, causando inimeros efeitos colaterais (WHO,
1993; 2001). Em tese, apesar do surgimento de uma droga eficiente na eliminagdo do
parasito, a utilizacdo de agentes moluscicidas constitui, ainda hoje, a unica alternativa
profilatica em casos isolados, pois apresenta a possibilidade de interrupgdo temporéaria, porém
imediata, da atividade dos focos de transmissdo, pelo menos quando estes correspondem a
colec@es hidricas bem delimitadas, como lagoas de pequeno porte, pogos ou valas de pequena
extensdo (TELES; CARVALHO, 2008).
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Estudos conduzidos em campo demonstraram uma reducdo significativa na
transmissdo da esquistossomose quando medidas de controle (utilizacdo de moluscicidas e
quimioterapia) eram aplicadas periodicamente em areas endémicas por alguns anos (KATZ,
1998). Pesquisas realizadas em meados da década de 70, com foco na espécie B. straminea,
mostraram que houve uma diminuigdo significativa em nimero desses vetores nos focos de
transmissdao bem como das taxas de infeccdo natural desses animais, além da reducdo dos
indices de infeccdo humana (prevaléncia, incidéncia e intensidade) nas areas tratadas com
moluscicidas, quando comparadas com éareas ndo tratadas (BARBOSA; COSTA, 1981,
BARBOSA et al., 2008).

Um composto moluscicida ideal deve eliminar os caramujos em todas as fases de seu
ciclo de vida, desde a fase embrionaria até a fase adulta. Deve apresentar baixo custo, ser
estavel, de facil transporte e aplicacdo, auséncia de risco na manipulacdo, ser seletivo aos
moluscos, inofensiva ao homem, animais ndo-alvo e plantas (WHO, 1965, 1985; RAPADO,
2012).

Diversos produtos ja foram utilizados na tentativa de se encontrar um composto
moluscicida ideal para o combate dos caramujos vetores, como por exemplo a cal extinta, o
sulfato de cobre, o pentaclorofenato de sodio, a tritilmorfolina e a niclosamida, todos estes
comprovadamente toxicos ao meio ambiente. No entanto, o Unico agente moluscicida
utilizado em campanhas de controle nacional, tendo sua recomendacdo endossada pela OMS,
¢ a niclosamida, produzida comercialmente pela Bayer (WHO, 1965; BARBOSA et al.,
2008).

A niclosamida (2',5-dichloro-4'-nitrosalicylanilide) é um sélido amarelado, insipido e
inodoro, com peso molecular de 327, 1 e fomula quimica de C1sHsCIl2N204 (Figura 18). E o
componente ativo presente em 25% da formulagdo do Bayluscide® EC 250, ja seu sal de
etanolamina representa 75% da formulagdo do Bayluscide® WP70. Possui bioatividade néo
soO como moluscicida, mas também como anti-helmintico, com foco na classe Cestoda,
estando presente nas preparacdes de Yomesan®, Mansonil® e Lintex ®, utilizados na
medicina humana e veterinaria no tratamento da teniase (ANDREWS; THYSSEN; LORKE,
1983).
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Figura 18 — Estrutura molecular da niclosamida
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A niclosamida é considerada um potente desacolpador, tendo o potencial de
demonstrar bioatividade sobre mitocondrias isoladas de mamiferos e insetos em
concentragfes proximas de 1 nM, além de ser quase 1000 vezes mais ativo que o 2,4-DNP,
um xenobidtico utilizado na fabricacdo de tintas, herbicidas, pesticidas e explosivos. Possui
um comportamento tipico dos demais desacopladores, estimulando a respiracdo mitocondrial
em baixas concentracles, inibindo-a a medida que a concentragdo €é aumentada
(HOLLINGWORTH et al., 2001).

Possui elevada toxicidade para moluscos, em concentragBes proximas a 1 mg/L,
causando 100% de mortalidade em até 8 horas de exposi¢do para 0s géneros Biomphalaria e
Bulinus (REY, 2001). Apesar de ser eficiente na eliminacdo dos moluscos em suas diferentes
fases de desenvolvimento, apresenta desvantagens em sua utilizacgdo como a toxicidade
elevada para espécies ndo-alvo, como peixes, plantas e outros organismos aquaticos em uso
prolongado, possui custo elevado, se decompBe sob luz solar, é irritante para a pele e
mucosas, aléem de ndo prevenir a recolonizacdo em areas tratadas (RAPADO, 2012;
OLIVEIRA-FILHO; PAUMGARTTEN, 2000; ABREU; GOULART; OLIVEIRA BRETT,
2002; ANDREWS; THYSSEN; LORKE, 1983; LOKER, 1990).

2.8 PRODUTOS NATURAIS APLICADOS AO CONTROLE DA ESQUISTOSSOMOSE

A biodiversidade é uma fonte valiosa de novidades em termos de moléculas bioativas,
produzindo uma variedade extraordinéria de métabolitos secundarios (DAR et al., 2017). A
utilizacdo de produtos naturais como medicamentos foi descrita ao longo da historia sob a

forma de medicamentos tradicionais, remédios, pocOes e Oleos, entretanto, muitos desses
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produtos naturais bioativos ainda ndo foram identificados (DIAS et al., 2012). Por um longo
periodo, produtos naturais e seus extratos foram os Unicos medicamentos disponiveis para a
humanidade. A fonte de conhecimento sobre o uso de produtos naturais a partir de plantas
medicinais € o resultado do homem experimentar por tentativa e erro, por centenas de séculos,
geralmente através de ensaios de palatabilidade, resultando muitas vezes em mortes
prematuras, de buscar alimentos disponiveis para o tratamento de doengas (DIAS; URBAN;
ROESSNER, 2012; DAR et al., 2017).

Os produtos naturais tem uma ampla variedade e diversidade de estruturas quimicas,
sendo sua eficacia relacionada com a complexidade das suas propriedades estereoquimicas
bem organizadas, oferecendo muitas vantagens em termos de eficiéncia e seletividade de
alvos moleculares (YUAN et al.,, 2016). Na ultima década, algumas grandes empresas
farmacéuticas, focando na quimica combinatoria, deixaram os produtos naturais de lado e
tentaram preencher essa lacuna com um grande namero de moléculas sintéticas. Infelizmente,
a quimica empregada ndo criou o que se esperava de moléculas suficientemente diversas ou
farmacologicamente ativas. Recentemente notou-se a volta do crescimento do interesse da
industria farmacéutica nos produtos naturais, levando em conta agora a sintese orientada para
a diversidade, através do mimetismo de estruturas oriundas destes produtos, potencializando a
descoberta de novos medicamentos (ZHANG; DEMAIN, 2005; DIAS; URBAN;
ROESSNER, 2012).

Exemplos bem sucedidos de desenvolvimento de drogas a partir de produtos naturais
sdo a lvermectina e a Artemisina. A primeira destas, descoberta por William C. Campbell e
Satoshi Omura, ajudou a reduzir radicalmente a incidéncia de oncocercose e filariose
linfatica. A Artemisina, descoberta pela peaquisadora Tu Youyou, € utilizada com sucesso e
de forma ampla para o tratamento da maléaria. Ambas as descoberta concederam aos trés
pesquisadores o Prémio Nobel de Medicina e Fisiologia de 2015, demonstrando como a
pesquisa baseada em produtos naturais pode ser significativa no desenvolvimento de novos
medicamentos, impactando positivamente a qualidade de vida da populagdo (CRAGG;
NEWMAN, 2013; MUSCHIETTI et al., 2013; SHEN, 2015).

2.8.1 Esquistossomicidas de origem natural
Diversos extratos ou constituintes bioativos de organismos vivos tem sido utilizados

na medicina popular em todo o mundo, visando 0 combate as doencgas parasitarias, incluindo a

esquistossomose, e nas Ultimas décadas, os produtos naturais tem atraido um interesse
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renovado (MORAES, 2012). Nesse contexto, diversas espécies de plantas se tornaram alvo de
estudo em triagem in vitro e in vivo, visando encontrar preparacdes com maior atividade ou o
isolamento de biomoléculas ativas, que possam conduzir ao estabelecimento de novos
farmacos anti-helminticos (CASTRO et al., 2013). Um esfor¢co consideravel tem sido
observado na busca e desenvolvimento de compostos esquistossomicidas. Neste cenario,
diversos compostos de origem natural com propriedades esquistossomicidas promissoras
foram identificados (BERTAO et al., 2012; AIRES, et al., 2014; GUIMARAES et al., 2015;
ARAUJO et al., 2019).

A eficécia destes novos compostos pode ser definida utilizando-se trés estratégias 1) A
curativa, matando o verme adulto, 2) A profilatica, matando as formas imaturas do verme, 3)
A supressora, inibindo a postura de ovos. Desta forma, varios parametros como analise de
motilidade, alteracdes tegumentares e oviposicdo, sdo frequentemente avaliados em triagens
de novos compostos esquistossomicidas como indicadores de bioatividade (MORAES, 2012).

A maioria dos estudos de atividade esquistossomicida de preparagdes de origem
natural se inciam com o screening in vitro destes compostos, onde sao avaliados seus efeitos
sobre diferentes fases evolutivas do parasito como as fases de cercaria, esquistossémulo, e
vermes jovens e adultos (CASTRO et al., 2013), sendo de grande importancia a associagdo
com testes citotoxicidade, onde a especificidade do composto € analisada. As anéalises de
viabilidade celular in vitro e ex vivo utilizadas em ensaios de citotoxicidade nas diversas areas
biomédicas englobam linhagens celulares variadas como, por exemplo, PBMCs (Células
Mononucleares de Sangue Periférico) (ALBUQUERQUE et al., 2014; ARAUJO et al., 2019),
fibroblastos (UDDIN; GRICE; TIRALONGO, 2011; AYAZ et al., 2016), macro6fagos
(TEMPONE et al., 2005; AHMED et al., 2011; OLIVEIRA et al., 2014) e hemé4cias
(TOLEDO et al., 2011; EVANS et al., 2013) para a triagem toxicoldgica de varios compostos
qguimicos. Estes testes de citotoxicidade presentam vantagens devido a simplicidade da
analise, rapidez, baixo custo e a possibilidade de abranger um elevado numero de amostras de
uma sO vez. Além disso, ensaios de viabilidade celular e citotoxicidade tem como base a
avaliacdo de diversas fungOes celulares como permeabilidade membranar, atividade
enzimética, aderéncia celular, produgdo de ATP e atividade de captagdo de nucleotideos
(ISHIYAMA et al., 1996; ASLANTURK, 2018).

Dentro desta Otica, diversos grupos quimicos foram testados para verificagcdo quanto
sua atividade esquistossomicida como: Terpenos (epoxido de limoneno, rotundifolona,
artemisina e derivados, nerolidol) (UTZINGER et al., 2001; MATOS-ROCHA et a., 2013,
MORAES, et al., 2013; LIU; WU; LIANG, 2014), alcaloides (pirplatina, piperamida,
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sanguinarina, epiisopiloturina) (MORAES et al., 2011, MORAES et al., 2012; VERAS et al.,
2012; ZHANG; COULTAS, 2013; CARRARA et al., 2014;: GUIMARAES et al., 2014),
peptideos (ciclotideos Kalata B1 e Kalata B2) (MALAGON et al., 2013), e compostos
fendlicos, englobando as quinonas (pumblagin ¢ B-lapachona) (ZHANG; COULTAS, 2013;
LORSUWANNARAT et al.,, 2013; AIRES et al., 2014; AIRES et al., 2014), flavonoides
(quercetina, kaempferol, sativan) (BRAGUINE et al., 2012; CUNHA et al., 2012; XIAO et
al., 2014), neolignanas (licarina A) (PEREIRA et al., 2011) e dibenzofuranos (SALLOUM, et
al., 2012; ARAUJO et al., 2019).

2.8.2 Moluscicidas de origem natural e ensaios ecotoxicoldgicos

A dificuldade em controlar a esquistossomose associada aos altos custos e elevada
toxicidade dos moluscicidas sintéticos, bem como a busca por substancias biodegradaveis e
indcuas ao meio ambiente e a0 homem, vem estimulado as pesquisas cientificas direcionadas
a descoberta de novos agentes moluscicidas de origem natural (MIYASATO et al., 2012;
MARTINS et al., 2014; ROCHA-FILHO et al., 2015; MARTINS et al., 2017; SILVA et al.,
2018; ARAUJO et al., 2018).

A busca por compostos moluscicidas de origem natural surgiu na década de 30, apés a
sugestdo do cultivo de Balanites aegyptiaca L. (Balanitaceae), espécie africana nativa,
préximo a criadouros de caramujos vetores da esquistossomose no Suddo. Notou-se que 0S
frutos que caiam nas aguas do criadouro inibiam o crescimento da populacdo de moluscos ali
presentes. Este fato impulsionou os estudos realizados posteriormente que comprovaram,
além dos frutos, outros tecidos da B. aegyptiaca (raizes, cascas e ramos), possuiam, de fato,
atividade moluscicida. O provavel componente bioativo se trata de uma saponina, cujo
potencial de letalidade atinge também miracidios e cercérias de Schistosoma, peixes e girinos
(ARCHIBALD, 1933; SILVA et al., 2008; GARDIOLI, 2014).

Mais de 42 compostos moluscicidas ja foram isolados de espécies vegetais e diversos
estudos sugerem que a atividade tdxica dos agentes moluscicidas de origem vegetal esta
relacionada a presenca de metabolitos secundarios como flavonoides, alcaloides, terpenoides,
saponinas, taninos, esteroides, dentre varios outros (WHO, 1983; LOPES et al., 2011;
CANTANHEDE at al., 2010). Ademais, outros compostos ndo vegetais também vem
ganhando destaque como possiveis agentes moluscicidas, como é o caso de metabolitos
produzidos por bactérias, fungos, esponjas e liquens (ALI et al., 2010; ANGELO; VILAS-
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BOAS; CASTRO-GOMEZ, 2010; GUO et al., 2010; MIYASATO et al., 2012; MARTINS at
al., 2014).

De acordo com a OMS, sdo agentes moluscicidas reconhecidos aqueles que, se
purificados, apresentarem niveis acima de 90% de letalidade sobre os caramujos em
concentrages iguais ou inferiores a 20 ug mL™? no periodo de até 24 horas. Caso seja um
composto nao purificado, estando em sua forma bruta, é reconhecido pela OMS como
moluscicida caso apresente niveis acima de 90% de letalidade em concentra¢Ges iguais ou
inferiores a 100 pg mL™ no periodo de até 24 horas. E recomendado, ainda, que o produto
natural seja originario da regido endémica onde terd aplicacdo, acessivel a populacdo, de
baixo custo, de curto ciclo reprodutivo, estdvel sob variacbes de pH, temperatura e
luminosidade, e biodegradavel (KLOOS; MCCULLOUGH, 1982; WHO, 1983).

Um agente moluscicida ideal deve possuir alta especificidade sobre a espécie alvo,
sendo in6cuo para organismos ndo-alvo. Desta forma, faz-se necessaria a avaliacdo destes
agentes por meio de ensaios ecotoxicoldgicos, nos quais se utilizam organismos sensiveis a
uma diversidade de agentes quimicos. O nivel de sensibilidade do organismo-teste ao agente
potenciamente toxico deve ser constante, visando a obtencdo de resultados precisos, e boas
repetilidade e reprodutibilidade (SUNDFELD, 2010).

Por meio destes ensaios é possivel avaliar os efeitos causados ao organismo-teste
através da exposicdo as variadas concentragdes da substancia potencialmente tdxica a ser
avaliada, por um periodo de tempo preestabelecido. Podem ser avaliados efeitos agudos,
observando critérios de letalidade e motilidade, e os efeitos crénicos, onde as varidveis mais
comuns sdo alteracdes de crescimento, reproducdo e sobrevivéncia (MAFFAZZIOLI, 2011).
Sdo exemplos de analises ecotoxicoldgicas o bioensaio de toxicidade aguda com o
microcrustaceo Artemia salina (Figura 19) (CANSIAN et al., 2017; SILVA et al., 2018), o
ensaio de toxicidade aguda com a bactéria luminescente Vibrio fischeri (Sistema Microtox)
(VENTURA et al.,, 2012; ABBAS et al., 2018), bioensaio de toxicidade crénica com o
microcrustaceo Ceriodaphnia dubia (LAMICHHANE et al., 2013; SOUZA et al., 2018) e o
teste de mutacdo reversa (teste de Ames) utilizando Salmonella (RESENDE et al., 2012;
CHAO et al., 2018).

Dentre estes bioensaios, a avaliagdo realizada com Artemia salina, devido a sua ampla
distribuicdo geografica, facil manutengdo laboratorial, curto ciclo de vida, se destaca sendo
considerado um biensaio simples, de facil reproducdo e boa confiabilidade (NUNES et al.,
2006; ARAUJO et al., 2016).
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2.9 LIQUENS

Desde a década de 1860, os liquens, também chamados de fungos liquenizados, séo
classicamente descritos como associacdes simbioticas complexas e estaveis entre um
micobionte, geralmente um ascomiceto, e a0 menos um componente fotoautotrofico (algas ou
cianobactérias) (BRIGHTMAN; SEAWARD, 1977, BENATTI; MARCELLI, 2007;
ZUNIGA et al., 2017). Juntos, esses organismos formam talos de diferentes morfologias, que
ndo se assemelham a nenhum dos simbiontes isoladamente (SPRIBILLE et al., 2016). Porém,
recentemente foi descrita a presenca de outros componentes fazendo parte dessa associacéo
em diversas espécies. A definicdo classica dos liquens foi atualizada quando um segundo
micobionte foi encontrado incorporado ao cértex liquénico, as leveduras de basidiomicetos,
estando sua presenca diretamente relacionada com variacdes fenotipicas (ZUNIGA et al.,
2017; SPRIBILLE et al.,, 2016). Entretanto, antes da descoberta das leveduras de
basidiomicetos como parte integrante do cértex liquénico, algumas espécies de bactérias
também foram encontradas em intima associa¢do com o talo liqguénico (CARDINALE et al.,
2008; GRUBE et al., 2009; HODKINSON et al., 2011). Desta forma, a defini¢do de liquen
como um organismo simbionte bipartido ou tripartido foi modificada, sendo agora
considerado como um simbionte multiespécie (ZUNIGA et al., 2017).

Os fungos formadores de liquens estdo subdivididos em ascomicetos (98% dos
liquens), basidiomicetos, deuteromicetos e mastigomicetos. Os fotobiontes procariontes estao
subdivididos entre os géneros Nostoc, Gleocapsa, Scytonema, Stigonema, Chroococcus,
Hyella, Calothrix e Dichotrix. As algas compreendem as Chlorophyta, Xanthophyta e
Phaeophyta (PODTEROB, 2008). Fotobiontes eucariotos podem ser também denominados de
ficobiontes (correspondendo a 90% dos liquens), enquanto os fotobiontes procariontes
(cianobactérias) sdo denominados de cianobiontes (correspondendo a 10% dos liquens)
(RANKOVIC; KOSANIC, 2015).

A maioria dos liquens possui um talo estratificado (Figura 19), talos heterbmeros,
constituidos de até 4 camadas principais: (1) o coOrtex superior, que consiste em uma
aglutinacdo de hifas fungicas entrelagadas, as quais fornecem protecdo para a camada
seguinte. (2) a camada algal, que representa cerca de 7% do volume do talo, onde os
fotobiontes se inserem de forma frouxa. (3) a medula, onde as hifas estdo parcialmente
compactadas, e juntas formam boa parte do talo liquénico. E o local onde ocorrem as trocas
de gases e onde se encontram a maioria dos acidos liquénicos. (4) Cortex inferior, que é

anatomicamente semelhante ao cortex superior, onde podem surgir as rizinas (estruturas de
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fixacdo), a depender da espécie liquénica. Em talos com distribui¢do uniforme, onde ha pouca
diferenciacéo entre os estratos ou camadas, o talo € denominado homoémero, sendo composto
por uma aglutinado frouxo de hifas com células de algas, igualmente distribuidas ao longo do
talo (JAHNS, 1973; TAYLOR; KRINGS; TAYLOR, 2014).

Figura 19 — Representagdo de um talo liquénico heterdmero

Upper cortex
Algal layer

Rhizina

Fonte: MOLNAR; FARKAS (2010)

A morfologia dos liquens é extremamente diversificada, além de possuirem uma
imensa variedade de cores , incluindo laranja, amarelo, vermelho, verde, cinza, marrom e
preto (ROMAGNI; DAYAN, 2002). Podem variar em tamanho, desde individuos muito
pequenos (1 mm?) até estruturas caidas com mais de um metro de comprimento (NASH lIl,
1996). A morfologia do talo liquénico é primariamente determinada pelo componente
fangico. Porém, as caracteristicas morfologicas do talo s6 adquirem definigdo ap0s o processo
de simbiose, ndo se assemelhando ao componente fungico de forma isolada. A morfologia
geral dos talos liquénicos pode ser subdividida em trés categorias principais (Figura 20):
crostosos, foliosos e fruticosos (ROMAGNI; DAY AN, 2002).

Figura 20 — Tipos de talos liquénicos. A - Talo crostoso. B — Talo folioso. C — Talo fruticoso

C - https://www.teara.govt.nz . Acesso em 10.04.2018.
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Os liquens crostosos possuem o talo aderido firmemente ao substrato. A maior parte
dos liquens crostosos cresce diretamente na superficie do substrato e é referido como
episubstratico, enquanto uma pequena minoria cresce dentro do substrato chamado
endossubstratico. O talo episubstratico é constituido por um aderente de crescimento em
forma de crosta ou ligado ao substrato por todo o seu lado por hifas e ndo pode ser
desprendido sem destruicdo (SHUKLA; UPRETI; BAJPAI, 2014). Eles geralmente sdo
espécies sucessionais primarias que sobrevivem em areas inospitas e, em muitos casos, 0s
fracos acidos liquénicos produzidos decompdem lentamente as rochas para espécies
sucessionais posteriores (ROMAGNI; DAYAN, 2002)

Os liquens foliosos sdo estruturas foliares bidimensionais, tipicamente achatados
dorsoventralmente, espalhando-se e expandindo-se horizontalmente para as laterais. Este
grupo exibe uma grande variedade de diversidade e tamanho de talo. A superficie inferior
desses liquens costuma ter algum tipo de estrutura de fixacdo, como rizinas ou cilios
(ROMAGNI; DAYAN, 2002; SHUKLA; UPRETI; BAJPAI, 2014).

Os liquens fruticosos sdo organismos tridimensionais que se destacam do seu substrato
e sdo caracterizados como semelhantes a pélos, arbustos, musgos ou pendentes. Esses liquens,
por definicdo, tém uma alta razdo superficie/volume que resulta em um ciclo mais rapido de
secagem e umedecimento. Eles séo
preferencialmente encontrados em climas Umidos ou em climas &ridos onde a precipitacdo
oculta (névoa) é comum (ROMAGNI; DAYAN, 2002).

Liquens podem colonizar uma vasta gama de habitats, desde regifes do artico até
regides tropicais, desde habitats aquaticos até locais de elevada altitude (MULLER, 2001;
MOLNAR; FARKAS, 2010). Ocorrem na maioria dos ecossistemas terrestres do mundo. Em
muitos ecossistemas polares e subpolares, os liquens sdo considerados 0s seres autétrofos
dominantes. Desempenham importantes papeis em ecossistemas alpinos, costeiros e florestais,
como as florestas temperadas do hemisfério sul e a taiga no hemisfério norte (NASH I,
2008). Utilizam como substratos os mais diferentes tipos de estruturas e materiais como
rochas, solo, em troncos e arbustos de arvores, sobre folhas e carapacas de animais, e sobre
varias superficies artificiais como pedagos de madeira, couro, vidro, metais, concreto, tijolos,
borracha e plasticos (BRIGHTMAN; SEAWARD, 1977; SEAWARD, 2008).

A relacdo de simbiose entre um micobionte e fotobionte, resultando na liquenizagéo,
permite que tanto a alga quanto o fungo consigam sobreviver em circunstancias que nao
suportariam como organismos isolados. Por exemplo, muitos liqguens comuns ocorrem na

superficie de rochas, em plena luz solar. Tais habitats sdo muito expostos e pobres em
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nutrientes. Claramente, nota-se que seria um local de dificil colonizacdo por algas, geralmente
organismos aquaticos, ou fungos, que necessitam de habitats que fornecam melhores
condigdes nutricionais (STEPHENSON, 2010).

A utilizacdo dos liquens é diversa e antiga, foram relatadas suas utilizacGes para
diversos fins como a nutricdo de homens e animais, como corantes, remédios, perfumes,
indicadores de pH, matéria prima para tecidos, dentre outras (MITROVIC et al., 2011).
Diferentes géneros de liquens sdo usados na cura de diversas doencas como febres, diarreia,
doencas de pele, epilepsia, convulsdes, asma, bronquite, inflamacgdes, lepra, célculos de
vesicula, etc. (SHUKLA; JOSHI; RAWAT, 2010).

2.9.1 Os géneros Canoparmelia, Cladia e Ramalina

O género Canoparmelia, pertencente a familia Parmeliaceae, compreende espécies
liquénicas cosmopolitas, ocorrendo, principalmente, nas Américas e Africa (CUNHA;
MARCELLI; PEREIRA, 2015). Opta pelo desenvolvimento onde existe maior luminosidade
e baixa umidade atmosférica (JUNGBLUTH, 2006). Cerca de 45 espécies foram descritas em
todo 0 mundo, se dispersando, principalmente, em regides tropicais e subtropicais (NASH IlI;
ELIX, 2002).

A Canoparmelia texana é um liquen folioso comumente encontrado nos cerrados e
areas urbanas do Brasil. Geralmente utiliza cascas de arvores como substrato, possui rizinas
simples que alcancam as margem dos lobos, e coloracdo cinza claro ou cinza esverdeado ou,
raramente, amarelo esverdeado. Tem sido alvo de estudos devido ao seu potencial como
bioindicador ambiental da poluicdo do ar (SAIKI et al., 2003; BARBOSA et al., 2010;
CUNHA; MARCELLI; PEREIRA, 2015). Apresenta os métabolitos atranorina no cortex
superior e acido divaricatico na medula (ELIX; JOHNSTON; VERDON, 1986).

O género Cladia, Cladoniaceae (Lecanorales, Ascomycota), compreende 14 espécies,
onde a maioria ocorre na Austrdlia. Uma grande variedade do género € observada na
Tasmania, onde 11 espécies sdo relatadas. O género também possui representantes na Nova
Zelandia e América do Sul. As espécies de Cladia possuem uma notavel variedade quimica e
morfolégica, dificultando a determinacdo das espécies. Os representantes deste género sdo
caracterizados pela presenca de inimeras perfuracdes distribuidas no talo secundario, o qual é
ereto, ramificado, com medula de coloragdo branca ou marrom escuro. O género também
apresenta uma variedade de metabolitos secundarios, especialmente depsideos, depsidonas,
acido Usnico, &cidos graxos e triterpendides. A espécie Cladia aggregata tem ampla
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distribuicdo, ocorrendo no sudeste da Asia, Coréia, india, Africa do Sul, e Américas Central e
Sul (FILSON, 1981; KANTVILAS; ELIX; JOHNSTON; VERDON, 1986; AHTI, 2000;
HUR et al., 2004; LUMBSCH et al., 2010).

No género Ramalina, o talo é fruticoso e, em espécies brasileiras, seus
comportamentos sdo comumente cespitoso (formando tufos densos e aglomerados), decubente
(os ramos crescem horizontalmente no chdo e as extremidades se colocam em posicdo
vertical) e pendular (os quais se fixam no substrato e crescem pendurados). O talo é composto
por ramificacbes que crescem a partir da base liquénica. Os ramos sdo, em grande parte,
dorsiventrais ou cilindricos. Ramos dorsiventrais, em sua grande maioria, possuem as
superficies dorsal e ventral bem distintas, geralmente apresentando diferenca de coloracgéo.
Este tipo de talo é encontrado nas espécies R. asahinae, R. aspera, R. cochlearis, R.
complanata, R. grumosa, R. prolifera, R. puiggarii e R. subpollinaria. Os ramos cilindricos
geralmente sdo circulares em corte transversal, sendo encontrados nas espécies de R.
sorediosa e alguns morfotipos de R. sprengelli ou R. usnea (KASHIWADANI; KALB, 1993).

Geralmente as espécies do género escolnem como substrato o tronco ou galhos de
arvores. Nos biomas Cerrado e Caatinga brasileiros, encontramos as espécies R. aspera, R.
complanata, R. peruviana, R. sorediosa, R. subpollinaria e R. usnea. No Brasil, a ocorréncia
de R. aspera j& foi relatada nos estados de Minas Gerais, Mato Grosso do Sul, Rio Grande do
Sul, Santa Catarina, Sdo Paulo, Sergipe, Pernambuco, Alagoas. Sao relatadas duas racas
quimicas: a primeira apresenta os acidos liquénicos divaricatico e Usnico, ja a segunda o0s
acidos usnico e criptoclorofaeico (GUMBOSKI, 2016).

2.10 METABOLITOS LIQUENICOS

Os metabdlitos liquénicos podem ser divididos em dois grandes grupos: os metabélitos
primarios e os metabolitos secundarios. Os primeiros sdo representados por proteinas,
lipideos, carboidratos e outros compostos orgéanicos relacionados ao metabolismo e
composi¢gdo da estrutura do liquen. Os metabdlitos secundarios, também denominados
"substancias liquéncias", sdo produzidos em sua maioria pelo componente micobionte, sendo
depositadas na superficie das hifas do fungo, seja na forma amorfa ou na forma de cristais
(MITROVIC et al., 2011; HONDA; VILEGAS, 1998).

Os metabdlitos liquénicos representam cerca de 5 a 10% do peso seco do liquen,
podendo alcangar percentuais acima de 30% (MUGGIA; SCHMITT; GRUBE, 2009;
BACKOROVA et al., 2012; TURK et al., 2003; ELIX, 1996). Estes compostos apresentam
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um papel de protecdo importante para a estrutura liquénica, protegendo-os tanto contra fatores
abidticos como a herbivoria e competicdo, como contra a radiagdo UV. E estimado que mais
de 50% dos liquens produzam é&cidos liquénicos com propriedades antimicrobianas. Essa
caracteristica pode ter um papel fundamental na ecologia e na dindmica ecossistematica geral
dos liqguens (ROMAGNI; DAYAN, 2002).

A maioria dos metabdlitos secundarios liquénicos sdo compostos fendlicos que, de
acordo com suas estruturas quimicas, podem ser classificados em dibenzofuranos e acido
usnico, depsideos (&cido barbatico e acido divaricatico), depsidonas (acido salazinico),
depsonas (&cido picroliquénico), lactonas (&cido protoliquesterinico e acido nefrosterinico),
quinonas (parietina) e derivados do &cido pulvinico (BOUSTIE; GRUBE, 2005).

Os liquens possuem diversas vias biossintéticas para a producdo de suas substancias
liguénicas, sendo as principais: via do acetato polimalonato, via do &cido chiquimico e via do
acido mevalonico. A via do acetato polimalonato d& origem a maioria dos metabolitos
secundarios liquénicos, sendo responsavel pela sintese de depsideos, depsidonas, depsonas,
dibenzofuranos, &cido Usnico, cromonas, Xxantonas e antraquinonas. Estes metabolitos,
produzidos pelo micobionte, desempenham um importante papel na associacdo simbidtica. A
via do acido chiquimico d& origem as terfenilquinonas (&cidos aromaticos) e ao acido
pulvinico. Essas classes de compostos sdo amplamente encontradas em liquens da familia
Stictaceae e sdo geralmente obtidos pela fusdo de duas unidades fenilpiruvato (BOUSTIE;
GRUBE, 2005; MUGGIA; SCHMITT; GRUBE, 2009; MITROVIC et al., 2011). A via do
acido mevaldnico origina os diterpenos, triterpenos e esteroides. Esterdis e terpenos nao sao
comumente encontrados em espécies liquénicas, sendo mais abundantes em espécies vegetais
superiores. O ergosterol, fitosterol e o B-sitosterol sdo exemplos de ester6is que ocorrem em
liquens. Ja os triterpenos sdo encontrados com mais frequéncia em espécies liquénicas, sendo
a zeorina o triterpeno mais conhecido e encontrado (HONDA; VILEGAS, 1998).

Os depsideos sao formados pela esterificacdo de duas unidades fenolicas derivadas do
orcinol (carboxila da posicao 1 da primeira unidade com a hidroxila da posicdo 4’ ou da
posigdo 3’ da segunda unidade), podendo resultar em compostos denominados para-depsideos
ou meta-depsideos (HONDA,; VILEGAS, 1998). Exemplos de depsideos sdo os acidos

divaricético e barbatico, os quais tem sua estrutura quimica demonstrada na Figura 21.
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Figura 21 — Estrutura molecular dos acidos (A) barbatico e (B) divaricatico

Fonte: Autor (2019)

Diversos estudos reportam atividades bioldgicas promissoras dos &cidos barbatico e
divaricatico. O acido divaricatico é citado na literatura por possuir atividade antitumoral sobre
células cancerigenas de prdstata, adenocarcinoma renal, adenocarcinoma de mama,
melanoma, adenocarcinoma colorretal, carcinoma laringeo e lipoma (RUSSO et al., 2012;
BOGO, 2012), atividade antimicrobiana (MOURA, 2008; RIBEIRO et al., 2002), atuar como
inibidor enzimatico (SANKAWA et al., 1982) e possuir atividade moluscicida e cercaricida
(SILVA et al., 2018). Em estudos desenvolvidos com o &cido barbatico, ja foram reportadas
as atividades antimicrobianas, antioxidante, inseticida, herbicida, antitumoral, moluscicida e
cercaricida (RANKOVIC; KOSANIC 2015; VERMA; BEHERA, 2015; MARTINS et al.
2016; 2017; 2018).

Levando-se em considera¢do o alto potencial biolégico dos &cidos divaricatico e
barbatico, e a necessidade da busca de novas drogas esquistossomicidas e agentes
moluscicidas, este estudo objetiva encontrar possiveis alternativas para o controle da
esquistossomose através do combate ao agente etioldgico da esquistossomose, 0 S. mansoni, e
ao seu hospedeiro intermediario, 0 molusco B. glabrata, utilizando como objetos de estudo o
acido divaricatico (obtido de R. aspera e C. texana) e o &cido barbatico (obtido de C.

aggregata).
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ABSTRACT

Keywords:

Ramalina aspera
Schistosoma mansoni
Blomphalaria glabrate
Molluscicidal activity
Schistosomiasis

In this study, the molluscicidal activities against Biomphalaria glabrata and cercaricidal activities against
Schistosoma mansoni of the ether extract of Ramalina aspera were evaluated. Additionally, toxicity parameters
were evaluated at sublethal doses in terms of the influence of the extract on the fertility and fecundity of snails,
as well as morphological alterations and ation of their i | I cells. A test with Artemia salina
was also carried out, in order to verify the environmental toxicity of the compound. The ether extract of R.
aspera, in which divaricatic acid was identified as the major compound, demonstrated molluscicidal activity at
low concentrations against both embryos (L.Cs of 22.78, 24.23, 16.63 and 16.03pgml.~ " for the gastrula,
blastula, trochophore and veliger, respectively) and against adult snails (LCyq of 8.66 g mL™"), after 24 h of
exposure. At the sublethal doses, it was possible to observe a decrease in fecundity and quantitative and mor-
phological changes in the defense cells of the exposed snails. In addition, the extract of R. aspera showed a
cercaricidal effect on 8. mansoni from the concentration of 5.0 pyg mL ", while showing low toxicity to Artemia
salina. The ether extract of R. aspera demonstrated effective molluscicidal activity on embryos and adult snails of
the species B. glabrata, cercariae of S. mansoni, and presenting low toxicity on Artemia salina. In this way, it could
be considered a promising compound in the development of future molluscicidal and cercaricidal agents, thus
helping to combat schistosomiasis.

1. Introduction

Among human parasites, schistosomiasis, a parasitic infectious dis-

genera Buli On ia, and Biomphalaria (Gryssels et al., 2006;
Roquis et al.. 2014). In the Americas and Africa, the genus Biomphalaria
is responsible for the t ion of Schi: i, one of the

ease caused by trematode worms of the genus Schistosoma, occupies
second place, behind only malaria, in terms of public health importance
(Colley et al., 2014; Mutengo et al., 2014). Its transmission to humans
occurs through the penetration of cercariae, the larval stage of the
parasite, through contact of the skin with contaminated water (Gryssels

agents of intestinal schistosomiasis (Colley et al., 2014).

Strategies for the control of schistosomiasis include the use of
molluscicidal agents for the control of intermediate hosts, along with
mass drug administration, sanitation, and health education (Kariuki
et al., 2013; Inobaya et al.,, 2014). Currently, the only molluscicide

et al., 2006; World Health Organization, 2018), It is esti d that
approximately 261 million people are infected worldwide and 659
million are at risk of contracting the disease (W10, 2018). The parasite
has a heteroxenous life cycle, having as intermediate hosts snails of the

* Corresponding author,

hteps://doi.org/10.1016/j.actatropica. 2019.05.010

rec ded by the World Health Organization is Niclosamide (Bay-
luscide, Bayer) (WHO, 2002), a synthetic substance that, although ef-
ficient in eliminating vector snails, is expensive in its application, de-
composes under sunlight and presents a high level of toxicity te non-

Received 26 October 2018; Received in revised form 16 April 2019; Accepted 9 May 2019

Available online 10 May 2019
0001-706X/ © 2019 Elsevier B.V. All rights reserved.

63



HAM.F. Silva, et al.

target organisms such as fish, amphibians and plants (Oliveira-Filho
and Psumgartten, 2000; Paria et al., 2018). The development mollus-
cicides of natural origin, non-toxic to the environment and effective in
combating vector mollusks and the infectious larval phase of the
parasite is urgent, especially in rural areas of developing countries
where the disease is endemic (Martins et al.,, 2017; Sheng-Xia et al.,
2007; Ke et al., 2017).

Among the various compounds of natural origin that have already
been evaluated for their molluscicidal and cercaricidal activity, sec-
ondary metabolites such as saponins, terpenes, alkaloids and several
phenolic molecules have been highlighted (Lima et al., 2002; Diab
et al., 2012; Silva et al., 2009).

Lichens, formed through the symbiotic association between myco-
biont and photobiont organisms (algae / cyancbacteria), produce a
large wariety of secondary metabolites, several of them of phenolic
origin, which are produced mainly by the fungus and secreted at the
surface of lichens in their amorphous form or in the form of crystals
{Mitrovic et al., 2011). These substances, usually of low molecular
weight, are responsible, in most cases, for the various biological ac-
tivities conferred to lichens, such as antibiotic (Bellio et al, 2015),
antitumor (Delebassée et al., 2017), photoprotective (Dévchat et al.,
2013), analgesic, anti-inflammatory (Bugni et al., 2009), allelopathic
{Lokajovd et al., 2014), insecticidal (Silva et al., 2009), molluscicidal
{Martins et al.,, 2014) and antiparasitic activities {De Carvalho et al.,
2005).

The Ramalina genus, belonging to the Ramalinaceae family, com-
prises a variety of fruticose lichens, with over 200 species registered
worldwide (Oh et al,, 2014). Several secondary metabolites of biolo-
gical relevance are produced by species of the genus, such as usnic,
sekilaic, diffrataic, salazinic, nortistic, protocetraric and divaricatic
acids. This diversity of molecules confers upon species of the genus
Ramaling bicactivities such as antimicrobial, antioxidant, antiviral,
antitumor, cytotoxic, anthelmintic and insecticidal (Moreira et al,
2015), demonstrating the potential of the genus in biological studies.

In this study, the molluscicidal and cytotoxic activities of Ramalina
aspera on mollusks of the species Biomphalaria glabrara, vectors of
schistosomiasis mansoni, were evaluated, verifying their effects on the
embryonic  stages of development and on  adult  individuals.
Concurrently, the activity of the ether extract of R aspera on
Schistosoma mansoni cercariae and its environmental toxicity were
evaluated through the bicassay using the microcrustacean Artemia
salina.

2. Materials and methods
2.1. Lichen material

Lichens of the species Ramaling aspera were collected in the muni-
cipality of Limoeiro, state of Pernambuco, Brazil. Species identification
was confirmed and a specimen voucher was deposited at the UFP
Herbarium, Department of Botany, Federal University of Pernambuco,
Brazil (voucher n® 54,299). After collection, the lichen material was
kept at room temperature (28 + 3°C) until its stalls were completely
dry for subsequent preparation of the extract,

2.2, Biomphalaria glabrata mollusks

The geographical lineage comes from Sdo Lourenco da Mata,
Pernambuco, Brazil, maintained for successive generations at the
Laboratory of Radiobiology of the Department of Biophysics and
Radiobiology (UFPE).

2.3. Schistosoma mansoni strain

The strain is maintained at the Laboratory of Immunopathology
Keizo Asami (LIKA) of the Federal University of Pernambuco (UFPE), by
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means of successive passages in snails of the species Biomphalaria
glabrata kept in the Department of Tropical Medicine (UFPE).

2.4, Preparation of the ether extract

Obtaining the ether extract was performed following the metho-
dology of Asahina and Shibata (1954). Approximately 10g of the dry
lichen sample was subjected to successive extractions with diethyl ether
in a soxhlet apparatus at 40 "C. After obtaining the ether extract, the
solvent was evaporated in a water bath at a temperature of 40 °C. The
dried lichen extract was then conditioned in a desiceator until the time
of the experiments.

2.5, High-performance liquid chromatography

In order to determine the lichen metabolites present in the ether
extract of R aspera, High-Performance Liquid Chromatography was
performed, following the methodology described by Legaz and Vicente
(1983], using a Hitachi chromatograph {655 A-11, Tokyo, Japan)
coupled to a UV detector at 254 nm. For the separation of the meta-
bolites, a reverse phase C-18 column (MicroPack MCH-18, 300 x 4 mm,
Merk® KGaa, Darmstadt, Germany) was used. The mobile phase was
composed of methanol / deionized water / acetic acid (80: 19.5: 0.5 v /
v / ¥} in an isocratic system. Other analytical parameters were the
following: injection volume 20ml, attenuation of 0.16, pressure at
87 atm, flow rate of 1.0 mL min ' at room temperature (28 = 3°C).
Samples were injected at a concentration of 1.0mgmL ' diluted in
Merk® chloroform.

2.6, Bioassays

2.6.1. Toxicity test on different embryonic stages of Biomphalaria glabrata

The evaluation of embryotoxicity was performed following the
methodology described by Rapado et al. (2013). To facilitate the col-
lection of B. glabrata egg masses from the breeding aquaria (containing
from 50 to 60 animals each), 8 = 8-cm polyethylene sheets were used,
where the mollusks performed oviposition. Afterward the sheets col-
lected with the egg masses were placed in Petri dishes and the embryos
were analyzed and classified according to the embryonic stage using a
sterenscopic microscope (Wild M3B, Heerbrugg, Switzerland) and the
criteria established by Kawano et al. (1992), Groups of 100 embryos
were separated for each embryonic stage: blastula, gastrula, trocho-
phore and veliger phases, and were exposed for 24 h to the ether extract
of R. aspera at concentrations of 10, 15, 20, 25 and 30 pgmL . As
negative controls, filtered and dechlorinated water (pH 7.0) (Control 1)
and 0.5% DMS0 in filtered and dechlorinated water (pH 7.0) (Control
2) were used. As a positive control, a solution of Niclosamide (Bay-
luscide, Bayer) at a concentration of 1pugmL ' was used. After ex-
posure, the embryos were washed and replaced in filtered and de-
chlorinated water (pH 7.0), Embryos were observed for seven days or
until the hatching of the control group (Control 1). Embryos at the end
of the bivassay were classified as viable and unviable (malformed and
dead). The experiment was carried out in triplicate. Thus, in total 300
embryos per concentration for each stage.

2.6.2. Molluscicidal evaluation and effects on the fertility and fecundity of
B. globrata

The molluscicide assay was performed according to Warld Health
Organization guidelines {1965). Adult snails of the species B. glabrota
(n = 10) aged 2-3 months and having shell diameters of 12-16 cm were
selected, verified for sexual maturity by laying egg masses, placed in
containers (60mL) and exposed to the extract (6.5, 7.5. 8.5 and
9.5pgmlL ") for 24 h (25 £ 3°C). Subsequently, the snails were wa-
shed with filtered and dechlorinated water (pH 7.0), observed for 8
consecutive days and evaluated for mortality. For negative controls 1
and 2 and the positive control, the same specifications of item 2.6.1
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target organisms such as fish, amphibians and plants (Oliveira-Filho
and Paumgartten, 2000; Faria et al., 2018). The development mollus-
cicides of natural origin, non-toxic to the environment and effective in
cambating vector mollusks and the infectious larval phase of the
parasite is urgent, especially in rural areas of developing countries
where the disease is endemic (Martins et al., 2017; Sheng-Xia et al.,
2007; Ke et al., 2017).

Among the various compounds of natural origin that have already
been evaluated for their molluscicidal and cercaricidal aetivity, see-
ondary metabaolites such as saponins, terpenes, alkaloids and several
phenolic molecules have been highlighted (Lima et al., 2002; Diab
et al,, 2012; Silva et al., 2009).

Lichens, formed through the symbiotic association between myco-
biont and photobiont organisms (algae / cyancbacteria), produce a
large variety of secondary metabolites, several of them of phenalic
origin, which are produced mainly by the fungus and secreted at the
surface of lichens in their amorphous form or in the form of crystals
(Mitrovid et al., 2011). These substances, usually of low molecular
weight, are responsible, in most cases, for the various bivlogical ac-
tivities conferred to lichens, such as antibiotic (Bellio et al., 2015),
antitumor (Delebassée et al., 2017), photoprotective (Dévéhar et al.,
2013), analgesic, anti-inflammatory (Bugni et al,, 2009), allelopathic
(Lokajovd et al., 2014), insectieidal (Silva et al., 2009), molluscicidal
(Martins et al., 2014) and antiparasitic activities (De Carvatho et al.,
2005).

The Ramalina genus, belonging to the Ramalinaceae family, com-
prises a variety of fruticose lichens, with over 200 species registered
worldwide (Oh et al., 2014). Several secondary metabaolites of biolo-
gical relevance are produced by species of the genus, such as usnic,
sekikaic, diffrataie, salazinic, nortistic, protocetraric and divaricatic
acids. This diversity of molecules confers upon species of the genus
Ramalina bioactivities such as antimicrobial, antioxidant, antiviral,
antitumor, cytotoxic, anthelmintic and insecticidal (Moreira et al,
2015), demonstrating the potential of the genus in binlogical studies.

In this study, the molluscicidal and cytotoxic activities of Ramalina
aspera on mollusks of the species Biomphalaria glabrata, vectors of
schistosomiasis mansoni, were evaluated, verifying their effects on the
embryonic stages of development and on adult individuals.
Concurrently, the activity of the ether extract of R. aspera on
Schistnsoma mansoni cercariae and its environmental toxicity were
evaluated through the bicassay using the microcrustacean Artemia
salina.

2. Materials and methods
2.1. Lichen material

Lichens of the species Ramaling aspera were collected in the muni-
cipality of Limoeiro, state of Pernambuco, Brazil. Species identification
was confirmed and a specimen voucher was deposited at the UFP
Herbarium, Department of Botany, Federal University of Pernambuco,
Brazil (voucher n° 54,299). After collection, the lichen material was
kept at room temperature (28 + 3°C) until its stalks were completely
dry for subsequent preparation of the extract.

2.2, Biomphalaria glabrata mollusks

The geographical lineage comes from Sac Lourengo da Mata,
Pernambuco, Brazil, maintained for successive generations at the
Laboratory of Radiobiology of the Department of Biophysics and
Radiobiology (UFPE).

2.3. Schistosoma mansoni strain

The strain is maintained at the Laboratory of Immunopathology
Keizo Asami (LIKA) of the Federal University of Pernambuco (UFPE), by
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means of successive passages in snails of the species Biomphalaria
glabrata kept in the Department of Tropical Medicine (UFPE).

2.4. Preparation of the ether extract

Obtaining the ether extract was performed following the metho-
dology of Aszhina and Shibata (1954). Approximately 10 g of the dry
lichen sample was subjected to successive extractions with diethyl ether
in a soxhlet apparatus at 40 °C. After obtaining the ether extract, the
solvent was evaporated in a water bath at a temperature of 40 °C. The
dried lichen extract was then conditioned in a desiceator until the time
of the experiments.

2.5. High-performance liguid chromatography

In order to determine the lichen metabolites present in the ether
extract of R. aspera, High-Performance Liquid Chromatography was
performed, following the methodology described by Legaz and Vieente
(1983), using a Hitachi chromatograph (655 A-11, Tokyo, Japan)
coupled to a UV detector at 254 nm. For the separation of the meta-
bolites, a reverse phase C-18 column (MicroPack MCH-18, 300 x 4 mm,
Merk® KGaA, Darmstadt, Germany] was used, The mobile phase was
composed of methanol / deionized water / acetic acid (80: 19.5: 0.5 v /
v / v) in an isocratic system. Other analytical parameters were the
following: injection velume 20ml, attenuation of 0.16, pressure at
87 atm, flow rate of 1.0 mL min~* at room temperature (28 + 3°C).
samples were injected at a concentration of 1.0mgmL~" diluted in
Merk* chloroform,

2.6. Bivassays

2.6.1. Toxicity test on different embryonic stages of Biomphalaria glabrata

The evaluation of embryotoxicity was performed following the
methodalogy described by Rapada et al. (2013). To facilitate the col-
lection of B. glabrata egg masses from the breeding aquaria (containing
from 50 to 60 animals each), 8 * 8-cm polyethylene sheets were used,
where the mollusks performed oviposition. Afterward the sheets col-
lected with the egg masses were placed in Petri dishes and the embryos
were analyzed and classified according to the embryonic stage using a
stersoscopic microscope (Wild M3B, Heerbrugg, Switzerland) and the
criterfa established by Kawano et al. (1992). Groups of 100 embryos
were separated for each embryonic stage: blastula, gastrula, trocho-
phore and veliger phases, and were exposed for 24 h to the ether extract
of R. aspera at concentrations of 10, 15, 20, 25 and 30 pgmL ™. As
negative controls, filtered and dechlorinated water (pH 7.0) (Control 1)
and 0.5% DMSO in filtered and dechlorinated water (pH 7.0} (Control
2) were used. As a positive control, a solution of Niclosamide (Bay-
luscide, Bayer) at a concentration of 1pgmL ™' was used. After ex-
posure, the embryos were washed and replaced in filtered and de-
chlorinated water (pH 7.0). Embryos were observed for seven days or
until the hatehing of the control group (Centrol 1). Embryos at the end
of the hioassay were classified as viable and unviable (malformed and
dead). The experiment was carried our in triplicate. Thus, in total 300
embryos per concentration for each stage.

2.6.2. Molluscicidal evaluation and effects on the ferdlity and fecundity of
B. glabrara

The molluscicide assay was performed according to World Health
Organization guidelines (1965). Adult snails of the species B glabrata
(n = 10) aged 2-3 months and having shell diameters of 12-16 cm were
selected, verified for sexual maturity by laying egg masses, placed in
containers (60mL) and exposed to the extract (6.5, 7.5, 8.5 and
9.5ugmL ™) for 24 h (25 + 3°C). Subsequently, the snails were wa-
shed with filtered and dechlorinated water (pH 7.0), observed for 8
consecutive days and evaluated for mortality. For negative controls 1
and 2 and the positive control, the same specifications of item 2.6.1
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were followed. As classification criteria, the individuals which pre-
sented absence of movements, retraction into the shell, the release of
hemolymph and absence of heart beats were considered dead. The
assay was performed in triplicate.

In order to evaluate the effects of R, aspera on fertility and fecundity
of B. glabrata, eggs laying by snails that survived after being exposed to
6.5, 7.5 and 8.5 ugmL " of the R. aspera extract were recorded for 7
consecutive days starting 48 h after exposure, and analyzed until the
complete hatching of the embryos of control group 1. Embryos were
counted and classified as viable and unviable (dead and malformed).
The experiment was carried out in triplicate.

2.6.2.1, Effects on the momphology and wviebidity of B, glabrata
hemocytes, The  snails  (n = 20) were exposed to  sublethal
concentrations of the ether extract of R. aspera (6.5, 7.5 and
8.5ugmL ") for 24 h. After the exposure period, the extract solutions
were replaced with fltered and dechlorinated water (pH 7.0) for
another 24 h. For negative controls 1 and 2, the same specifications
of item 2.6.1 were followed. Of the surviving mollusks, 4 individuals
from each group were randomly selected to collect 120l of
hemolymph, which was subsequently used for morphological analysis
and quantitative hemocyte analysis.

The morphological analysis was performed according to the meth-
odology established by Pavlica et al. (2000), with modifications. Sam-
ples of 100 pL of hemolymph were deposited on microscopy slides to
which 100 L of 10 mM EDTA (ethylenediaminetetraacetic acid) diluted
in Ringer's solution was also added. The slides were conditioned in a
humidity chamber for 30 min. After this time the cells were fixed with
200 pL of 1% glutaraldehyde diluted in Ringer's solution for 5 min. The
slides were then washed with Ringer's solution and stained with Giemsa
(10% in distilled water) for 7 min. Hemocytes (n = 1000) were ana-
lyzed in quadruplicate using a binocular optical microscope in a 100
objective. Quantitative cell analysis was performed according to
Cajaraville et al. (1996) with modifications. An aliquot of 10uL of
hemolymph was collected, diluted 1:1 in Ringer's solution and applied
to a hemocytometer for total cell count, and the following formula was
applied to estimate the number of cells per mL of hemolymph:

Total number of cells
Number of counted quadrants

¥ dilution factor ¥ 10,000

Number of Cells/mL of hemolymph =

¥

2.6.3. Lethality test on S, mansoni cercariae

B. glabrata snails infected with 5. mansoni (Belo Horizonte strain)
were exposed to artificial light for 2h to stimulate the release of cer-
cariae used for the bioassay. Following the methodology of Marting
et al. (2014), approximately 100 cercariae were exposed to 2mL of
ether extract of R. aspera at concentrations of 5, 10, 20 and 30 pgmL !
(28°C = 3), which was previously diluted with ©0.5% DMSO in filtered
and dechlorinated water (pH 7.0). For the negative controls 1 and 2 and
the positive control, the same specifications of item 2.6.1 were fol-
lowed. The analysis was performed art the intervals of 15, 30, 60 and
120 min with a stereoscopic microscope (Wild M2B, Heerbrugg, Swit-
zerland). The assay was performed in triplicate. The results were ex-
pressed as follows: 100% of death (+ + +), higher than 50% of cer-
cariae death ( + +), less than 50% of cercariae death ( + ) and absence
of death (-},

2.6.4. Bivassay with Artemia salina

The environmental toxicity assessment was performed using the
Artemia saling bioassay as described by Meyer et al. (1982 Micro-
crustacean cysts were placed in a beaker with 500 mL of filtered sea-
water (pH 8.0) and subjected to constant aeration for hatehing. After
48 h, the nauplii were placed in test tubes and submitted to con-
centrations of 25, 50, 75 and 100 pygmlL ™' (25°C + 3) of ether extract
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of R. aspera diluted in 0.5% DMSO in filtered seawater. As negative
controls 1 and 2, filtered seawater (Control 1) and 0.5% DMSO in fil-
tered sea water (Control 2) were used. Ten nauplii per concentration
and four replicates were used. After 24 h of exposure, the Artemia were
evaluated for mortality using a stereoscopic microscope (Wild M3E,
Heerbrugg, Switzerland).

2.7, Statistical analyses

The results are expressed as mean and standard deviation (SD) and/
or percentage (%) for fertility and fecundity analysis of B. glabrate,
morphological and quantitative hemocytes analysis, lethality test on S
mansoni cercariae and bioassay with Artemia salina. The estimated le-
thal concentrations for 10, 50, and 90% of the specimens (LCyq, LCsq,
and LCqg) were performed by Probit analysis with 95% confidence in-
rerval, for the embryotoxicity test and molluscicidal analysis with B.
glabrata, The Probit Regression was calculated by the Finney method
where the results were obtained by the ratio of Log (dose) and probit
values. The variables used to obtain LC were the different concentra-
tions of extracts, the number of non-viable individuals (dead or mal-
formed embryos and dead snails) and the total amount of individuals
per concentration. Log transformation was performed automatically by
the statistical program  StatPlus® 2009  Professional  software
{AnalystSoft, Canadal.

3. Results
3.1, Identification of the components of lichen material

Chromatographic analysis of phenolic metabaolites of the ether ex-
tract of Ramalina aspera showed the presence of § peaks in the spec-
trum, with the presence of divaricatic acid (RT 12.92), reaching 92.51%
of the phenolic composition of the extract (peak 6), and other meta-
bolites in low proportions where the maximum percentages observed
were 1.16% of peak 7 (RT 18.40) and 1.65% peak 8 [RT 34.04] (I'ig. 1).
Among the 8 observed peaks in the spectrum, peak number 2 corre-
sponds to the solvent used,

3.2, Bioassays

3.2.1. Biological effects of the ether extract of R. Aspera on B. glabrata

The results of the embryotoxic activity of R. aspera on the four
embryonic stages of B. glabrata and adult B. glabrata mollusks with the
values of LCyq, LCsp, and LCyp are reported in Table 1. A dose-depen-
dent increase in embryo sensitivity was observed according to the
evolution of the embryonic stages, where the blastula and gastrula
stages were 100% unviable at a concentration of 30 ug mL ™', while the
trochophore and veliger stages reached the same percentage of un-
viability at the concentration of 20 ug mL ™~ ". For the LCsq (95% CL), the
values found were 22.78 (22.59-22.97), 24.23 (24.04-24.42), 16.63
(16.39-16.87), and 16.03 {15.76-16.30) pg mL ! for the blastula,
gastrula, trochophore and veliger, respectively.

All concentrations tested showed mortality of adult B. glabrata
mollusks, reaching 100% at the concentration of 9.5 pg mL~'. The re-
maining concentrations had the survival percentage of 63.3%, 36.6%,
and 13.3% for the concentrations of 6.5, 7.5, and 8.5ugmL"™ ', re-
spectively, Lethal concentrations (95% CL) were 5.37 (5.18-5.56), 7.0
(6.83-7.21), and 8.66 (8.48-8.86) ug mL™" for CLy4, Clag, and Clag,
respectively (Table 1),

Fig. 2 shows the changes in B. glabrate embryos submitted to the
ether extract of R. aspera. In addition to mortality, abnormalities such
as shell malformations, hydropic embryos, non-specific malformations
and delayed embryonic development were observed (Fig. 2 f-g).

The results of the fecundity analysis of B. glebrata exposed to the R
aspera extract after 7 days of observation are shown in Fig. 3. The data
showed a decrease in egg mass deposition in all groups of snails exposed
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Fig. 1. High-Efficiency Liquid Chromatography of Ramalina aspera ether extract.
Table 1 150+
Lethal ion (LC) for Biomphalaria glab embryos and adult snails
exposed to ether extract of Remalina aspera.
Exposure Time  Concentration {pg/mL) =
S 100-
LCio rams cly LCao g c1y LCo: (o5m c1y <E‘
Embryos =
Blastula 11.98 (11,79- 17.38 (17.19- 22.78 (22,59 g 50
12.17) 17.57) 22.97) =
Gastrula 13.79 (12.60- 19.01 (18.82- 24.23 (24.04.
13.98) 19.20) 24.42)
‘Trocophore 899 (8,75-9.23) 12.81 (12.57- 16.63 (16.39-
13.05) 16.87) 0-
Veliger 441 (4.13-4.68) 10.55 (10.28- 16.03 (15.76-
10.82) 16.30) (O [ o A? &
Adult Snails .
24 hours 537 (5.18-5.56) 7.0 (6.83-7.21) .66 (8.48 - 8.85) Concentration (ug/mL)
Control 1: filtered and dechlorinated water. Control 2: 0.5% DMSO in filiered 18- 3: Fecundity of B. glabrata snails exposed to the R. agpera extract at the end
AN A S of the 7-day analysis period. Control 1: filtered and dechlorinated water.
and dechlorinated water. Nic at a « of 1ug/mL. .
IR 2 g Control 2: 0.5% DMSO in filtered and dechlorinated water. The results are
Significant resuits were compared with control 2. The significance levels are IS
expressed as mean and standard deviation (SD),
expressed by * (p < 0.001).

Fig. 2. Embryos of B. glabrata in different embryonic stages exposed to the ether extract of R. aspera (a-h, x400). a - Negative Control 1. b - Blastula stage at
20pgml . e - Gastrula stage at 15pgmL . d - Trocophore stage at 15ugmlL . e - Veliger stage at 10pug mL ™", f and g - Blastula stage 15 pgmL . h - Pasitive
control (niclosamide at 1 ygmL™"). g - hydrophobic embryo. 1 - Normal embryo. 2 - Dead embryo. 3 - Non-specific malformation. 4 - Shell malformation and
developmental delay. 5 - Shell malformation.
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Fig. 4. B. glabrata hemocytes after exposure to the ether extract of R. aspera. (A) Granulocytic hemocytes. (B) Hyalinocytic hemocyte. (C) Granulocytic hemocyte in

poptosis. (D) Binucl

ytic hemocyte. (E) Hyalinocytic hemocyte with micr

leus (F) G one of them bi

ytic hemocytes in apop

(arrow). (G) Hyalinocytic hemocyte with a kidney-shaped nucleus. (H) Hyalinocytic hemocyte with a cytoplasmic vacuole. (I) Trinucleated hyalinocytic hemocyte.

to the ether extract of R. aspera when compared to C2. The reduction
rates were 20.87%, 51.83% and 73.11% for the concentrations of 6.5,
7.5, and 8.5pg mL ", respectively. No differences were observed be-
tween the embryonic viability (fertility) of the snail groups exposed to
the R. aspera extract and the C2 control group.

In the cytomorphological analysis of B. glabrata, two hemocyte cell
types were observed submitted to R. aspera extract. The first cells were
of a larger size, star-shaped, presenting adhesions and forming pseu-
dopodia. The second group of cells had a higher nucleus/cytoplasm
ratio, homogeneous cytoplasm, with no granules. The extract of R. as-
pera caused morphological changes at all concentrations evaluated.
Among the most frequent alterations are binucleations, micronuclea-
tions, and apoptotic cells (Fig. 4). Other punctual alterations were also
found in fewer numbers, such as trinucleations, kidney-shaped nuclei,
and cytoplasmic vacuoles.

The results for the most significant numerical changes, as well as
hemocyte count / mL of hemolymph, are described in Fig. 5. Binu-
cleated cells had a frequency and mean + standard deviation of 0.66%
(6.66 + 0.15), 0.43% (4.33 + 0.11), and 0.46% (4.66 = 0.15) at the
concentrations of 6.5, 7.5, and 8.5 ug mL ™", respectively. Micronuclei
were also found at all concentrations analyzed, where the results of the
evaluation revealed 0.23% (2.33 + 0.11), 0.56% (5.66 * 0.20) and
0.36% (3.66 + 0.11) of micronuclei frequency and mean + standard
deviation at the concentrations of 6.5, 7.5, and 8.5pgmL ', respec-
tively. Apoptosis hemocytes were observed in higher amounts than the
other cellular alterations, presenting percentages and mean +
standard deviation of 3.26% (32.66 + 0.47), 8.16% (81.66 + 1.18),
and 36.43% (364.33 = 6.46) at the concentrations of 6.5, 7.5, and
8.5pgmL "', respectively. The count of hemocitary cells evidenced an
increase in the number of hemocytes as a function of the increase of the
concentration to which the mollusks were exposed. However, the va-
lues were close to each other, except for the concentration of 8.5ug
mL !, where there was an increase of 226.38% of hemocitary cells in
relation to the negative control.

3.2.2. Cercaricidal activity of the ether extract of R. aspera on S. mansoni
cercariae

Table 2 shows the lethal effects of the ether extract of R. aspera on S.
mansoni cercariae at different concentrations. Changes in the motility of
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cercariae began to be observed at the concentration of SpgmL ™' in
30 min of exposure. The cercariae presented atypical rotation and vi-
bration movement, moving more slowly with repeated contractions in
short intervals of time. Initial mortality results were found at the con-
centration of SpgmL” in 60 min of exposure (+), reaching 50% mor-
tality (+ +) at the same concentration in 120 min of exposure. Com-
plete elimination of cercariae (++ +) was observed at the
concentration of 10ugmL” in 120 min of exposure. At all concentra-
tions tested, mortality data were found, with a characteristic of this
lichen material being a rupture between the cercarian bodies and tail
starting at the concentration of 10 pgmL.

3.2.3. Environmental toxicity through the bioassay with A. salina

Among the four concentrations tested, only the two highest, 75 and
100pgmL ™', presented lethality values. The percentages and mean
+ standard deviation of survival of A. salina were 100% (0.0 = 0.0),
100% (0.0 = 0.0), 90% (9.0 = 0.81), and 87.5% (8.75 = 1.25) at the
concentrations of 25, 50, 75, and 100 pg mL ™~ L respectively.

4. Discussion

According to the results obtained, it can be observed that the extract
increases its effect with the evolution of embryonic development. In this
way, the initial stage of develop (blastula) pr d 100% leth-
ality in the 30 yg mL ™' concentration, decreasing to 20 ug mL ™" in the
veliger stage. In addition to lethality, R. aspera extract caused mal-
formations in the embryos at all concentrations evaluated (Fig. 2). Si-
milar results were found by several authors with lichen materials
(Aratjo et al., 2018a; Silva et al., 2018). Aratjo et al. (2018b) verified
the embryotoxic activity of the usnic acid dibenzofuran extracted from
lichen Cladonia substellata on B. glabrata, finding significant results at
low concentrations, with LCs; of 1.38, 3.47, 5.11 and 2.93 pgmL "' for
the blastula, gastrula, trochophore and veliger stages, respectively. In
contrast, studies by Martins et al. (2017), using the ether extract of
Cladia aggregata and the purified barbatic acid of this same lichen,
showed that the extract had significant molluscicidal activity, obtaining
LCso of 19.9ug mL ™! for the blastula embryonic stage, while the pur-
ified compound showed no activity on the embryos. Similarly, the
present study confirmed the molluscicidal effect of the ether extract of
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Fig. 5. Morphological and quantitative changes of B. glabrata hemocytes exposed to the ether extract of R. aspera. (A) Binucleated hemocytes. (B) Micronucleated
hemocytes. (C) Apoptotic hemocytes. (D) Hemoeyte count / mL hemolymph. C1 [Contral 1): filtered and dechlorinated water. C2 {Control 2): 0.5% DMSO in filtered
and dechlorinated water, The results are expressed as mean and standard deviation (5D),

Table 2
Cercariae mortality after exposure to R, aspera extract in relation to exposure
time.

Experimental groups (pg mL™") Exposure tfime {minutes)

15 an 60 120
Cantrol 1 - - - -
Control 2 - - - -
Niclosamide +++ + =+ o pEnT
Ramaling aspera
5 5 5 + + 4
10 - + ++ +++
20 = ++ ++ 4+ t++
30 + ++ 4+ ++ 4+ +++

Control 1: filtered and dechlorinated water. Control 2: 0.5% DMSO in filtered
and dechlorinated water. Niclosamide at a concentration of 1 pgsmlL. Total
elimination of cercariae {+ + +), elimination higher than 50% of cercariae (+
+ 1, less than 50% elimination of cercariae {+) and absence of lethality (-).

R. aspera on embryos of B, glabrata at low concentrations on all the
embryonic phases evaluated in a 24-h period (Table 1),

The molluscicidal activity of R, aspera was also observed on adult B,
glabrata mollusks at low concentrations, reaching 100% lethality at the
concentration of 9.5 pg mL ', The ether extract of R. aspera, divaricatic
acid was the major compound of the extract. A study by Silva et al.
(2018) demonstrated that a concentration of 5.5 pg mL ~ 1 of divaricatic
acid has molluscicidal activity. Therefore, it is suggested that this
substance is responsible for the molluscicidal and embryotoxic activity

of this ether extract. Studies report the efficacy of various compounds
rich in phenols for mollusk control. Upadhyay and Singh (2011) eval-
uated the molluscicidal activity of Terminalia chebula on the snail
Lymnaea acuminata, a mollusk transmitter of fascioliasis, The biological
activity of T. chebula was attributed to the presence of tannic acid, a
phenolic compound, which was one of the major compounds present in
the extract. In the study by Faria et al, (2018), quercetin and myricetin,
present in the hydroalcoholic extract of Manikara subsericea, proved to
be the substances responsible for their molluscicidal activity.

Changes in the reproduction of B. glabrata were also confirmed
through this study, where it was possible to observe a sipnificant de-
crease in the reproduction rates of snails exposed to the two highest
concentrations (7.5 and 8.5 pgmL ). As with the R. aspera extract, the
ether extract of the lichen Cladia aggregata also caused a decrease in
mollusk reproduction rate and malformations (Martins et al., 2017). In
the ether extract of €. aggregata, the major compound found was bar-
batic acid, a depside lichen compound, as well as divaricatic acid,
corroborating the similarity in the results found. Lesions in the mollusk
reproductive system have been reported after exposure to a natural
maolluscicidal agent, such as a Haplophyllum tuberculamum extract, which
caused changes in the sexual hormones of B. alexandring, such as a
decrease in egg mass deposition, necrosis in gonad tissues and de-
struction of ooeytes. The authors suggested that the decrease in egg
mass deposition caused by H. mberculanom was mainly due to the in-
hibition of testosterone biosynthesis and decreased levels of proges-
terone (Hizk et al., 2012),

According to the World Health Organization (WHO, 1983}, extracts
of vegetable origin are classified as molluscicidal agents when they
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exhibit 90% lethality in snails at concentrations equal to or less than
100 ug mL ' Thus, it is observed that the ether extract of K. aspera falls
within the parameters established by the WHO hoth in its activity on
embryos of B. glabrata and in its activity on adult snails, besides causing
a decrease in the reproduction of the snails at the concentrations tested.

The immune system of maollusks consists of cellular and humoral
elements, of which hemocytes are the main line of cellular defense of
these animals (Ibrahim et al., 2018). According to Galloway and
Depledge (2001), the immune system of invertebrates can provide re-
levant information regarding the chemical compounds to which they
are exposed, being of great importance in ecotoxicological studies. The
exposure of Biomphalaria alexandring o the aqueous extract of Anagallis
arvensis at LCas decreased the number of circulating hemocytes and
caused alterations such as condensation of the nuclear material on the
internal side of the membrane, partial rupture of the cellular organelles,
accumulation of vacuoles in the outer membrane and degenerated
hvalinocytes with organelles in a difficult state of identification. The
same was observed with a Calendula micrania extract, which triggered
degenerative changes in B. alexandrina hemoeytes, nuclear vacuoliza-
tion, and necrosis of cytoplasmic organelles. Again, nuclear condensa-
tion was clearly identified (Kamel et al., 2007). Similar results were
reported in the study by Mohamed et al. (2006), which deseribes nu-
clear and cytoplasmic morphological changes in B. alexandring hemo-
cytes exposed to a Melia azadrach extract such as nuclear budding, loss
of nuclear membrane definition, chromatin decrease and cytoplasmic
vacuoles. However, increased granulocytes were observed as the time
of exposure to the extract increased, a result that corroborates the
findings of this study. According to Qubella et al. (1993), the variation
in hemocyte density may be the result of a reversible migration of tissue
cells to the hemolymph and vice versa. Another hypothesis for this in-
crease in hemocyte cells would be the mobilization of these cells to the
hemeolymph for the elimination of apoptotic cells (Russo and Madec,
2007).

A single smail can telease tens of thousands of cercariae, the in-
fectious phase of the parasite, which remain viable under suitable
aguatic conditions for up to 72 h in search of a definitive host {Colley
et al., 2014; Gryssels et al., 2006). In this way, molluseicides that are
able to eliminate the vector and the eticlogical agent of the disease in
the same application stand out, providing a more effective combat
against parasitosis. In the study conducted by Castro et al. (2015), in
which the cercaricidal properties of the ethanolic extract of Garcinia
brasiliensis were evaluated, it was possible to observe the total elim-
ination of cercariae at concentrations above 12.5 pyg mL ™! in the period
up to 8h of exposure. Fl-Beshbishi et al. (2015), when evaluating the
efficacy of artemisinin-naphthoquine on 8. mansoni cercariae, obtained
promising results, where the concentration of 16.8 ugmL ™! eliminated
100% of the cercariae in 15min, Like artemisinin-naphthoquine, the
ether extract of R. aspera also caused a rupture of the cercarian body.
The same characteristic has been verified by other authors, corrobor-
ating the findings of this study (Castro et al., 2015; Martins et al.,, 2017;
Silva et al., 2018).

The use of a bicassay using Artemia salina, a marine micro-
crustacean, has been considered a useful tool for the preliminary eva-
luation of toxicity of fungal toxins, plant produets, drugs, heavy metals,
bacterial toxins, pesticides and pollutants (Carballo et al.. 2002; Costa
et al., 2015). Martins et al. (2017) evaluated the environmental toxicity
of the ether extract of Cladia aggregata and barbatic acid depside using a
bivassay with A. salina, noting that the lichen extract showed no toxi-
city up to the concentration of 50 g mL ', whereas the fsolated com-
pound did not present toxicity at any of the concentrations evaluated,
with 100% survival at 100 ug mL~ 1. Similarly, in studies by Silva et al.
(2018, divaricatic acid did not prove to be toxic to A. saling up to the
concentration of 200 pgmL ",

The results of the present study demonstrate that the ether extract of
R. aspera can be considered a promising compound for the development
of molluscicidal agents that may be used to control the schistosomiasis
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vector, in both its embryonic stages and its adult phase, as well as in
eliminating the etiological agent of the disease in its infectious phase
for humans. In addition, the extract showed low environmental toxicity
through the A. salina bioassay. Therefore, future studies should be
considered in order to verify the efficacy of this compound in field tests
and using other environmental bioindicators.

Disclosure statement
The authors report no conflicts of interest.
Acknowledgments

We thank the Brazilian Fostering Agency CNPg (Conselho Nacional
de Desenvolvimento Cientifico e Tecnologico), State Fostering Agency
FACEPE {Fundacio de Amparo & Ciéncia e Tecnologia de Pernambuco)
and CAPES (Coordenagio de Aperfeicoamento de Pessoal de Nivel
Superior) for their financial support.

References

Araifjo, HDA, Melo, AMM.A., Slquelra, W.N., Martins, M.C.E,, Alres, AL,
Albiiguergiie, MCPA,, Silva, NH, Lima, V.L.M., 2018a. Petassitim isnate oxicity
mgainst embryonic stages of the snail Bismphalarie globreta and Schistosome manseni
cercariae, Acta Trop. 188, 132-137. hiwps://doi.org/ 10.1016/) a0 pica. 201 H.08.
066,

Araijo, HDA., Silva, LR.S, Sigueira, W.M., Fonseca, CS.M., Silva, NH., Melo,
AMMA, Martins, MCE., Lima, V.LM., 2018b. Toxicity of Usnic Acid from Cladonia
subsiellara (Lichen) 1o n-n:bryug and adults of Biomphalaria glabrate, Acta Trop, 179,
39-43. hteps/do opica.2017.11.007.

Asahina, Y., Shibata, 5., 1 ry of Lichen Substances.

notion of Science

Japan Society for the

, Taltica
Bellio, P., Segatore, B., Mancini, A., Di Pietra, L., Bottoni, €., Sabatini. A., Brisdelli, F.,

Piovano, M., Nicoletti, M., Amicosante, G., Perilli, M., Celenza, G_, 2015. Interaction
berween lichen secondary metabolites and antibiotics against elinical 1ml.|[fs me
thicillin-resistant Stophylecoccus aurens strains. Phytomedicine 22, 223-230, =7
dof.org ¥ =

Bugni, T.5,, Andjelic, C.10., Pole, AR, P, Ireland, CM., Barrows, LR, 20049,
Biologically active components of a Papua New Guines analgesic and anti-in-
fAammatory lichen preparation. Fitoterapia 80, 270-273. hirps://doiorg/ 1001016/
fikote. 2009.03.008.

Cajaraville, M.P.. Olabarrieta, I, Marigomesz, L, 19%6. In vitro activities in mussel he-
mocytes as biomarkers of environmental quality: a case study in the Abra estuary
(Blscay Bay) Ecotoxicol. Environ. Safl 35, 253-260. huips:, dolorg 10,1006, eest,
1996.0108.

Carballo, J.L., Hernandez-Inda, Z.1., Pérez, P, Garcia-Gravalos, M.IY, 2002. A compar-
ison hetween rwo brine shrimp assays to detect in vifro cywmm-:lty Ir| rnarlne namral
products. BMC Biotechnol. 2, 1-5. sdoi.org/10.1 5

Castro, AP., Mattes, AC.A., Pereira . Anchieta, N.F., Silva, M.5., D 5, IVF., 2015,
Potential schistosomicidal cons nts from Garcinia brasiliensis. Planta Med. 81,
733741, hops:/dod.org 101 a7,

Colley, D.G.. Bustinduy. A
Lancer 383, 2253-2264. hT[pﬁ / fdoi nrs'_ ‘10.1 SA0140-6736{13)61949-2,

Costa, B.M.PLB., Vaz, AF.M., Xavier, H.5., Correia, M.T.5,, Carneiro-da-Cunba, MG,
2015, Phytochemical screening of Phehinusa pyrifolia leaf extracts: free-radical
scavenging activities and environmental toxicity. 8. Afr. ). Bot. 99, 152-137. hoips:/
dolarg /20, 10164 5ajb, 201 5.03.1 93,

De Carvalho, E.A.B., Andrade, P-P., Silva, N.H., Pereira, E.C., Figueiredo, R.C.B.QL, 2005,
Effect of usnic acid from the lichen Cladonia sbstellata on Trypannsoma cruzi in vitro:
an ultrastructural study, Micron 36, 155=161. hitps://doi.org/ 10,1016/ micron,
2004.09.003.

Delebassée, 8., Mambu, L., Pinault, E., Champavier, ¥., Liagre, B, Millot, M., 2017,
Cytochalasin E in the lichen Pleurosticra aeetabulon. Anti-proliferative acrivity against
human H'T 29 eolorectal cancer cells and quantitative variability. Fitoterapia 121,
145-15 fdol.org/ 10,1016/ fitate. 2017.07,006.

Dévéhar, F.L., Legouln, k., Couteau, C., Boustle, I, Coiffard, L., 2013, Lichenlic extracts
and metabolites as UV filters. J. Photochem. Photobiol 120, 17-28. https://doi.arg/
10,1016/ jphdtahinl. 200 301 ({9,

Diab, Y., loannou, B, Emam, A, Vagias, C., Roussis, V., 2012, Desmertianosides A and B,
bisdesmosidic furostanol saponins with molluscicidal activity from Yucea des-
mettiana. Steroids 77, 6B6-690. hreps://dod.ore/ 10,1016, 5teroids. 201 202014,

El-Beshbishl, 5., El Bardicy, 5., Tadros, M., Avoub, M., Taman, A., 2015. Spotlight on
the in viro c’fftcl of artemisinin-naphthoquine phosphate on Schistosoma manzoni and

nst Bismphotario elexondring. Acta Trop. 141, 37-45. hetpsy Adoi or b.

tropiea.2014.09.01 8,

Faria, R.X., Rocha, L.M., Souza, EP.B.S.S., Almeida, F.B., Fernandes, C.P., Santos, JLAA.,
2018. Molluscicidal activity of Manilkara subsericea (Mart.) dubard on Biomphalaria
glabrata (Say, 1618), Acta Trop. 178, 163-168, hitpsy 01016/
etatropics, 2017.11.012,

Jdol.org/1



H.AMF. Silva, ot al.

Galloway, 1.5, Pepledge, M.H., 2001. Immungtoxicity In inverrebmtes: measurement
and ecotoxicological relevance, Ecotoxicology 10, 5-23, hitps:/dolorg 1010237
M 100BPIFS 20263,

Gryssels, B, Polman, K., Clerinx, J., Kestens, L, 2006. Human schistosomiasis. Lancet
368, 1106-1118. hizps:/ dol.org/10.1016,/50140-67 36[06]69440-3,

Tbeahim, AM., Ahmed, AK., Bakry, F.A., Abdel-Ghaffar, F., 2018. Hematologlcal, phy-
siotogical and genotoxicological effects of Match 5% EC insecticide on Biomphalaria
aiexandring snails. Ecotoxicol. Environ. Saf. 147, 1017-1022. hrops:/sdoi org 100
101 &/j.eooeny. 2017 049,059,

Inobaya, M.T., Ol\feda, H.ML, Chaw, TP, Olveda, D.U., Rass, AG.P., 2014, Prevention
and comtrel of schist fasis: n current perspective, Res, Rep, Trop, Med. 5, 65-75,

hllps n"dol o110 2147!RRT\'[ 544274,

Kamel, Wihba, 5.M., El-Dafrawy, 5.M., Mossalem, H.S., 3007, Toxicological effect of
earta pl.um. and synthetle molluscleldes on wlirastructural changes In haemocytes
of Riornphalarie alocondring Snails, Egypt. J. Exp. Biol. {Zoel] 3, 135-143.

Kariuki, H.C., Madsen, H,, Ouma, J.H., Butterworth, AE., Dunne, D.W., Booth, M.,
Kimani, G., Mwatha, LK., Muchiri, E., Vennervald, B.J., 2013, Long term study on the
effect of mollusciciding with niclosamide in stream habitats on the ransmission of
schistosombasie manson] after community-hased chematherapy in Makuen| District,
Kenya, Parasit. Vectors 6, 107, huips:/ /diolorg 1.1 186,/1756-3305-6-107,

Hawann, T., Okazaki, K., Ré, L, 1992, Embryonic development of Biomphalaria gichrara
[say, 1818) (Mollusca, Gastropods, Planorbidae]): a practical guide o the main stages
Malacologla 34, 25

Ke, W, Lin, X.. Yu, Z.,, Sun, Q.. Z!lans. Q 2017, Mollusticidal activity and pi\)'slolusmal

mqurﬂfmdzﬂw cordan on snail Gnoomel, ETISLS.
Pestic. Biochem. Physiol. 143, 111- !15 htps://doi.org/ 1 01016/ pesthp. 200 7_08.
ma,

Lisgare, MUEE,, Vicente, T, 1983, Endogenous {nactivators of arginase, arginine dec-

wrboxilase and agmnatine amidinohydrolase in Evemia prusnaerd thallus. Plant
Physinlogic 71, 300-302,

Lima, N.M.F,, Santas, A,F,, Porfirio, Z., Goulart, M.CLF., Sant'Ana, A.E.G., 2002, Toxicity
of lapachel and isolapachol and their potassium salts against Blomehalane globrow,
Sclistesorm marseni cercariae, Artemia saling and Tilapia nileton Acta Trop, 83,
43-47. htps://doi.org/10.1016/50001 -706X(02)00055-4

Lokajovd, V., Batkorovd, M., Batkor, M., 2014, Allelopathic effects of lichen secondary
metabolites and thedr naturally occurring mixtures on cultures of aposymblorically
growr lichen photobiont Trebewia erici (Chlorophyta), 5. Afr. J, Bot. 93, 86-91,
hitps://doLorg/10.1016/5.5ajb.2014.03.015.

Martins, M.CE., Silva, M.C a, LS. Lima, V.L.M., Pereira, E.C., Falcao, EP.S., Melo,
A NLMAL Silva, N.H,, 2014, Usnic acid potassiun sali: Na alternative for the control
of Biornphalario glabrata (Say, 1818). PLoS One 9, @111102. hetps: dodorgs 10,1371/
journal.pene 0111102,

Martins, M.C.B., Silva, M.C., Silva, HAM.F., Silva, LRS., Albuquerque, M.C.P.A_, Aires,
ML, Faledo, E.PS, Perelea, EC., Melo, AMMA., Silva, N.H,, 2017, Barbatic acld
offers a new possibility for contral of Bissiphokiria glabrata and schistosomiasis.
Molecules 22, 568, hitps: //dol.org/10.3390 /moleoules22040568,

Meyer, BN, Ferrigini, N.R., Putman, J.E., Jacobson, LR, Nichols, D.E., McLaughlin, J.L.,
1082, Brine shrimp: a convenient general bivassay for active plant constituents,
Planta Med. 45, 31-34. hips://dod,org/ 10,1055/ 2007971 236,

Mitrovie, T, Stamenkovié, 8., Cvetkavic, V., Mikolid, M., Tosid, 8., Stejicic, D, 2011
Lichens as source of versatile bioactive compounds. I, Biol. Sci. 2, 1-6.

Mohamed, AH., Ouman, G.Y., Mohamed, A M., Elhosediny, A, 2006, Efficiency of Melin
azradrach frult water exteact on Blemphalaria abvandring soails, Bgypt. J. Exp. Blol,
[Zool) 2, 181-188,

Moreire, &SN, Braz-Filho, R, Mussi-Dias. V., Vieira, LI.C., 2015. Chemistry and bio-
logical activity of Fungi. 20, 89528087, htps://dol
org/ 10,3300/ molecules 20058952,

Acta Tropica 196 (2019) 173-179

Oh, 5., Wang, X.Y., Wang, LS., Liy, P.G., Hur, J., 2014, A note on the lichen genus
Rarnaling (Ramalinaceae, Ascomycota) in the Hengduan Mountains in China,
Mycobiology 42, 229-240, hutps;/ /doi.org/10.5941/3YC0.2014,42,3.229,

Oliveira-Filho, E.C., Faumngariten, F.LR., 2000, Toxicity of Byhorbic milii latex and ni-
closamide to snails and nontarget aquatic species. Footoxicol. Environ. Saf. 46,
342-350, hrrps://dol.org/ 10,1006 /eesa. 2000.1924,

Pavlica, M., Klobu¢ar, G.LV., Vemma, M., Erben, R., Papes, D, 2000, Detectlon of micro-
nuclei in haemocytes of zobra mussel and great ramshorn snail exposed o penta.
ch[m'nphenul Mutat. Res. 465, 145-150. hiips,/dolorg/L0. 101 6/81 383 s?mgm

Qubella, B ., Paillard, C, Auffret, M., 1993, Experimentally induced variation in
hemoeyte |Ju|_t. ¢ for Rudirapes philippinarum and R Decussorus (Mollusea, Bivalvia).,
[Hs. A Di»nn 15, 193-1497.

Rapado, LM, Pinheimo, A5, Lopes, POMN., Fokoue, HLH., Scottl, M.T., Marques, J.V.,
Ohlweiler, F.P., Borrely, 5.1, Pereira, CAB,, Kato, M., Nakann. E., Yam.lgudn. LF.,
2013, Schistosomiasis control using pirplatine against Biomphalaria glabrara at difs
ferent developmental stages. PLoS Negl. Trop. Dis. 7, 2251, heips:/Adod.org 2100
1371 Aoumnal. poid. (002351,

Bizk, M.Z., Metwally, N.5., Hamed, M.A,, Mohamed, A.M., 2002, Correlatlon berween
steroid sex hormones, egg laying capacity and cercarial shedding in Biomphalaria
alexandrina snails after treatment with Haplophyllum wberculemm. Exp. Parasitol.
132, 171-179. https://dol.arg/ 10,1016,/ exppari. 2012 06.011.

Hoquis, [L, Lepesant, J.M.)., Villafan, E.,, Bodssier, J., Vieira, ., Gossean, €., Grunau, €.,
20014, Exposure to hycanthone alters chromatin structure around specific gene
functions and specific repeats in Schistosoma mansoni. Front. Genet. 5, 207. hitps://
doiorg/ 10,3389,/ Tgene 201400207,

Russa, J., Madec, L., 2007, Haemocyte apopiosis as a general cellular immune response of
the snail, Lymnaea stagrealis, to a toxicant. Cell Tissue Res, 328, 341-441, hiops:cdol,
0rg /10,1007 ,/500441 -006-:0353-7,

Sheng-Xia, C, Liang, W., Xiao-Ming, Y., Xu-Gan, J., Long-Gen, L., Rong-Xian, Z., Lei, X,
Shi-He, &, 2007, Comparative mollusclcidal setion of extract of Ginko biloba sarco-
testa, arecoline and niclosamide on snail hosts of Schistosoma japonicam, Pestic,
Biochem. Physiol, 89, 237-241, buips://delorg 10,1016/, pestip, 2007,07.010,

Silva, M.ILC., 84, RLA., Napoledo, T.H., Gomes, F.5., Santos, N.D.L., Albuquerque, A.C.,
Xavier, HS., Paive, P.MLG., Correia, M.T.8., Coelho, L.C.BE., 2009, Purified Cladonia
verttciliaris lichen lectin: insecticidal activity on Nasuritermes cormiger (lsoptera:
Termitidae), Int. Biodeterior. Biodegradation 63, 334=340. httpsz/ /doiorg 10,1016
jibiod. 2008.11.002.

Silva, HAMF,, Siqueira, W.N_, 86, JLF_ Silve, LRS., Martins, M.C.B., Aires, AL,
Amdincio, F.F., Pereira, E.C., Albuquerque, M.C.P.A., Melo, A.M.M.A., Silva, BLH.,
2018, Laboratory assessment of divaricatic acid agairst Biomphaloria glebratn and
Schistngom mansoni cercariae. Acta Trop. 178, 97-102, httper//dolore 10.1006.5.
armatropies. 201 7.09.019,

Upadhyay, A., Singh, DK, 2011, Melluscicidal activity of Sapladus pukorassi and
Tersiialio chebuda against the freshwater snadl Lymnaea acumitnata. Chemosphere 83,
468-474, hintps=//del.org/ 101016 /).chemosphere. 2010,

World Heslth Organization, 1965, Mallusdeide Sereening and Evaluation, Bulletin of the
Waorld Health Organization, G

World Health Organization, 1983, The :.cumrl of Schistesomiasis, Second Report of the
WHO Expert Committee. World Health Organization, Geneva,

World Health Organization; 2002, Niclosamide (2{, 5-dichloro-4{nitrosalicylanilids),
WHO Specificatic id Evaluations for Public Health Pesticides. Woald Heslth
Organization, Geneva.

Waorld Health Organization, 2018, Fact Sheet. World Health Organization, Geneva
[Accessed 14, May 2018, hrtpe/fwww. who.int‘ens/news-room, fact-sheets detail/
schistnsomimsis,

71



72

4 ARTIGO 2 - DIVARICATIC ACID FROM Canoparmelia texana (LICHEN): IN
VITRO SCHISTOSOMICIDAL EVALUATION AND ULTRASTRUCTURAL
ANALYSIS AGAINST ADULT WORMS OF Schistosoma mansoni

ARTIGO SUBMETIDO AO PERIODICO

INTERNATIONAL ]OUBNAL OF

Antimicrobial
Agents

INTERNATIONAL JOURNAL OF ANTIMICROBIAL AGENTS

(Fator de Impacto 4.253 — Qualis A2)



73

Divaricatic acid from Canoparmelia texana (Lichen): in vitro schistosomicidal evaluation and

ultrastructural analysis against adult worms of Schistosoma mansoni

Silva, H.A.M.F.% Aires, A.L."¢; Soares, C.L.R?; Siqueira, W. N.®" Lima, M. V. &"; Martins.
M.C.B.2; Albuquerque, M.C.P.AP¢; Silva, T.GY; Brayner, F.A.9; Alves, L.C9; Melo,
A.M.M.A2f; Silva, N.H.2

@ Departamento de Bioguimica, Centro de Biociéncias, Universidade Federal de Pernambuco, Avenida Prof.
Moraes Rego, 1235, Cidade Universitaria. CEP 50.670-901, Recife, PE, Brazil

b Departamento de Medicina Tropical, Centro de Ciéncias da Salde, Universidade Federal de Pernambuco,
Avenida Prof. Moraes Rego, s/n, Cidade Universitaria, 50740-600, Recife, PE, Brazil

¢ Laboratorio de Imunopatologia Keizo Asami (LIKA), Universidade Federal de Pernambuco, Avenida Prof.
Moraes Rego, 1235, Cidade Universitaria. CEP 50.670-901, Recife, PE, Brazil

d  Departamento de Antibidticos, Centro de Biociéncia, Universidade Federal de Pernambuco, Avenida Prof.
Artur de S4, s/n, Cidade Universitaria. CEP 54740-520, Recife, PE, Brazil

¢ Departamento de Biofisica e Radiobiologia, Centro de Biociéncia, Universidade Federal de Pernambuco,

Avenida Prof. Artur de S4, s/n, Cidade Universitaria. CEP 54740-520, Recife, PE, Brazil

Departamento de Energia Nuclear, Centro de Tecnologia e Geociéncias, Universidade Federal de

Pernambuco, Avenida Prof. Moraes Rego, 1235, Cidade Universitaria. CEP 50.670-901, Recife, PE, Brazil

9 Departamento de Parasitologia, Instituto Aggeu Magalhées, Fundagdo Oswaldo Cruz, Avenida Prof. Moraes
Rego, 1235, Cidade Universitaria. CEP 50.670-901, Recife, PE, Brazil

* Corresponding author

Hianna Arely M. Fagundes Silva

Departamento de Biogquimica, Universidade de Federal de Pernambuco
Av. Prof. Moraes Rego, 1235

Cidade Universitéria, Recife — PE, Brazil

CEP 50.670-901

hiannaamfs@gmail.com

Phone: +55 (81) 2126-8576

Mobile: +55 (81) 99686-8531



74

Abstract

In this study we evaluated the in vitro effect of divaricatic acid from Canoparmelia texana
against coupled worms of Schistosoma mansoni. The schistosomicidal effect was evaluated
through the bioassay of motility and mortality, cellular viability of the worms and
ultrastructural analysis through Scanning Electron Microscopy. To evaluate the cytotoxicity
of divaricatic acid, a cell viability assay was performed with human peripheral blood
mononuclear cells. Divaricatic acid proved effect against S. mansoni after 3 hours of
exposure. At the end of 24 h the concentrations of 100 - 200 uM presented lethality to the
worms. Motility changes were observed at sublethal concentrations. The ICso obtained by the
cell viability assay for S. mansoni was 100.6 uM (96.24 - 105.2 uM). Extensive damage to the
worm's tegument was observed such as peeling, erosion, bubbles, edema, damage and loss of
tubercles and spines, fissures and tissue ruptures. No cytotoxicity was observed in human
peripheral blood mononuclear cells. This report provides data showing the schistosomicidal
effect of divaricatic acid on S. mansoni, causing death, motile changes and ultrastructural
damage to worms. In addition, divaricatic acid was shown to be non-toxic to human

peripheral blood mononuclear cells at concentrations effective on S. mansoni.

Keywords: Anthelmintic activity, Divaricatic acid, Schistosoma mansoni, Schistosomiasis,

Ultrastructural analysis.
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1. Introduction

Schistosomiasis, a parasitic infectious disease caused by trematodes of the genus
Schistosoma, affects around 260 million people worldwide [1], and is considered by the
World Health Organization to be the second most devastating disease in terms of public
health and socioeconomic impact, after malaria [2, 3]. Prevalent in tropical and subtropical
areas, it is considered endemic in 78 countries located in Africa, Asia and Central and South
America, mainly affecting the poorest segments of the population who live under inadequate
sanitation conditions and without access to clean drinking water [4, 5].

Among the five species of the Schistosoma genus of importance to human health (S.
mansoni, S. haematobium, S. japonicum, S. intercalatum and S. mekongi), only S. mansoni is
the etiologic agent in the Americas, being responsible for the intestinal form of the disease
[6]. The main complications resulting from the infection are the result of a granulomatous
inflammatory reaction launched in response to egg deposition in the hepatosplenic and
gastrointestinal tract of the host, triggering hepatosplenomegaly, portal hypertension, ascites,

hematemesis of esophageal varices and fibrosis [5, 7, 8].

Currently, praziquantel (PZQ) is the only drug of choice for the treatment and control
of schistosomiasis [7]. Although PZQ is an effective drug, biosecure and is of low cost, the
fact that there are no alternative drugs for an expanding disease which affects millions of
people around the world is a matter of concern [9]. In addition, PZQ does not treat recent
infections, has low efficacy on young worms, does not prevent reinfection and its mass
administration, aiming at the eradication of the disease in endemic countries, has led to a
decrease in drug efficacy, which portends the selection of strains resistant and/or tolerant to
PZQ [7, 10, 11].

The search for new schistosomicidal agents has turned to natural products as a
promising source for the appearance of new bioactive molecules [12]. In addition, several
population groups make use of these natural products as important tools in traditional local

medicine, which facilitates their access and lowers the cost in their acquisition [13].

Lichens are symbiotic associations between photobionts and mycobionts [14]. With a
wide distribution across terrestrial habitats, these organisms produce a great diversity of
metabolites, in their great majority of phenolic origin, known as lichen substances [15, 16],

which aim not only to preserve the symbiotic structure, but also to protect against pathogens
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and predators, intense UV radiation and oxidative stress [17]. Among the various classes of
metabolites produced by lichens, such as depsidones, dibenzofurans, xanthones,
anthraquinones and benzyl ethers, the depsides are distinguished by their diverse biological
activities, including antiproliferative [18], antioxidant [19], enzymatic inhibition [20] and
molluscicidal and cercaricidal [21] activities. Divaricatic acid belongs to the depside class and
is commonly found in lichens of the genus Canoparmelia and Ramalina; yet it is still rarely

mentioned in the literature and its biological potential has remained little known.

In the present study, we evaluated the in vitro schistosomicidal potential of divaricatic
acid, a lichen substance extracted from Canoparmelia texana, on adult worms of Schistosoma
mansoni through parameters such as motility and mortality analysis, cell viability of worms,
evaluation of its effects on morphology and its cytotoxic effect on human peripheral blood
mononuclear cells (PBMC).

2. Materials and methods

2.1 Samples of C.texana

Canoparmelia texana lichen was collected in the South region of Brazil, in the city of
Curitiba (State of Parana, Brazil), and kept at room temperature (28 + 3 °C), stored in a
desiccator for later identification. The identification of the lichen thallus was performed and
an exsiccate was deposited in the UFP Herbarium, Department of Botany of the Federal

University of Pernambuco (voucher n® 44627).

2.2 Extract of C. texana, purification and isolation of divaricatic acid

The lichen sample (approximately 50 g) was subjected to successive extractions with
diethyl ether in a Soxhlet apparatus at 30 °C and the solvent was subsequently evaporated at
40 °C. The extract was then dissolved in methanol and crystallized at room temperature. For
seven consecutive days, the crystals were withdrawn from the crystallization vials and stored.
The crystals obtained were then subjected to successive washing with chloroform in a G4

funnel under pressure. The liquid acquired after washing was conditioned in glass vials and
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kept under refrigeration (4 £ 2 °C) for crystallization of divaricatic acid; subsequent chemical
analysis were performed to confirm the isolation of the molecule.

2.3 Chemical analysis

2.3.1 Thin-Layer (TLC) Chromatographs and High-Performance Liquid Chromatography
(HPLC)

For one dimensional TLC, the methodology of Culberson [22] was followed using a
silica gel 60 plate (Merk® PF254 + 366). For elution, the system used was
toluene/dioxane/acetic acid (45:12.5:2 - v/v/v) and the development was sprayed with 10%
sulfuric acid followed by heating at 50 °C for 5 min. Bands were observed using UV radiation
(254 and 366 nm). Samples that presented only one band in TLC were then analyzed by
HPLC to verify the percent purity of the sample (> 95%), following the methodology
described by Legaz and Vicente [23]. A Hitachi Chromatograph (655 A-11, Tokyo, Japan)
coupled to a CG437 UV detector set at 254 nm was used. For the separation process, a C-18
reversed-phase column (MicroPack MCH-18), measuring 300 x 4 mm (Merck® KGaA,
Darmstadt, Germany) was used. The samples were injected at the concentration of 1.0 mg/mL
diluted in ether (Merk®). The mobile phase was composed of methanol/water/acetic acid
(80:19.5:0.5 v/v/v) in an isocratic system. Other analytical parameters were the following:
injection volume of 20 mL, attenuation of 0.16, pressure at 87 atm and flow rate of 1.0 mL

min'! at room temperature (28 + 3 °C).

2.3.2 'H (*H NMR) and **C (*3C NMR) Nuclear Magnetic Resonance and Infrared (IR)

Analysis

For the determination of the structure of the isolated molecule, *H NMR and *C NMR
were performed using a Varian Unity Plus spectrometer at 400 MHZ, 27 °C, with DMSO-D6
as the solvent. Infrared analysis was performed using a Bruker spectrophotometer coupled to
a Fourier transformer (IF model 566) using KBr pellets. The analysis were carried out in the
Fundamental Chemistry Department of the Federal University of Pernambuco - UFPE, Brazil.

2.4 Bioassays
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2.4.1 Ethical considerations, animals and infection by S. mansoni

To obtain the worms, female Swiss Webster mice were used, kept at the Keizo Asami
Immunopathology Laboratory - LIKA (UFPE), according to standard conditions of
temperature (23 £ 2 °C), photoperiod (12 h of light/dark), humidity (40-50%) and water and
feed (LABINA®) ad libitum. S. mansoni strain Belo Horizonte (BH), maintained through
successive passages in snails of the species Biomphalaria glabrata at the Laboratory of
Immunology of Parasitic Diseases and Experimental Schistosomiasis - LIKA (UFPE), was
used to infect the mice. The mice were infected by percutaneous exposure to 120 cercariae,
under intramuscular anesthesia with ketamine and xylazine at a ratio of 2:1 and a dose of 4
mg kg [24]. In vitro experiments were approved by the Animal Experimentation Ethics
Committee of the Biosciences Center, Federal University of Pernambuco (Protocol
23076.036388 / 2014-11).

2.4.2 In vitro studies with S. mansoni

Forty-five days after infection, the mice were euthanized by cervical dislocation
and, later, the hepatic portal system and mesenteric vessels were perfused to obtain the
worms. Worms were placed in Petri dishes with RPMI 1640 culture medium supplemented
with 20 mM HEPES, 100 pg/mL penicillin, 100 pg streptomycin and 10% fetal bovine
serum and washed with this medium three consecutive times. Two pairs of coupled worms
were distributed per well in 24-well sterile culture plates containing 2mL of the same
supplemented medium. The worms were incubated for adaptation in a humid atmosphere
containing 5% CO> at 37 °C for 2 h. After incubation, divaricatic acid was added at the
concentrations of 200, 100, 50 and 25 uM. For the negative controls, we used only RPMI
medium and RPMI added 1.5% DMSO. In the positive control, the worms were incubated
in 10 uM of PZQ. All experiments were performed in sextuplicate with a minimum

repetition of two times (16 pairs of worms per concentration).

2.4.3 Schistosomicidal evaluation criteria

2.4.3.1 Motility and survival
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An inverted microscope (Leica Microsystems, DM IL Wetzlar, Germany) was used to
evaluate the motility and survival of coupled worms monitored at 3, 6, 12 and 24 h of
exposure. Motility and survival of the worms were evaluated according to the following
criteria and scored on a viability scale of 3-0: score 3, worms that present typical movements,
exhibiting peristalsis of the internal organs, suckers in movement, adhering to the bottom or
sides of the culture plate; typical descriptions of worms of the negative control; score 2,
reduced movements throughout the body, peristalsis of internal organs and suckers; score 1,
movements only at the extremities or at only one of the extremities (anterior and/or posterior
regions), with absence of peristalsis of the internal organs and suckers not adhered to the plate
walls; score 0, complete absence of motions and tegument with or without changes in
coloration. The treatment was considered lethal when it was not possible to observe parasite

movements for up to 2 min [25].

2.4.3.2 Cell viability assay of coupled S. mansoni

In the evaluation of the cytotoxicity of divaricatic acid on worms, the MTT (-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) methodology described by Aires et
al. [7] was used. After exposure to divaricatic acid (200, 100, 50 and 25 uM) for 24 h, two
worms per well were placed in 96-well plates containing 100 yL MTT (5 pg / mL
concentration, diluted in phosphate buffer, PBS) and incubated for 30 min. in a darkroom at
37 °C. Subsequently, the MTT was carefully removed and 200 ul of DMSO was added per
well of the plate. The samples were kept under stirring for 1 h at room temperature. This
method allows the visualization of mitochondrial enzymatic activity through the formation of
purple coloration. Optical densities of the samples were measured at 550 nm in an ELISA
microplate reader (M680, Bio-Rad Laboratories, Inc.). The worms of the positive and
negative control groups were submitted to the same test. All experiments were carried out in

quadruplicate and repeated at least twice. The significant differences were taken at p < 0.05.

2.4.3.3 Scanning Electron Microscopy (SEM)

The worms were analyzed by SEM after 24 hours of incubation in divaricatic acid.
Worms were fixed in 2.5% glutaraldehyde and 4% 0.1 M sodium cacodylate buffer (pH 7.2)
for 12 h at room temperature. After fixation, the samples were washed with this same buffer

and post-fixed in 1% (w/v) osmium tetroxide in 0.1 M phosphate buffer for 1 h out of the
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light. Subsequently, the samples were washed with 0.1 M phosphate buffer, dehydrated with
increasing concentrations of ethanol at 30, 50, 70, 90 and 100% for 10 min. and dried at
critical point (Hitachi HCP-2, Hitachi, Japan), using CO2 as a transitional medium. The
samples were mounted on small aluminum supports, metallized with gold on a FINE-COAT
1100-JEOL metallizer (lon Sputter JFC-1100), for 6 min. The specimens were then examined
and photographed with a JEOL-JSM-5600 LV Scanning Electron Microscope (Tokyo, Japan).

2.4.4 Ethical considerations and Cytotoxicity Assay

PBMC:s (peripheral blood mononuclear cell), collected from healthy volunteers (n =
5), were used to verify the toxic effects of divaricatic acid on human cells, according to the
methodology of Albuquerque et al. [26]. The culture was performed in RPMI 1640
medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/mL
streptomycin at 37 °C with 5% CO». The method of evaluating cytotoxicity was by MTT,
where the cells were placed in a 96-well plate (1 x 10° cells / mL) in RPMI 1640 medium
and incubated for 24h (37 °C and 5% CO.). Divaricatic acid was added at an initial
concentration of 200 uM and serial dilutions were performed up to the minimum
concentration of 1.56 uM, and the plate was incubated for 72 h. For the negative control,
cells were used without treatment with divaricatic acid. Three hours before the final
incubation time, 25 uL of MTT (5 mg/mL in PBS buffer) was added to each well. After 3 h
of incubation, the medium was aspirated and 100 uL of DMSO was added to each well,
and the optical density was then measured at 450 nm in ELISA microplate reader (M680,
Bio-Rad Laboratories, Inc.). The assays were performed in quadruplicate in 3 independent
assays. All donors of blood samples signed an informed consent form and the study was
approved by National Health Council Resolution 466/12 (CAAE) 62919816.2.0000.5208.

2.4.5 Statistical Analysis

Significant differences were identified using ANOVA followed by the Student-
Newman-Keuls post-test, where p <0.05 was considered significant for all analysis. Statistical
analysis were performed using GraphPad Prism 5.0 software for Windows (GraphPad
Software, San Diego, CA, USA). The estimated lethal concentration for 50% of the specimens
(1Cs0) was performed by Probit analysis with a 95% confidence interval, using the StatPlus®
2009 Professional software (AnalystSoft, Canada).
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3. Results

3.1 Chemical analyses

The TLC of lichen crystals showed a single band, a result compatible with the
standard used, presenting an Rf of 0.38, similar to the findings by Marijana et al. [27]. HPLC,
performed to confirm the purity of the lichen crystals, showed an Rt of 16.04, compatible with
the standard used, and 98.45% purity. *H and *3C Nuclear Magnetic Resonance (*H NMR and
13C NMR) and Infrared (IR) analysis (Table 1) confirmed the molecular structure of
divaricatic acid (C2:H2407) (Fig. 1).

3.2 Changes in cellular motility and viability of coupled worms of S. mansoni induced by

divaricatic acid

Table 2 shows the motility scores of adult S. mansoni worms after exposure to
divaricatic acid in the 3, 6, 12 and 24 hour intervals at different concentrations. At all
observation intervals, worms from the negative control groups, incubated only in RPMI and
RPMI medium with 1.5% DMSO, showed no difference in motility and cell viability. These
worms showed typical movements, exhibiting peristalsis of the internal organs, suckers in
movement, adhering to the bottom or sides of the culture plate; score 3. Thus, we chose to

express the cell motility and viability results of worms incubated in RPMI with 1.5% DMSO.

From 3 hours of exposure it was possible to observe mortality of worms, Score 0
(complete absence of motions and tegument with or without changes in coloration), of
18.75% at the concentration of 200 uM. At this same concentration, 81.25% of worms
showed movements only at the extremities or at only one of the extremities (anterior or
posterior regions), with absence of peristalsis of the internal organs and suckers not adhered to
the plate walls (Score 1). After 6 hours of incubation at a concentration of 200 uM, 37.5%
were Score 0 and 62.5% Score 1. At the same time of exposure, 93.75% of the worms
exposed to the concentration of 100 uM of divaricatic acid showed reduced movements
throughout the body, with the presence of peristalsis of internal organs and movement of
suckers (Score 2) and the others were Score 3. At 12 hours of incubation, motility changes
began to be observed at the concentration of 50 uM, where 43.75% of the worms were Score

2. At the concentration of 100 uM, 100% of the worms were found in Score 1 after 12 h of
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incubation. At the same time of incubation and at the highest concentration evaluated, 200
uM, 87.5% were Score 0, and the others Score 1. At the final time of incubation in divaricatic
acid, 24 h, it was possible to observe mortality percentages of 100% (Score 0) at the
concentration of 200 uM and of 87.5% at the concentration of 100 uM. At the 50 uM
concentration, 62.5% were Score 1 and the others Score 2. The lowest concentration, 25 uM,
caused motile changes in 25% of worms (Score 2). In the positive control group, PZQ,
changes began to be observed at 3 h of exposure, with mortality (Score 0) at 6 h of exposure
in 6.25% of worms. At 24 h, PZQ presented 87.5% of worms Score 0 and 12.5% Score 1.

Cell viability analysis of S. mansoni demonstrated that divaricatic acid caused a
significant (p < 0.05) reduction in the percentage of viable cells at all concentrations as
compared to the negative control group. As shown in Fig. 2, there was a reduction of 17.05%,
29.55%, 60.23% and 85.23% for the concentrations of 25, 50, 100 and 200 pM, respectively.
The 1Cs0 (95% CI) obtained was 100.6 uM (96.24 - 105.2 uM). PZQ caused 70.51% reduction

in viability of S. mansoni.

3.3 Ultrastructural alterations of coupled worms of S. mansoni induced by divaricatic acid

In the ultrastructural analysis of the worms through SEM, it was possible to verify that
the negative control group (Fig. 3), after incubation for 24 h, exhibited ultrastructure and body
topography within the normal morphological parameters. Fig. 3a-b show the lateral view of a
couple of S. mansoni worms, where the female (fw) is inserted into the gynecophore canal of
the male (mw), showing its attachment structures, ventral (vs) and oral suckers (0s). In Fig.
3c-d, the ventral region is shown in its anterior portion, and it is possible to observe in detail
the suckers of the male worm (Fig. 3c) and female (Fig. 3d). In Figs. 3e-f, the dorsal region,
presenting preserved morphology of a male worm (Fig. 3e) and female (Fig. 3f) are
displayed. In the male worm's tegument, a large number of tubercles (tb), dome-shaped
papillae (dp) and parallel folds of the tegument (paf) can be seen. In the female worm's
tegument, the presence of numerous parallel transverse folds (paf) is visualized. In the S.
mansoni groups incubated with divaricatic acid (25, 50, 100 and 200 uM), all presented
tegumentary changes after 24 h of exposure. The alterations caused by exposure to divaricatic
acid begin at 25uM (Fig. 4a-d) with the presence of eroded tubercles (TD) with exposure of
subtegumentary layer (stl) tissue in male worms (Fig. 4b-c) and appearance of small bubbles

(B) (Fig. 4d). The damages are progressive with the increase of the concentration, being
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observed at the 50 uM concentration (Fig. 4e-h) a larger amount of bubbles (B) disseminated
over the tegument, damage to the tubercles (TD) with the loss of spines (SL), the presence of
small holes (HL), projections (P) or large bubbles (B) in its apical region (Fig. 4f and 4h).
Regions of the tegument with edema (SW), peeling (PL) and erosion (TE) could also be
visualized (Fig 4g). Fig. 5 (a-f) shows the morphological changes caused by divaricatic acid
at the concentration of 100 uM, where the morphological changes in the female worms began.
Regions with the presence of bubbles (B) and intense edema (SW) could be visualized in
several points of the body of the female and male parasites, being also frequent the loss of
tubercular spines (TB) and damage to the tubercles (TD) with exposure of the subtegumentar
layer (Fig. 5b-d). Regions of retraction of the tegument (TR) and peeling (PL) could also be
observed (Fig. 5f). The intense contortion of female worms that were uncoupled was a

frequent feature at this concentration (Fig. 5e).

At the 200 uM concentration (Fig. 6a—f) the most critical alterations due to exposure
to divaricatic acid were observed throughout the body of the parasite. At this concentration
the tegumentary damages in female worms were also present and intensified, as compared to
the concentration of 100 pM. Extensive damage throughout the gynecophore (gc) canal, with
the presence of tegumentary erosion (TE) and peeling (PL) could be visualized (Fig. 6 b-c).
As in previous concentrations, loss (TL) and damage (TD) to tubercles with the presence of
small bubbles (B), erosion (TE), loss of tubercular spines (SL), swelling (SW) were observed
(Fig. c-e). At this concentration, the onset of cracks (FS) (Fig. 6b,e,f) and damage to the

tegument at the muscular level (Fig. 6f) of the worms could be visualized.

The positive control group (Fig. 7a-d), after exposure to PZQ, exhibited marked
muscle contraction, contortion and shortening of worms (Fig. 7a). A large number of bubbles
was observed in the tegument of the worms, distributed in a diffuse form throughout the body
of the parasite. Regions of the tegument presented the formation of small grooves (GV) (Fig.

7b), loss and damage of tubercles and peeling (Fig. 7c-d).
3.4 Divaricatic acid does not present cytotoxicity against PBMC
No significant levels of cytotoxicity to human PBMC were detected among the

concentrations tested (1.56 uM — 200 uM) when compared to the control group. It was not
possible to define an ICso (ICso > 200 uM) for the concentrations evaluated.
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4. Discussion

The development of new schistosomiasis drugs is of extreme importance given the
relevance of schistosomiasis in terms of public health, the absence of an effective vaccine for
the control of the disease, and the possibility of the emergence of parasite strains resistant to
PZQ, the only available drug for disease control [28]. Within this context, it is observed that a
variety of studies have been conducted with the focus on bioactive compounds obtained from
natural sources. Compounds of the classes of terpenes, alkaloids, quinones, phenols,
flavonoids, neolignans and peptides have already had their schistosomicidal effects proven in

in vitro and in vivo evaluations [12].

Depside also found in lichen species as Lecanora frustulosa, Ramalina aspera and
Dirinaria aspera [16, 27, 29], divaricatic acid has already had its biological potential reported
in some studies that have demonstrated its antimicrobial, antitumor, molluscicidal and
enzymatic inhibition activity [16, 27, 30, 31]. In the present study, divaricatic acid extracted
from Canoparmelia texana showed dose-dependent schistosomicidal activity in vitro against
S. mansoni, causing changes in motility, reduction of cell viability of worms, tegumentary
damage and death. According to our results, divaricatic acid caused 100% and 87.5%
mortality in S. mansoni after 24 h of incubation at concentrations of 200 and 100 uM,

respectively.

In a study carried out by Silva et al. [16], the cercaricidal activity of divaricatic acid
was evaluated on S. mansoni cercariae. The results obtained confirmed its efficacy on the
infective larval stage of the parasite, causing mortality from the concentration of 0.5 pg/mL
after 60 min of exposure. From the concentration of 10 ug/mL, the cercaricidal activity, with
100% mortality, was observed after 30 min of exposure. Other compounds of phenolic nature
have already demonstrated the promising schistosomicidal potential of this chemical group, as
evidenced by the work developed by Magalhdes et al. [32], which evaluated the
schistosomicidal effect of curcumin, a major metabolite of Curcuma longa (Zingiberaceae)
rhizome, on S. mansoni adult worms, observing percentages of 100% mortality at
concentrations of 50 and 100 uM, as well as motility changes at all concentrations evaluated,
in a period of 24 hours. However, no tegumentary changes were observed in worms exposed
to curcumin at any of the concentrations evaluated. Lorsuwannaratet al. [33], who evaluated
plumbagin’s schistosomicidal effect on S. mansoni, also observed changes in motility and the

presence of mortality at all concentrations evaluated over a 24 hour period. Changes in the
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tegument were also reported by the authors, similar to those found with exposure to
divaricatic acid, such as desquamation, regions with swelling, tubers damaged or with loss of
spines and formation and rupture of bubbles. Similarly, Aradjo et al. [34] evaluated the
schistosomicidal activity of potassium usnate, salt derived from usnic acid extracted from
lichen Cladonia substellata, and observed progressive damages to the S. mansoni tegument,
describing the appearance of bubbles, edema, muscle contraction, erosion and disintegration
of the tubercles and tegument worms. Another important characteristic of the action of
divaricatic acid on the tegument of S. mansoni is its performance on female worms. Previous
studies have shown that soft tissue changes in male worms are more pronounced than those
seen in female worm [35]. Even so, divaricatic acid was able to cause significant tequmentary

changes in females at concentrations of 100 and 200 uM.

Although changes in the superficial ultrastructure of Schistosoma worms receive little
attention, studies with this focus have intensified to evaluate the schistosomicidal effect of
various drugs [36]. The external surface of S. mansoni adult worms is composed of a
syncytium (the tegument) covered by a heptalaminate membrane, a structure unique to the
trematodes [9, 37]. Because it is a structure that ensures the functioning of several vital
functions, such as nutrient absorption, lipid and cholesterol metabolism, tissue proliferation
and repair, and selective absorption of drugs, the S. mansoni tegument turns out to be an

important target for the action of schistosomicidal drugs [7].

The mechanism of action of divaricatic acid is still not well understood, however
studies carried out by Bellio et al. [38] have demonstrated that divaricatic acid, like other
depsides, has enzymatic inhibitory activity on an ATPase that plays a crucial role in DNA
repair. Several papers report drugs with schistosomicidal potential that interact with important
ATPases and ATPDases of S. mansoni, such as Artemether, Thapsigargin, Cyclopiazonic
acid, ouabain and alkylaminoalkanethiosulfuric acids [39, 40, 41, 42]. One hypothesis for the
action of divaricatic acid on S. mansoni, besides the severe damage to the worm's tegument,
would be its action on ATPases important for its physiology. Considering the results obtained,
further studies should be conducted to elucidate the mechanism of action of divaricatic acid

on S. mansoni.

There are still few studies involving evaluations of divaricatic acid cytotoxicity on
non-tumor cells. This is the first report of the cytotoxic effect of divaricatic acid on Peripheral

Blood Mononuclear Cells (PBMC’s), non-cancerous human cells. In the present study,
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divaricatic acid did not demonstrate significant levels of toxicity at any of the concentrations
evaluated, which is a promising result, demonstrating the specificity of divaricatic acid on S.
mansoni when confronted with this cell line. In a study carried out by Russo et al. [31], the
cytotoxic effect of three depsides (atranorin and diffractaic and divaricatic acids) on normal
human non-immortalized buccal fibroblast cells (BFC) was evaluated through the MTT assay.
At the concentrations evaluated (25 and 50 uM), no significant toxicity levels were observed

for any of the substances evaluated.

In conclusion, this is a preliminary evaluation of the schistosomicidal potential of
divaricatic acid against S. mansoni and non-cancerous human cells. In all bioassays,
divaricatic acid proved to be effective in eliminating the parasite, also causing significant
ultrastructural damage, within concentrations not toxic to human PMBCs. This study presents
significant results, indicating the chemical group of depsides, a class still under study, as
possible antiparasitic agents.
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Table 1.'H and *C NMR and IR analysis of divaricatic acid.

Infrared
assignments

(KBr)  approximate vibrational

'H (400 MHz, DMSO-d6)
NMR spectroscopic data
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13C (400 MHz, DMSO-d6) NMR
spectroscopic data

Position v (cm™?) Position dn (J in Hz) ppm Position  &c¢ (in ppm)
37 2994 vs (CHa) 17 2.59T (8.0) 1 106.86 (C)
3 2872 ves (CHa) 1’ 2.63T (8.0) 2 156.90 (C)
7 1678 v (C=0) phenyl ester 27 151-161m 3 99.08 (C)
conjugated
7 1646 v (C=0) carboxylic acid 27 151-161m 4 151.72 (C)
land 2* 1609 v (C=C) aromatic 37 0.86 T (8.1) 5 113.15 (C)
1540
3 1328 825 (CH3) 3 0.91 T (8.1) 6 142.70 (C)
3 12848, (CH3) 4 3.74 5 (OCHbs) 7 166.98 (C)
7** 1236 v (C-O) chain ester 3 6.35d (2.2) I 111.79 (C)
1135
7 1202 v (C-0) carboxylic acid 5 6.36 d (2.2) 2’ 157.93 (C)
3 6.50 d (2.4) 3 106.98 (C)
5 6.58 d (2.4) 4 161.73 (C)
2 10.26 s (OH) 5 118.88 (C)
2 10.26 s (OH) 6 143.44 (C)
7 169.78 (C)
1 35.48 (C)
27 24.22 (C)
3 13.87 (C)
4 55.21 (C)
1’ 35.78 (C)
2 24.94 (C)
3 13.91 (C)

* Positions 1 and 2 correspond to the two absorptions of the double bond of the aromatic ring.
** Position 7 corresponds to the two absorptions of the ester carbonyl.



Table 2. Motility scores of adult S. mansoni worms treated with divaricatic acid at different concentrations and exposure times.

Percent of worms (%) in motility scores after incubation

Groups 3h 6h 12h 24h
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Controls 100 100 100 100
PZQ
10 uM 81.25 18.75 6.25 93.75 62.5 37.5 875 125
Divaricatic
Acid
200 uM 18.75 81.25 375 625 875 125 100
100 uM 31.25 68.75 93.75 6.25 100 875 125
50 UM 100 6.25 93.75 4375 56.25 625 375
25 uM 100 100 100 25 75

Note: percentage values of 32 worms (16 pairs of worms per concentration) per group.

Score 3 = present typical movements, exhibiting peristalsis of the internal organs, suckers in movement, adhering to the bottom or sides of the culture plate.
Score 2 = present reduced movements throughout the body and suckers. Slow peristalsis of the organs.

Score 1 = present movements only at the extremities or at only one of the extremities (anterior and/or posterior regions), with absence of peristalsis of the
internal organs and suckers not adhered to the plate walls.

Score 0 = complete absence of motion and tegument with or without changes in coloration.
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Fig. 2. In vitro effects of divaricatic acid (25, 50, 100 and 200 pM) on the cell viability of coupled S. mansoni
worms after 24 h incubation by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
methodology. Viability was expressed as the mean + SD of the absorbance values. C, negative control group. * p

<0.05 when compared to C. ** p < 0.001 when compared to C. # p < 0.001 when compared to the positive

control (PZQ).
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Fig 3. (a-f) SEM images of male and female worms of S. mansoni from the Negative Control group (1.5%
DMSO) after incubation for 24 h. (a, x35) Lateral curvature of male (mw) and female (fw) of mated S. mansoni.
(b, x160) Approximate image of a, where the male (mw) exhibits oral (os) and ventral (vs) suckers and female
(fw) displays the oral sucker (0s). (¢, x220) Anterior region of male worm, detailing the well-preserved
morphology of its suckers (os and vs). (d, x500) Anterior region of female worm, exhibiting oral (os) and ventral
sucker (vs) in detail. (e, x1000) Dorsal region of male worm showing tubercles (tb), spines (sp), dome-shaped
papillae (dp) and parallel transverse folds of the tegument (paf) without abnormalities. (f, x1000) Approximate

image of the female worm's tegument showing the presence of parallel transverse folds (paf).
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Fig. 4. (a — h) SEM images of adult S. mansoni worms exposed for 24 h at concentrations of 25 uM (a — d) and

50 uM (e — h) of divaricatic acid. (a, x40) Worm couple, where the male (mw) exhibits dorsal curvature with
female (fw) housed in its gynecophore canal. (b, x500) Dorsal region of a male worm with focal tubercular
damage (TD). (¢, x3500) Tubercles damaged (TD) with exposure of the subtegumentar layer (stl). (d, x1000)
Tegument of the male worm presenting several bubbles (B). (e, x40) Two male worms exhibiting ventral and
dorsoventral curvature. (f, xX1500) Tegument presenting small bubbles (B), projections of the integument (P),
emergence of tubercular orifices (HL), tubers damaged (TD) and eroded with exposure of the subtegumentar
layer and regions of edema (SW). (g, x500) Tegument of male worm with presence of damage of tubercles (TD),
tegumentary erosion (TE), peeling (PL) and edema (SW). (h, x4000) Approximate image of tubercles with

bubbles (B) on their surfaces and regions with loss of spines (SL).
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Fig. 5 (a — f) SEM images of adult S. mansoni worms exposed for 24 h at concentrations of 100 uM of

divaricatic acid. (a, x40) Male worm exhibiting dorsal curvature with dilatation region in its posterior portion.
(b, x5000) Tegument showing edema (SW) region with juxtaposition of transverse parallel folds, presence of
small bubbles (B) and regions of tubercles with loss of spines (SL). (¢, x1000) Tubercular damage (TD), with
tegument erosion and exposure of the subtegumentar layer and spine loss (SL). (d, x1200) Tegument with
extensive edema region (SW), large bubbles (B) ruptured with exposure of the subtegumentar layer and
expressive number of tubercles presenting loss of spines (SL). (e, x35) Two female worms exhibiting
dorsoventral curvature with contortion areas (highlighted) in their posterior portions. (f, x2000) Female worm's
tegument showing bubble rupture (B) with peeling region (PL), tegument retraction regions (TR) and focal

points of edema (SW).
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Fig. 6. (a — h) SEM images of adult S. mansoni worms exposed for 24 h at concentrations of 200 pM of

divaricatic acid. (a, x35) Male worm exhibiting ventral region, with exposure of the gynecophore canal. (b,
x150) where it is possible to observe intense peeling (PL) in the region of the oral and ventral suckers, as well as
the presence of fissures (FS) near the gynecophore canal (gc). In closer approximation (c, x300), an extensive
region of erosion (TE) and peeling (PL) of the integument within the gynecophore canal is observed, as well as
damage and complete loss of tubercles (TL) in regions adjacent to the gynecophore (gc) canal. (d, x500)
Extensive edema regions (SW) can be observed, where there was complete loss of tubercular spines (SL), as well
as the presence of small bubbles (B) and damage to tubercles (TD). (e, x200) Female worms intertwined with
tegument presenting regions of desquamation (PL), retraction of tegument (TR) and fissures (FS). (f, x500)

damage and exposure of muscle fibers (ML) and tegument erosion (TE).
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Fig. 7. (a-d) SEM images of adult S. mansoni worms exposed for 24 h to praziquantel (Positive Control). (a,
x60) Dorsoventral image of a male worm exhibiting marked contraction of the musculature. (b, x200) In
evidence, posterior region of the worm presenting bubbles (B) over a large extent of the integument and a region
with a slight groove (GV). (c, x250) Tegument with damage (TD) and loss of tubercles (TL) and presence of
ventral sucker invagination (SC). (d, x500) Regions with grooves (GV), loss (TL) and tubercle damage (TD),
and peeling (PL) of the integument in the external region of the gynecophore canal.
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Abstract

This study evaluated the schistosomicidal effect of barbatic acid, a lichen metabolite,
against adult worms of Schistosoma mansoni. The in vitro schistosomicidal effect was
evaluated through the parameters of motility and mortality, cellular viability of the worms and
ultrastructural analysis through Scanning Electron Microscopy. To evaluate the cytotoxicity
of barbatic acid, a cell viability assay was performed with human peripheral blood
mononuclear cells. Barbatic acid showed a schistosomicidal effect after 3 hours of exposure.
At the end of 24 h the concentrations of 50 - 200 uM proved lethal to the worms. Motility
changes were observed at sublethal concentrations. The ICso values obtained by the cell
viability assay for S. mansoni was 99.43 uM. Extensive damage to the worm's tegument was
observed such as bubbles, peeling, erosion, damage and loss of tubercles and spines, tissue
ruptures and fissures. No cytotoxicity was observed on human peripheral blood mononuclear
cells. This report provides data showing the schistosomicidal effect of barbatic acid on S.
mansoni, which included death, motile changes and ultrastructural damage to worms. In
addition, barbatic acid was shown to be non-toxic to human peripheral blood mononuclear

cells at concentrations which were effective against S. mansoni.

Keywords: Anthelmintic activity, Barbatic acid, Schistosoma mansoni, Schistosomiasis,

Ultrastructural analysis.
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Introduction

Schistosomiasis, an infection caused by helminth trematodes of the genus
Schistosoma, affects approximately 260 million people who are distributed in 78 countries
and territories (Colley et al. 2014; World Health Organization 2018). The World Health
Organization highlights five species of Schistosoma with importance in human medicine; they
are S. hematobium, S. intercalatum, S. japonicum, S. mekongi and S. mansoni, with the latter
species being considered the most prevalent, endemic in 54 countries of Africa, the Middle
East, the Caribbean and South America (World Health Organization 2018a; World Health
Organization 2018b, Crellen et al. 2016).

S. mansoni infection occurs through contact with water contaminated with human
fecal material containing helminth eggs. In contact with water these eggs hatch and release
miracidia, the infective developmental stage for the intermediate host, which are snails of the
genus Biomphalaria. Subsequently, after 4-6 weeks, these snails release cercariae, the
infective phase for man, the definitive host. Adult worms inhabit the hepatic portal system
and mesenteric veins, where the female performs oviposition, and can survive up to 30 years
(Gryssels et al. 2006).

Schistosomiasis mansoni is characterized by severe pathological manifestations in the
hepato-splenic system and gastrointestinal tract resulting from granulomatous inflammatory
reactions. This inflammation can cause hepatosplenomegaly, portal hypertension, ascites and
hematemesis of esophageal varices and fibrosis (Gryssels et al. 2006; Aires et al. 2014; Glaser
et al. 2015). However, many of those infected can live asymptomatically for years. This
clinical condition is important, since this portion of infected individuals has the potential to
spread the infection without knowing his/her actual health condition.

Currently, Praziquantel (PZQ) is the only drug used for the treatment and control of
schistosomiasis, since there is still no commercialized vaccine (Hotez et al., 2018). Although
effective against adult worms, being biosecure and of low cost (Bertdo et al. 2012), PZQ, at
the recommended doses, does not present therapeutic efficacy against young worms, in
addition to not preventing reinfection. Furthermore, mass treatment in endemic countries for
the eradication of infection is of great concern to the medical and scientific community, as
there are reports of resistance and/or tolerance of Schistosoma strains to PZQ (Vale et al.
2017). Thus, it is urgent to search for new drugs of natural, semi-natural and/or synthetic
origin that may contribute to the control or eradication of schistosomiasis. Faced with this

scenario, the search for new schistosomicidal drugs finds in natural products a promising
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source of biomolecules (Godinho et al. 2014; Guimardes et al. 2015). Among these
biomolecules, phenolic compounds have shown activity against adult Schistosoma worms
(Alvarenga et al. 2012; Salloum et al. 2012; 2016; Eraky et al. 2016).

Lichens, a symbiotic relationship between a mycobiont (fungal partner) and
photobiont (algae/cyanobacteria), produce a large variety of secondary metabolites, mostly of
phenolic nature, which are produced mainly by the fungus and secreted on the surface of their
hyphae in amorphous or crystalls forms (Mitrovi¢ et al. 2011). The most common lichen
compounds are polyketides such as depsides, depsidones, diphenyl ethers and dibenzofurans
(Thadhani et al. 2011), which have several biological activities, among them: bactericidal,
fungicidal, antiviral, antinociceptive, photoprotective and anti-inflammatory (Maia et al.
2002; Pereira et al. 2010; Zambare and Christopher, 2012; Radice et al. 2016). Barbatic acid,
a phenolic lichen substance inserted to the depside group, originates through the esterification
of two or more units of orsellinic or B-methyl orsellinic acids (Branddo et al. 2017), and is
found in lichens like Cladina kaubii, Usnea flexilis and Cladia aggregata, among other
species. It has applications as a herbicide, bactericide, antioxidant, insecticide, antitumor and
molluscicide (Rankovi¢ and Kosani¢ 2015; Verma and Behera 2015; Martins et al. 2017;
2016; 2018).

The objective of the present study was to evaluate the schistosomicidal potential, in
vitro, of barbatic acid, obtained from Claddia aggregata, through the analysis of parameters
of mortality, motility, cell viability of the worms and tegumentary alterations by scanning
electron microscopy, against couples of worms S. mansoni. Additionally, the study aimed to
evaluate the cytotoxicity of barbatic acid on human peripheral blood mononuclear cells
(PBMC).

Materials and Methods

Samples of Cladia aggregata

Lichens of the Cladia aggregata species were collected in the Northeast Region of
Brazil, in the municipality of Bonito (Pernambuco, Brazil), at the coordinates 08°28'13"S and
35%43'43"W, kept at room temperature (28 +3 °C), and packed in a desiccator for later
identification. The identification of the lichen stalk was performed and an exsiccate deposited
in the UFP Herbarium, Department of Botany of the Federal University of Pernambuco
(voucher n° 36431).
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Extract of C. aggregata, purification and isolation of barbatic acid

Barbatic acid was obtained according to the methodology described by Martins et al.
(2017). Briefly, a lichen sample (50 g) was subjected to successive extractions with diethyl
ether in a Soxhlet apparatus at 30 °C and the solvent was subsequently evaporated at 40 °C.
The ether extract obtained was then subjected to successive washes with chloroform in a G4
funnel under pressure. At the same time Thin-Layer Chromatography (TLC) was performed
to verify the efficiency of the washes. This process was repeated until only one band was seen
in the TLC. For the one-dimensional TLC, in a silica gel 60 plate (Merk® PFasa+366), the
methodology described by Culberson (1969) was used. For elution, the system used was
toluene/dioxane/acetic acid (45:12.5:2 - v/v/v) and for the revelation, the gel was sprayed with
10% sulfuric acid followed by heating at 50 °C for 5 min. The bands were observed through
the use of UV radiation (254 and 366 nm).

High-performance liquid chromatography (HPLC), 'H (*H NMR) and 3C (*3C NMR)

nuclear magnetic resonance and infrared analysis (IR)

To confirm the isolation of the molecule, the following chemical analyses were
performed: the samples that presented only one band on the TLC were then analyzed by
HPLC to verify the percentage of purity (> 95%), following the methodology described by
Huneck and Yoshimura (1996). A Hitachi Chromatograph (655 A-11, Tokyo, Japan) was
used, coupled to a CG437 UV detector set at 254 nm. For the separation, a C-18 reversed-
phase column (MicroPack MCH-18) of 300 x 4 mm (Merk® KGaA, Darmstadt, Germany)
was used. The samples were injected at a concentration of 1.0 mg mL™ in chloroform
(Merk®). The mobile phase consisted of methanol/water/acetic acid (80:19.5:0.5 v/v/v) in
isocratic flow. Other analytical parameters were the following: volume of injection 20 mL,
attenuation 0.16, pressure 87 atm and flow rate 1.0 mL min at room temperature (28 + 3 °C).

For the determination of the isolated molecule structure, *H NMR and *C NMR were
performed using a Varian Unity Plus spectrometer at 400 MHz, 27 °C, with DMSO-D6 as the
solvent. Infrared analysis was performed using a Bruker spectrophotometer coupled to a
Fourier transformer (IF model 566) using KBr pellets. The analyses were carried out in the
Department of Fundamental Chemistry of the Federal University of Pernambuco - UFPE,

Brazil.
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Ethical considerations, animals and infection by S. mansoni

In vitro experiments were approved by the Animal Experimentation Ethics Committee
of the Biosciences Center of the Federal University of Pernambuco (UFPE) (Protocol
23076.036388/2014-11). Female mice (n = 20, Swiss Webster, 35 days old and weighing 28 +
2 ), were raised and maintained at the Keizo Asami Immunopathology Laboratory (LIKA) of
UFPE, according to standard breeding conditions 23 = 2 °C, 40-50 % humidity and 12 h
light/dark photoperiod) with water and feed (Labina®) ad libitum. The mice were infected
with the S. mansoni Belo Horizonte strain (BH) through percutaneous exposure to 120
cercariae (Olivier and Stirewalt, 1952). The S. mansoni BH strain is maintained in the
Laboratory of Immunology of Experimental Diseases and Schistosomiasis of LIKA/UFPE,

through successive passages in snails Biomphalaria glabrata and Swiss Webster mice.

In vitro studies with S. mansoni

After 45 days of infection, the mice were euthanized by cervical dislocation and
worms recovered by perfusion of the hepatic portal system and mesenteric vessels with
sterile saline (0.9% NaCl w/v) (Smithers and Terry, 1965). Only intact, couples of worms
were immediately transferred to Petri dishes with RPMI 1640 culture medium
supplemented with 20 mM HEPES, 100 ug mL™* penicillin, 100 ug mL™* streptomycin and
10% fetal bovine serum and washed three times with this medium. Then, two couples were
distributed to wells in sterile culture plates with 24 wells. For adaptation, the worms were
incubated in a humid atmosphere containing 5% CO> at 37 °C for 2 h. After adaptation,
barbatic acid, previously solubilized in 1.5% DMSO and supplemented RPMI, was added
to final concentrations of 200, 100, 50 and 25 pM. For the negative controls, we used only
RPMI medium and RPMI plus 1.5% DMSO. In the positive control, the worms were
incubated in 10 uM of PZQ. All experiments were performed in quadruplicate and

repeated at least twice (16 pairs of worms per concentration).

Schistosomicidal evaluation criteria

Motility and survival
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An inverted microscope (Leica Microsystems, DM IL Wetzlar, Germany) was used to
evaluate the motility and survival of couples of worms monitored at 3, 6, 12 and 24 h of
exposure. Motility and survival of worms were assessed according to the criteria and scored in
a viability scale of 3-0 as proposed by Silva et al. (2018), being: score 3, worms that present
typical movements, exhibiting peristalsis of the internal organs, suckers in movement,
adhering to the bottom or sides of the culture plate; typical descriptions of worms of the
negative control; score 2, reduced movements throughout the body, peristalsis of internal
organs and suckers; score 1, movements only at the extremities or at only one of the
extremities (anterior and/or posterior regions), with absence of peristalsis of the internal
organs and not adhered suckers; score 0, complete absence of motions and integument with or
without changes in coloration. The treatment was considered lethal when it was not possible

to observe parasite movements for up to 2 min.

Cell viability assay of couples of S. mansoni

The cellular viability of S. mansoni adult worms was evaluated after 24 h of
incubation in barbatic acid by the cytotoxicity test for 3-(4,5-dimethylthiazol-2-yl) -2,5-
diphenyltetrazolium bromide (MTT), according to the methodology described by Aires et
al. (2014). Briefly, the worms (two couples per well) were transferred to a 96-well culture
dish containing 100 pL MTT (5 mg mL™) diluted in phosphate buffer, PBS) and incubated
for 30 minutes in a dark room at 37 °C. Then, the MTT solution was removed and 200 pL
of DMSO were added per well of the plate, with the purpose of dissolving the purple
formazan crystals. The plate was kept under stirring for 1 h at room temperature and the
optical density measured at 550 nm in a microplate reader (M680, Bio-Rad Laboratories,
Inc.). The worms of the positive and negative control groups were submitted to the same
test. All experiments were carried out in quadruplicate and repeated at least twice. The
significant differences were taken at p <0.05.

Scanning electron microscopy (SEM)

The worms were analyzed by SEM after 24 hours of incubation in barbatic acid.
Worms were fixed in 2.5% glutaraldehyde and 4% 0.1 M in sodium cacodylate buffer (pH
7.2) for 12 h at room temperature. After fixation, the samples were washed with this same

buffer and post-fixed in 1% (w/v) osmium tetroxide in 0.1 M phosphate buffer for 1 h in
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darkness. Subsequently, the samples were washed with 0.1 M phosphate buffer, dehydrated
with increasing concentrations of ethanol at 30, 50, 70, 90 and 100% for 10 min. and critical
point dried (Hitachi HCP-2, Hitachi, Japan), using CO> as a transitional medium. The samples
were mounted on small aluminum supports, metallized with gold in a FINE-COAT 1100-
JEOL metallizer (lon Sputter JFC-1100), for 6 min. The specimens were then examined and
photographed with a JEOL-JSM-5600 LV Scanning Electron Microscope (Tokyo, Japan).

Ethical considerations and cytotoxicity assay

PBMCs (peripheral blood mononuclear cells) were used for the verification of the
toxic effects of barbatic acid on human cells. All donors (healthy individuals, n = 5) of
blood samples signed an informed consent form and the study was approved by National
Health Council Resolution 466/12 (CAAE) 62919816.2.0000.5208. The culture was
performed in RPMI 1640 medium, supplemented with 10% fetal bovine serum, 100 U/mL
penicillin and 100 ug mL* streptomycin, at 37 °C with 5% CO,. The MTT method was
used to evaluate cytotoxicity, where the cells were packed in 96-well plates (1 x 10° cells /
mL) in RPMI 1640 medium and incubated for 24 h (37 °C and 5% CO>). Barbatic acid was
added at an initial concentration of 200 uM and serial dilutions were performed up to the
minimum concentration of 1.56 uM, and the plate was subsequently incubated for 72 h.
For the negative control, cells were not treated with barbatic acid. Three hours before the
final incubation time, 25 pL of MTT (5 mg mL™ in PBS buffer) were added to each well.
After 3 h of incubation, the medium was aspirated and 100 uL of DMSO were added to
each well, and the optical density was then measured at 450 nm in an ELISA microplate
reader (M680, Bio-Rad Laboratories, Inc.) (Albuquerque et al., 2014). The assays were

performed in quadruplicate in three independent assays.

Statistical analyses

Significant differences were identified using ANOVA followed by the Student-
Newman-Keuls post-test, where p <0.05 was considered significant for all analyses. Statistical
analyses were performed using GraphPad Prism 5.0 software for Windows (GraphPad
Software, San Diego, CA, USA). The estimated lethal concentration for 50% of the specimens
(ICs0) was performed by Probit analysis with a 95% confidence interval (Cl), using the
StatPlus® 2009 Professional software (AnalystSoft, Canada).
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Results

Chemical analyses

After the process of obtaining and purifying the barbatic acid, TLC analysis
demonstrated a single band with a retention factor of 0.42, a result compatible with the
findings of Huneck and Yoshimura (1996). The confirmation of the purity of the isolated
compound was performed by HPLC analysis, confirming the purity of the crystals obtained in
99.23% with a retention time of 18.75, as similarly found in a study by Martins et al. (2017).
The 'H NMR, 3C NMR and IR analysis (Table 1) confirmed the molecular structure of
barbatic acid (C19H2007) (Fig. 1).

Changes in cellular motility and viability of couples of worms S. mansoni induced by

barbatic acid

Table 2 shows motility scores of couples of S. mansoni incubated in barbatic acid
after 3, 6, 12 and 24 h. At all observation intervals, worms from negative control groups,
incubated only in RPMI or RPMI medium with 1.5% DMSO, showed no differences in
motility and cell viability. These worms showed typical movements, exhibiting peristalsis of
the internal organs, moving suckers, which adhered to the bottom or sides of the culture plate;
score 3. Thus, we chose to express the cell motility and viability results of worms incubated in
RPMI with 1.5% DMSO. After 3h, 81.25% of the worms incubated at 200 uM showed
movements only at the extremities or at only one of the extremities (anterior or posterior
regions), with absence of peristalsis of the internal organs and suckers not adhered (score 1),
and 12.5% showed complete absence of motion and integument with or without changes in
coloration; score 0. At 6 h of exposure, 100% mortality was reported at the concentration of
200 uM while 50% of the worms showed reduced movements throughout the body, peristalsis
of internal organs and suckers; score 2, when incubated at the concentration of 100 uM. At 12
h, 81.25% and 43.75% of worms incubated at concentrations of 100 and 50 puM, respectively,
exhibited score 2. After 24 h, 56.25% and 18.75% of worms exhibited score 0 and 43.75%
and 81.25% score 1, when incubated at 100 and 50 uM, respectively. Significant changes in
the motility of worms incubated in PZQ are observed after 3 h, however only 6.25%
degenerate to score 0 after 6 h. After 24 h, PZQ is capable of causing 87.5% mortality of

worms.
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In couples of worms S. mansoni, barbatic acid reduced significantly (p < 0.001)
mitochondrial viability and, consequently, cell viability, by reducing formazan crystal
formation with ICsg (95% CI) of 99.43 uM (98.07 - 100.8 uM). Our results show a reduction
in cell viability of 19.33%, 27.69%, 53.68% and 86.45% for the concentrations of 25, 50, 100
and 200 pM, respectively, when compared to the negative control (Fig. 2). In addition, in the
comparison with the positive control (PZQ), which caused 70.51% reduction in viability of S.
mansoni, the concentration of 200 uM was more effective in eliminating the parasite (p <
0.01).

Ultrastructural alterations of couples of worms S. mansoni induced by barbatic acid

Negative control group worms, incubated for 24 h in RPMI medium alone or RPMI
medium with 1.5% DMSO, exhibited body topography and ultrastructural aspects within
normal morphological parameters. Thus, we chose to express SEM results of worms
incubated in RPMI with 1.5% DMSO. Figure 3 shows coupled (Fig. 3a-b) and male (Fig. 3c-
d) and female (Fig. 3e-f) worms of S. mansoni. In Fig. 3a, it is possible to observe the
ventrolateral curvature of coupled worms, where the female (fw) is inserted in the
gynecophore channel (cg) of the male worm (mw). In Figs. 3b, 3c and 3e in an approximate
view of the previous figure, the oral (os) and ventral (vs) suckers of male and female worms
are observed in detail. The Fig. 3d shows the dorsal region of the male worm's tegument,
characterized by the presence of tubercles (tb), spines (sp), dome-shaped papillae (dp) and
parallel transversal folds (paf). In Fig. 3e, the female worm's tegument is seen with the
presence of numerous parallel transversal folds (paf), Fig. 3f.

After 24 h of incubation, at the lowest evaluated concentration of barbatic acid, 25 uM
(Fig. 4a-c), it was possible to see in male worms (Fig. 4a) the appearance of small bubbles
(B), which were diffusely distributed (Fig. 4b-c) and the loss of spines (SL) in some tubercles
(Fig. 4c). When incubated at 50 uM (Fig. 4d - f), the male worms exhibited tegumentary
damage characterized by the presence of bubbles (B), peeling and tegumentary projections (P)
in the middle dorsal region, focal tegument erosion with tubercle loss and loss of spines (SL)
in some tubercles (Fig. 4e-f). At these two concentrations, 25 and 50 uM, female worms
presented preserved tegumentary morphology. At 100 uM, the worms are slightly curved
dorsoventrally (Fig. 5a). Male worms exhibited invagination (SC) of the ventral sucker and
slight peeling (PL) of the oral sucker (Fig. 5b), areas of tegument retraction (TR) with

displacement and juxtaposition of tubers and transverse parallel folds and areas presenting
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tubercular damage (TD) in the dorsal region (Fig. 5¢). Also, in the dorsal region, extensive
tegument destruction (EDT) was found, with exposure of the subtegumentary layer (STL),
bubbles (B), erosion (TE) and tubercle destruction (TD) with areas of peeling (PL) (Fig. 5d-
e). The tegument of female worms showed focal peeling (PL) (Fig. 5f). Worms incubated at
the concentration of 200 uM (Fig. 5g-1) presented more significant tegumentary damage. In
the male worms we observed edema of oral sucker (ED), fissures (FS), peeling (PL) and
tissue rupture (BK) (Fig. 5g). In the dorsal region, extensive tegumentary damage (EDT) was
found (Fig. 5i-j), characterized by areas with loss (TL) and tubercle degeneration (TD) with
loss of spines (SL), loss of parallel transversal folds and dome papillae, presence of bubbles
(B), areas of peeling (PL) and focal regions of erosion with subtegumentary layer exposure
(STL). In female worms, tegumentary retraction (TR) with groove (GV) formation was seen
(Fig 5k), as well as regions with extensive erosion (ET) with the presence of bubbles (B),
exposure of subtegumentary tissue (STL) and areas of retraction (TR) with displacement of
parallel transversal folds (Fig. 5I).

Positive control group worms, incubated for 24 h in PZQ, exhibited strong shortening
and dorsoventral contraction (Fig. 6a) and the anterior region retracted with a reduction in the
number of tubercles (Fig. 6b). Along the integument, the tubercles were juxtaposed with the
loss of spines (Fig. 6¢) and numerous bubbles were seen (Fig. 6d).

Barbatic acid does not present cytotoxicity against PBMC

On human peripheral blood mononuclear cells (PBMCs), barbatic acid did not show
significant levels of cytotoxicity at all concentrations tested (1.56 - 200 uM) when compared
to the control group, and it was not possible to define an ICso (ICso > 200 puM) for the

concentrations evaluated.

Discussion

The absence of alternative drugs and a biosecure vaccine (Santini-Oliveira et al., 2015)
makes praziquantel (PZQ) currently the only pharmaceutical alternative for fighting
schistosomiasis. In addition to the emergence of resistant and/or tolerant strains of
Schistosoma, this scenario also becomes unfavorable because of the way PZQ is marketed.
Distributed as a racemate, PQZ is composed of equivalent proportions of two stereoisomers,

where only one is biologically active, which contributes to the large size of the tablet and its
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bitter taste, which hinders adherence to treatment, especially among children (Gouveia et al.,
2018). In this way, the search for alternative compounds is an urgent necessity.

Natural products have a remarkable variety of chemical compounds with diverse
structures and characteristics, presenting themselves as an excellent sources of new
biomolecules with applications in chemistry, biology and medicine (Shen 2016). Several
classes of molecules of natural origin have already been tested in vitro on S. mansoni worms,
among these terpenes, phenolic compounds, quinones, flavonoids and peptides (Moraes
2015). However, this is the first report of the use of a depside of lichen origin in
schistosomicidal evaluation. Our results demonstrate that barbatic acid, a phenolic metabolite
extracted from the lichen Cladia aggregata, presented schistosomicidal activity in vitro
against S. mansoni couples, as it was able to cause alterations in motility, tegumentary
damage and to reduce cell viability of worms.

According to the results, barbatic acid caused 100% mortality at a concentration of
200 uM after 6h of incubation, while at a concentration of 100 uM caused 56.25% of
mortality after 24h. These results corroborate the I1Cso value (99.43 uM), determined from the
cell viability assay of worms after 24 h of incubation. Recently, Martins et al. (2017),
explored the schistosomicidal potential of barbatic acid against S. mansoni cercariae,
reporting mortality and changes in motility. Other phenolic compounds have already
demonstrated the promising schistosomicidal potential of this chemical group, as is the case
of B-lapachone, derived from lapachol extracted from trees of the genus Handroanthus, which
demonstrated in vitro activity on S. mansoni, causing mortality and tegumentary changes
(Aires et al. 2014). Allam and Abuelsaad (2014), when evaluating the schistosomicidal effect
in vitro on S. mansoni of hesperidin, a phenolic compound extracted from citrus fruits,
reported 100% lethality at the concentration of 200 pg mL™,

The tegument of adult S. mansoni worms is a protective cuticle that plays an important
role in defense, selective absorption of drugs and nutrients, metabolism, osmoregulation,
excretion and tissue repair and proliferation (Aires et al. 2014; El-Shabasy et al. 2015).
Although several drugs cause tegumentary damage in S. mansoni, this analysis has received
little attention in the search for new therapeutic alternatives for schistosomiasis. Currently
however, the study of tegumentary damage is of great importance for the elucidation of the
mechanism of action of schistosomicidal agents, with the parasite's tegument being the target
of drugs such as atorvastatin, mefloquine and thioxo-imidazolidine compounds (Bertéo et al.
2012).
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In our work, barbatic acid caused progressive tegumentary damage in a dose-
dependent manner, causing bubbles, peeling, erosion, damage and loss of tubercles and
spines, tissue ruptures, fissures, tegumentary retraction, tubercles and displacement of
transverse parallel folds and formation of grooves. These alterations caused by barbatic acid
are of great importance, since deep tissue damage exposes surface antigens of the parasite,
leading to recognition by the immune system of the host, and thus completing the
mechanisms for the elimination of the worm (Cupit and Cunningham 2015).

Similar results to the findings of this study were found by Oliveira et al. (2014), who
evaluated the in vitro schistosomicidal activity of the dichloromethane and aqueous extracts
of Baccharis trimera on adult worms of S. mansoni. The authors obtained 100% lethality of
the parasites at a concentration of 130 ug mL™, after exposure of 24 h for both extracts,
observing tegumentary damage such as peeling and/or destruction of tubercles and spines,
several bubbles between the tubercles and damage in the oral and ventral suckers.
Ultrastructural damage was also found by Lorsuwannarat et al. (2013), after evaluating the
schistosomicidal activity of pumblagin on adult S. mansoni worms. Changes such as swelling
and erosion of tubercles with loss of spines, peeling of suckers and damage to the
gynecophore canal with exposure of the adjacent basal membrane were observed. Similarly,
Aragjo et al. (2019), when evaluating the schistosomicidal activity of the potassium salt of
usnic acid, another phenolic lichen compound, observed dose-dependent progressive damage
to the S. mansoni integument, such as the appearance of bubbles, edema, muscle contraction,
erosion and disintegration of the tubercles and tegument of male and female worms.

The molecular mechanism of action of PZQ is known to act by destabilizing Ca?*
homeostasis and neuromuscular function of the worm through voltage-dependent Ca?*
channels (Greenberg 2005), compromising the structure and function of the tegument, spasm
and paralysis of the underlying muscles, and culminating in the eventual death of the parasite
(Lorsuwannarat et al. 2013). The mechanisms of action of various lichen compounds, among
them barbatic acid, are still not well understood. However, a conjecture for the reduction of S.
mansoni motility demonstrated by barbatic acid is its depressant effect on the production of
leukotrienes, by 5-lipoxygenase (5-LO), which uses arachidonic acid as a precursor. It was
demonstrated that barbatic acid was able to inhibit the production of leukotriene B4 (LTBa4),
with an ICsp of 7.8 uM. A decrease in this activity was observed as free carboxyl groups were
esterified, suggesting an important participation of this group for the inhibitory effect (Kumar
and Mialler 1999). According to studies by Salafsky and Fusco (1987), cercariae,

schistosomules and adult worms of S. mansoni produce several eicosanoids, among them
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LTBa4, which actively participates in the cercarian penetration process. In an in vitro
evaluation, an increase in cercarian penetration was observed after increasing levels of
leukotrienes, as well as their decrease at low levels of this eicosanoid through the insertion of
a 5-LO inhibitor (Fusco et al. 1986; Fusco et al. 1987). The same was observed by Zhou et al.
(2009) in a study with S. japonicum, where the authors confirm the production of LTB4 by
these worms, as well as the production of putative receptors for leukotrienes Bs, cysteinyl
leukotrienes and prostaglandins E2 and F2, suggesting that these prostaglandins could have an
important role in the physiology of schistosomes and also in the interaction between host and
parasite

There are still few studies involving evaluations of cytotoxicity of barbatic acid on
non-tumor cells. This is the first report, also, of the cytotoxic effect of barbatic acid on human
PBMC cells. In the present study, barbatic acid did not demonstrate significant levels of

toxicity at any of the concentrations evaluated, demonstrating specificity to S. mansoni.

Conclusion

This is a preliminary evaluation of the schistosomicidal potential of barbatic acid
against S. mansoni and human non-tumor cells. In all bioassays, barbatic acid was effective in
eliminating the parasite, causing, also, significant ultrastructural damage, within
concentrations not toxic for PMBCs. This study presents significant results, introducing the
chemical group of depsides, a class still little studied, as possible antiparasitic agents.
However, further evaluations are needed to elucidate the mechanism of action involved in

elimination and ultrastructural damage to parasites.
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Table 1 'H e C NMR and IR analysis of barbatic acid

Infrared  (KBr)  approximate  vibrational 'H (400 MHz, DMSO-d6) NMR 13C (400 MHz, DMSO-d6)

assignments spectroscopic data NMR spectroscopic data
Position v (cm™) Position Sn (Jin Hz) ppm Position ¢ (in ppm)
5 3100 v (C-H) aromatic 8’ 1.96 s (CH3) 1 110.31 (C)
8 2947 vas (CHa) 8 1.97 s (CHa3) 2 152.04 (C)
9 2930 vs (CHs) 9 2.45 s (CHg3) 3 106.62 (C)
7 1718 v (C=0) ester 9 2.54 s (CH3) 4 161.46 (C)
1659 v (C=0) phenyl ester
conjugated 4 3.72 s (OCHa) 5 107.11 (C)
7 1630 v (C=0) carboxylic acid 5 6.56 s (H) 6 139.28 (C)
land 2" 1574 v (C=C) aromatic 5’ 6.65 s (H) 7 168.96 (C)
1522 8 8.26 (C)
8 1444 5.5 (CHa) 2 10.74 s (OH) 9 22.99 (C)
9 1338 &s (CHs) r 161.42 (C)
7 1280 v (C-0) chain ester 2’ 111.75 (C)
1130 3’ 159.79 (C)
7 1209 v (C-0) carboxylic acid 4 116.22 (C)
5’ 139.36 (C)
6 116.03 (C)
7 173.38 (C)
8’ 9.30 (C)
9 23.34 (C)
4> 56.00 (C)

* Positions 1 and 2 correspond to the two absorptions of the double bond of the aromatic ring
** Position 7 corresponds to the two absorptions of the carbonyl of the ester.
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Table 2 Motility scores of adult S. mansoni worms treated with barbatic acid at different concentrations and exposure times.

Percent of worms (%6) in motility scores after incubation

Groups 3h 6h 12h 24h
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Control 100 100 100 100
PZQ
10 uM 81.25 18.75 6.25 93.75 62.5 375 87.5 125
Barbatic Acid
200 uM 125 81.25 6.25 100 100 100
100 pM 100 50 50 6.25 81.25 125 56.25  43.75
50 pM 100 100 6.25 43.75 50 18.75 81.25
25 pM 100 100 100 25 75

Note: percentage values of 32 worms (16 pairs of worms per concentration) per group.

Score 3 = present typical movements, exhibitinhg peristalsis of the internal organs, suckers in movement, adhering to the bottom or sides of the culture plate.

Score 2 = present reduced movements throughout the body and suckers. Slow peristalsis of the organs.
Score 1 = present movements only at the extremities or at only one of the extremities (anterior and/or posterior regions), with absence of peristalsis of the internal

organs and not adhered suckers.
Score 0 = complete absence of motions and integument with or without changes in coloration.
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Fig. 1. Molecular structure of barbatic acid
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Fig. 2. In vitro effects of barbatic acid (25, 50, 100 and 200 pM) on the cell viability of S. mansoni couples after
24 h incubation in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Viability was
expressed as the mean + SD of the absorbance values. * p <0.001 when compared to the negative control group
(C, RPMI medium with 1.5% DMSO). #p <0.001 when compared to the positive control (PZQ).
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Fig 3. (a-f) SEM images of adult male and female worms of S. mansoni from the Negative Control Group
(RPMI with 1.5% DMSO) after incubation for 24 h. (a, x40) Coupled worms, where the male (mw) exhibits
ventrolateral curvature, oral (s) and ventral (vs) suckers, with female (fw) inserted in its gynecophore channel
(gc); (b, x160) Enlarged view of a, showing the anterior region of the coupled worms exhibiting the well
preserved tegumentary morphology; (¢, x150) Anterior region of male worm, exhibiting oral (s) and ventral (vs)
suckers; (d, x1500) Tegument of the dorsoventral region, showing tubercles (tb) with spines (sp), dome-shaped
papillae (dp) and well preserved parallel folds of the tegument (paf); (e, x450) Anterior region of the female
worm exhibiting the oral (s) and ventral (vs) suckers, with well preserved morphology; (f, x1500) Detailed view

of the female worm's tegument showing parallel-arranged folds (paf).
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Fig 4. (a-f) SEM images of adult S. mansoni worms exposed for 24 h to barbatic acid at concentrations of 25 pM
(a-c) and 50 uM (d-f). (a, x40) Male worm exhibiting dorsoventral curvature; (b, x500) median view of the
worm, along the region near the gynecophore canal (gc), showing slight tegumentary alterations; (c, x3000). It is
possible to observe the loss of spicules (SL) in some tubercles and the presence of small bubbles (B); (d, x40)
dorsal region of male worm; (e, x200) where it is possible to observe extensive tegumentary damage and the
presence of large bubbles distributed throughout the tegument; (f, x800) projections of the tegument can be

observed in some regions (P), as well as tegumentary erosion (TE) with tuber loss (TL).



128

Fig 5. (a-) SEM images of adult S. mansoni worms exposed for 24 h to barbatic acid at the concentration of 100
uM (a-f) and 200 uM (g-1). (a, x40) Coupled worms exhibiting dorsal curvature; (b, x200) Anterior region of
male worm showing invagination of the ventral sucker and slight peeling of the oral sucker; (c, x500) Areas of
retraction of the tegument (TR) with displacement and juxtaposition of tubercles and transverse parallel folds,
and areas presenting tubercular damage (TD); (d, x1500) Male worm tegument showing extensive destruction of
the tegument (EDT) with exposure of the subtegumentary layer (STL), several damaged tubercles (TD) and
peeling region (PL); (e, x800) Male worm tegument presenting extensive tegument destruction (EDT), areas of
peeling (PL) with small bubbles (B) and several damaged (TD) and eroded (TE) tubercles; (f, x3000) Female
worm tegument showing extensive peeling area (PL). (g, x35) partly coupled worms exhibiting ventral
curvature, wherein the female is partially inserted in the gynecophore canal of the male; (h, x700) Oral sucker of
male worm presenting edema (ED), a fissure (FS), a break (BK) in its lower portion, areas of peeling (PL) and
several bubbles (B); (i, x300) Ventral region of male worm, showing areas of extensive tegument destruction
(EDT), areas with tubercles (TL) and spines (SL) loss and peeling (PL); (j, x1000) Male worm tegument

showing extensive destruction of the characteristic tegumentary morphology (EDT), with subtegumentary layer
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exposure (STL), presence of bubbles (B) and damaged tubercles (TD); (k, x300) Female worm showing intense
tegument retraction (TR) with the presence of several grooves (GV); (I, x1500) Female worm tegument
presenting tegmental retraction (TR) with displacement of the transversal folds, tegumentary erosion region (ET)

with exposure of subtegumentary tissue (STL) and several bubbles (B).
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Fig 6. (a-d) SEM images of S. mansoni adult worms exposed for 24 h to Praziquantel (Positive Control). (a, x70)
Dorsoventral image of a male worm exhibiting sharp contraction and shortening; (b, x250) Detail of the anterior
region of the worm with tubercle loss (TL); (c, x1000) Tegument showing tubercles with loss of spines (SL) and
regions of tegument retraction (TR) with crowding of tubers; (d, x5000) Presence of bubbles (B) evenly

distributed throughout tegument.



131

6 CONCLUSOES

e Foi possivel obter os extratos dos liquénicos etéreos de R. aspera, C. texana e C.
aggregata, bem como isolar e purificar os acidos divaricatico (98.45% de pureza) e
barbatico (99.23% de pureza);

e O extrato etéreo de R. aspera se mostrou eficiente na avaliacdo de atividade
moluscicida para caramujos adultos, causando 100% de letalidade na concentracédo de
9.5 ug mL?*, com CLso de 7,0 pg mL™,

e A reducdo da fecundidade foi observada em B. glabrata apds exposicdo ao extrato
etéreo de R. aspera em todas as concentragdes avaliadas, atingindo 73.11% na maior
concentragéo avaliada (8.5 pg mL™);

e Alteracdes citomorfoldgicas foram observadas nos hemdcitos de B. glabrata expostos
ao extrato de R. aspera em todas as concentragOes avaliadas, como binucleagdes,
trinucleagdes, nucleos reniformes, micronucleacdes, vacuolos citoplasmaticos e
células apoptoticas;

¢ Um aumento dose-dependente na frequéncia das principais alteracbes hemocitarias foi
observado, com elevacédo de 0,46%, 0, 36% e 36,46% na maior concentracdo avaliada
(8.5 png mL™Y), para as alteragdes de binucleagdo, micronicleo e apoptose,
respectivamente;

e O extrato etéreo de R. aspera apresentou efeito embriotdxico sobre todos os estagios
embrionarios de B. glabrata avaliados, apresentando CLgo de 22,78; 24,23; 16,63 e
16,03 ug mL, para as fases de blastula, gastrula, trocofora e véliger, respectivamente;

e A atividade cercaricida do extrato etéreo de R. aspera foi observada a partir da
concentragéo de 5 pg mL* apds 60 minutos de exposicao;

e O extrato etéreo de R. aspera se apresentou atdxico no bioensaio de toxicidade
ambiental com Artemia salina nas concentragdes efetivas sobre B. glabrata e cercarias
de S. mansoni;

e Os &cidos divaricatico e barbatico causaram alteracdes de motilidade em vermes
adultos de S. mansoni em todas as concentracfes avaliadas ap0s 24 horas de
exposicao, apresentando letalidade nas concentracdes de 50 a 200 uM para o acido

barbatico e nas concentragdes de 100 e 200 uM para o acido divaricatico;
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Foi observada a diminuicao da viabilidade celular de S. mansoni ap6s exposicdo de 24
horas, com ICso de 100.6 uM para o acido divaricatico e 99.43 puM para 0 &cido
barbatico;

Os &cidos barbatico e divaricatico causaram alteracGes ultraestruturais extensas em S.
mansoni, como a presenca de bolhas, perda de espinhos e tubérculos, eroséo
tegumentar, descamacéo, edema e exposicdo de camadas subtegumentares;

No bioensaio de citotoxicidade com PBMC, os &cidos barbatico e divaricatico néo

apresentaram toxicidade significativa nas concentragdes efetivas sobre S. mansoni.
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Abstract: This study evaluated the biological activity of an ether extract and barbatic acid
(BAR) from Cladia aggregata on embryos and adult mollusks of Biomphalaria glabrata, cercariae of
Schistosoma mansont and the microcrustacean Artemia salina. The ether extract and BAR were obtained
by successive extractions with diethyl ether. The obtained extracts were analyzed using thin-layer
chromatography (TLC), high-performance liquid chromatography (HPLC), proton nuclear magnetic
resonance ('H-NMR) and infrared (IR) spectroscopy. The results demonstrated that the ether extract
exerted embryotoxic effects at 50 and 100 pg/mL and molluscicidal effects at 20 and 25 pug/mlL.
BAR exhibited no embryotoxicity, and its molluscicidal concentration was equal to that of the ether
extract. However, after 60 min of exposure, 1 pg/mL BAR presented cercaricidal activity against the
parasite 5. mansoni at the second larval stage. Neither substance induced toxicity against A. salina.
These results indicate the potential molluscicidal activities of the ether extract and BAR against
B. glabrata and S. mansoni cercariae. In addition to these effects, there was a lack of toxicity against
the aquatic environment and no damage to the biota, indicating the potential of these products for
large-scale control and/ or eradication of schistosomiasis.

Keywords: Cladia aggregata; embryotoxicity; molluscicidal activity; environmental toxicity; lichen
substances; mollusks

1. Introduction

Human schistosomiasis, a parasitic disease caused by trematode worms of the Schistosorma genus,
is one of the most prevalent and debilitating parasitoses among neglected tropical diseases. It has been
estimated that approximately 261 million people require treatment for schistosomiasis in 78 countries
in Africa, Asia and South America [1,2].

In Brazil, the snail B. glabrata is the most important vector for schistosomiasis and is associated with
high rates of disease infection and transmission. This species can be found in aquatic environments,
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where the snails spawn and release cercariae of S. mansoni (infective larval stage) [1,3], which are
generally eradicated with synthetic chemicals, such as niclosamide, as recommended by the World
Health Organization (WHO) [4]. However, although niclosamide at low concentrations efficiently
eliminates snails and cercariae at all phases of the life cycle, it is both light-sensitive and toxic to fish,
amphibians and aquatic plants [5]. In addition, the costs associated with the application of niclosamide
are high, and the snails can develop resistance to this synthetic molluscicide [6]. Thus, natural products
from plants and/or other organisms [7,8] could be considered promising sources of novel substances
with molluscicidal activity.

In nature, organisms utilize various nutritional strategies, including lichenization, which is a symbiotic
association between a fungus (usually an ascomycetes), an algae (often of the Chlorophyceae class),
and/or a cyanobacterium. This arrangement ensures that the lichen can benefit from secondary
metabolites, which have extensive biological uses [9]. Because of their different biological properties,
including antimicrobial [10,11], anti-tumor [12-15], antiherbivore [16], insecticidal [17], and molluscicidal
activities [18], secondary metabolites, such as polyphenolic compounds from lichens, have been used in
folk medicine since ancient times [19].

Asplund et al. [20] reported that secondary metabolites from thalli lichen have an important
ecological function in preventing slugs and land snails from feeding on these species. According
to Lawrey [21], the food preference of some land mollusk species for thalli free of depsides and
dibenzofurans (e.g., stictic and usnic acids, respectively) might be related to palatability, indirect effects
on intestinal microbiota, antibiosis, and the direct toxicity of these substances to mollusks.

For this reason, it was hypothesized that barbatic acid (BAR) might also exert effects on aquatic
mollusks, such as adult B. glabrata or larval S. mansoni. BAR is an important depside that acts on the
photosynthesis photosystem II [22], inhibits non-redox reactions during the synthesis of leukotrienes
(LTB4), suppresses keratinocyte proliferation [23], and demonstrates bactericidal activity against
Staplylococcus aureus [11] as well as antitumor activity [24,25]. However, there are no reports of any
molluscicidal activity of this metabolite.

In this context, phenolic compounds from lichens are a promising source for biomolecules.
Certain polyphenolic compounds present in higher plants have been shown to exhibit molluscicidal
properties against different species of mollusks [26,27]. Therefore, given their similar metabolic origins,
we hypothesized that both the ether extract of and BAR from C. aggregata (lichen) efficiently act on
embryos and adults of B, glabrata and S. mansoni cercariae. In addition to testing this hypothesis,
we further investigated whether these molecules exert toxic effects on the environment through
bioassays using brine shrimp (Arfemia salina) as a bioindicator,

2. Results

2.1. Chemical Analysis

Lichens possess several characteristic phenolic chemotypes whose occurrence can vary depending
on season and collection site. This phenotypic plasticity is a typical feature of C. aggregata and depends
primarily on environmental conditions. For this reason, different chemotypes, such as stictic, constictic,
norstictic and cryptostictic acids, can be found. In contrast, in Brazil, BAR is the dominant substance
found in the species, which is consistent with the findings obtained in this study. Chromatographic
analysis of BAR (Cy9HOy7) from C. aggregata revealed a R¢ value of 0.43 for TLC, whereas HPLC
revealed a Ry value of 19.74 min and a purity of 96.6%. The ether extract contained both BAR
(RT 19.7 min) and STI (2.8 min) at respective concentrations of 93% and 0.2%, as well as other minor
compounds that remain unidentified. "H-NMR and *C-NMR data confirmed that the molecular
structure of BAR was in accordance with the one reported by Martins et al. [11] (Figure 1),
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Figure 1. Structure of BAR.

2.2. Toxicity of the Ether Extract of And BAR from C. aggregata on Embryo and Adult Mollusks

Significant embryotoxic activity was demonstrated for the ether extract of C. aggregafa
(*** p < 0.0001, F = 380.3). Statistically significant differences were obtained at concentrations higher

than 10 pg/mL (** p < 0.0001) compared with the negative control (water and 0.5% ethanol).

Furthermore, 100% mortality was observed at 50 pg/mL (Figure 2). No significant difference was
detected between the concentrations of 10, 10.5, 11, 11.5, 12, and 12.5 ug/mL and the negative control
or between 50 ug,/mL (95% CI of diff: —7.729 to 7.729) and the positive control. However, a significant
difference was found between 15 and 50 pg/mL (95% CI of diff, —62.73 to —47.27, ** p < 0.0001) and
between 20 and 50 pg/mL (95% CI of diff, —57.73 to —42.27, ** p < 0.0001). The LCsj of the ether
extract on embryos was 19.9 ug/mL, whereas BAR exerted no toxic activity.
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Figure 2. Effect of ether extract (ug/mL) of C. aggregata on B. glabrata embryos: Ctrl—negative control
(0.5% ethanol + filtered and dechlorinated water); N—niclosamide (1 pg/mL). The asterisks (***)
indicate significant differences (p < 0.0001) compared with the negative control. The letter “a” indicates
that the treatments presented no statistically significant differences between groups, the letter “b”
indicates significant differences compared with a, and the letter “¢” indicates that the treatments
(50 ug/mL and N) did not present significant differences between groups.

Treatment with the ether extract revealed significant differences for concentrations higher than
10.5 ug/ mL (ANOVA, p <0.0001, F = 35.68) compared with the control (Ctr1). At 20 pg/mlL, there was
100% mortality (*** p < 0.0001) compared with the Ctrl, demonstrating the efficiency of the ether extract
at lower concentrations. However, Tukey’s test showed no significant difference among concentrations
of 11, 11.5, 12 and 12.5 pug/mL. Among the treated groups, statistically significant differences were
found between 10.5 and 20 pg/mL (95% CI of diff, —4.790 to —1.8, *** p <0.0001), 11 and 20 pg/mL
(95% CI of diff, —4.457 to — 1.5, *** p < 0.0001), 11.5 and 20 pg/mL (95% CI of diff, —4.124 to —1.2,
% p < 0.0001), 12 and 20 pg/mL (95% CI of diff, —4.124 to —1.2, ** p < 0.0001) and 12.5 and 20 pg/mL
(95% CI of diff, —3.790 to —0.8, *** p < 0.0001). Furthermore, no statistically significant difference was
detected between 20 or 25 pug/mL and the positive control (niclosamide), proving the efficiency of the
ether extract (Figure 3A). The LCsy value for the extract was calculated as 11.9 pg/mL.

156



157

Molecules 2017, 22, 568 40f11
b b
T 1201 B (S —
kxR E Rk o
1004 A =1 L i aen wee
——
B0 L a 2 804 h
. 3
P g e 3 60 by
'].—:", . £ .
5 a0 2 404 T
20+ 20+ H
0-— T T T T T T T T = T T T T T T T T
Cirl 105 11 115 12 125 20 25 N(ug/mL) Ctel 1.5 11 1L5 12 125 20 25 N(ug/ml)

Figure 3. Molluscicidal activity (ug/mL) of the ether extract (A) and BAR (B) against B, glabrata snails.
Ctrl—negative control (0.5% ethanol + filtered and dechlorinated water); N—niclosamide (1 jtg/mL).
The significance levels of the differences compared with the negative control (ANOVA} are indicated
with * (p < 0,05), ** (p < 0.01) and *** (p < 0.0001). The letters “a” and “b" indicate that the groups did
not and did present significant differences (Tukey’s test, *** p < 0.0001), respectively.

Similar to the ether extract, BAR showed substantial molluscicidal activity against snails (ANOVA,
9 p < 0.0001, F = 27.78) at a concentration as low as 11 pg/mL (* p < 0.05) compared with the negative
control. However, the greatest molluscicidal activity was observed at 25 ng/mL, which showed 100%
lethality. The LCsq value for BAR was 11.9 ug/mL. Among the treated groups, no significant difference
was detected between the concentrations of 10.5, 11, 11.5, 12 and 12.5 pg/mL (Figure 3B). Significant
differences were found between 10.5 and 20 ug/mL (95% CI of diff, —99.71 to —33.63, *** p < 0.0001),
10.5 and 25 pg/mL (95% CI of diff, —106.4 to —40.29, * p < 0.0001), 11 and 20 pg/mL (95% CI of diff,
—93.04 to —26.96, *** p < 0.0001), 11 and 25 ug/mL (95% CI of diff, —99.71 to —33.63, *** p < 0.0001),
11.5 and 20 ug/mL (95% CI of diff, —79.71 to —13.63, ™ p < 0.01), 11.5 and 25 pg/mL (95% CI of diff,
—86.37 to —20.29, *** p < 0.0001), 12 and 20 pg/mL (95% CI of diff, —73.04 to —6.960, * p < 0.05), 12 and
25 ug/mL (95% Cl of diff, —79.71 to —13.63, ** p < 0.01), 12.5 and 20 pg/mL (95% CI of dift, —73.04 to
—6.960, * p < 0.05), and 12.5 and 25 pg/mL (95% Cl of diff, —79.71 to —13.63, ** p < 0.01). There was
no significant difference between 20 and 25 pg/mL and the positive control, proving the efficiency of
both concentrations compared with niclosamide.

Mollusk spawns were treated with the ether extract and BAR, and those that survived were
collected and analyzed until the first generation hatched (F1). Interestingly, although 66% of the
mollusks treated with 10.5 pug/mL ether extract survived, they were not able to spawn. The same
result was observed following exposure to 11, 11.5, 12,5 and 20 pg/mL BAR, clearly demonstrating
that these substances interfered with the mollusk spawning process (Table 1).

Table 1. Percentage viability and inviability of snail embryos (F1) that survived treatment with the
ether extract and BAR.

Concentration No. of Fecund

Substance (it Embryos * Viability * (%) Inviability ® (%)
clt - 379 0.5 995
Cul# 0.5% 300 L5 98,5

105 = = -
Ether extract 11 44 6.8 93.2
125 26 0 100

10 28 0 0

11 - - -

BAR 115 - - -

12 25 4 9%

12.5 - - -

20 - - -

Legend: ¥ Filtered and dechlorinated water; ¥ 0.5% ethanol + filtered and dechlorinated water; * number of embryos
produced; * hatched embryos; ® malformation and /or mortality; - no spawning.
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2.3. Toxicity of BAR from C. aggregata to 5. mansoni Cercariae

Table 2 shows the partial lethality of BAR on S. mansoni cercariae in relation to exposure time,
Cercaricidal activity was first detected after exposure to a concentration of 0.25 pg/mL for 30 min (+),
and more than 50% lethality (++) was obtained after exposure to a concentration of 0.5 pg/mL for
60 min. Complete elimination of cercariae (+++) was observed after exposure to 1 Lig/mL for 60 min.
The time required for complete elimination of cercariae decreased with increasing concentration,
with 30 min being needed at a concentration of 10 pg/mL and 15 min at a concentration of 100 pg/mL.

Table 2. Cercaricidal activity of BAR against 5. mansoni.

Concentration 15 i 30min 60min 120 min
(ug/mL)
Ctrl - - - -
0.25 = + + +
0.5 — + ++ ++
1 = ++ +++ +4++
10 ++ +++ +++ +++
100 +++ +++ +4++ +4++
N +++ +++ +++ +++

Legend: Complete elimination of cercariae (+++), elimination of more than 50% of cercariae (++), elimination of
less than 50% of cercariae (+), and absence of lethality (—). Ctrl (0.5% ethanol + filtered and dechlorinated water),
N (niclosamide).

During the treatment, there were changes in engine behavior, such as atypical rotation and
vibrations. Specifically, the cercariae exhibited slow rotation around their own axes, creeping
and different intensities of contractions that increased as the concentration of BAR was increased.
These findings highlight the dose-dependent effect of the substance. Figure 4 shows images
highlighting the significant differences among the treatments: in the negative control group (A),
the cercariae presented normal rotation and vibration motility accompanied by preservation of the
body and tail, whereas the treatment group (B) showed separation of the body and cercariae tail,
and the positive control group (C) resulted in cercariae death. However, niclosamide did not cause
separation of body and tail, as was observed in the group treated with BAR.

Figure 4. Cercariae of 5. mansoni exposed to BAR. (A) Image of cercariae treated with 0.5% ethanol
and filtered water, showing preservation of the body and tail; (B) Image of cercariae exposed for
30 min to 1 pg/mL BAR, showing a split between the body and tail (red arrow); an individual body
(vellow arrow) and tail (blue arrow) are also displayed; (C) Image of dead cercariae after exposure to
niclosamide (1 pg/mL). 40 x magnification.

Figure 5 displays the lethality of BAR at the end of the experiment (120 min), at which time all
concentrations showed significant differences compared with the Ctrl. The average lethality values
obtained for 0.25, 0.5, 1, 10 and 100 pg/mL were 46 + 4.58 (p < 0.0001), 62 = 12.0 (p < 0.0001),
100 (p < 0.0001), 100 (p < 0.0001), and 100 (p < 0.0001), respectively. The LCsy was calculated as
0.45 pg/mL.
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Figure 5. Cercaricidal activity of BAR against S. mansoni at the end of the 120-min exposure period.
Ctrl (0.5% ethanol and filtered water); N (niclosamide at 1 pug/mL). The results were compared with
the Ctrl; *** p < 0.001.

2.4. Toxicity of the Ether Extract of and BAR from C. aggregata against A. salina

Ecotoxicity assays are important for establishing safe environmental parameters regarding the
use of xenobiotics. For this reason, we tested both the ether extract and BAR on the environmental
bioindicator A. salina. The results showed that both products from C. aggregata were nontoxic against
A. salina at all tested concentrations, with p = 0.0904 and F = 1.967 for the extract (Figure 6A) and
p=0.1710 and F = 1.601 for BAR (Figure 6B). However, at 100 pg/mL, the effects of the extract were
significant (p < 0.05, 95% CI of diff, 3.418 to —0.08152).

1o A
T S B
Lo il A S AN 3 10— o
- A e e = sl o
] a_
7y
T 64 ]
= | = &
= 5
k4 T o4
7 | 2
24 3
e N S e e MR e S L e e oS L g S
Ciel 10 12 135 15 20 25 S0 100 Cird 10 12 135 0I5 20 25 SO 10

Figure 6. Toxicity of ether extract (A) and BAR (B) on Artemia salina. The ctrl was 0.5% ethanol and
seawater. * p < 0.05.

3. Discussion

Research correlating lichen substances and schistosomiasis vectors is still novel because few
reports on these topics have been published. In this context, Martins et al. [18] evaluated the
molluscicidal activity of potassium usnate in a pioneering study of this type of biological activity
and demonstrated that B. glabrata shows embryotoxicity and molluscicidal activity at 1 ug/mL and
10 pg/mL, respectively. However, contrary to potassium usnate, the BAR tested in this study did not
exert any effect on embryos. In contrast, the molluscicidal activity of BAR was significant (20 ug/mL)
and in accordance with the standards recommended by the WHO [4] because it eliminated 90% of the
same mollusk population, like potassium usnate. Even though potassium usnate is a lichen phenolic
modified to a salt form, its solubility in water is higher than that of BAR, a property that could enhance
its ability to induce mortality compared with that of BAR. Because potassium usnate is a salt that can
be structurally modified from dibenzofurane derivative, a lichen phenolic (usnic acid). The findings
obtained for the organic extract were significant, showing that it could serve as a molluscicide and
that it exhibits embryotoxic activity at low concentrations (as low as 10 ug/mL), even though it does
not cause 100% mortality. According to HPLC analysis, the BAR content in the extract is over 90%;
thus, we expected to obtain a higher LCs5; for BAR than for the extract. Additionally, we analyzed the
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chemistry of the ether extract, which contains other substances capable of potentializing its biological
effects on mollusks. Importantly, the concentrations of lichen substances used in this study are lower
than those found in some plant extracts, showing the efficiency of BAR on mollusks. For example,
a chloroform extract of Solanum siniacum displayed molluscicidal activity at 64.4 ug/mL [28].

Ecologically, lichen substances play a key role in thallus maintenance and act as protectors of
small, mobile herbivores (insects, snails and mollusks) [20]. Lawrey [21] reported that snails of the
species Pallifera varia (Hubricht) avoid feeding on lichen species such as Xanthoparmelia cumberland
(Gyelnik) Hale, which contain usnic, norstictic and stictic acids, and Huilia albocaerulescens (Wulfen)
Hertel, which produce constictic and stictic acids. The food preferences of invertebrates were reported
by Froberg et al. [29] and Benesperi and Tretiach [30], who disclosed that snails preferentially feed
on different parts of lichens. Gauslaa [31] described the food preferences of lichens that do not have
secondary metabolites, even though metabolites can be extracted using the acetone rinsing method,
which indicates these substances cause some type of toxicity to these animals. Lawrey [21] believes
that in addition to reducing the palatability of lichens, the substances show direct toxicity or indirect
antibiotic effects on the gut microbiota of predator organisms. However, we believe that this effect
cannot be extended to our findings because neither the ether extract nor BAR was toxic to A. salina,
an environmental bioindicator species, and these preliminary results of environmental toxicity with
A. salina indicate that BAR could be non-toxic or less toxic than niclosamide. Based on these findings,
these substances are potentially safe for the environment.

Studies aiming to identify molluscicidal agents should consider methods to not only suppress
parasite vectors but also combat the infectious stage of S. mansoni. A substituted pyridine pentahydrate
(2,6-dimethyl-3,5-carboxydiethyl-4-phenylpyridine) was assayed against B. glabrata and S. mansoni
cercariae and showed promising results, eliminating 90% of mollusks at 36.43 pg/mL and 100%
of cercariae at 4 pg/mlL within 30 min of exposure [32]. However, essential oil extracted from
Piper cubeba L. was effective against cercariae of 5. mansoni at 200 ug/mL [33], a concentration above
that recommended for environmental applications according to the WHO [4]. Our results demonstrate
the efficacy of BAR, which eliminated 100% of cercariae at a concentration of 1 ug/mL, the same
concentration used for the niclosamide positive control.

A study of Glinus lotoides (Molluginaceae) showed that exposure of S. mansoni cercariae to
an aqueous extract of the plant at a concentration of 18.7 pg/mL resulted in motility alterations that
directly influenced the potential penetration of cercariae into mice and reduced the parasite load
by 91.2% [34]. Similar motility alterations were observed in this the present study, suggesting that
cercariae exposed to BAR at sub-lethal concentrations had reduced infectivity. Separation of body
and tail has also been observed in other studies [35,36] and is likely a result of weaknesses in the tail
structure. Although the mechanism of action has not yet been elucidated, it is believed that this process
is associated with the actions of certain substances on a special connective structure between the body
and tail [37].

Ravaglia et al. [38] indicated the importance of screening biologically active compounds
for toxicity and verified the toxicity of extracts from C. aggregata on A. salina. Their results
(LCsp = 690.6 ug-mL~ 1) differ from ours, which revealed that neither BAR nor the ether extract
exhibited toxicity at lower doses, although the ether extract at a concentration of 100 nug/mL
exhibited toxicity, potentially due to the combination of substances present in the extract. According to
Ahti et al. [39], C. aggregata contains stictic, constictic, norstictic, and cryptostictic acids.

4, Materials and Methods

4.1. Extract Production and Purification of BAR from Cladia aggregata (Sw.) Nyl

C. aggregata (50 g) was collected in Bonito, Pernambuco, Brazil at the coordinates 08°28'13" S
and 35743'43" W Gr. on 6 November 2010. A sample was deposited in the Herbarium UFP of the
Universidade Federal de Pernambuco/UFPE, Brazil (Voucher No. 36431). BAR was obtained through
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successive extractions with a Soxhlet apparatus (30 °C) using diethyl ether. To isolate and purify BAR,
the extract was successively washed with chloroform in a G4 funnel under pressure. BAR was obtained
at high purity (>95%), as monitored through thin-layer and liquid chromatography. The molecular
structure was determined by 'H-NMR and IR. Additionally details related to the extraction and
purification of BAR and the preparation of organic extracts are provided by Martins et al. [11].

4.2, Mollusks

Pigmented mollusks of the species B. glabrata (Say, 1818) were obtained from Sao Lourengo
da Mata, Pernambuco, and were reared in the Radiobiology Laboratory of the Department of
Biophysics and Radiobiology of the Federal University of Pernambuco through successive generations.
The mollusks were selected according to the diameters of their shells (10-14 mm) and were maintained
in plastic tanks with filtered and dechlorinated water (pH 7.0, £25 °C) and fed fresh lettuce
(Lactuca sativa).

4.3. Embryotoxic Activity of the Ether Extract of and BAR from Cladia aggregata

To test embryotoxicity, we collected egg masses (1 = 100) in the blastocyst phase and examined
their viability using a stereomicroscope (Leica MZ6, Leica Microsystems, Wetzlar, Germany).
The embryos were deposited on Petri dishes (6 mm) and treated with the ether extract from C. aggregata
or BAR at concentrations of 1, 10, 10.5, 11, 11.5, 12, 12.5, 15, 20 and 50 ug/mL solubilized in ethanol
(0.5%) at a final volume of 10 mL per plate for 24 h. The control groups were the following: 1 ug/mL
niclosamide (N; positive control; Bayluscide, Bayer, Leverkusen, Germany), ethanol (0.5%; negative
control) and filtered and dechlorinated water (Ctrl, negative control). The embryos were evaluated for
malformation and/or mortality [40], and the experiment was performed in triplicate.

4.4, Molluscicidal Activity of the Ether Extract of and BAR from Cladia aggregata

To determine molluscicidal activity, a population of 400 mollusks was pre-selected and maintained
in isolation for five days to confirm sexual maturity. Groups of mollusks (1 = 5) were transferred to
small aquariums (500 mL), where they were treated with either the ether extract or BAR (dissolved
in 0.5% ethanol) from C. aggregata at 1, 10, 10.5, 11, 11.5, 12, 12.5, 20, 25, 50 and 100 pg/mL for 24 h.
Two negative controls were used: filtered water and ethanol (0.5%) plus filtered and dechlorinated
water (Ctrl). For the positive control, niclosamide (N) was used at 1 ug/mL. After a 24 h exposure
period, the animals were washed in distilled water, left untreated, fed fresh lettuce (L. sativa) and
observed for 96 h. The mollusks that survived the treatment were monitored, and the egg masses
were again recorded and analyzed to evaluate the fertility and fecundity of the snails. Retraction of
the mollusks into their shells and/or the release of hemolymph were used as indicators of death [41].
The experiment was performed in triplicate.

4.5. Cercaricidal Activity of the Ether Extract of and BAR from C. aggregata

Pigmented and infected B. glabrata mollusks were placed in a 200 mL beaker, submerged in
distilled water and exposed to artificial light (60 W) for 2 h until the elimination of cercariae was
achieved. To assay toxicity, approximately 100 cercariae suspended in distilled water were placed in
a glass container and exposed to 2 mL of BAR solubilized in ethanol (0.5%) at 0.25, 0.5, 1.0, 10 and
100 pg/mL. The cercariae were observed using a stereomicroscope (Wild M3B, Heerbrugg, Switzerland)
at intervals of 15, 30, 60 and 120 min after exposure and evaluated using the following parameters:
complete elimination of cercariae (+++), elimination of more than 50% of cercariae (++), elimination
of less than 50% of cercariae (+) and absence of lethality (—). Niclosamide at a concentration of
1 ug/mL and 0.5% ethanol plus filtered and dechlorinated water (Ctrl) were used as positive and
negative control groups, respectively. The bioassay was performed in triplicate. The assaying of
various time intervals allowed us to observe atypical rotations and vibrations of cercariae during the
experiments, and the results were registered through images obtained with a digital camera coupled

161



Molecules 2017, 22, 568 So0f11

to a stereomicroscope (40 ). After 120 min, the number of dead cercariae was counted, and the LCs)
was calculated.

4.6. Environmental Toxicity Assays with Artemia salina

A. salina cysts (25 mg) were incubated in filtered seawater under artificial light at a temperature of
30 “C ether extract or BAR at concentrations of 1, 10, 12, 13.5, 15, 20, 25, 50 and 100 mg/mL solubilized
in seawater and 0.5% ethanol. The tubes were incubated for 24 h, and survival was determined for
each treatment. Two groups of negative controls were included: filtered seawater and 0.5% ethanol
(Ctrl) plus filtered seawater. The experiment was performed in quadruplicate [42].

4.7. Stafistical Analysis

Data were analyzed using GraphPad Prism 5.0 for Windows (GraphPad Software, San Diego,
CA, USA). Significant differences were established through analysis of variance (ANOVA) and Tukey's
test at p < 0.05. The lethal concentrations (LCsp) for the embryos, mollusks and A. saling were calculated
via Probit analysis with 95% confidence intervals using StatPlus 168 2006 software (Soft Analyst,
Vancouver, BC, Canada).

5. Conclusions

The presented results expand the available knowledge regarding the application of active
metabolites for the control of schistosomiasis vectors. These findings should be of great interest
to researchers in the fields of public health and environmental preservation because the studied
molluscicidal substances showed great biological potential. In addition, their characteristics were
in accordance with WHO standards, and they were nontoxic to the environment, as demonstrated
through bioassays with A. salina.

From an environmental point of view, BAR appeared to be more efficient than the corresponding
ether extract. Although BAR does not exert any effect on embryos, it is capable of inhibiting adult
mollusks because it impedes both laying and spawning in addition to causing cercariae malformation
and/or mortality. These findings led us to hypothesize that the substance can directly or indirectly
act against all stages of the 5. mansoni life cycle, indicating that BAR should be further explored in
additional studies.
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Specifications Table
Subject area Chemistry, Biology
More specific subject area  Natural products biochemistry
Type of data Table and figures
How data was acquired Stereoscopic microscope (Wild M3B, Heerbrugg, Switzerland)
Data format Analyzed
Experimental factors Divaricatic acid purification from Ramalina aspera lichen
Experimental features Molluscicidal and embryotoxic activities on snails of the Biompha-

laria glabrata species and the cercaricidal activity on Schistosoma
mansoni of divaric acid were evaluated.

Data source location Recife, Brazil.

Data accessibility Data found in this article

Value of the data

e The data detail the embryotoxic, molluscicidal and cercaricidal activities of divaricatic acid, facil-
itating the correlation between the different tests and their concentrations, aiming to eliminate the
vector in its different phases, and the etiologic agent of schistosomiasis in the same concentrations,

® The data provide a better understanding of the inviability/mortality information of B. glabrata used
to obtain the lethal concentrations (LCiq, LCso and LCqo) present in the original article.

® A more detailed view at the end of the analysis of the cercaricidal activity is provided by the
expression of numerical data.

1. Date

The data presented in this paper provide results related to embryotoxicity of divaricatic acid on
Biomphalaria glabrata at different exposure times (6, 12, 18 and 24 h) (Table 1), as well as the mol-
luscicidal activity of this compound on adult snails (Fig. 1) in 24 h of exposure. Data concerning the
cercaricidal activity (Schistosoma mansoni) are shown in Fig. 2, where the percentage of dead
organisms is reported at the final time of analysis (2 h of exposure to divaricatic acid).

2. Materials and methods
2.1. Materials

2.1.1. Schistosoma mansoni strain

BH strain, from Belo Horizonte, Minas Gerais, Brazil, maintained in Keizo Assami Immunology of
the Federal University of Pernambuco (UFPE), through successive passages in snails of the species
Biomphalaria glabrata kept in the Department of Tropical Medicine (UFPE).

2.1.2. Biomphalaria glabrata molluscs

Geographical line from S3do Louren¢o da Mata, Pernambuco, Brazil, maintained by successive
generations in the Laboratory of Radiobiology of the Department of Biophysics and Radiobiology
(UFPE).

2.1.3. Divaricatic acid
Divaricatic acid was obtained from the ethereal extract of Ramalina aspera lichen and isolated
according to the crystallization methodology of Asahina and Shibata [1] with medifications and its
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Table 1
Inviability of Biemphalaria glabrata embryos subjected to divaricatic acid at different exposure times (6, 12, 18 and 24 h).

Unviability by exposure period

Experimental groups ( g/mL) 6h SD 12h SD 18h SD 24h SD
Control 1 133 115 1 00 06 057 1 00
Control 2 333 152 233 057 3 264 2 17
Niclosamide 100 100 100 100
Dicaricatic acid
06 057 633 1.52 6.33 4.04 1066 73
1 00 966 4.61 19.66 3.51 3133 190
1.66 0.57 1 10 3266 577 3366 285
1.66 2.08 18 692 35 8.8 3933 80
833 305 2566 838 3966 450 4733 162
10.33 6.02 3666 11.68 49 1153 60.66 9.0
15 435 4466 9.01 5533 9.07 6766 171
1933 378 4566 4.93 6733 12.01 7266 6.8
2566 4.04 66.66 1242 75 1744 84 153
8166 14.29 94 5.19 96 6.24 100
100 100 100 100

Control 1: filtered and dechlorinated water. Control 2: 0.5% DMSO in filtered and dechlorinated water. Niclosamide at a
concentration of 1 g/mL Significant results were compared with control 2.

100
80 o
60

40 -

Mortality %

20 4

C\ (} _\C\) v\:-? \{:" h& ‘:S"

Cunc.entralion (png/mL)

Fig. 1. Mortality of Biomphalaria glabrata adult snails exposed to divaricatic acid. Control 1 (C1): filtered and dechlorinated
water. Control 2 (C2): 0.5% DMSO in filtered and dechlorinated water. NCL: Niclosamide at a concentration of 1 g/mL.

purity was confirmed by Thin Layer Chromatography [2] and High Performance Liquid Chromato-
graphy [3].

2.2. Methods

2.21. Embryotoxicity test in B. glabrata

The assay was performed according to the methodology described by Oliveira-Filho and Paum-
gartten [4]. B. glabrata embryos in the blastula stage (n = 100) were exposed to divaricatic acid
solubilized in 0.5% DMSO in different concentrations (7.5, 8.0, 8.5, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0, 15.0
and 20 pg/mL), incubated for 6, 12,18 and 24h (25 C 3) and subsequently washed with filtered
and dechlorinated water (pH 7.0). The negative control was formed by two groups exposed to filtered
and dechlorinated water (Control 1) and 0.5% DMSO solution (Control 2). Niclosamide (Bayluscide,
Bayer) was used for the positive control [5], at a concentration of 1 pg/mL. Eight days after exposure,
the embryos were analyzed for inviability (malformed embryos or dead) through a stereoscopic
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Fig. 2. Mortality of Schistosoma mansoni cercariae exposed to divaricatic acid for 120 min. Control 1 (C1): filtered and
dechlorinated water. Control 2 (C2): 0.5% DMSO in filtered and dechlorinated water. NCL: Niclosamide at a concentration of
1 gmL

microscope and classified into embryos that were hatchlings and inviable (dead or malformed). The
experiment was performed in triplicate.

2.2.2. Lethality test in B. glabrata
The assay was performed according to the methodology described by World Health Organization

[6]. Adults B. glabrata snails were exposed to concentrations of 2.5, 3.5, 4.5 and 5.5 pg/mL of divar-
icatic acid solubilized with 0.5% DMSO for 24 h (25 C 3). The negative control was formed by two
groups exposed to filtered and dechlorinated water (Control 1) and 0.5% DMSO solution (Control 2).
Niclosamide (Bayluscide, Bayer) was used for the positive control [7], at a concentration of 1 pg/mL.
The snails were observed daily and eight days after exposure, they were analyzed for lethality
(absence of body movement, deep retraction into the shell, loss of hemolymph and absence of
heartbeat).The test was performed in triplicate.

2.2.3. Lethality test on Schistosoma mansoni cercariae
The assay was performed according to the methodology described by Santos et al. [8] with

modifications. Snails of the species B. glabrata were exposed for 1 h in artificial light for the release of
cercariae. For the test, approximately 100 cercariae were exposed to concentrations of 0.5, 1.0, 10.0
and 100 pg/mL of divaricatic acid, The divaricatic acid was solubilized in 0,5% DMSO. The negative
control was formed by two groups exposed to filtered and dechlorinated water (Control 1) and 0.5%
DMSO solution (Control 2). Niclosamide (Bayluscide, Bayer) was used for the positive control [9], at a
concentration of 1 pg/mL. Afterwards, the cercariae were evaluated and counted for mortality after
the 2 h period of exposure. The test was performed in triplicate.
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ABSTRACT ARTICLE HISTORY
Purpose: Some phytochemicals have shown the potential of being radiomodifiers, especially phenolic Received 14 December 2017
compounds, such as lichenic secondary metabolites. To evaluate the phytochemical usnic acid as a  Revised 13 June 2018
radiomodifier, embryonic cells of molluscs have been used due to their ease of collection, high sensi-  Accepted 20 June 2018
tivity to physical and chemical agents, well-known embryology and low cost for analysis. s

Materials and methods: This study aimed to assess the radiosensitizing action of usnic acid on Biomphalaria glabrata;
Biomphalaria glabrata embryos. Samples were iradiated with 4Gy of gamma rays from a *’Co source (dose  giation: radiosensitization:
rate 2.906 Gy/h). An acute toxicity test was performed using B. glabrata embryos in the blastula stage, in  ynic acid

order to determine the toxicity of usnic acid and to establish the lethal Concentration for 50% (LCsg).

Subsequently, the radiomodifing capacity of usnic acid was estimated using assays with B. glabrata embryos.

Results: Irradiation increased the number of non-viable embryos compared to unirradiated controls.

Additionally, it was observed that embryos exposed to a non-toxic concentration of usnic acid (0.6 pg/

mL) before irradiation showed a further enhancement in non-viable embryos when compared with

exposure to ionizing radiation alone.

Conclusion: The results presented here indicate that usnic acid makes cells more sensitive to the dam-

aging effects of radiation.

Abbreviations: “’Co: Cobalt-60; DNA: deoxyribonucleic acid; Gy: gray; LCs: lethal concentration for
50%; ROS: reactive oxygen species; UA: usnic acid

Introduction
s damage caused by the interaction of radiation with DNA and

Radiosensitizers are substances that make the target cells other cellular structures, regardless of whether the com-
more susceptible to the biological effects of ionizing radi- pounds cause cell damage individually (Verma 2016). Their
ation (Nambiar et al. 2011). These molecules amplify the main application occurs in the field of oncology, where they
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Figure 1. Spawns in veliger stage of embryonic develop of Biomphalaric
glabrata. Viable and non-viable embryos. Indicated by black arrow: A) mal-

formed and B) dead embryo.

are administered to enhance the effect of radiotherapy, sen-
sitizing tumor cells and making them more susceptible to
radiation damage (Javvadi et al. 2008).

These treatments also entail a risk of inducing deleterious
side effects to the patients. It is, therefore, necessary to
undertake studies of natural radiosensitizers, which could
maintain the efficacy of the treatment with less side effects
of ionizing radiation exposure, due to the possibility of
reduction of the total absorbed dose. The currently used syn-
thetic drugs have limitations due to their toxicity such as
myelosuppression, hypotension, bradycardia, neuropathy,
and hepatic insufficiency (Levin et al. 2000). These findings
reinforce the need to study alternative substances of natural
origin with radiosensitizing properties.

Among the radiosensitizers of natural origin already
known are phenolic compounds and antioxidants, such as
curcumin (Goel and Aggarwal 2010), found in saffron, resver-
atrol (Araldi et al. 2018), polyphenol (Lagerweij et al. 2016), a
genotype-abundant flavonoid found in leguminous plants
and quercetin (Lin et al. 2012). derived from fruits, vegeta-
bles, grains, seeds and spices.

Lichens, symbiotic associations between fungi and algae,
are the source of a variety of bioactive compounds, mainly
derived from their secondary metabolism and having appli-
cations in medicine, the textile industry, cosmetics and food
(Kosani¢ et al. 2012; Manojlovic et al. 2012; Paudel et al.
2012). Usnic acid, dibenzofuran found in several species of
lichens, is one of the most studied lichen metabolites and
one of the few commercially available today. A number of
biological activities are attributed to this metabolite, and its
analgesic, antiviral, antiparasitic, antimicrobial, anti-inflamma-
tory, antiproliferative, antitumor and antioxidant effects are
reported (Shang et al. 2014; Su et al. 2014). Such characteris-
tics make usnic acid a promising candidate for bioassays that
can verify its radiosensitizing activity.

With the advancement of molecular biology and experi-
mental embryology, evidence has confirmed the correlation
between tumourigenesis and early embryonic development,
so the early embryo shares many characteristics with the
development of cancer, both biologically and molecularly
(Williams et al. 1993; Monk 1990; Ma et al. 2010). Embryos of
Biomphalaria sp. are considered good biological models, hav-
ing a short embryoic period, simple and low cost maintenance
and translucent spawnings which makes observation easy.
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The genus has a wide geographic distribution in tropical
countries and has proved to be a useful model organism for
bioassays of ecotoxicity, radioprotection and immunological
tests (Oliveira-Filho et al. 2009; Siqueira et al. 2014; Sullivan
and Belloir 2014). Therefore, the objective of this study is to
evaluate the possible radiosensitizing effect of usnic acid using
the simple biological model of Biomphalaria glabrata embryos.

Material and methods
Experimental animals

Pigmented adult snails of B. glabrata were used, measuring
10-14mm diameter, from Sao Lourenco da Mata,
Pernambuco and maintained for successive generations in
the Radiobiology Laboratory of the Department of Biophysics
and Radiobiology of Federal University of Pernambuco. The
snails were kept in plastic tanks of approximately 20 L filtered
and dechlorinated water, pH 7 and a temperature of about
25+3°C. The snails were fed daily with fresh organic lettuce
{Lactuca sativa). The animals deposited their spawn onto col-
orless polyethylene strips (5x5cm) that were floated on the
water surface and examined under a stereomicroscope
(Tecnival SQZ-SD4, Sao Paulo, Brazil) for individualization and
identification of embryonic stage. After identification,
embryos in the blastula stage were collected and divided
into groups of 100+ 3 specimens.

Determination of the lethal concentration for 50%
of embryos

The toxicity of usnic acid (Sigma-Aldrich, Saint Louis, USA) in
B. glabrata embryos was assessed in order to determine the
lethal concentration for 50% (LCsg) as well as the concentra-
tion which showed the lowest lethality for embryos.

The assay was performed according to the method
described by Oliveira-Filho and Paumgartten (2000). To per-
form the toxicity test, the embryos in blastula stage were
placed in 24-well polystyrene plates (Prolab, Sao Paulo,
Brazil) and exposed for 24 h to concentrations of non-irradi-
ated and irradiated usnic acid (aqueous solution): 0.15, 0.3,
0.6, 12,15, 2, 25, 5 and 10 pg/mL. For each concentration,
approximately 100 embryos were used in triplicate.

After the exposure, the embryos were washed with tap
water for total removal of usnic acid and then were main-
tained with filtered and dechlorinated water and examined
under a stereomicroscope for eight consecutive days. The via-
bility analysis was performed according to the method
described by Okazaki et al. (1996). The embryos which had a
normal development (during the experimental period) were
considered viable and those which demonstrated malforma-
tions during development or were obviously dead were con-
sidered non-viable (Figure 1). The control group consisted of
embryos maintained with filtered and dechlorinated water in
the same conditions as the experimental embryos. The results
were expressed as the mean percentage of non-viable embry-
os = standard error of the mean (non-viable embryos %).
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Table 1. Effect of usnic acid non-irradiated and irradiated with 4Gy in
embr}rus of Bm_phafarra grabmta.“

Concentration (ug/mL} Non-viable embryos (%)

Control 0 1.8+05
0.15 1906
03 27+09
0.6 4117
12 19.3+£07%
Usnic acid 15 544x34°
2 08+ 0.2%
25 990"
5 99+ 1%
0 995+ 0.5%
015 1409
03 31+04
0.6 36+11
12 3.7 £0.5*%
Usnic acid iradiated 1.5 497 + 48"
2 97.3+0.7*
25 98,8+ 05"
5 99.2+0.3%
10 998+ 0.2*

"The results are expressed as mean = standard error mean, The significant dif-
ferences were refated between the groups by * vs, control (p < 05).

20 5

[
1

1y 4

o LI I

LA Ua Irradiated

Non-viable embryos %

Flgure 2. Embryotoxicity of usnic acid irradiated in Blomphalaria glabrata. The
results are expressed as a mean and error bars indicate the standard deviation
for n=130 independent experiments. UA: embryos exposed to non-irradiated
usnic acid; UA iradiated: embryos exposed to iradiated usnic acid,

Evaluation of radiosensitivity

The evaluation of the radiosensitizer capacity of usnic acid
was performed with the concentration that showed the low-
est toxicity (0.6 pg/mL), where the viability of the embryos
was analyzed as described above. The embryos were divided
into the following groups:

s Control (C): embryos maintained with filtered and dech-
lorinated water throughout the experimental period
{eight days);

* Irradiated control (I): irradiated embryos (4 Gy) were main-
tained with filtered and dechlorinated water throughout
the experiment;

e Usnic acid (UA): embryos exposed to usnic acid. After
24h of exposure to the substance, the embryos were
removed and kept in filtered and dechlorinated water
until the end of the experiment;

e UA+Dbl: embryos exposed to wsnic acid before being
exposed to ionizing radiation. After 24h of exposure to
the substance, the embryos were removed and kept in fil-
tered and dechlorinated water until the end of
the experiment;

s UA+al embryos exposed to usnic acid after being
exposed to ionizing radiation and after 24 h, the embryos
were removed and kept in filtered and dechlorinated
water until the end of the experiment.

The embryos were irradiated using a source of Gamma
Cell ¥Co (Radionics Labs, dose rate = 2.906 Gy/h).

Statistical analysis

The results were expressed as mean +standard error mean.
The determination of the LCso was analyzed by Probit regres-
sion using the software StatPlus® 2009 Professional. The dif-
ference between two groups was analyzed using a t-test,
whereas the difference between three or more groups was
analyzed using the analysis of variance (ANOVA) followed by
Newman-Keuls test. The differences were considered signifi-
cant when p = .05.

Results
Analysis of toxicity to embryos

The result of embryotoxicity of usnic acid is shown in the
Table 1. The tested concentrations ranged from 0.15 to 10
pg/mL. The concentration of 0.6 pg/mL did not produce any
change in the wiability of the embryos, but for concentra-
tions of 1.2, 1.5 and 2 pg/mL, there was an increase in the
embryonic deterioration compared to the control group
(19.3+0.7, 544+2.3 and 98 £ 0.2 vs. 1.8+ 0.5). The concentra-
tion of 2 pg/mL showed a maximal response. In addition,
there was no significant difference between the irradiated
and non-irradiated groups. With these results, the LG of
usnic acid non-irradiated was calculated, where its value was
approximately 1.36 pg/mL, which is a concentration similar
to that observed by Aradjo et al. (2018). The LGy, of usnic
acid irradiated was calculated, where its value was approxi-
mately 1.43 pg/mL. The highest concentration tested that
did not show toxicity to embryos was 0.6 pg/mL. This con-
centration was selected to assess the capacity of usnic acid
as a radiosensitizer.

Stability of usnic acid after irradiation

An evaluation was performed after the irradiation of the sub-
stance at a dose of 4Gy, to verify whether there was any
change in the biological activity, as measured by the embryo
toxicity test with irradiated and non-irradiated solutions of
usnic acid at the selected concentration of 0.6 pg/mL (Figure
2). No difference was found in the numbers of non-viable
embryos in the group exposed to the irradiated substance
compared to the group with the non-irradiated substance.

Radiosensitizer activity

The results of the radiosensitizer capacity of usnic acid are
present in Figure 3.
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Figure 3. Effect radiosensitizer of usnic acid on embryos of Siomphalaria giab-
rata. C: control group; I: irradiated animals; UA: exposed to usnic acid; UA + bl:
exposed to usnic acid before iradiation and UA + al; animals exposed to usnic
acid after irradiation. The results are expressed as a mean and error bars indi-
cate the standard error mean for 1= 30 independent experiments. The signifi-
cant differences were related between the groups by # vs, UA -+ bl W vs. UA
and * v, | (p < 05).

The group | presented the highest number of non-viable
embryos (11.5+1.5) compared to group C (1.3+£09).

With regard to the usnic acid, the embryos exposed to
the substance before irradiation (UA+bl) showed an
increase in the number of non-viable embryos (95 £3) when
compared to groups UA {25+1.5) and | (11.5+1.5).

Those embryos that were exposed to usnic acid after
irradiation (group UA-+al) also showed an increase in the
number of non-viable embryos (52.5+1.5) in comparison to
the groups UA (25+1.5) and | (11.5% 1.5}, however, when
compared to animals that were exposed to group UA -+bl
(95+3), the later presented a higher number of non-
viable embryos.

Discussion

In recent years, lichens have been widely studied for their
potential pharmacelogical properties. Their metabolites have
also received special attention due to antibacterial {Segatore
et al. 2012), antifungal (Shahi et al. 2011), antioxidant
(Rankovic et al., 2010) and anti-tumor properties (Einarsdottir
et al. 2010). In the field of radioprotection, great emphasis
has been given to the use of natural products as radiopro-
tectors or radiosensitizers as these may have advantages
over synthetic compounds in, for example, producing fewer
unwanted side effects.

The results of this study demonstrated an increase in mor-
tality of embryos exposed to usnic acid in low concentra-
tions, possibly due to the harmful effects caused by reactive
oxygen species and mitochondrial dysfunction, both of
which may be related to the induction of apoptotic mecha-
nisms in embryonic cells. These effects were corroborated by
studies in human liver cells (Chen et al. 2015) and rats (Han
et al. 2004). In tests with neural cells exposed to usnic acid,
there was evidence of a cytotoxic effect expressed as mor-
phological changes and reduced viability which may lead to
cell death possibly due to the increased production of react-
ive oxygen species (ROS; Rabelo et al. 2012). In other organ-
isms similar toxicity was observed as demonstrated by Luz
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et al. (2015}, who evaluated the action of usnic acid for pro-
mastigotes of Leishmania infantum chagasi. It was verified
that the substance presented a leishmanicidal effect possibly
related to morphological alterations in parasite cells. In add-
ition, similar results were obtained in studies performed to
verify the activity of usnic acid and its derivatives against the
influenza A virus (H1N1)2009, where the lichen-derived sub-
stance showed antiviral activity (Sokolov et al. 2012).

The embryo toxicity test was first used in order to check
whether 4 Gy irradiation might cause changes in the bio-
logical activity of usnic acid. No significant differences in the
number of non-viable embryos were found, 4Gy is a low
dose in terms of changing chemical compounds (but not in
terms of biological effects on DNA and other biomolecules)
when compared with the doses used in the literature
(Okazaki et al. 1996).

However, when the radiomodifying activity was investi-
gated, it was demonstrated that the exposure of B. glabrata
embryos to usnic acid, both before and after irradiation, the
animals became more susceptible to the damaging effects of
ionizing radiation. It has been suggested that this enhanced
toxicity could be related to the increase of ROS present in
the extra and intracellular environment. Passibly, usnic acid,
when utilized in combination with ionizing radiation, may
inhibit or reduce the activity of antioxidant enzymes or the
molecular mechanisms of DNA repair or even the prolifera-
tive state of the cells which make them more susceptible to
suffer biological damage.

Until now no studies have been reported evaluating the
radiosensitizing capacity of usnic acid. However, some stud-
ies have demonstrated an antiproliferative activity of this
substance (Bessadottir et al. 2012; Singh et al. 2013}, which
are directly related to the characteristic of a radiomodifier,
more specifically, a radiosensitizer (Grem 2000). Other studies
performed with cell lines of breast carcinoma (T-47D cell line
human) and human pancreatic cancer (Capan-2), have dem-
onstrated that usnic acid showed antiproliferative activity at
a concentration of 4 pg/mL against the T-47D cell line and 5
wg/mL against Capan-2 cells (Einarsdottir et al. 2010).

El-Beltagi et al. (2011) assessed the interaction of gamma
radiation on the production of secondary metabolites in
rosemary (Rosmarinus officinalis L.). They found that ionizing
radiation induced an increase in the concentrations of phe-
nols, flavonoids, amino acids, proteins and sugars. Similar
results were obtained by Hussain et al. (2013), who studied
the effect of ionizing radiation on damask and observed the
occurrence of increased levels of flavonoids, phenols and
B-carotene. In studies using Ginko biloba exposed to ionizing
radiation phenolic compounds present in the plant extract
showed a significant increase in comparison to a control
group, with a dose-dependent response (Pereira et al. 2015).
These alterations in the structure of the molecule may occur,
since radiation can break chemical bonds and thus modify
the structural characteristic of a substance, therefore, it is
capable of altering the activity of a molecule, such as,
increasing or decreasing toxicity for some organisms
(Siqueira et al. 2014). Thus, depending on the substance
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exposed to radiation, substances can be formed with radio-
sensitizing or radioprotective properties.

The present work has shown the potential of usnic acid
being used in combination with ionizing radiation to
enhance the destruction of groups of cells. If this phenom-
enon were to be applied to radiotherapy lower radiation
doses could be needed to achieve the same tumor control
as with present treatment regimens and with consequently
better sparing of healthy tissue. Similarly, tests (Katz et al.
2008) using soy isoflavone and genistein alone or in combin-
ation with gamma radiation have led to the improved inhib-
ition of cell growth in the human salivary gland. Moreover it
has also been shown that the use of certain substances in
combination with radiotherapy can increase the effectiveness
of treatment of head and neck cancer (Katz et al. 2008). In
studies performed with curcumin, it has been shown that it
exhibited a potentially radiosensitizing effect, observed by
optimization of the radiotherapy, either by increasing the
number of destroyed tumor cells or allowing a decrease of
the dose needed to produce the same therapeutic effect,
and further, to reduce and so reducing the potential side
effects due to ionizing radiation (Javvadi et al. 2008).
Parthenaclide is another substance shown to have a radiosen-
sitizing effect when, combined with the radiation-induced
increase of ROS levels reducing thiol in cancerous prostate
cells (Watson et al. 2008). Another substance that has radio-
sensitizer action against cancer cells was ferulic acid. When
associated with ionizing radiation, it produced a decrease in
the viability of cells and also a decrease of antioxidant cap-
acity and an increase of intracellular ROS, lipid peroxidation
and DNA damage in Hela and ME-BO human cells lines
(Karthikeyan et al. 2011), Similar effects were also observed
in studies performed with ellagic acid, where tumor cells
treated, in vitro, with the combination of the phenolic com-
pound and exposure to ionizing radiation with 6Gy exhib-
ited high levels of ROS. Changes in the transmembrane
potential of mitochondria, reduced levels of the antioxidant
enzymes superoxide dismutase, catalase, glutathione perox-
idase and glutathione reductase, together with a decrease in
cell viability 24 h after treatment, in vivo, were found when
using ellagic acid together with ionizing radiation in fractio-
nated doses of 2 Gy (Bhosle et al. 2005).

Conclusion

This study has demonstrated the radiosensitizing effect of
usnic acid on B. glabrata embryos exposed to ionizing radi-
ation. The mechanisms responsible for potentiation of the
damage caused by the combination of radiation with usnic
acid may involve the action of bioactive free radicals. Further
studies are necessary, commencing perhaps with human can-
cer cell lines, to evaluate the applicability of the combination
of this substance with radiation with a view to its potential
applications in radiotherapy.
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