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RESUMO

A esquistossomose mansonica é uma doenca parasitdria causada pelo helminto Schistosoma
mansoni, que necessita de caramujos do género Biomphalaria como hospedeiros
intermedidrios para desenvolver o seu ciclo evolutivo. Um dos meios de se combater a
parasitose € o controle de moluscos transmissores através de produtos moluscicidas.
Dysphania ambrosioides (L.) Mosyakin & Clemants, sindnimo e basidonimo Chenopodium
ambrosioides L., € uma herbiacea dotada de aroma forte e popularmente conhecida como
mastruz. O seu 6leo essencial apresenta potencial bioldgico e demonstrou efeitos letais sobre
caramujos transmissores de Schistosoma haematobium. Dessa forma, o presente trabalho teve
como objetivo realizar um estudo de revisdo sobre a a¢do moluscicida de 6leos essenciais
(OE) em caramujos transmissores da esquistossomose, bem como avaliar a composicado
quimica, os efeitos moluscicida e cercaricida, e a ecotoxicidade do 6leo essencial de partes
aéreas de D. ambrosioides (DAOE). Esta tese foi dividida em dois capitulos. O capitulo 1
consiste em um artigo de revisdo de estudos cientificos acerca do potencial moluscicida de
OE, realizados entre 1984 e 2019. Este artigo demonstrou que 50 6leos volateis de 46 espécies
vegetais, distribuidas entre 29 géneros e 13 familias, foram avaliados em caramujos
transmissores da esquistossomose. Mais de 80% destes OE foram ativos contra caramujos dos
géneros Bulinus e Biomphalaria (CLoo ou CL1go <100 pg/mL ou CLsp <40 pg/mL). Os OE
com maior toxicidade para os moluscos apresentaram em sua composicdo altos teores de
monoterpenos. Alguns componentes desses OE foram testados isolados nos moluscos vetores
e, entre estes, os compostos da classe dos monoterpenos exibiram atividade moluscicida
significativa, tendo destaque timol, canfeno e geraniol. Menos da metade dos OE estudados
foram submetidos a ensaios de toxicidade aguda com organismos nao alvo. Dentre os
avaliados, apenas os OE de Curcuma longa L., Citrus limon (L.) Osbeck e Citrus sinensis (L.)
Osbeck demonstraram baixa ecotoxicidade, atendendo aos pardmetros da Organizagdo
Mundial de Saude (OMS). O artigo de revisdo confirmou a importancia dos OE como
matéria-prima para o desenvolvimento de produtos moluscicidas naturais e evidenciou o
potencial de compostos monoterpénicos para o controle dos caramujos transmissores da
esquistossomose. O capitulo II relata o estudo experimental da constitui¢do quimica, do
potencial moluscicida e cercaricida, e toxicidade ambiental do DAOE. Para obtencdo do 6leo
estudado, partes aéreas de D. ambrosioides foram coletadas no municipio de Paco do Lumiar-
MA em outubro de 2016, foram secas em temperatura ambiente e submetidas a técnica de
hidrodestilacdo utilizando aparelho tipo Clevenger. A composi¢do quimica do DAOE foi
analisada por cromatografia gasosa acoplada a espectrometria de massa (CG-EM). As
atividades moluscicida e cercaricida foram avaliadas pelo método de imersao, enquanto que a
ecotoxicidade foi investigada por meio de bioensaios com larvas de Artemia salina e peixes
Danio rerio. O DAOE apresentou rendimento de 0,8%. A andlise por CG-EM revelou a
predominancia de monoterpenos hidrocarbonetos (66,87%) no O6leo, seguidos por
monoterpenos oxigenados (25,46%). Os compostos principais identificados foram a-terpineno
(50,69%), p-cimeno (13,27%) e ascaridol (10,26%). O produto volétil estudado mostrou
bioatividade sobre caramujos Biomphalaria glabrata e cercérias de S. mansoni, com valores
de CLgo de 48,60 e 87,21 pg/mL, respectivamente. Além disso, a toxicidade do DAOE para
organismos aqudticos ndo alvo foi considerada baixa quando comparada a ecotoxicidade do
moluscicida sintético niclosamida. O DAOE demonstrou potencial para ser empregado no
controle de caramujos em dreas de transmissdo da esquistossomose, contribuindo com a
redu¢do do nimero de casos da doenca.

Palavras-chave: Caramujos. Ecotoxicidade. Estudo quimico. Produtos volateis. Schistosoma
mansoni.



ABSTRACT

Schistosomiasis mansoni is a parasitic disease caused by the helminth Schistosoma mansoni,
which requires snails of the genus Biomphalaria as intermediate hosts to develop its
evolutionary cycle. One of the ways to combat parasitosis is the control of transmitting
molluscs through molluscicide products. Dysphania ambrosioides (L.) Mosyakin & Clemants,
synonym and basionym Chenopodium ambrosioides L., is an herbaceous plant with a strong
aroma and popularly known as mastruz. Its essential oil has biological potential and has
shown lethal effects on Schistosoma haematobium transmitting snails. Thus, the present work
aimed to carry out a review study on the molluscicidal action of essential oils (EO) in snails
that transmit schistosomiasis, as well as to evaluate the chemical composition, molluscicide
and cercaricide effects, and the ecotoxicity of the essential oil of aerial parts of D.
ambrosioides (DAEQO). This thesis was divided into two chapters. Chapter I consists of a
review article of scientific studies about the molluscicidal potential of EO, carried out
between 1984 and 2019. This article demonstrated that 50 volatile oils from 46 plant species,
distributed among 29 genera and 13 families, were evaluated in transmitter snails of
schistosomiasis. More than 80% of these EO were active against snails of the genera Bulinus
and Biomphalaria (LCoo or LCipo <100 ug/mL or LCso <40 pg/mL). The EO with greater
toxicity to molluscs had high levels of monoterpenes in their composition. Some components
of these EO were tested isolated in vector molluscs and, among them, the compounds of the
monoterpene class exhibited significant molluscicidal activity, with emphasis on thymol,
camphene and geraniol. Less than half of the EO studied underwent acute toxicity testing with
nontarget organisms. Among those evaluated, only the EO of Curcuma longa L., Citrus limon
(L.) Osbeck and Citrus sinensis (L.) Osbeck demonstrated low ecotoxicity, meeting the
parameters of the World Health Organization (WHO). The review article confirmed the
importance of EO as a raw material for the development of natural molluscicide products and
highlighted the potential of monoterpenic compounds for the control of snails that transmit
schistosomiasis. Chapter II reports the experimental study of the chemical constitution,
molluscicide and cercaricide potential, and environmental toxicity of DAEO. To obtain the
studied oil, aerial parts of D. ambrosioides were collected in the city of Paco do Lumiar-MA
in October 2016, dried at room temperature and submitted to the hydrodistillation technique
using a Clevenger-type device. The chemical composition of DAEO was analyzed by gas
chromatography coupled with mass spectrometry (GC-MS). The molluscicide and cercaricide
activities were evaluated by the immersion method, while the ecotoxicity was investigated by
means of bioassays with Artemia salina larvae and Danio rerio fish. DAEO showed a yield of
0.8%. GC-MS analysis revealed the predominance of hydrocarbon monoterpenes (66.87%) in
the oil, followed by oxygenated monoterpenes (25.46%). The main compounds identified
were a-terpinene (50.69%), p-cymene (13.27%) and ascaridol (10.26%). The studied volatile
product showed bioactivity on Biomphalaria glabrata snails and S. mansoni cercariae, with
LCoqp values of 48.60 and 87.21 ug/mL, respectively. Furthermore, the toxicity of DAEO to
nontarget aquatic organisms was considered low when compared to the ecotoxicity of the
synthetic molluscicide niclosamide. DAEO has shown potential to be used in the control of
snails in areas of transmission of schistosomiasis, contributing to a reduction in the number of
cases of the disease.

Keywords: Snails. Ecotoxicity. Chemical study. Volatile products. Schistosoma mansoni.
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1 INTRODUCAO

A relagdo desarmonica entre o homem e o meio ambiente propicia o surgimento de
doencas parasitarias, que provocam impactos diretos na qualidade da vida humana (MELO et
al., 2019). A ocupagdo desordenada de areas urbanas, associada a alta vulnerabilidade social,
auséncia de saneamento bdsico e as condi¢des inadequadas de moradia, tem contribuido
substancialmente para a dispersdo de doencas negligenciadas, dentre as quais se destaca a
esquistossomose (PEREIRA, 2013).

Esquistossomose é uma infeccdo causada por trematédeos do género Schistosoma e
caracteriza-se como a segunda doenca tropical de maior abrangéncia apds a maldria, com
registros de ocorréncia em paises da América e Africa (HE et al., 2017; CARVALHO et al.,
2018; WANG et al., 2018). Esta parasitose € um fator limitante do desenvolvimento
econOmico e social, e ainda tem grande relevancia no contexto da saude publica, pois estima-
se que existam quase 240 milhdes de infectados no mundo e que mais de 700 milhdes de
pessoas se encontram em dreas de endemismo (CHENG et al., 2016; ROCHA et al., 2016;
WHO, 2019).

No Brasil, a esquistossomose tem como agente etiologico o helminto Schistosoma
mansoni e acomete cerca de 1,5 milhao de individuos (SOARES et al., 2019). Esta distribuida
em todas as regides do pais, com maior taxa de incidéncia e prevaléncia na regido nordeste
(BRASIL, 2017). No estado do Maranhio, € notificada em 49 dos 217 municipios existentes
(BRASIL, 2011). O Litoral Norte e a microrregido da Baixada Maranhense concentram os
focos de transmiss@o mais antigos € t€ém os maiores indices de casos da doenga (MENDES,
2019).

A presenca de caramujos do género Biomphalaria em determinadas localidades,
associada a existéncia de individuos infectados pelo S. mansoni, representa a condigdo
necessdria para o estabelecimento da endemia esquistossomoética. Dentre as trés espécies de
Biomphalaria transmissoras do parasito no Brasil, Biomphalaria glabrata se destaca como a
mais importante, em decorréncia da alta suscetibilidade ao esquistossomo, dos elevados
indices de infeccdo e sua larga distribui¢do geografica (BRAGA, 2012; CALASANS et al.,
2018). A distribuicdo desta espécie € relatada em 16 estados e 801 municipios do Brasil,
localizados principalmente no Nordeste e Sudeste (BRASIL, 2014).

O controle da esquistossomose no Brasil ainda € um grande desafio para os servicos de
satde publica (VITORINO et al., 2012). Devido a auséncia de vacina, as acdes que se tem

efetivado para combater a parasitose sdo apenas o diagndstico e o tratamento dos
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esquistossométicos com o farmaco praziquantel (PEREIRA et al., 2017). Estas medidas tém
diminuido o indice de formas clinicas graves, porém ndo tém reduzido a prevaléncia nem
impedido a transmissdo da endemia, de forma que o doente pode adquiri-la novamente
(CANTANHEDE et al., 2010). Em fun¢do destas circunstancias, muitos pesquisadores
sugerem como estratégia promissora para o controle da helmintiase em médio e longo prazo a
reducdo populacional dos moluscos hospedeiros conjugada com a quimioterapia, as obras
sanitdrias e as praticas de educagdao em saide (COELHO; CALDEIRA, 2016; WANG et al.,
2016; MELO et al., 2019).

O controle dos caramujos transmissores pode ser realizado por meio da aplicacdo de
moluscicidas nos seus criadouros naturais. O moluscicida sintético niclosamida,
comercialmente conhecido como Bayluscide®, possui alta eficiéncia contra todos os estdgios
de desenvolvimento dos caramujos Biomphalaria e formas larvarias de Schistosoma
(BRASIL, 2008; MATA et al., 2011; MARTINS et al., 2017). Entretanto, ¢ um produto
pouco estavel frente a luminosidade e téxico para animais co-habitantes e plantas submersas.
Além disso, possui alto custo operacional, devido ser aplicado vérias vezes até mesmo em
pequenas dreas, € o seu manuseio requer técnicos treinados (ANDREWS et al.,, 1983;
OLIVEIRA-FILHO; PAUMGARTTEN, 2000; VINAUD, 2005; MOREIRA et al., 2010;
LOPES et al., 2011; FAMAKINDE, 2018).

As limitacOes de ordem econdmica e ambiental da niclosamida contribuiram para a
reducdo de sua aceitabilidade e incentivaram o estudo de plantas para obtencdo de novos
moluscicidas (EVERTON et al., 2018; FAMAKINDE, 2018). A utilizacdo de moluscicidas
vegetais para a interrup¢do da transmissdo da esquistossomose mansOnica € uma alternativa
biodegraddvel, simples e pouco dispendiosa (KUMAR; SING, 2006; OLIVEIRA-FILHO et
al., 2010).

Estudos cientificos evidenciaram que produtos vegetais apresentam acdo moluscicida
significativa, tendo grande destaque os Oleos essenciais (OE), os quais sd@o misturas de
substancias voldteis de grande importancia econdmica e com potencial para diversas
aplicacdes farmacéuticas (SILVA et al., 2014; RIBEIRO, 2016; ALBUQUERQUE et al.,
2020). A atividade moluscicida dos OE tem sido relacionada com a presenca de seus
constituintes quimicos (EL-KAMALI et al., 2010; SALAMA et al., 2012). Entre os 6leos
voldteis ativos contra moluscos B. glabrata, estdo os extraidos das plantas aromaticas Xylopia
langsdorffiana A. St. Hil. et Tul., Ocotea bracteosa (Meisn.) Mez. e Lippia gracilis Schauer,
cujas concentracoes letais (CLso € CLoo) atendem as especificagdes da Organizacdo Mundial

de Saude-OMS (COUTINHO et al., 2007; TAVARES et al., 2007; RIBEIRO, 2016).
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Apdés a obtencdo de um produto moluscicida, é necessdrio a avaliacio da sua
toxicidade ambiental para verificar se o seu emprego € seguro nos criadouros naturais dos
caramujos transmissores ou se deve ser realizado somente em locais restritos, onde ndo ha
existéncia de espécies aqudticas ndo alvo, nem utilizacdo da dgua pelo homem (ROCHA-
FILHO et al., 2015). Os ensaios que utilizam como organismos-teste 0 microcrusticeo
Artemia salina e o peixe Danio rerio t€tm demonstrado serem ferramentas eficientes para a
determinagdo da ecotoxicidade de amostras vegetais com a¢do moluscicida, além de serem
métodos simples, de baixo custo e rdpida execugao (DIAS et al., 2013; PEREIRA et al.,
2017).

Dysphania ambrosioides (L.) Mosyakin & Clemants, sinonimia e basionimo mais
importante Chenopodium ambrosioides L., € uma herbacea pertencente a familia
Amaranthaceae, conhecida popularmente como “erva-de-santa-maria”, “mastruz” ou
“epazote” e nativa da América Central e do Sul (GRASSI et al., 2013; BRAHIM et al., 2015;
SALIMENA et al., 2015; JESUS et al., 2017; BIBIANO et al., 2019; REYES-BECERRIL et
al., 2019). Apresenta extensa distribuicdo geografica no Brasil, com ocorréncia em
praticamente toda area territorial (LIMAVERDE et al., 2017). O OE obtido de suas partes
aéreas é muito utilizado para o tratamento de helmintiases em algumas localidades (SA et al.,
2015) e tem mostrado bioatividades cientificamente comprovadas, tais como agdo
leishmanicida (MONZOTE et al., 2014), antibacteriana (BEZERRA et al., 2019), antiftingica
(CORREA-ROYERO et al., 2010), antioxidante (KUMAR et al., 2007), acaricida (PAES et
al., 2015), inseticida (JARAMILLO et al., 2012), schistosomicida (SOARES et al., 2017) e
tripanomicida (BORGES et al., 2012).

Considerando o cendrio epidemioldgico da esquistossomose no Brasil, sobretudo em
estados do Nordeste, e diante da necessidade da investigacdo e descoberta de produtos
moluscicidas mais vidveis que a niclosamida para um controle eficaz da parasitose, visto que
apenas o tratamento dos individuos infectados ndo reduz o risco de transmissao, este trabalho
tem como objetivo realizar um estudo de revisdo sobre a acdo moluscicida de OE em
caramujos transmissores da esquistossomose, bem como avaliar a composi¢do quimica, os
efeitos moluscicida e cercaricida, e a ecotoxicidade do 6leo essencial de partes aéreas de D.

ambrosioides (DAOE).
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2 OBJETIVOS

2.1 Objetivo geral

Realizar um estudo de revisdo sobre a agcdo moluscicida de OE em caramujos
transmissores da esquistossomose, bem como avaliar a composicdo quimica, os efeitos
moluscicida e cercaricida, e a ecotoxicidade do 6leo essencial de partes aéreas de Dysphania

ambrosioides (L.) Mosyakin & Clemants (DAOE).

2.2 Objetivos especificos

e Evidenciar as plantas aromaticas com potencial moluscicida;

e Demonstrar os constituintes majoritdrios identificados nos 6leos volateis avaliados
sobre 0s moluscos vetores da esquistossomose;

e Indicar os compostos voldteis ativos contra caramujos transmissores de trematddeos
do género Schistosoma,

e Destacar a ecotoxicidade dos 6leos estudados quanto a agdo moluscicida;

e Determinar o rendimento do DAOE;

e Quantificar os constituintes quimicos presentes no OE em estudo;

e Identificar o marcador quimico do DAOE;

e Avaliar a atividade moluscicida do DAOE e de seu constituinte majoritario sobre
caramujos Biomphalaria glabrata;

e Verificar a acdo do OE extraido em cercarias de Schistosoma mansoni,

e Investigar a toxicidade do DAOE para larvas de Artemia salina e peixes Danio rerio.
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Referencial Tedrico

Parte do Referencial Teorico foi publicado como capitulo de livro da Atena Editora
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3 REFERENCIAL TEORICO
3.1 Esquistossomose mansonica
3.1.1 Epidemiologia

A esquistossomose mansonica ¢ uma doenca negligenciada que tem como agente
etiolégico o trematddeo digenético Schistosoma mansoni Sambon (GOMES et al., 2016;
SILVA, 2018). E considerada endémica em 4reas tropicais e tem grande distribuicio
geogrifica, sendo registrada em paises da América e Africa (Figura 1) (BRASIL, 2017;
BERGER, 2019). Acomete aproximadamente 240 milhdes de pessoas em todo o mundo e

mais de 700 milhdes estao sob risco de infeccao (WHO, 2019).

Figura 1. Distribui¢do da esquistossomose mansonica no mundo.

[] Niio endémico B Endémico [ Paises sem informagdes disponiveis
Fonte: Berger (2019).

Conhecida popularmente no Brasil como xistosa, doenca do caramujo ou barriga
d’agua, acredita-se que a esquistossomose mansdnica foi introduzida neste pais no século
XVII, com a chegada de escravos africanos trazidos pela Colonia Portuguesa, para trabalho
nas plantacdes de cana-de-agucar na regido nordeste (KATZ; ALMEIDA, 2003; RIBEIRO et
al., 2004). A utilizacdo da mdo-de-obra escrava na lavoura canavieira, atividade que utilizava
grande aporte hidrico, somada as péssimas condi¢des de vida e a existéncia dos hospedeiros
intermedidrios, criou as condicdes bio-ecoldgicas necessdrias para o estabelecimento e

transmissao da doenca (CARDIM, 2010).
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A esquistossomose no Brasil € considerada como um dos mais sérios problemas de
saude publica, em virtude do déficit organico que produz (CARDIM et al., 2011; OLIVEIRA
et al., 2018). As regides do pais endémicas para esta parasitose sdo conceituadas como um
conjunto de localidades continuas ou adjacentes onde a transmissdo estd plenamente
estabelecida (MELO, 2011). Para a classificacdo destas regides, a taxa de prevaléncia €
utilizada como pardmetro. Assim, as localidades com prevaléncia inferior a 5% sao
denominadas de areas de baixa endemicidade. As com prevaléncia entre 5 e 15% e superior a
15% sao classificadas em d4reas de média e alta endemicidade ou hiperendémica,
respectivamente (ROCHA et al., 2016).

Estima-se que cerca de 1,5 milhdo de brasileiros sd@o portadores da esquistossomose
(SOARES et al., 2019). Esta helmintiase estd distribuida em 19 Unidades Federativas do
Brasil, ocorrendo de forma endémica no Maranhdo até Minas Gerais. Alguns focos de
transmissio encontram-se nos estados do Piaui, Para, Goias, Distrito Federal, Sdo Paulo, Rio
de Janeiro, Parand, Santa Catarina e Rio Grande do Sul (Figura 2) (BRASIL, 2017; BRASIL,
2019).

Figura 2. Distribuicdo da esquistossomose mansdnica no Brasil de acordo com a faixa de
positividade por municipio.

> T‘M s
P
3
A/E ¥ L
; a9y 3
s
z : .,.0$
) Qv‘ﬁ@l .
v 1%
Positividade (%) ' — . ’% ~ é.u
0 ) ~3 s ;;. ¥
. % #5
5-15 [ i S |
B - s L W o

Sem informagao

’
0 250 500 1,000
2 T — T
Sistemas de coordanadas geograficas
Datum Horizontal: WGSS4

Fonte: Brasil (2019).
A esquistossomose no Maranhao foi relatada pela primeira vez em 1920, ano em que
foram registrados 10 casos positivos. Dois destes casos foram diagnosticados em pacientes

que viviam em Sao Luis, capital do Estado, e os outros oito foram de pacientes que viviam em
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Cururupu, municipio pertencente a microrregido Litoral Ocidental Maranhense (CUTRIM,
1987).

De acordo com os dados do Ministério da Sadde, a esquistossomose no Maranhao é
transmitida em 49 dos 217 municipios existentes. O Litoral Norte e a Baixada Maranhense
configuram-se como regides endémicas da doenca, apresentando altas prevaléncias (BRASIL,
2011; MENDES, 2019).

A Baixada Ocidental Maranhense € uma das localidades economicamente mais pobres
do Estado, incorporando em suas atividades rotineiras a pesca, caga, agricultura de
subsisténcia e criacdo de animais de pequeno porte, que propiciam o contato continuo da
populacdo com &4guas contaminadas por S. mansoni e contribuem para que o controle da
esquistossomose seja uma tarefa dificil para os servigos de saude publica (FERREIRA et al.,
1998; CANTANHEDE, 2010; LIRA et al., 2017).

Na regido da Baixada Maranhense, acredita-se que a esquistossomose ¢ mantida nao
sO pela participagdo humana, mas também com o auxilio de roedores silvestres do género
Holochilus. Estes animais sdo comumente encontrados na drea e albergam grande quantidade
do helminto adulto, podendo eliminar suas fezes com ovos vidveis do parasito em ambientes
aqudticos onde estdo presentes os caramujos vetores (SILVA-SOUZA, 2001). Estudo de
monitoramento de roedores Holochilus sp., realizado entre 2012 e 2013 no municipio de Sao
Bento, pertencente a Baixada Maranhense, mostrou que, por més, uma média de 2,4 animais
estavam infectados por S. mansoni (MIRANDA et al., 2015).

A esquistossomose mansonica, que era antes considerada uma doenca rural,
acompanhou a intensa mobilidade das populacdes origindrias de dreas endémicas do campo
para os grandes centros urbanos. No meio urbano, estas populagdes se fixaram em regides
periféricas, onde nio existia infraestrutura de saneamento ambiental adequada e acdes
politicas de educacdo sanitdria. A partir dai, com o processo de urbanizacdo desordenado,
surgiram condi¢des favordveis para a manutencdo da transmissdo e expansdo territorial da
doenca, através da propagacdo e do estabelecimento de novos focos da parasitose
(GUIMARAES; TAVARES-NETO, 2006; BARBOSA et al., 2013; SANTOS et al., 2016).

Na cidade de Sao Luis, Maranhdo, os bairros da periferia consistem em potenciais
areas de transmissdo da esquistossomose. Estas localidades apresentam condicdes sanitarias
precarias e criadouros naturais de caramujos do género Biomphalaria (Figura 3) (OLIVEIRA

et al., 2013; DAVID et al., 2018).
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Figura 3. Criadouros naturais de caramujos do género Biomphalaria em darea periférica do
municipio de Sdo Luis-MA.

Fonte: Autoria prpria (221).

Estudos demonstraram que existe uma forte associagdo entre varidveis
socioecondmicas e infec¢do por S. mansoni (MATOSO, 2012; SISTE, 2016; SANTOS et al.,
2019). Melo et al. (2019), analisando os fatores envolvidos na transmissdo da
esquistossomose em uma drea endémica do estado de Alagoas (Brasil), constataram que a
ocorréncia da doenga variou em funcdo do género, idade, etnia e condi¢dao socioecondmica. A
maioria dos casos de esquistossomose, confirmados durante o periodo de 2016 a 2017,
concentrou-se em trabalhadores da pesca, pertencentes ao sexo masculino, na faixa etdria de
29 a 60 anos, sem escolaridade ou com ensino fundamental incompleto, negros ou pardos,
com baixo poder aquisitivo.

Soares et al. (2019) realizaram uma avaliacdo epidemioldgica da ocorréncia de
esquistossomose no estado de Pernambuco, Brasil, no periodo de 2007 a 2015. Estes autores
relataram que houve correlagdo positiva entre a taxa de esquistossomose e o percentual de

vulnerdveis a pobreza.

3.1.2 Ciclo de transmissao

A esquistossomose € caracterizada como uma doenga de veiculacdo hidrica (LOYO;
BARBOSA, 2016; ROCHA et al., 2016). O seu ciclo de transmissdo inicia quando fezes
humanas contendo ovos vidveis de S. mansoni contaminam ambientes de dgua doce
colonizados por caramujos do género Biomphalaria (BARBOSA et al., 2008). Condigdes

adequadas de temperatura, luz e de oxigenacdo permitem a eclosdo dos ovos e liberacdo dos
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miracidios (MELO, 2011; SOUZA et al., 2011). Estas larvas t€m um periodo de vida curto e
um sistema nervoso primitivo que garante 0s movimentos natatérios necessirios para seu
encontro com os moluscos hospedeiros (MARQUES, 2012).

Os movimentos dos miracidios propiciam a invasdo no tegumento do caramujo em um
periodo de 10 a 15 minutos. Apds a infeccdo do hospedeiro intermedidrio, os miracidios
perdem suas placas ciliares e seus movimentos, sendo denominados de esporocistos
primdrios, que apresentam de 50 a 100 células germinativas. Estas células originam os
esporocistos secunddrios e estes, por reproducdo assexuada, ddo origem a milhares de
cercarias (MARQUES, 2012). Estas larvas sdo liberadas no ambiente aquético e, quando
entram em contato com o hospedeiro definitivo, penetram na sua pele, dando inicio ao
processo de infeccdo (NEVES, 2016).

Ap6s infectar o homem, as cercdrias se transformam em esquistossomulos, os quais
invadem os vasos venosos e/ou linfaticos, alcangando a circulagdo geral e sendo arrastados
para o coracdo e pulmdes, de onde migram ativamente até o figado (LENZI et al., 2008). Ao
chegar ao sistema porta intra-hepdtico, os esquistossomulos se desenvolvem, alcangando a
fase adulta apds 28 a 48 dias da infeccdo do hospedeiro. Os vermes adultos, machos e fémeas,
acasalam e se direcionam para os vasos do mesentério do intestino contra a corrente
sanguinea da veia porta e das veias mesentéricas. Nas vénulas mesentéricas inferiores, as
fémeas eliminam ovos, podendo chegar até 300 por dia. Alguns ovos produzidos chegam a
luz intestinal e saem com as fezes (Figura 4). Os outros ovos ficam retidos nos tecidos do

figado e paredes do intestino, dando origem a granulomas (REY, 2017).

Figura 4. Ciclo biolégico de Schistosoma mansoni.

Fonte: Brasil (2014).
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3.1.3 Aspectos clinicos

Os sintomas da esquistossomose variam de acordo com o seu estdgio de evolucdo no
homem (POVISNKE; PRESTES, 2012). A fase aguda manifesta-se em torno do 50° dia e
dura até cerca de 120 dias apds a penetragdo da cercdria. Os principais sintomas nesta fase sao
febre alta, mal-estar, emagrecimento, tosse, diarreia, hepatoesplenomegalia e
linfadenomegalia, além de alteracdes hematoldgicas como leucocitose e eosinofilia
(MARONI, 2006).

Nas dreas consideradas hiperendémicas (prevaléncia > 15%), a fase aguda da doencga é
rara (BARROS, 2008). Por outro lado, pessoas de dreas ndo endémicas demonstram ser mais
suscetivels a desenvolverem infeccdo sintomatica aguda. Apds o primeiro contato com a
doenca, um individuo de area ndo endémica possui resposta imune pouco efetiva contra
antigenos de Schistosoma (ABDALA, 2012).

O quadro clinico cronico da esquistossomose mansonica inicia no doente a partir dos
seis meses ap0s infec¢do, podendo durar muitos anos (PORDEUS et al., 2008). A fase cronica
pode apresentar as formas clinicas intestinal, hepatointestinal e hepatoesplénica. Esta ultima
forma € classificada em compensada e descompensada (VALENCA, 2000; BRASIL, 2019).

A forma cronica intestinal € muito comum nas dreas de alta endemicidade. Esta fase
pode ser assintomdtica ou apresentar diversos sintomas, tais como diarreia, perda de apetite,
cOlicas intestinais e astenia (OLIVEIRA, 2006; BECK, 2007). A classificacdo clinica
hepatointestinal é indicada pela ocorréncia de diarreias e epigastralgia. O doente apresenta
figado com nédulos, os quais nas fases mais evoluidas da forma clinica configuram-se como
areas de fibrose resultantes de granulomatose periportal ou fibrose de Symmers (BRASIL,
2014).

A forma hepatoesplénica ocorre quando hd aumento considerdvel do volume do baco e
figado. Na fase compensada, os portadores apresentam quadro clinico caracterizado pela
presenca de hepatoesplenomegalia e fibrose hepdtica. Ja na fase descompensada os doentes
manifestam um ou mais dos seguintes sinais: hipertensdo portal, desenvolvimento de
circulagdo colateral, hematémese, ascite, varizes do es6fago, anemia acentuada, desnutri¢io e
hiperesplenismo (CASTRO, 2009).

Em suas diferentes formas clinicas, a esquistossomose ¢ muito semelhante a outras
doencas (PORDEUS et al., 2008). O diagndstico é confirmado com a presenga de ovos de S.
mansoni eliminados nas fezes dos pacientes e pode ser obtido através do método de Kato-

Katz (MARTINS et al., 2019). Esta técnica parasitolégica é recomendada pela OMS e
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possibilita tanto a quantificacdo de ovos do parasito por grama de fezes como a determinagio
da intensidade da carga parasitaria do doente (OLIVEIRA, 2015; SILVA-FILHO, 2017).

O tratamento da esquistossomose tem como objetivos curar, diminuir a carga
parasitdria dos pacientes e impedir que a doenga evolua para as formas graves (GOMES et al.,
2016). Os farmacos empregados para combater o helminto S. mansoni sdo o oxamniquine € 0
praziquantel.

Este dltimo medicamento é o mais recomendado para tratar a esquistossomose no
Brasil e apresenta ampla margem de seguranga, baixo custo, eficicia para todas as formas
clinicas da parasitose, além de ser indicado para diferentes faixas etdrias (QUEIROZ et al.,
2010; SILVA et al., 2012). E fabricado pelo laboratério de Farmanguinhos/Fiocruz e o
Ministério da Saude o distribui gratuitamente as Secretarias Estaduais de Saude, as quais
fornecem o medicamento aos municipios (FIGUEIREDO, 2017).

Embora o tratamento com o farmaco praziquantel tenha proporcionado como resultado
a reducdo de casos com formas graves, a transmissdao da esquistossomose mansonica ainda é
constante (VITORINO et al., 2012). Por esta razdo, o indice de interna¢des hospitalares ainda
€ significativo, sendo que em 2016, no Brasil, foram internados 200 pacientes de diferentes

regides geogréficas (BRASIL, 2019).

3.1.4 Hospedeiros intermedidrios de Schistosoma mansoni no Brasil

Caramujos do género Biomphalaria sdo considerados importantes para a
epidemiologia da esquistossomiase humana, pois representam os hospedeiros intermedidrios
do parasito S. mansoni. Estes animais pertencem ao Filo Mollusca, Classe Gastropoda,
Subclasse Pulmonata, Ordem Basommatophora e Familia Planorbidae. Apresentam uma
concha discoidal arredondada, na qual se observa uma depressdo no giro central, e sdo
encontrados nas Américas, na Africa e Peninsula Ardbica (REY, 2017).

Das espécies de Biomphalaria identificadas, dez t€m registro de ocorréncia no Brasil.
Estas sdo: Biomphalaria tenagophila Orbigny, Biomphalaria straminea Dunker,
Biomphalaria glabrata Say, Biomphalaria amazonica Paraense, Biomphalaria peregrina
Orbiny, Biomphalaria occidentalis Paraense, Biomphalaria intermedia Paraense &
Deslandes, Biomphalaria schrammi Crosse, Biomphalaria oligoza Paraense e Biomphalaria
kuhniana Clessim. Apenas B. tenagophila, B. straminea e B. glabrata eliminam cercdrias em
seus ambientes naturais, sendo transmissoras da esquistossomose mansonica no pais (NEVES,

2016; CARVALHO et al., 2018). Os moluscos B. amazonica e B. peregrina sdo considerados
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hospedeiros intermedidrios potenciais, visto que sé sdo infectados com o parasito
experimentalmente (THIENGO, 2007; AMARAL, 2008; GOMES et al., 2019).

O planorbideo B. tenagophila apresenta, quando adulto, uma concha com sete a oito
giros e com até 35 mm de didmetro e 11 mm de largura (LIMA, 1995). Distingue-se do
molusco B. glabrata por apresentar uma angulagdo um pouco acentuada na parede lateral dos
giros, principalmente no lado esquerdo, e abertura mais larga, de contorno deltoide
(PARAENSE, 1972). Ocorre na faixa litoranea que se estende do sul do estado da Bahia até o
Rio Grande do Sul e é o principal transmissor de S. mansoni no estado de Sao Paulo (MUNIZ,
2007; CARVALHO et al., 2018). Ja foi encontrado naturalmente em estivacdo (TELES;
MARQUES, 1989) e possui boa plasticidade e capacidade de se adaptar as mudancas
ambientais (TELES, 2005).

A espécie B. straminea possui uma concha de 10 mm a 16 mm de diametro, com 3
mm a 4 mm de largura e cerca de cinco giros (THIENGO; FERNANDEZ, 2008). Tem
extensa distribuicdo geografica no pais, sendo predominante na regido nordeste (MARQUES,
2012), principalmente nos estados do Piaui, Ceard, Rio Grande do Norte, Paraiba,
Pernambuco, Alagoas, Sergipe e Bahia (CARVALHO et al., 2008). Estd presente nos mais
diferentes corpos hidricos e tem capacidade adaptativa a variagdes extremas das condi¢des
ambientais, podendo sobreviver a periodos de seca ndo muito longos (PAZ, 1997
CARVALHO et al.,, 1998). Embora apresente pouca suscetibilidade a infec¢do por S.
mansoni, € responsavel pela transmissdo e manuten¢do da esquistossomose mansonica no
estado do Ceard, em Fordlandia (Pard) e Goiania (Goids) (NEVES, 2016).

O caramujo B. glabrata é considerado o maior dentre os planorbideos e sua concha
calcaria pode atingir 40 mm de diametro, 11 mm de largura, com seis a sete giros (Figura 5)
(NEVES, 2016). Apresenta na regido ventral do manto uma crista renal pigmentada, que €
importante para sua identificacdo, e € hermafrodita, mas com preferéncia pela reproducao
cruzada (PARAENSE, 1955). Em laboratério, ja demonstrou alta suscetibilidade a infec¢cao
por vérias linhagens de S. mansoni (MAGALHAES; DIAS, 1973; BASTOS et al., 1978;
COIMBRA-JUNIOR, 1981). E caracterizado como o mais importante hospedeiro
intermedidrio do esquistossomo no Brasil, por apresentar ampla plasticidade ecoldgica, alta
taxa de infectividade e extensa distribuicao geografica (MORGAN et al., 2001; PARAENSE,
2001; CAMPOS et al., 2002; BRAGA, 2012; ARAUJO et al., 2018).
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Figura 5. Caramujos da espécie Biomphalaria glabrata.

Segundo Lima (1995), os focos ativos de transmissdo da esquistossomose no Brasil
estdo bastante relacionados com a ocorréncia de B. glabrata. Este molusco encontra-se em 16
estados, assim como no Distrito Federal. No estado do Maranhdo, estd presente em 30

municipios, incluindo Sao Luis (Figura 6) (CARVALHO et al., 2008; BRASIL, 2014).

Figura 6. Distribuicao geografica de Biomphalaria glabrata Say no Brasil.

Fonte: Carvalho et al. (2008).
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No municipio de Sdo Luis (Maranhao), o molusco B. glabrata esta presente em bairros
com grande concentracdo populacional e desprovidos de infraestrutura sanitdria adequada.
Inquéritos malacolégicos realizados na cidade, em diferentes periodos, demonstraram que este
caramujo € um participante ativo do ciclo bioldégico do S. mansoni e, consequentemente, da
transmissdo da esquistossomose (FERREIRA, 2008; MIRANDA et al., 2016; RODRIGUES
et al., 2017).

Ambientes dulcicolas de pouca correnteza e com baixo teor de matéria organica e
s6dio eram considerados ideais para as espécies de Biomphalaria. Entretanto, estes caramujos
vém se modificando fisiologicamente, de modo que possuem a capacidade de tolerar a
diferentes variacdes fisico-quimicas, habitando em locais adversos, como bueiros, valas de
esgoto a céu aberto, pogas de dgua e terrenos baldios alagados (SILVA-SOUZA; LOPES,
2002; SILVA et al.,, 2006; GOMES et al., 2017). A presenca desses planorbideos ja foi
observada até mesmo em terrenos secos com areas lamosas, relativamente distantes de
colecdes hidricas. Esse importante aspecto relaciona-se a capacidade dos caramujos
permanecerem em estado de laténcia durante a estiagem, fator que ndo isenta a possibilidade

de infecc¢do e disseminacao da esquistossomose (NEVES, 2016).

3.1.5 Métodos de controle dos moluscos transmissores

O controle dos hospedeiros intermedidrios, integrado ao tratamento quimioterapico
dos doentes, além de melhoria no saneamento bdsico e préticas de educagdo em saude,
formam um conjunto de estratégias promissoras para o controle da esquistossomose
(FENWICK; SAVIOLI, 2011; WANG et al., 2016; MELO et al, 2019). A reducao
populacional de moluscos transmissores pode ser realizada por meio de métodos fisicos,
bioldgicos e quimicos (WHO, 1993; DIAS et al., 1995).

Como método fisico para o controle dos hospedeiros intermedidrios de S. mansoni,
considera-se a mudancga das condi¢des naturais do ambiente ocupado por estes planorbideos,
através de alteracoes fisicas do solo, 4gua ou vegetagao (WHO, 1980).

As principais ac¢Oes de controle fisico sdo drenagem de depressdes naturais, brejos e
pantanos, os quais sdo criadouros de moluscos; aterro de pequenas colecdes hidricas
contaminadas; mudanga no curso de canais e corregos, para melhorar o fluxo de 4gua e
reduzir a populagdo planorbidica; alteragdao periddica no nivel da dgua de regos e cOrregos,
para diminuir a quantidade de vegetacdo aqudtica e provocar a morte de caramujos por

dessecagdo; a retirada de plantas aqudticas das margens dos criadouros; e a retificacdo das
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margens sinuosas de riachos e corregos, para reduzir a drea de deposi¢do de sedimentos ricos
em detritos, que servem como alimento para os moluscos Biomphalaria (SOUZA; LIMA,
1997; AMARAL et al., 2008; NEVES, 2016; REY, 2017).

Os métodos fisicos podem gerar bons resultados quando sdo realizados em pequenas
dreas de risco ou quando conjugados a outras medidas de controle. Todavia, para a sua
operacdo € necessdrio investimentos dispendiosos e manuten¢do constante (BARBOSA,
1995), os quais o tornam nio muito indicado para o controle da esquistossomose.

O uso de organismos predadores ou de competidores, que vao reduzir o crescimento
populacional dos caramujos transmissores ou ocasionalmente elimind-los dos criadouros,
corresponde ao método bioldgico de controle desses animais (SOUZA; LIMA, 1997).
Segundo Amaral et al. (2008), estudos para avaliar a eficicia deste método comecaram a ser
realizados a partir da década de 50, especialmente em carater experimental.

De acordo com a literatura especializada, vdarias espécies de diferentes grupos
zooldgicos sdo predadoras de Biomphalaria. Destas, merecem destaque algumas espécies de
aves (patos, marrecos, gansos, gavido caracoleiro e pirulico, ave silvestre encontrada na
Baixada Maranhense e que ingere mais de mil exemplares de B. glabrata por dia), peixes
(tilapia, peixe-paraiso, apaiari), insetos (larvas de odonata, larvas de mosca Sciomizidae,
hemipteros aqudticos), queldnios (cdgado e tartaruga) (NEVES, 2016) e uma espécie de
sanguessuga, Helobdella triserialis lineata Blanchard, que tem a capacidade de se alimentar
de exemplares recém-eclodidos, jovens e adultos de B. tenagophila, B. straminea e B.
glabrata (GUIMARAES et al., 1983; 1984).

Outras espécies de moluscos demonstraram ser competidoras ou predadoras de
caramujos Biomphalaria. O molusco da espécie Marisa cornuarietis Linnaeus controlou
eficientemente a densidade populacional de B. glabrata em Porto Rico (GUIMARAES,
1983), pois compete por alimento e € um predador acidental dos ovos e exemplares jovens
deste planorbideo (FREITAS; SANTOS, 1995). O caramujo ampulariideo Pomacea haustrum
Reeve competiu por espaco fisico com B. glabrata em coérregos e valas localizados no
municipio Baldim, Minas Gerais, substituindo significativamente populagdes desta espécie
(MILWARD-DE-ANDRADE; CARVALHO, 1979). Em laboratério, foi observado que a
espécie P. haustrum é uma excelente predadora de desovas de B. tenagophila, B. straminea e
B. glabrata, podendo ser indicada para controlar esses hospedeiros intermedidrios de S.
mansoni (GUIMARAES, 1983).

Competicao entre espécies de Biomphalaria é bem relatada na literatura. Michelson e

Dubois (1979), em estudos de laboratério, verificaram que B. straminea compete com B.
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glabrata e € mais agressiva, apresentando maior vagilidade ao invadir o territério ocupado por
esta ultima espécie. Barbosa et al. (1984), ao estudarem a interacdo entre B. straminea
(resistente ao S. mansoni) e B. glabrata (suscetivel ao S. mansoni) em condicdes de
laboratdrio, observaram que no periodo de 100 semanas a populagdo de B. glabrata foi
totalmente substituida pela de B. straminea. A substituicdo de B. glabrata por B. straminea
foi interpretada por estes autores como um caso de exclusdo competitiva.

Embora se tenha observado que o controle bioldgico reduz ou substitui populacdes de
planorbideos, a execucdo deste método nao € muito vidvel, pois pode causar sérios problemas
ambientais (AMARAL et al., 2008) e € muito onerosa quando comparada ao controle quimico
(MCCULLOUGH, 1981).

O emprego de substancias moluscicidas, que exercem efeito letal aos moluscos,
compreende os métodos quimicos de controle. Muitos produtos sintéticos foram utilizados
como moluscicidas, tendo destaque o pentaclorofenato de s6dio (PCFNa), a N-Tritilmorfolina
(Frescon®) e niclosamida (Bayluscide®) (STURROCK, 1995; GUIMARAES, 2007;
GRZESIUK, 2008; MEHRETIE et al., 2012; RAPADOQ, 2012).

O pentaclorofenato de sédio é um composto derivado do fenol que interfere em
processos enzimdticos imprescindiveis para a vida das espécies de Biomphalaria, causando a
morte destes animais (RAPADO, 2007). O PCFNa ja foi considerado uma substancia
moluscicida promissora, contudo a atuacdo em organismos ndo alvo colaboraram para sua
substitui¢do por outros produtos sintéticos (SOUZA, 1995).

A N-Tritilmorfolina € um produto quimico que atua sobre os moluscos em
concentracoes de 0,1 a 0,5 mg/L, durante uma hora. Seu custo era baixo, entretanto, por nao
apresentar toxicidade para as desovas dos planorbideos, era utilizada vérias vezes, em curtos
intervalos de tempo, para destruir as novas geragcdes de caramujos que surgiam (REY, 1987).
Todo esse processo aumenta os custos operacionais do controle.

A niclosamida € uma substancia quimica comercializada na forma de p6 e com o nome
de Bayluscide® (AMARAL et al., 2008). Tem acdo moluscicida, ovicida e cercaricida
(GHANDOUR; WEBBE, 1975; LOWE et al.,, 2005; VINAUD, 2005; MARTINS et al.,
2017). No entanto, este produto é muito oneroso, tem pouca estabilidade quando exposto a luz
solar e € toxico para maioria da flora e fauna dulcicola, causando impactos negativos no meio
ambiente (COURA-FILHO et al., 1992; GIOVANELLI et al., 2002; DAI et al., 2010;
OLIVEIRA-FILHO et al., 2010; LOPES et al., 2011; FAMAKINDE, 2018). Além disso, tem
expressivo custo operacional, por ser aplicado diversas vezes até mesmo em pequenos

criadouros de caramujos, e o seu emprego requer técnicos especializados (VINAUD, 2005).
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3.1.6 Avaliagdo da atividade moluscicida de plantas

As limitacdes de ordem econdmica e ambiental do moluscicida sintético niclosamida
incentivaram a busca por moluscicidas de origem vegetal. O uso de plantas com propriedades
moluscicidas pode ser uma alternativa biodegradavel, simples e pouco dispendiosa para o
controle da esquistossomose (MARSTON; HOSTETTMANN, 1985; SINGH et al., 1996;
CLARK; APPLETON, 1997; KUMAR; SING, 2006; SILVA-FILHO et al., 2009; GOHAR et
al., 2014).

O interesse pela utilizacdo de moluscicidas vegetais, para o combate da
esquistossomose, iniciou-se em 1930. Nesta época foi sugerido o cultivo de Balanites
aegyptiaca (L.) Delile (Balanitaceae) nas margens dos sitios ativos de transmissdo da
esquistossomose, localizados no Sudéo, Africa. Os frutos, quando cajam de exemplares da
espécie vegetal, reduziam a densidade populacional de caramujos vetores, sem alterar a
potabilidade da 4gua (LEYTON et al., 2005).

No inicio da década de 1960, aplicou-se, pela primeira vez, extratos aquosos dos frutos
de Phytolacca dodecandra L'Herit (Phytolaccaceae) em dreas de transmissdo de S. mansoni
na Etidpia. Estes extratos foram utilizados durante cinco anos nas campanhas de controle da
esquistossomose e ajudaram na reducdo da prevaléncia da doenca durante este periodo
(KLOOS; MCCULLOUGH, 1982).

Os estudos com extratos, 6leos essenciais ou constituintes quimicos de plantas para o
controle de caramujos transmissores tém sido realizados segundo a metodologia da OMS
(1965). Para a avaliacdo da atividade moluscicida desses materiais vegetais, os pesquisadores
se baseiam no guia da OMS, que considera como um bom moluscicida aquele que causar a
morte de 90 a 100% dos moluscos adultos em concentragdo menor ou igual a 100 pg/mL.
Além disso, este documento recomenda que o produto responsavel pela toxicidade esteja
presente em partes de facil regeneracdo da planta em estudo, como folhas, flores, frutos e
sementes, que o principio ativo seja extraido preferencialmente com &gua e apresente
estabilidade mesmo sob alteracdes fisicas e quimicas, como pH, luz solar e temperatura
(WHO, 1983).

Muitos produtos vegetais tém demonstrado toxicidade contra caramujos dos géneros
Biomphalaria, Bulinus e Oncomelania. Schall et al. (1998) testaram o extrato aquoso do latex
de Euphorbia splendens var. hislopii (NE Br.) Ursch & Leandri em espécimes de
Biomphalaria pfeifferi Krauss, molusco transmissor de S. mansoni na Africa. No

experimento, este extrato foi letal aos planorbideos, apresentando uma CLoo de 4 pg/mL.
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Estes autores relataram que o uso do latex de E. splendens var. hislopii em criadouros naturais
de B. pfeifferi é uma alternativa promissora para o controle da esquistossomose na Africa.

Lahlou e Berrada (2001) investigaram a atividade moluscicida de vinte e oito 6leos
essenciais isolados de plantas aromadticas coletadas em Marrocos. Os 6leos essenciais de
Citrus aurantium L. var. valencia Late e de Origanum compactum Benth. foram os mais
téxicos para Bulinus truncatus Audouin em menos de 24 horas de teste, na concentracao de
0,28 e 0,44 pg/mL, respectivamente. A atividade molusicicida foi atribuida aos compostos
fendlicos e aos da classe terpenos presentes nestes produtos vegetais.

Han et al. (2010), visando a obtencdo de novos moluscicidas para serem utilizados no
controle da esquistossomose na Asia, testaram dezenove extratos de onze espécies vegetais do
leste da China em caramujos Oncomelania hupensis Gredler, hospedeiros intermediarios do
parasito Schistosoma japonicum Katsurada. A fra¢do n-butanol do extrato etandlico das folhas
da espécie vegetal Buddleja lindleyana Fort foi ativa contra os moluscos testados,
apresentando CLogo de 59,28 pg/mL.

Espécies vegetais do Brasil, presentes principalmente nas regides nordeste, centro-
oeste e sudeste, ja foram testadas em B. glabrata e demonstraram resultados promissores.
Dentre estas, destacam-se as plantas Byrsonima intermedia Juss A. — Malpighiaceae (ALVES
et al. 2000), E. splendens var. hislopii (NE Br.) Ursch & Leandri — Euphorbiaceae (SCHALL
et al., 2001), Marsypianthes chamaedrys (Vahl) Kuntze — Lamiaceae (MENEZES et al.,
1999), Ocotea bracteosa (Meisn.) Mez - Lauraceaec (COUTINHO et al.,, 2007), e
Stryphnodendron adstringens (Mart.) Coville — Fabaceae (BEZERRA et al., 2002).

Mais de quarenta constituintes quimicos de plantas com potencial moluscicida em
concentragdes inferiores ou igual a 1 pg/mL foram isolados e identificados, mas os seus
efeitos sobre a fisiologia e bioquimica dos caramujos ainda ndo foram elucidados. Os
primeiros compostos identificados pertencem a classe das saponinas, cumarinas, flavonoides,
sesquiterpenos, alcaloides, lactonas diterpénicas e taninos (RAPADO, 2007). Destes, os
constituintes das classes saponinas e taninos foram os mais promissores (PARKHURST et al.,
1973; HOSTETTMANN et al., 1982; BALDOQUI et al.,, 1999; LAGO et al.,, 2004;
OLIVEIRA et al., 2005; PEREIRA, 2013).

Na pesquisa e desenvolvimento de novos moluscicidas, € imprescindivel a realiza¢io
de testes ecotoxicoldgicos para a avaliacdo da seguranca do emprego destes produtos em
criadouros naturais dos caramujos transmissores. Os ensaios que utilizam como organismos-
teste o microcrustdceo A. salina e o peixe D. rerio t€ém revelado serem ferramentas eficientes

para a determinacdo da toxicidade ambiental de amostras vegetais com ac¢do moluscicida,



32

além de serem métodos simples, de baixo custo e rdpidos de serem executados (DIAS et al.,

2013; PEREIRA et al., 2017).

3.2 Oleos essenciais

Os Oleos essenciais, denominados também de 6leos volateis ou esséncias, sdo misturas
de compostos quimicos volateis, de baixo peso molecular, que se apresentam na forma liquida
oleosa, geralmente com odor intenso e caracteristico. Sua producdo estd relacionada ao
metabolismo secunddrio das plantas, sendo que nem todas as espécies vegetais os sintetizam.
As plantas que produzem os componentes de 6leos essenciais sdo chamadas de aromaéticas
(BAKKALI et al., 2008).

A principal fungdo destas amostras volateis na planta estd relacionada a adaptagdo no
meio ambiente, permitindo a sobrevivéncia do vegetal e podendo atuar na prote¢do contra
predadores, pois apresentam acdes inseticida e antimicrobiana. Podem ser encontrados nos
diversos Orgdos das plantas (raiz, caule, folhas, flores) e, geralmente, estdo presentes em
orgdos especializados chamados glandulas ou aparelhos secretores, tais como células
secretoras, bolsas secretoras, canais e tricomas glandulares (BAKKALI et al., 2008;
GONCALVES, 2015).

Os dleos volateis possuem grande importancia econdmica, pois sdo utilizados como
matéria-prima na producdo de alimentos, bebidas e cosméticos, € como coadjuvantes em
medicamentos (BIZZO et al., 2009; STEFFENS, 2010). Estes produtos vegetais também sao
empregados como inseticidas, fungicidas e larvicidas no cultivo de frutas e hortalicas
(RIBEIRO, 2016).

Diferentes métodos sdo utilizados para extrair os Oleos essenciais. Todavia,
dependendo da técnica a ser empregada, a constituicdo quimica destes Oleos pode variar
expressivamente (CASSEL et al., 2009). As técnicas mais utilizadas para a obtencdo dos
produtos vegetais voldteis sdo: destilacdo a vapor, hidrodestilacdo, extracdo por solventes
organicos ou por fluido supercritico, prensagem a frio e enfloragdo (LEITE-JUNIOR, 2018).

O perfil quimico dos 6leos essenciais normalmente varia em relacdo ao nimero de
constituintes, podendo apresentar de 20 a 200 compostos, classificados de acordo com suas
concentragdes na mistura em majoritarios (20 a 95%), secundarios (1 a 20%) e tragos
(menores que 1%) (SIMOES et al., 2017). A composigio destes 6leos abrange terpenos, como

mono e sesquiterpenos, raramente diterpenos, além de fenilpropanoides. Os compostos
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terpénicos podem apresentar diferentes fun¢des quimicas, tais como hidrocarbonetos, dlcoois,
cetonas, aldeidos, ésteres, fendis, éteres e outros (WILDWOOQOD, 1996).

Os monoterpenos sdo constituidos por duas moléculas isoprénicas (CioHie) e
sintetizados a partir da via do metileritritol, sendo importantes para a fabricacdo de
medicamentos, perfumes ou biocombustiveis (MARMULLA; HARDER, 2014; YANG et al.,
2014). O grupo dos sesquiterpenos € sintetizado em plantas superiores pela rota do
mevalonato e apresenta um maior nimero de representantes de terpeno, incluindo cerca de
5000 substancias organicas naturais, que podem ser oxigenadas ou ndo oxigenadas
(MARTINS, 2012; BARTIKOVA et al., 2014).

Fenilpropanoides sdo metabdlitos secunddrios constituidos por um anel aromético
unido a uma cadeia de trés carbonos e sintetizados a partir do aminodcido fenilalanina para
protecdo das plantas contra infec¢des, radiacao ultravioleta e herbivoros (SILVA et al., 2014).
Estes componentes podem ser detectados em proporcdes significativas em Oleos volateis de
certas espécies vegetais, conferindo a estes produtos naturais um odor caracteristico
(JAKIEMIU, 2008).

A quantidade de compostos quimicos, bem como seus teores relativos e rendimento
dos Oleos essenciais variam significativamente em plantas da mesma espécie (LEITE-
JUNIOR, 2018). A variabilidade quimica em uma espécie vegetal sugere a existéncia de
diferentes quimiotipos e pode estar relacionada a fatores genéticos e climéticos, alteracdes na
fisiologia, estidgios de desenvolvimento ou tipo de material utilizado para extracdo,
disponibilidade de nutrientes e método de coleta (GOBBO-NETO; LOPES, 2007; ANWAR et
al., 2009; MORALIS, 2009; HARRAZ et al., 2014; SA et al., 2014).

Os Oleos essenciais t€m demonstrado importante potencial terap€utico e
farmacoldgico. Dentre as atividades bioldgicas associadas a estas amostras voldteis,
destacam-se as acOes antioxidante (RUBERTO; BARATTA, 2000), antifingica, bactericida,
inseticida, anti-inflamatdria, antiviral (ALI et al., 2015) e anti-hiperglicemiante (MOMTAZ;
ABDOLLAHI, 2010).

Estudos também evidenciaram que os Oleos essenciais sdo relevantes no combate ao
agente etioldgico e/ou vetor de doencas de grande importancia epidemioldgica. Augusto et al.
(2020) avaliaram os efeitos do dleo essencial extraido do caule da planta Eryngium triquetrum
sobre cercdrias de S. mansoni e caramujos B. glabrata e demonstraram atividades cercaricida
e moluscicida significativas, com 100% de mortalidade dos organismos testados nas
concetragdes de 0,5 e 10 ug/mL, respectivamente. Govindarajan et al. (2016) investigaram o

potencial larvicida do 6leo essencial do rizoma de Zingiber nimmonii contra vetores da
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maldria, dengue e filariose linfatica. Os autores observaram que o 6leo volatil estudado
apresenta toxicidade contra larvas em terceiro estdgio dos mosquitos Anopheles stephensi,
Aedes aegypti e Culex quinquefasciatus, com valores de CLso de 41,19, 44,46 e 48,26 ng/ml,

respectivamente.

3.3 Dysphania ambrosioides (L.) Mosyakin & Clemants (Amaranthaceae)

A familia Amaranthaceae apresenta predominancia de ervas e subarbustos tropicais,
reunindo 169 géneros, cerca de 2.360 espécies vegetais e inclui representantes da familia
Chenopodiaceae (FANK-DE-CARVALHO et al., 2010; ANGIOSPERM PHYLOGENY
GROUP, 2019). No Brasil, estdo presentes 146 plantas deste grupo taxonomico, sendo 20
espécies com ocorréncia exclusiva no segundo maior bioma do pais, o Cerrado (FANK-DE-
CARVALHO et al., 2012).

Esta familia botinica € economicamente relevante no Brasil, com 7 géneros e 20
espécies vegetais utilizados como alimentos e/ou para fins medicinais. Os géneros que t€ém
maior quantidade de espécies com importancia econdmica sao Alternanthera, Amaranthus e
Gomphrena (GOMES; BAO, 2010).

Dysphania consiste em um dos géneros da familia Amaranthaceae e inclui plantas com
caracteristicas peculiares, tais como: tricomas glandulares, pelos simples, nervuras foliares
laterais bem desenvolvidas, inflorescéncia frondosa, caule ereto e geralmente pouco
ramificado, perianto com glandulas subsesseis e sementes de formato subesférico
(MOSYAKIN; CLEMANTS, 2002; SHEPHERD; WILSON, 2008; SUKHORUKOV et al.,
2015). Uma das espécies desse género que tem sido muito estudada e € considerada pela OMS
como uma das plantas mais empregadas na medicina popular, é Dysphania ambrosioides (L.)
Mosyakin & Clemants, popularmente conhecida como erva-de-santa-maria, mastruz, epazote,
ambrosia, quenopddio, erva-pomba-rola, erva-formigueira, cha-do-méxico, mastruco, erva-
matapulga ou uzaidela (RIBEIRO, 2008; LIMA et al., 2011; BIBIANO et al., 2019).

D. ambrosioides apresenta como sinonimia e basindmio mais importante 0 nome
cientifico Chenopodium ambrosioides L. Esta espécie foi transferida para o grupo Dysphania
por questdes morfologicas e apds realizacio de estudos moleculares mais aprofundados
(VERLOOVE, 2013). Consiste em uma herbacea que pode atingir até 1 m de altura e possui
aroma forte, ciclo anual ou perene conforme o tipo de variedade, folhas com cinco lobos, de
coloragdo verde pdlido e borda dorsal serrilhada, e sementes marrons com ponta chanfrada

(Figura 7) (GROZEVA; CVETANOVA, 2013; SA et al., 2015; SA et al., 2016).
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Fonte: Autoria prépria (2021).

A espécie D. ambrosioides € silvestre ou cultivada, nativa da América Central e do
Sul, com ocorréncia também em outras regides quentes e subtropicais (GRASSI et al., 2013;
BRAHIM et al., 2015; SALIMENA et al., 2015; SILVA et al., 2015; REYES-BECERRIL et
al.,, 2019). No Brasil, tem extensa distribuicdo, estando presente em praticamente todo o
territorio (LIMAVERDE et al., 2017).

Na medicina tradicional, a planta € largamente utilizada em todo o pais como um
agente natural para o tratamento de inflamacdes, fraturas, diabetes, hipercolesterolemia,
doencas parasitdrias, gastrointestinais, respiratorias, vasculares e nervosas (COSTA;
TAVARES, 2006; DEGENHARDT et al., 2016; CARVALHO et al., 2018; ASSAIDI et al.,
2019). D. ambrosioides também € indicada para repelir insetos e eliminar tanto piolhos como
pulgas (COSTA; TAVARES, 2006). A decoc¢do ou infusdo das folhas constitui a principal
forma de uso da espécie vegetal (PEREIRA et al., 2010), porém o 6leo essencial obtido de
suas partes aéreas também é muito utilizado em algumas localidades (SA et al., 2015).

A literatura tem descrito diferentes e relevantes atividades bioldgicas do 6leo essencial
de D. ambrosioides e o destaca como anti-leishmania (MONZOTE et al., 2014),
antibacteriano (BEZERRA et al., 2019), antifingico (CORREA-ROYERO et al., 2010),
antioxidante (KUMAR et al., 2007), acaricida (PAES et al., 2015), alelopatico (HEGAZY;
FARRAG, 2007), inseticida (JARAMILLO et al., 2012), larvicida (LEYVA et al., 2009),
tripanomicida (BORGES et al., 2012) e schistosomicida frente a helmintos adultos da espécie

S. mansoni (SOARES et al., 2017).
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Em relacdo a composicdo quimica do 6leo essencial de D. ambrosioides, estudos
anteriores evidenciaram variacdo quanto ao composto majoritdrio e ao teor relativo de
monoterpenos em funcao do local de coleta da planta (TAPONDJOU et al., 2002; CHEKEM
et al., 2010; PAES et al., 2015). Esta variabilidade quimica pode ser associada aos fatores
genéticos, alteracOes na fisiologia, ao material e técnica de extracdo ou a influéncia das
condi¢des ambientais (GOBBO-NETO; LOPES, 2007, ANWAR et al., 2009; SA et al.,
2014), e permite a diferenciacao de D. ambrosioides em quimiotipos, que sdo classificados de
acordo com o componente majoritdrio identificado. Os quimiotipos reportados na literatura
para a espécie vegetal sdao: o-terpineno (MUHAYLMANA et al., 1998; ONOCHA et al.,
1999; GUPTA et al., 2002; SINGH et al., 2008; OWOLABI et al., 2009; CHEKEM et al.,
2010; JARAMILLO et al., 2012; SA et al., 2014), p-cimeno (TAPONDJOU et al., 2002),
ascaridol (CAVALLI et al., 2004; DEGENHARDT et al., 2016), limoneno (SAGRERO-
NIEVES; BARTLEY, 1995), a-terpinil acetato (PINO et al., 2003), m-cimeno (PRASAD et
al., 2009), o-cimeno (HARRAZ et al., 2014), cis de 6xido de piperitona (SOARES et al.,
2017) e a-felandreno (LAHLOU; BERRADA, 2001).

A atividade moluscicida do dleo essencial da planta estudada j4 foi avaliada sobre outra
espécie de caramujo transmissor da esquistossomose. No estudo de Lahlou e Berrada (2001),
foi evidenciado a alta toxicidade do 6leo volatil (CLoo de 0,74 pg/ml) da espécie coletada em
Marrocos sobre moluscos B. truncatus. O composto predominante no 6leo foi a-felandreno, o
qual pode ter sido responsavel pelo efeito moluscicida.

Ensaios moluscicidas realizados por Frank et al. (2011) revelaram a eficicia do dleo
essencial de D. ambrosioides contra planorbideos do género Biomphalaria, coletados no
municipio de Alegre, pertencente a regido sul do estado do Espirito Santo (Brasil). A
mortalidade de todos os moluscos testados foi obtida nas concentra¢des de 80 e 100 pg/ml, no

tempo de 6 horas de exposi¢ao ao 6leo.
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Abstract This review aims to describe essential oils with bioactivity on adult snails of the
genera Bulinus and Biomphalaria, which are intermediate hosts of schistosomes, and brings
together information relating to the importance of molluscicides and the chemical
composition and toxicity of such oils for other aquatic species. Papers, dissertations and
theses on the molluscicidal activity of essential oils against schistosomiasis transmitting snails
were researched from various available online databases and the keywords used in the
bibliographic survey consisted of “essential oils”, “molluscicidal activity”, “molluscicide”,
“snails” and “schistosomiasis”, which were present in the title and/or abstract. Analysis of the
data of original articles revealed that 50 essential oils obtained from 46 plant species were
evaluated for molluscicidal activity against the genera cited. More than 80% of the volatile

oils studied were active, according to the criteria of the World Health Organization (LCop or

LC100 <100 pg/mL or LCsp <40 pg/mL), and most of the oils came from plants belonging to
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the Rutaceae, Lamiaceae and Pinaceae. Around 37% of the surveyed plant species were
obtained in Brazil and 88% of these plants were collected in the northeast of the country, a
region with a high prevalence of schistosomiasis mansoni. The essential oils with the highest
toxicity against host snails had high levels of hydrocarbon monoterpenes and oxygenated
monoterpenes, which may be responsible for the molluscicidal activity. Some volatile
components were subjected to molluscicidal evaluation, and the monoterpene compounds
exhibited a significant molluscicide effect. This review confirmed the importance of essential
oils as a promising alternative for the development of natural molluscicide products.
However, in order to be safe for use at sites where schistosome intermediate hosts are found,
information on ecotoxicity is required and, to date, few oils have been tested against non-
target aquatic species.

Keywords - Essential oils; Molluscicidal activity; Vector snails; Schistosomiasis.

1. Introduction

Digenetic trematodes are helminths which are responsible for causing infections in
groups of invertebrates and vertebrates (Crotti, 2013). They can be found parasitizing
different parts of the human body, such as the blood vessels, the gastrointestinal tract, lungs,
or liver; the affected organ is directly associated with the parasite species (Frezza et al., 2017).
Species of Schistosoma are responsible for infections of the blood vessels of the digestive or
urinary system, subsequently causing a serious disease in humans, schistosomiasis (Kebed et
al., 2018).

Schistosomiasis is the most important helminth infection in humans in terms of
morbidity and mortality, affecting more than 250 million people in 76 countries (Steinmann et
al., 2006). It is estimated that 4.5 million disability-adjusted life years (DALYSs) are lost as a

result of the acute and chronic symptoms of this disease (Vos et al., 2012).
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There are three main species of Schistosoma responsible for the disease in humans -
Schistosoma mansoni, Schistosoma haematobium and Schistosoma japonicum, — all of which
have similar life cycles, and depend on mollusks of the genera Biomphalaria, Bulinus and
Oncomelania, respectively, as intermediate hosts (Cantanhede et al., 2010). S. mansoni is the
only species present in the western hemisphere, being found in regions of South America. The
intermediate hosts of this trematode primarily are Biomphalaria glabrata, Biomphalaria
tenagophila and Biomphalaria straminea. These snails have a wide geographical distribution
and are decisive in the transmission cycle of schistosomiasis, as once infected they release
hundreds of larval forms that penetrate humans and some rodent species (Braga, 2012;
Miranda et al., 2015).

The control of intermediate host mollusks is a promising strategy for combatting
schistosomiasis. It is effective in the transmission phase, as it interrupts the life cycle of the
parasite and, consequently, prevents the risk of infection and reinfection of the main definitive
host, humans (McCullough et al., 1980; Cantanhede et al., 2010).

Plant derivatives can exhibit molluscicidal action (Rocha-Filho et al., 2015; Mandefro
et al., 2017; Faria et al., 2018). Essential oils, for example, are being increasingly studied and
described as potent molluscicides at low concentrations. Volatile oils are generally present in
the specialized histological structures of a wide variety of plants and are characterized as
complex mixtures of volatile and lipophilic chemicals from the secondary metabolism, which
are not directly related to plant growth, development and reproduction (Lupe, 2007; Garcia
and Carril, 2011). Some authors have related the molluscicidal action of essential oils to the
richness and complexity of the compounds present in their composition, which make it
difficult for mollusks to become resistant to the essential oils (El-Kamali et al., 2010; Salama

et al., 2012; Ribeiro, 2016).
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Due to the high molluscicidal potential of essential oils, this paper presents a critical
review of the current state of the effects of essential oils on the mortality of snails involved in
schistosomiasis transmission. The search for natural molluscicides is important, since the use
of synthetic compounds can cause impacts to the environment, as they are products with low
biodegradability and non-selective toxicity (Lopes et al., 2011). The present review also
provides information related to the importance of molluscicides, as well as reports on the
chemical composition of the studied essential oils and their toxicity to other aquatic species.

This review was based on scientific studies searched from various available online
databases such as Scielo, Web of Science, PubMed, Google Scholar and Science Direct. The
keywords used in the bibliographic survey consisted of “essential oils”, “molluscicidal
activity”, “molluscicide”, “snails” and “schistosomiasis”, which were present in the title
and/or abstract. Inclusion criteria were papers, dissertations and theses on the molluscicidal
activity of essential oils against schistosomiasis transmitting snails, without indicating time
limit. Oils evaluated on species of snails that don’t transmit schistosomiasis were excluded
from the literature search. The botanical families were organized according to the APG IV
system (Stevens, 2017) and the scientific names and synonyms of plant species were written

according to Tropicos (2019).

2. Control of transmission of schistosomiasis by molluscicides

The application of molluscicides in natural breeding sites of S. mansoni host snails is a
recommended practice by the World Health Organization (WHO) (WHO, 2013).
Molluscicides can be classified as synthetic or natural. With regards to synthetic
molluscicides, several substances with molluscicidal action have been tested on a large scale,
though few stood out in terms of efficacy. Among synthetic products, the only molluscicide

recommended in schistosomiasis control campaigns is niclosamide, commercially known as
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Bayluscide® (WHO, 2002). This is a highly efficient product against all development stages
of Biomphalaria and also larval forms of Schistosoma, even at low concentrations (Mata et
al., 2011). However, it is toxic to aquatic plants, fish and amphibians, and recolonization of
snail populations was identified after months of niclosamide application (Coura-Filho et al.,
1992; Famakinde, 2018; Chen et al., 2019). These factors have led to the disuse of
niclosamide.

Due to the severity of the disease and the high cost of niclosamide, there is a global
interest in development of natural molluscicides for the control of schistosomiasis. Such
interest dates from 1930, with the planting of Balanites aegyptiaca L. (Balanitaceae), a tree
typical of the African desert, when it was observed that the fruits of the tree reduced snail
density (Archibald, 1933). Since then, studies searching for bioactives originating from plants
have intensified, with several reports in literature on plants and their active principles, which
are studied for their molluscicidal potential. From this perspective, the discovery of new plant
molluscicides which may be more selective to Biomphalaria snails and less harmful to the
aquatic environment has been supported, due to the urgent need to combat schistosomiasis
(Coelho and Caldeira, 2016; Silva et al., 2018).

The methodology for investigating molluscicidal activity is almost exclusively based
on the method advocated by the WHO (1965), from which researchers make slight
adjustments according to their needs. This methodology indicates the ideal conditions for
bioassay, as well as the size of snails to be used, the suitable volume of snail molluscicide
solution, the time of exposure and the time-concentration relationships. The WHO recently
published guidelines on laboratory screening and field efficacy testing of molluscicides, so
that different laboratories and institutions carry out the same test procedures, generating
comparable efficacy trial data essential for the registration of these products by the national

regulatory authorities (WHO, 2019).
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In terms of the evaluation of the studied activity, according to a WHO document
published in 1965, a plant extract is considered active when it produces snail mortality in the
range of 70-100%, partially active when there is 40 to 60% mortality, and inactive if it does
not cause snail mortality or causes mortality of up to 30% of the treated snails within 24 hours
of exposure (WHO, 1965). However, a 1983 WHO publication updated the classification of
plants considered molluscicidal and determined that a molluscicidal plant is considered active
when it causes 90% mortality at concentrations of 20 ppm for isolated compounds and 100
ppm for extracts, within 24 hours of exposure (WHO, 1983).

Considering the classification of molluscicidal plant species as active or inactive,
Hostettmann et al. (1982) established the following evaluation criterion: plant species that
have a lethal concentration of 90% (LCogo) below 400 ppm are considered bioactive. Even so,
there is consensus among researchers to evaluate the molluscicidal capacity of a plant
according to the criteria established by the WHO (1983), even though their studies have found
values divergent or superior to these criteria (Ribeiro, 2016; Leite-Junior, 2018).

It is noteworthy that the values normalized by the WHO, theoretically, suggest a limit
based to ensure the toxic effects caused by the compounds present in the plant are as low as
possible for non-target organisms. Thus, a lower concentration of the lethal dose for snails
results in a lower amount of material used and better conditions for the use of these

compounds in the environment (Moreira et al., 2010).

3. Molluscicidal activity of essential oils against schistosomiasis transmitting snails

The review of literature showed that 50 essential oils obtained from 46 plant species
have been tested for molluscicidal activity against schistosome transmitting snails. The
molluscicide evaluation studies used plants distributed among 13 families, with Lamiaceae,

Rutaceae, Myrtaceae and Pinaceae representing 19.56%; 19.56%; 13.04% and 10.86%,
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respectively, of the species studied. In other reviews on the molluscicidal activity of plant
samples, the most representative groups were Asteraceae, Annonaceae and Euphorbiaceae,
which had the highest number of plants evaluated (Singh et al., 1996; Cantanhede et al., 2010;
Pereira, 2013). Table 1 summarizes the plant species studied, as well as the characteristics of
their essential oils.

The freshwater mollusks used in the studies surveyed belonged to the species Bulinus
truncatus, Biomphalaria peregrina, B. glabrata, B. tenagophila, Biomphalaria pfeifferi and
Biomphalaria alexandrina. The B. truncatus snail typically occurs in Africa and acts as an
intermediate host of S. haematobium, the trematode helminth that causes urinary
schistosomiasis in over 50 countries in Africa and the Middle East (Rey, 2008; Bakry and
Abu-El-Einin, 2008; Abe et al., 2012; Bolaji et al., 2015). Biomphalaria species, with the
exception of B. peregrina, are found naturally infected by S. mansoni, and play an important
role in the transmission of schistosomiasis mansoni in Brazil and Africa, respectively
(Olasehinde and Oyerinde, 2007; Paraense, 2008; Neves, 2016).

For the essential oils to be considered as good molluscicide candidates, they should
cause 90 to 100% mortality of adult snails at concentrations less than or equal to 100 pg/mL
or 50% at concentrations below 40 pg/mL, besides being obtained from plants easily
cultivated and abundant in endemic areas for schistosomiasis, and having low toxicity to non-
target organisms (WHO, 1983; 1993; Marston et al., 1993). Considering the standard criterion
for the evaluation of molluscicidal activity, it was found that 82% of the volatile oils studied
were active, with LCop or LCipo< 100 pg/mL or LCso< 40 pg/mL, while 18% showed no
activity. Most of the active oils come from plants belonging to the Rutaceae (16%),
Lamiaceae (14%) and Pinaceae (10%). These data demonstrate both the biological potential

and relevance of these families as a criterion for the selection of plants for research aimed at
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the discovery of new substances with toxic properties for epidemiologically important
mollusks.

The most active essential oils were from the fruit of Citrus aurantium var. valencia
Late (LCoo= 0.37 pg/mL), the aerial parts of Origanum compactum Benth. (LCoo= 0.69
pg/mL), the needles of Cedrus atlantica (Endl.) Carriere (LCoo= 0.69 ng/mL) and the aerial
parts of Chenopodium ambrosioides L. (LCoo = 0.74 pg/mL) (Lahlou and Berrada, 2001;
Lahlou, 2003). The LCoo values of these plant products are lower than the lethal concentration
of the reference molluscicide niclosamide (1 pg/mL) for Biomphalaria species in laboratory
(Wang et al., 2018; Araujo et al., 2019).

Volatile samples were extracted from plant specific structures such as the aerial parts,
leaves, fruits, fruit peel, needles, flowers, rhizomes, resin and stem bark. Aerial parts were
predominant in the studies, representing the source of 34% of the extracted oils. However,
only 76.47% of the essential oils obtained from the aerial parts were active, while over 85%
of leaf-derived oils exhibited molluscicidal activity. According to WHO (1983), Marston and
Hostettmann (1985) and Marston et al. (1993), when testing molluscicidal activity, the ideal
approach is to use easily regenerating plant organs such as leaves, fruits, flowers and seeds.

Essential oils obtained from the same plant collected in two locations in Brazil
expressed divergent results in the molluscicidal evaluations. The volatile oil extracted from
the aerial parts from Lippia gracilis Schauer collected in Maranhdo, Brazil, exhibited high
toxicity to B. glabrata, with a LCo value of 27.41 pg/mL, while oil from the leaves of the
plant obtained in Sergipe, Brazil, showed a LCo value of 82.8 ug/mL against this species
(Teles et al., 2010; Ribeiro, 2016). The essential oil of the aerial parts of Chrysanthemum
viscidehirtum (Schott) Tell evaluated in Bulinus truncatus by Khallouki et al. (2000) and
Lahlou and Berrada (2001) caused different toxic effects, with an LCioo of 1500 pg/mL and

an LCop of 1.45 pg/mL, respectively. According to Sukumar et al. (1991), the biological
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activity of a plant species can vary according to the part used (leaf, stem bark, root, flower,
fruit and seed), the extraction procedure, the geographical and climatic situations of the plant
collection site, and the methods and conditions applied in plant nutrition and cultivation.
Chemical variability within plant species can also influence its bioactivity. Lima et al. (2018)
evaluated the seasonal influence on chemical composition and acaricidal activity against
Rhipicephalus microplus larvae of the essential oil of Ocimum gratissimum L. There was a
quantitative variation of volatile constituents according to the season in which the leaves of
the plant were collected, being observed high concentration of one of the main compounds, p-
cymene, in the oil obtained in the dry season, which demonstrated better acaricidal effect
(LCso= 0.84 mg/mL). The authors associated the high toxicity of dry season oil to R.
microplus with the increase in the p-cymene content.

About 37% of the plant species tested were collected in Brazil, and 88% of these
plants were obtained from different areas of the northeast of the country, a region whose
states are among the most affected by schistosomiasis, with endemic areas, significant
prevalences of the disease, and high rates of hospitalization and mortality (Brasil, 2018). The
results of these toxicity tests of plants from Brazil indicate that these natural resources
represent an option for the production of effective molluscicides for the control of
schistosomiasis in transmission sites. In Brazil, it is estimated that more than 36,000 plant
species have already been identified and cataloged (Filardi et al., 2018), however, more
optimal uses and more scientific studies of these plants are needed (Dias and Moraes, 2014).

The elucidation of the physiological and biochemical performance of plant products
on the metabolism of mollusks is fundamental for their use as molluscicides in areas where
schistosomiasis is endemic. The essential oils discussed in this review were evaluated for their
molluscicidal properties, but were not submitted to further studies indicating their mechanism

of toxicity on snails. As a criterion for the mortality of mollusks, several authors have
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considered important parameters, such as those described by Miyasato et al. (2012) and
Tallarico et al. (2014): immobility, shell discoloration, visceral mass exposure, the retraction
of the cephalopodal mass into the shell, with or without hemolymph release, absence of a
heartbeat, among others. Information regarding the mechanism of action of molluscicides is
limited, but it may act on more than one system (Rapado et al., 2011). According to literature,
molluscicides may inhibit mollusk heartbeats; cause tissue swelling; alter the osmotic balance
controlled by a neurohormonal process; and modify the chloride levels in neurons, affecting
bicarbonate transport and increasing neuronal excitability (McCullough et al., 1980;
Adewunmi and Adesogan, 1986).

Although essential oils have shown potential as molluscicides, their low water
solubility and the instability of their constituents when exposed to light, air and high
temperatures compromise their effectiveness, dispersion and permanence in the aquatic
environments of snails (Aradjo et al., 2019; Pavela et al., 2019). To solve problems of
hydrosolubility and stability of essential oils, researchers have used nanotechnology as an
ally, processing the oils into appropriate formulations, such as nanoemulsions (NEs) and
microemulsions (MEs) (Echeverria and Albuquerque, 2019; Pavela et al., 2019). In NEs and
ME:s the oil droplet size is typically in the range 20-200 nm and 10-200 nm, respectively
(Jaiswal et al., 2015; Soradech et al., 2018). These formulations are thermodynamically
stable, prevent degradation of the essential oils active compounds and increase their
bioavailability, as well as promoting the interaction of these substances with biological
membranes (Xavier-Junior et al., 2016; Lu et al., 2018).

Evaluation of molluscicidal activity of NEs of essential oil has been done by Aratjo et
al. (2019), and the study indicated the need for further research on such formulations for more
efficient and large-scale use of essential oils in schistosomiasis control. These authors

investigated the effect of NEs containing the essential oil of the plant Xylopia ochrantha Mart.
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(Annonaceae) on Biomphalaria species from two regions of Brazil. The nanoemulsion with a
hydrophilic-lipophilic balance (HLB) of 9.26 demonstrated greater ability to distribute
vegetable oil and caused mortality of B. tenagophila, B. straminea and B. glabarata of
different sizes at rates ranging from 50 to 100%, over a 24 h exposure period. The formulation
also showed toxicity to eggs produced by snails, inhibiting their development at
concentrations of 47 and 78 ppm in 24 h of treatment. The toxicity of the nanoemulsion to

non-target aquatic organisms has not been evaluated.

4. Chemical composition of essential oils

The chemical profile of a volatile oil normally varies in relation to the number of
constituents, and can present from 20 to 200 compounds, classified according to their
concentrations in the mixture as major (20 to 95%), secondary (1 to 20%) and traces (less than
1%) (Simdes et al., 2017). In their constitution, essential oils mainly include terpenic
substances and phenylpropanoids, which give it its organoleptic characteristics, as well as
other molecules such as organic acids, lactones, coumarins, aldehydes, phenols, short chain
ketones and sulfur-containing compounds (Vallilo et al., 2006; Bizzo and Rezende, 2009;
Alcantara, 2015; Tohidi et al., 2019).

The chemical composition of the volatile oils used in the molluscicidal assessments
was also studied, in order to identify the compounds that were likely to be responsible for
molluscicide effect. Chemical analysis showed that the major constituents of the oils belonged
to the monoterpene, sesquiterpene, phenylpropanoid, ester and ketone classes, and to other
undefined classes. However, a predominance of terpene classes was observed (Table 1).
According to Silva et al. (2009) and Alcéantara (2015), the most commonly found terpenes in
essential oils are mono and sesquiterpenes. Monoterpenes are made up of two isoprenic

molecules (Ci0Hi6) and synthesized from the methylerythritol pathway, being important for
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the manufacture of medicines, perfumes or biofuels, as well as demonstrating various
biological effects, highlighting their insecticide, larvicide, fungicide, molluscicide and
cercaricide potential (Marmulla and Harder, 2014; Michaelakis et al., 2014; Yang et al., 2014;
Kweka et al., 2016; Zhang et al., 2016). The sesquiterpenes group is synthesized in higher
plants by the mevalonate route, presenting a greater number of terpene representatives, as it
includes about 5000 natural organic substances, which may be oxygenated or non-oxygenated
(Martins, 2012; Bartikova et al., 2014). The biological actions of sesquiterpenes described in
literature are mainly antimicrobial, antitumor, schistosomicide, antileishmanial, antiprotozoal,
anti-inflammatory and antiulcerogenic (Klopell et al., 2007; Mateji¢ et al., 2010; Wube et al.,
2010; Rabito et al., 2014; Abe et al., 2015; Almeida et al., 2016).

The most toxic essential oils for vector mollusks include a high content of the
hydrocarbon monoterpenes a-phellandrene, p-cymene, o-pinene, P-pinene, limonene and
myrcene in their composition, and a predominance of carvacrol oxygenated monoterpene
(Table 1). The molluscicidal activity of the oils can be attributed to the presence of these main
compounds, but the possibility that the action may be triggered by the compounds with lower
concentrations or by the synergism of the major and minor constituents of the essential oils
cannot be ruled out. According to Zhai et al. (2018), the actions of essential oils are likely to
result from the effects of all the secondary metabolites present and their interactions;
however, two or three predominant substances in the volatile mixture may contribute to their
primary property. Bakkali et al. (2008) report that, although major compounds generally
determine the bioactivity of essential oils, it is possible that the biological property is due to
the synergism of the constituents. An example of synergistic interactions between components
of essential oils, is the action of the two main compounds of rosemary oil, the monoterpenes
1,8-cineole and camphor, against the insect Trichoplusia ni. It was observed that in individual

topical administration from the compounds in the larvae of the studied insect 1,8-cineole
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showed greater toxicity, while in the direct injection method camphor was more toxic.
However, an assay combining injection and topical application methods showed that the
mixture of these constituents promotes an increase in the penetration of both into the cuticle
of the larvae, which contributes to the same larvicidal effect observed for larger amounts
applied separately (Tak and Isman, 2015).

The molluscicidal effect of essential oils extracted from the same plant species may
vary according to their chemical composition. Essential oils, as well as secondary metabolites,
represent a chemical interface between plants and the surrounding environment, so their
synthesis and proportions in plants are often affected by environmental conditions. From this
perspective, variations in the chemical composition of the essential oil of the same species
from different regions can be attributed to differences in climatic and geographical
parameters, such as temperature, rainfall, soil type, among other environmental factors that
influence the production of secondary metabolites (Gobbo-Neto and Lopes, 2007), and may
consequently influence the performance of molluscicidal activity. Such chemical variability
can be managed through blending of oils or extracts from different batches, as described by
Isman (2017).

Understanding the relationship between essential oils and their molluscicidal activity
can be achieved through studies involving their isolated main compounds. Several studies
have sought to compare the action of essential oil with the activity of its major component,
and molluscicidal evaluations involving 29 volatile components were found, distributed
among hydrocarbon and oxygenated monoterpenes, phenylpropanoids, hydrocarbon and
oxygenated sesquiterpenes, triterpenes and other non-identified groups. Among these
evaluated constituents, 12 (41.37%) monoterpenic substances exhibited high toxicity for
intermediate hosts at concentrations below the maximum dose (20 pg/mL) determined by the

WHO for the molluscicidal evaluations of isolated compounds (Table 2). Considering these
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results, it can be inferred that monoterpenes have the potential to be used as raw material for
the production of new sustainable molluscicides.

Some constituents of essential oils were tested on both B. glabrata and B. truncatus,
and the data revealed a varying response of the two species to most of the evaluated
compounds, indicating greater sensitivity in B. ftruncatus. However, the mollusks
demonstrated tolerance to the monoterpenes 1,8-cineole and linalool, with an absence of
mortality in the experiments, which led to the classification of these volatiles as inactive
(Table 2). Different reactions to the tested constituents may be associated with the physiology
of the snails, which was probably influenced by the environmental factors of the collection
site, with B. truncatus collected in Morocco and B. glabrata collected in Brazil.

The study of the chemical composition and biological activity of essential oils is
important for the development of plant derived molluscicides. Gaps in knowledge of the
chemistry related to biological activity may result in less use of molluscicidal plants. Another
challenge for the use of plant molluscicides relates to their toxicity and safety for the

environment, and they should therefore be investigated to ensure complete efficacy.

5. Toxicity of essential oils for non-target organisms

Essential oils generally have a versatile chemical composition and as result, studies are
required that evaluate their constitution and determine the content of their active constituents,
which may vary according to season (Gobbo-Neto and Lopes, 2007). Knowledge of the
chemical composition of volatile oils helps in the discovery of new biological actions, such as
molluscicidal activity, but in order to ensure the bioprospecting potential of these oils,
information on their toxicity must be given, emphasizing ecotoxicity tests (Dias et al., 2013;

Rodrigues et al., 2013).
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Ecotoxicological tests consist of the evaluation of the adverse effects of chemicals on
aquatic organisms and humans (Guimardes, 2014). The toxicity of a chemical compound,
depending on the exposure process, acts on the susceptibility of an organism and may directly
influence its habitat, transforming its metabolism, lifestyle and reproductive capacity
(Carvalho and Pivoto, 2011).

Organisms of different trophic levels are used in ecotoxicity tests to obtain a more
detailed view of the possible degree of toxicity of a compound (Rapado, 2012).
Microcrustaceans, such as Artemia salina Leach, are widely used as invertebrate test
organisms in environmental toxicity assessments and are associated with the verification of
the toxic activity of plant samples with molluscicidal properties (Silva—Filho et al., 2009;
Teles et al., 2010; Dias et al., 2013; Rodrigues et al., 2013). According to Dolabela (1997),
plant products with an LCso to A. salina lower than 80 ug/mL present high toxicity, those with
LCso between 80 to 250 pg/mL are of moderate toxicity and the with LCso greater than 250
pg/mL have low toxicity.

Other aquatic organisms have been used to evaluate the ecotoxicity of products of
plant origin, such as Danio rerio fish, popularly known as “paulistinha” or zebrafish. This
species is used to determine real-time toxicity of the product studied on vertebrates as well as
to observe possible physiological and behavioral changes. The test with D. rerio fishes lasts
48 hours and the results obtained are expressed in lethal concentrations (LCso and LCo)
(Rapado, 2012).

Of the total essential oils evaluated for molluscicidal activity, described in Table 1,
less than half (25%) were also submitted to ecotoxicity tests, demonstrating the need for
information on the safety of the use of other oils studied in the field, considering the
determinations of the WHO (1983). Most volatiles used in toxicity assays against non-target

organisms were evaluated on A. salina larvae. The essential oils of the leaves of L. gracilis
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and Pimenta dioica (L.) Merr. showed high toxicity to the microcrustacean, with LCsp of 23.6
and 14.13 pg/mL, respectively (Teles et al., 2010; Everton et al., 2018). Oils extracted from
leaves of Cinnamomum zeylanicum Blume, of Cymbopogon winterianus Jowitt ex Bor and
Syzygium cumini (L.) Skeels, from the fruit peels of Citrus x limon (L.) Osbeck and rhizome
of Zingiber officinale Roscoe were moderately toxic, with LCso ranging from 96.81 to 190.55
pg/mL (Fernandes, 2011; Dias et al., 2013; Rodrigues et al., 2013; Carvalho, 2018; Gomes et
al., 2019a). Silva-Filho et al. (2009), Leite-Junior (2018) and Gomes et al. (2019c) reported
low toxicity against A. salina for volatile samples of Curcuma longa, Citrus limon (L.)
Osbeck and Citrus sinensis (L.) Osbeck, respectively. The respective LCso values of these
essential oils were 319.82, 743.35 and 511.6 pg/mL. From these data, it can be inferred that
only the oils of C. longa and C. limon, with molluscicidal action and low toxicity to non-
target species, are considered ideal for the development of molluscicides.

It should be highlighted that only the essential oils from aerial parts of the Eugenia
punicifolia, Hyptis dilatata, Lippia acutidens and L. gracilis species, of which the
molluscicidal effect was evaluated (Table 1), were submitted to acute toxicity tests with D.
rerio fish. All volatile oils demonstrated ichthyotoxicity, especially L. gracilis oil, which
showed high toxicity, with an LCoo value of 8.36 ug/mL (Ribeiro, 2016). Such plant materials
are also not recommended as natural molluscicides for use in areas where both mollusks and
other aquatic species are found. However, these essential oils can be used in artificial
breeding sites of schistosome intermediate hosts such as ditches, open sewers and pools of
water, as the presence of other organisms is rarely observed at these sites. It is noteworthy that
in poor countries, which have low levels of sanitation, these artificial breeding sites represent

important focus areas for schistosomiasis-transmitting snails.
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6. Conclusion

The present review confirmed the importance of essential oils as raw material for the
development of natural molluscicide products. Compounds of the monoterpene class
exhibited significant molluscicidal activity, with thymol, camphene and geraniol standing out.
These monoterpenes may be alternative chemical agents for the control of schistosome
intermediate hosts.

Essential oils obtained from the same plant may exhibit different toxic effects on
vector mollusks. Such effects may be related to the part of the plant used or its origin.

Although most of the volatile oils discussed in this article have molluscicidal potential
against Bulinus and Biomphalaria snails, so far, few oils have been subjected to acute toxicity
testing against non-target organisms. For the use of essential oils to be safe at the sites of
occurrence of intermediate Schistosoma hosts, further studies are required to provide

information regarding their ecotoxicity, in accordance with the guidelines of the WHO.
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Table 1 Molluscicidal activity of essential oils against schistosomiasis transmitting snails.
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Family Plant species Plant origin ~ Plant part Major constituents Tested organism LC (ug/mL) References
harvested
Amaranthaceae Chenopodium ambrosioides L. Morocco Aerial parts  a-Phellandrene and p-Cymene Bulinus truncatus LCo0=0.74 Lahlou and Berrada (2001)
Annonaceae Xylopia langsdorffiana A. St. Hil. Brazil Leaves Germacrene D and trans-p-guaiene Biomphalaria glabrata LCy=5.61 Tavares et al. (2007)
et Tul.
Asteraceae Acanthospermum hispidum DC. Argentine Leaves p-Caryophyllene and a-Bisabolol Biomphalaria peregrina LCso=37.8 Alvaet al. (2012)
Anthemis cotula L. Morocco Flower Camphor and Chamazulene Bulinus truncatus LCoo=1.47 Lahlou and Berrada (2001)
Anthemis nobilis L. Morocco Flower Isobutyl angelate and Isoamyl angelate Bulinus truncatus LCo0=0.90 Lahlou and Berrada (2001)
Chrysanthemum viscidehirtum (Schott) Morocco Aerial parts  -Farnesene and Limonene Bulinus truncatus LCio0= 1500 Khallouki et al. (2000)
Tell Morocco Aerial parts  B-Farnesene and Limonene Bulinus truncatus LCoo=1.45 Lahlou and Berrada (2001)
Burseraceae Boswellia papyrifera Hochst. Sudan Resin NI* Biomphalaria pfeifferi LCso=213.31 EL-Kamali et al. (2010)
Bulinus truncatus LCso=311.05
Geraniaceae Pelargonium capitatum (L.) L'Hér. Morocco Aerial parts  Citronellol and Esters Bulinus truncatus LCo0=0.89 Lahlou and Berrada (2001)
Lamiaceae Hyptis dilatata Benth Brazil Aerial parts ~ Camphor and 1,8-Cineole Biomphalaria glabrata LCoo=182.33 Ribeiro (2016)
Lavandula stoechas L. Morocco Aerial parts  Fenchone and Camphre Bulinus truncatus LCo0=2.54 Lahlou and Berrada (2001)
Marrubium vulgare L. Egypt Aerial parts  Thymol and y-Cadinene Biomphalaria alexandrina LCoo= 100 Salama et al. (2012)
Mentha pulegium L. Morocco Leaves Pulegone and Menthadiene-3,8 Bulinus truncatus LCo0=3.10 Lahlou and Berrada (2001)
Mentha rotundifolia L. Morocco Leaves Pulegone and 1,8-Cineole Bulinus truncatus LCo0=3.10 Lahlou and Berrada (2001)
Origanum compactum Benth. Morocco Aerial parts  Carvacrol and p-Cymene Bulinus truncatus LCo0=0.69 Lahlou and Berrada (2001)
Rosmarinus officinalis L. Morocco Aerial parts  Borneol and a-Pinene Bulinus truncatus LCo0=1.90 Lahlou and Berrada (2001)
Thymus broussonetii Boiss. Morocco Aerial parts  Thymol and y-Terpinene Bulinus truncatus LCo=1.35 Lahlou and Berrada (2001)
Thymus capitatus Hoff. et Link. Egypt Aerial parts  Carvacrol and Thymol Biomphalaria alexandrina LCoo= 400 Salama et al. (2012)
Lauraceae Cinnamomum zeylanicum Blume Brazil Leaves Eugenol and Cariofileno Biomphalaria glabrata LCso=18.62 Gomes et al. (2019a)
Morocco Bark Cinnamaldehyde and a-terpineol Bulinus truncatus LCoo=1.35 Lahlou and Berrada (2001)
Ocotea bracteosa (Meisn.) Mez. Brazil Stem bark 0-Cadinene and Ledene Biomphalaria glabrata LCo=8.3 Coutinho et al. (2007)
Myrtaceae Eucalyptus globulus Labill. Morocco Leaves 1,8-Cineole and a-Pinene Bulinus truncatus LCo0o=1.95 Lahlou and Berrada (2001)
Eugenia punicifolia (HBK) DC Brazil Aerial parts  a-Pinene and 1,8-Cineole Biomphalaria glabrata LCo0=170.13 Ribeiro (2016)
Eugenia uniflora L. Brazil Leaves (-)-Selina-1,3,7(11)-trien-8-one Biomphalaria tenagophila LCio00= 60 Pinheiro et al. (2017)
and Oxidoxelina-1,3,7(11)-trien-8-one
Myrtus communis L. Morocco Leaves o-Pinene and 1,8-Cineole Bulinus truncatus LCo0=3.10 Lahlou and Berrada (2001)
Pimenta dioica (L.) Merr. Brazil Leaves Eugenol and Chavicol Biomphalaria glabrata LCso=39.81 Gomes et al. (2019b)
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Family Plant species Plant origin ~ Plant part Major constituents Tested organism LC (ug/mL) References
harvested
Syzygium cumini (L.) Skeels Brazil Leaves a-Pinene and (Z)-B-ocimene Biomphalaria glabrata LCso=90 Dias et al. (2013)
Pinaceae Cedrus atlantica (Endl.) Carriere Morocco Needles a-Pinene and B-Pinene Bulinus truncatus LCo0=0.69 Lahlou (2003)
Pinus brutia L. Morocco Needles B-Pinene and a-Pinene Bulinus truncatus LCoo=1.59
Pinus halepensis Mill. Morocco Needles a-Pinene and f-Myrcene Bulinus truncatus LCoo=1.66
Pinus pinaster Sol. Morocco Needles a-Pinene and -Caryophyllene Bulinus truncatus LCoo=1.94
Pinus pinea L. Morocco Needles a-Pinene and Farnesyl acetate Bulinus truncatus LCoo=2.18
Poaceae Cymbopogon citratus (DC.) Stapf Morocco Aerial parts  Citral Bulinus truncatus LCo0=2.54 Lahlou and Berrada (2001)
Cymbopogon nervatus (Hochst.) Sudan Leaves NI* Biomphalaria pfeifferi LCso=213.09 EL-Kamali et al. (2010)
Chiov. Bulinus truncatus LCso=237.33
Cymbopogon winterianus Jowitt Brazil Aerial parts  Geraniol and Citronellal Biomphalaria tenagophila LCio0= 80 Costa et al. (2015)
Brazil Leaves Citronellal and Geraniol Biomphalaria glabrata LCo0=97.4 Rodrigues et al. (2013)
Rutaceae Citrus aurantium var. amara L. Morocco Leaves Limonene and p-Cymene Bulinus truncatus LCoo=1.73 Lahlou and Berrada (2001)
Citrus aurantium subsp. bergamia Morocco Fruit Linalyl acetate and Limonene Bulinus truncatus LCoo=0.94 Lahlou and Berrada (2001)
(Risso & Poit.) Wight & Arn. ex Engl.
Citrus x aurantium var. dulcis Hayne Morocco Fruit Limonene and Myrcene Bulinus truncatus LCo0=0.96 Lahlou and Berrada (2001)
Citrus aurantium var. valencia Late Morocco Fruit Limonene and Myrcene Bulinus truncatus LCo0=0.37 Lahlou and Berrada (2001)
Citrus limon (L.) Osbeck Brazil Fruit peels Limonene Biomphalaria glabrata LCso=13.48 Gomes et al. (2019¢)
Citrus x limon (L.) Osbeck Brazil Fruit peels D-Limonene and Linalool Biomphalaria glabrata LCo0=90.08 Carvalho (2018)
Citrus limonum Risso Morocco Fruit Limonene and Geraniol Bulinus truncatus LCoo=0.94 Lahlou and Berrada (2001)
Citrus sinensis (L.) Osbeck Brazil Fruit peels D-Limonene and Linalool Biomphalaria glabrata LCoo= 168.75 Leite-Janior (2018)
Ruta chalepensis L. Morocco Aerial parts  2-undecanone and Caryophyllene oxide Bulinus truncatus LCo0=0.89 Lahlou and Berrada (2001)
Verbenaceae Lippia acutidens Mart. Brazil Aerial parts  1,8-Cineole and Linalool Biomphalaria glabrata LCo0=98.5 Ribeiro (2016)
Lippia gracilis Schauer Brazil Leaves Thymol and p-Cymene Biomphalaria glabrata LCoo=82.8 Teles et al. (2010)
Brazil Aerial parts ~ Thymol and Humulene epoxide II Biomphalaria glabrata LCyo=27.41 Ribeiro (2016)
Zingiberaceae Curcuma longa L. Brazil Rhizome NI* Biomphalaria glabrata LCo0=67.7 Silva-Filho et al. (2009)
Zingiber officinale Roscoe Brazil Rhizome a-Zingiberene and Geranial Biomphalaria glabrata LCso=56.23 Gomes et al. (2019d)

4NI: information is not available.
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Classes Constituents Snail species Concentration (ug/mL) Mortality rate (%) References
Hydrocarbons monoterpenes p-Cymene Bulinus truncatus 0.89 90 Lahlou and Berrada (2001)
Limonene Biomphalaria glabrata 50 100 Rouquayrol (1984)
Bulinus truncatus 2.59 90 Lahlou and Berrada (2001)
Myrcene Bulinus truncatus 0.89 90
Thymol Biomphalaria glabrata 50 100 Rouquayrol (1984)
Bulinus truncatus 0.19 90 Lahlou and Berrada (2001)
(+)-a-Pinene Bulinus truncatus 0.89 90
-Pinene Bulinus truncatus 0.89 90
Oxygenated monoterpenes Ascaridole Biomphalaria glabrata 100 60 Rouquayrol (1984)
Camphene Bulinus truncatus 0.40 90 Lahlou and Berrada (2001)
Carvacrol Biomphalaria glabrata 50 100 Rouquayrol (1984)
Bulinus truncatus 0.92 90 Lahlou and Berrada (2001)
Carveol Bulinus truncatus 1.18 90 Lahlou and Berrada (2001)
Carvone Bulinus truncatus NI* Inactive®
1,8-Cineole Biomphalaria glabrata 100 Inactive® Rouquayrol (1984)
Bulinus truncatus NI# Inactive® Lahlou and Berrada (2001)
Citral Bulinus truncatus 3.15 90
Citronellal Bulinus truncatus 2.90 90
Citronellol Bulinus truncatus 1.73 90
(-)-Fenchone Bulinus truncatus NI? Inactive®
Geraniol Biomphalaria glabrata 50 100 Rouquayrol (1984)
Bulinus truncatus 0.28 90 Lahlou and Berrada (2001)
Linalool Biomphalaria glabrata 100 Inactive® Rouquayrol (1984)
Bulinus truncatus NI? Inactive® Lahlou and Berrada (2001)
L-menthol Bulinus truncatus NI* Inactive®
L-menthone Bulinus truncatus NI® Inactive®
Myrtenol Bulinus truncatus 1.66 90
(+)-Pulegone Bulinus truncatus 1.34 90
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Classes Constituents Snail species Concentration (ug/mL) Mortality rate (%) References
Phenylpropanoids Eugenol Biomphalaria glabrata 100 Inactive® Rouquayrol (1984)
Bulinus truncatus 1.92 90 Lahlou and Berrada (2001)
Hydrocarbons sesquiterpenes Caryophyllene Biomphalaria glabrata 100 60 Rouquayrol (1984)
(-)-trans-Caryophyllene Bulinus truncatus 2.59 90 Lahlou and Berrada (2001)
Geijerene Biomphalaria glabrata 50 100 Rouquayrol (1984)
Oxygenated sesquiterpenes Nerolidol Biomphalaria glabrata 100 Inactive® Rouquayrol (1984)
Triterpenoids Gedunine Biomphalaria glabrata 50 100 Rouquayrol (1984)
Outros Lipiona Biomphalaria glabrata 100 Inactive® Rouquayrol (1984)

*NI: information is not available.
®There was no mortality of snails in the tested concentration.
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Abstract: Schistosomiasis is one of the most important tropical diseases. A fundamental
strategy to control its spread is the use of natural products against its vectors, which are snails
of the genus Biomphalaria. The present study evaluated the chemical composition, the
molluscicidal and cercaricidal effects, and the ecotoxicity of the essential oil of aerial parts of
Dysphania ambrosioides (L.) Mosyakin & Clemants (DAEO). The oil of mastruz was
obtained by hydrodistillation and analyzed by gas chromatography-mass spectrometry (GC-
MS). The molluscicidal and cercaricidal activities were determined by the immersion method.
Environmental toxicity was assessed from bioassays using Artemia salina larvae and Danio
rerio fish. DAEO presented a 0.8% yield. The GC-MS analysis revealed the predominance of
hydrocarbon monoterpenes in oil. A total of 32 constituents was identified, being a-terpinene
(50.69%) the major compound. DAEO was active against adult Biomphalaria glabrata snails
and demonstrated toxicity against Schistosoma mansoni cercariae, with LCoo values of 48.60
and 87.21 pg/mL, respectively. In addition, the oil showed low acute toxicity to nontarget
aquatic organisms in comparison to the synthetic molluscicide niclosamide. The results
demonstrate that DAEO is a promising natural product for the control of schistosomiasis,
acting on both the vectors and the etiological agent of the disease.

Key words: Biomphalaria glabrata, ecotoxicity, GC-MS, Schistosoma mansoni, volatile oil.
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INTRODUCTION

Schistosomiasis, also known as bilharziasis, is the second most widespread tropical disease,
occurring in more than 70 countries distributed in the Americas, Asia, and Africa (He et al.
2017, Melo et al. 2019). This parasitosis affects about 240 million individuals worldwide and
it is estimated that thousands of people live in areas endemic (WHO 2019). Five species of
Schistosoma can cause schistosomiasis in humans. However, only the trematode Schistosoma
mansoni occurs in Brazil, and its complex life cycle involves freshwater molluscs of the
genus Biomphalaria as mandatory intermediate hosts (Massara et al. 2016, Faria et al. 2018).
The snail Biomphalaria glabrata has been considered the main vector of S. mansoni due to its
extensive distribution, ecological plasticity, and high infection rates (Scholte et al. 2012,
Carvalho et al. 2018).

Integrated strategies to limit the spread of schistosomiasis include the control of B.
glabrata through molluscicides, combined with the treatment of infected individuals, basic
sanitation, and health education (Wang et al. 2016). The synthetic molluscicide niclosamide 1s
indicated by World Health Organization (WHO) for use in disease transmission sites, being
highly lethal in low concentrations for all stages of development of vector snails and S.
mansoni cercariae (Silva et al. 2013, Wang et al. 2018). However, has high production costs
and toxicity for aquatic plants and other nontarget organisms (Chen et al. 2019). For this
reason, the search for natural products with action against transmitting snails and etiological
agent of schistosomiasis is necessary, especially in countries where the disease is considered
endemic (Silva et al. 2018).

Assessing the effects of new molluscicides on the environment is important because it
indicates whether their application in natural breeding grounds of vector snails is safe or
whether it should be carried out only in restricted sites, where there is no nontarget aquatic

species nor water use by humans (Rocha-Filho et al. 2015). Trials using the microcrustacean
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Artemia salina and the fish Danio rerio as test organisms have proven to be efficient tools for
determining the ecotoxicity of plant samples with molluscicidal action, in addition to being
simple, low cost, and fast methods (Pereira et al. 2017).

Dysphania ambrosioides (L.) Mosyakin & Clemants, synonym and basionym
Chenopodium ambrosioides L., is an herbaceous belonging to the family Amaranthaceae.
This species is endowed with a strong aroma, has an annual or perennial cycle according to
the type of variety, and is popularly known as “erva-de-santa-maria”,“mastruz”, or “epazote”
(Jesus et al. 2018, Bibiano et al. 2019). It is native to Central and South America, and may be
a weed in other warm and subtropical regions (Brahim et al. 2015). In Brazil, it has a wide
distribution, occurring in practically every territorial area (Limaverde et al. 2017).

The essential oil of aerial parts of D. ambrosioides (DAEO) has been described as an
antibacterial, antifungal, allelopathic, and antioxidant agent (Hegazy & Farrag 2007, Kumar et
al. 2007, Correa-Royero et al. 2010, Bezerra et al. 2019), as well as a product with toxicity for
larval stages of dengue vectors and for etiological agents of tropical diseases (Leyva et al.
2009, Borges et al. 2012, Monzote et al. 2014). Previous chemical studies have shown that
DAEO has a predominance of monoterpenes, with a large variation in their relative content
depending on the collection site (Chekem et al. 2010, Paes et al. 2015). Monoterpene
constituents of essential oils have been active against snails involved in the transmission cycle
of schistosomiasis, demonstrating potential for use in the control of this disease (Pereira et al.
2020).

Considering schistosomiasis as a parasitic disease of great importance worldwide, as
well as the relevance of discovering new molluscicides for its control, the present study
evaluated the chemical composition, the molluscicidal and cercaricidal effects, and the

ecotoxicity of DAEO.
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MATERIALS AND METHODS

Plant material

Aerial parts of D. ambrosioides were collected in October 2016, at 7 am, in the Maiobao
neighborhood of Paco do Lumiar city, Maranhao State, Brazil (02°31'50" S; 44°6'19" W). The
plant species was identified and an exsiccate was deposited in the MAR Herbarium of the

Federal University of Maranhdao (UFMA) under the number MAR-9248.

DAEO extraction

The collected plant samples were dried at room temperature, cut into small pieces, and
subjected to hydrodistillation using a Clevenger-type device to obtain the DAEO. After
extraction, the oil was dehydrated with anhydrous sodium sulfate (Na2SOs), centrifuged (5000
rpm/15 min), weighed, stored in a glass vial, and kept refrigerated (5-10 °C) (Coutinho et al.

2007).

Analysis of the DAEO composition
DAEO was analyzed by gas chromatography-mass spectrometry (GC-MS) by injecting 1 pL
of the oil into a Shimadzu QP2010 Ultra system equipped with a DB-5MS silica capillary
column, under the following conditions: programmed temperature (60—240 °C) followed by
an isotherm of ten minutes at 240 °C, injector temperature adjusted to 250 °C, ion source and
connection parts at 200 °C, helium as carrier gas at a linear speed of 32 cm/s, measured at 100
°C. All mass spectra were obtained by electron impact at 70 eV, in a mass range of 35 to 450
Daltons (Luz et al. 2020).

The DAEO chemical compounds content was determined by peak area normalization
using a gas chromatograph-flame ionization detector (GC-FID), with nitrogen as carrier gas.
Retention index of volatile components was calculated using a homologous series of n-alkane.

The constituents were identified by comparing their mass spectra and retention indices with
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authentic samples existing in the spectral reference libraries and literature data (Nist 2005,

Adams 2007).

Collection, maintenance, and selection of Biomphalaria glabrata snails

Adult B. glabrata snails were collected in Sdo Luis city (2°33'35.1" S; 44°18'05.3" W),
Maranhido State, Brazil. The animals were kept at 25 + 2 °C in glass aquariums containing
dechlorinated water. During maintenance, the molluscs were fed lettuce leaves (Lactuca
sativa L.) and examined weekly for infection by S. mansoni, as described by Smithers &
Terry (1974). Uninfected snails with intact shells (10-19 mm diameter) were selected for the
molluscicidal assay, while infected snails were separated to obtain cercariae for the

cercaricidal test.

Molluscicidal activity test
The molluscicidal assay was carried out according to the WHO (1965) standard methodology.
Groups of ten adult B. glabrata molluscs were exposed to DAEO for 24 h at 25 + 1 °C. The
oil was dissolved in 0.1% Dimethyl Sulfoxide (DMSO), at concentrations of 10-50 pg/mL.
The negative control group consisted of snails stored in dechlorinated water with 0.1%
DMSO, while copper sulfate (CuSOs) at a concentration of 10 pg/mL was used as a positive
control. After exposure, the surviving molluscs were washed with dechlorinated water, kept in
aquariums, fed with lettuce leaves, and observed for up to 72 h. Snail mortality was recorded
during the experiment; the animals that presented shell discoloration, retraction of the
cephalopodal mass with or without hemolymph release, loss of motility, and abnormal
externalization of the cephalopodal mass were considered dead. Two independent
experiments were carried out in triplicate.

The commercial standard of the major constituent identified in DAEO (a-terpinene) was

also evaluated at a concentration of 20 pg/mL against B. glabrata, to verify whether the
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molluscicidal activity of the essential oil is due to the presence of this chemical compound.

The test was carried out according to the above methodology.

Lethality test on Schistosoma mansoni cercariae

The cercariae used in the bioassay were obtained after the exposure of S. mansoni-infected B.
glabrata molluscs to artificial light for 2 h. The cercaricidal test was performed according to
the methodology of Martins et al. (2017), with modifications, and consisted of the exposure of
10 viable cercariae to 2 mL of DAEO dilutions (10-100 pg/mL) with 0.1% DMSO and
dechlorinated water. A 0.1% DMSO solution and a copper sulfate solution at 50 pg/mL were
used as negative and positive controls, respectively. The cercariae were observed using a
stereomicroscope, at intervals of 15, 30, and 60 min after the beginning of the experiment.
The mortality rate was recorded for each concentration of the essential oil. Two independent

experiments were carried out in triplicate.

Assessment of toxicity to nontarget organisms

Bioassay with Artemia salina Leach

The test to analyze the toxicity to A. salina was performed according to the methodology
described by Meyer et al. (1982). Groups of 10 metanauplii larvae were exposed to 5 mL of
DAEO dilutions (10-250 pg/mL) with 0.1% DMSO and synthetic saline. For the negative
control, a synthetic saline solution with 0.1% DMSO was used. After the 24 h exposure
period, the survival rate was recorded, considering as dead the larvae that did not move during

the observation. Two independent experiments were carried out in triplicate.
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Bioassay with Danio rerio Hamilton Buchanan

The test with adult Danio rerio fish (zebrafish) was performed according to the method
described by the Brazilian Association of Technical Standards (ABNT 2016). Groups of four
zebrafish were placed in small aquariums containing DAEO diluted with 0.1% DMSO, at
concentrations ranging between 15 and 30 pg/mL. The experiment was carried out in
triplicate and lasted 48 h. Every 24 h, the number of animals killed was recorded, and
variables such as pH, conductivity, dissolved oxygen, and temperature were measured. The
negative control group comprised zebrafish in dechlorinated water containing 0.1% DMSO.
Two independent experiments were carried out. The experimental protocol was approved by
the Ethics Committee on the Use of Animals (CEUA/UFMA) under the registration number

23115.009327/2017-10.

Statistical analysis

The results of both the molluscicidal bioassay and the tests of DAEO cercaricidal activity and
its toxicity to nontarget organisms were analyzed using GraphPad Prism® 6.0 software, being
expressed as mean and standard deviation. Lethal concentrations (LCso and LCqp) were
calculated by linear regression analysis with a 95% confidence interval. Significant
differences between the treatment groups used in the bioassays were determined by analysis

of variance (ANOVA) followed by the Tukey test (significance at p < 0.05).

RESULTS AND DISCUSSION

Identification of DAEO components
The DAEO yield was 0.8%, considering the dry weight of the collected plant sample. The

same volatile content has been reported for D. ambrosioides in Cameroon, Togo, and Mexico
(Jiménez-Osornio et al. 1996, Tapondjou et al. 2002, Koba et al. 2009). On the other hand,

essential oils extracted from samples collected in Nigeria, Rwanda, Colombia, India, and in
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southeastern Brazil showed lower yields, ranging between 0.06 and 0.4% (Muhayimana et al.
1998, Onocha et al. 1999, Gupta et al. 2002, Jardim et al. 2008, Jaramillo et al. 2012). The
environmental conditions and the time of collection can influence the content of essential oils
from plants of the same species (Oliveira et al. 2012, S4 et al. 2015). This may justify the
difference between the yield obtained in the evaluated oil and the identified in other studies.

In the essential oil studied it was possible to identify 32 volatile constituents,
corresponding to 93.20% of the total chemical compounds present. The oil showed a
predominance of hydrocarbon monoterpenes (66.87%), followed by oxygenated
monoterpenes (25.46%) (Table I). Sesquiterpene constituents were not identified. The high
concentration of monoterpenes found in DAEO agrees with literature data, showing that this
volatile profile is a characteristic of the plant species. However, the relative content of
monoterpene compounds differed in the volatile samples de D. ambrosioides analyzed in
other studies, ranging from 75.17 to 94.1% (Cavalli et al. 2004, Chu et al. 2011, Al-kaf et al.
2016).

The major constituent of the essential oil was oa-terpinene (50.69%), followed by p-
cymene (13.27%) and ascaridole (10.26%) (Figure 1; Table I). Essential oils from D.
ambrosioides collected in Rwanda, Cameroon, India, and Nigeria also had o-terpinene, p-
cymene, and ascaridole as major compounds (Muhaylmana et al. 1998, Tapondjou et al. 2002,
Singh et al. 2008, Owolabi et al. 2009). However, volatile oils from plants obtained in other
regions showed different chemical profiles, with variation in the major compound and other
constituents, as well as in the relative terpene content (Pino et al. 2003, Harraz et al. 2015).
Thus, in comparison with literature data, the results obtained in the present study prove
variability in the chemical composition of the aromatic species D. ambrosioides. This
chemical variability allows differentiation of D. ambrosioides in chemotypes, classified

according to the major component, and may correlate with genetic factors, changes in
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physiology, material and extraction technique, and with the influence of environmental
conditions (Gobbo-Neto & Lopes 2007, Anwar et al. 2009, Sa et al. 2014).

Some authors have indicated the terpene ascaridole as the predominant constituent
(content from 31 to 51.12%) in essential oils of D. ambrosioides specimens, confirming the
existence of the ascaridole chemotype of the plant (Koba et al. 2009, Correa-Royero et al.
2010, Degenhardt et al. 2016). The oil studied belongs to the a-terpinene chemotype, given
the high content of this compound (50.69%). Other chemotypes have also been reported for
D. ambrosioides, such as limonene (Sagrero-Nieves & Bartley 1995), a-phellandrene (Lahlou
& Berrada 2001), a-terpinyl acetate (Pino et al. 2003), m-cymene (Prasad et al. 2009), o-
cymene (Harraz et al. 2015), carvacrol (Monzote et al. 2006), and cis-piperitone oxide (Soares
et al. 2017). Some of these chemotypes have biological potential (Lahlou & Berrada 2001,
Prasad et al. 2009, Soares et al. 2017), which may stem from the presence of the major
compound or from the interaction between constituents.

The analysis of the chemical composition of essential oils is of paramount importance to
correlate their biological properties with the identified compounds, allowing the use of the
oils as a raw material in the production of new effective drugs or in the development of

products to control the transmission of schistosomiasis mansoni.

Molluscicidal activity

DAEO demonstrated significant molluscicidal activity against adult B. glabrata snails.
Toxicity was concentration dependent, with lethal effects from the concentration of 25
pg/mL. At a concentration of 50 pg/mL, the oil induced 100% planorbid mortality. Exposure
to copper sulfate at 10 ug/mL (positive control) resulted in total snail mortality, while the
negative control led to no mortality. The groups exposed to essential oil concentrations of 25

to 50 pg/mL differed significantly from the negative control group (p < 0.05) (Figure 2). The
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DAEO LCsp and LCoo values after 24 h of exposure were 25.2 ug/mL (22.7-27.8) and 48.6
pg/mL (42.1-55.0), respectively.

The molluscicidal effect of DAEO has already been evaluated on B. truncatus snails,
which act as intermediate hosts for Schistosoma haematobium in Africa (Rey 2017).
According to Lahlou & Berrada (2001), the oil showed LCoo of 0.74 pg/mL after a 24 h
exposure period. Both this value of LCq and of the present study agree with the molluscicidal
concentration established by WHO, which determines that plant products with molluscicidal
activity can only be used in the field when they cause the mortality of 90 to 100% adult snails
at concentrations less than or equal to 100 ug/mL (WHO 1983). Therefore, DAEO has the
potential to control the species B. glabrata and B. truncatus in their natural breeding sites,
which will certainly contribute to the reduction of cases of intestinal and urinary
schistosomiasis.

Other essential oils made up mainly of monoterpenes have been described as active
against snails of the genus Biomphalaria. Salama et al. (2012) reported that the volatile oil of
Marrubium vulgare L. (family Lamiaceae; popular name marroio), with a high thymol
content, was toxic to vector snails of S. mansoni in Egypt (Biomphalaria alexandrina), with
LCyo of 100 pg/mL. Costa et al. (2015) tested the essential oil of the plant Cymbopogon
winterianus Jowitt (family Poaceae; popular name citronela) on the species Biomphalaria
tenagophila, which is responsible for the spread of schistosomiasis in southeastern Brazil. The
oil presented geraniol and citronellal as major compounds and was considered a promising
molluscicide, causing 100% snail mortality at a concentration of 80 pg/mL.

The mechanism of toxicity of essential oils on B. glabrata snails has not yet been
elucidated. However, the literature report that molluscicidal agents can affect more than one
structure of planorbids (Rapado et al. 2011, Melo et al. 2019). Some molluscicides have

altered the amount of vital enzymes of snails, demonstrating that they can interfere with
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neurotransmission and energy metabolism (Al-Sayed et al. 2014, He et al. 2017). In the
molluscicidal assay performed, retraction of the cephalopodal mass into the shell, no response
to touch stimulus, and hemolymph release were observed in dead molluscs after contact with
DAEO. Half of the animals exposed to the volatile sample at the highest concentration
evaluated retracted their cephalopodal mass 20 min after the beginning of the experiment.
Shell retraction can be considered a protective behavior of snails in the presence of
molluscicides, given the lethal effect of these toxic agents through their epithelium (Pier1 &
Jurberg 1981). The hemolymph extravasation seen during oil exposure may correlate with the
breakdown and rupture of the membrane of the cells of the integument of B. glabrata, as
essential oils have demonstrated the ability to promote these events in the cells (Oussalah et
al. 2006, Zhang et al. 2017). Thus, further studies are needed to explain the mechanism of
action of DAEO in B. glabrata and its effect on cell membrane integrity.

Some studies correlate the molluscicidal activity of plants with the presence of
secondary metabolism chemical substances (Lopes et al. 2011, Singh et al. 2012, Silva et al.
2019). In this sense, the major constituent of DAEO, the monoterpene o-terpinene, was tested
on B. glabrata snails to verify whether the molluscicidal property recorded in the present
study is determined by this compound. In the bioassay, a-terpinene did not demonstrate lethal
effects on snails at the maximum concentration established by WHO for evaluations with
isolated compounds (20 pg/mL). This indicates that the molluscicidal activity of DAEO may
have been determined by the other constituents also identified with high concentration (p-
cymene and ascaridole), since they exhibited toxicity against B. truncatus and B. glabrata
snails at concentrations of 0.89 and 100 pg/mL, respectively (Rouquayrol 1984, Lahlou &
Berrada 2001). To confirm the influence of p-cymene and ascaridole on the toxic action of
DAEO against B. glabrata, molluscicidal tests should be performed with these compounds

alone. It is also possible that the interaction between the components present in the oil
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contributes to its molluscicidal potential, since, according to Bakkali et al. (2008), the
biological properties of volatile oils can also be determined by the synergistic effects of their

compounds.

Cercaricidal activity

The cercaricidal activity increased proportionally with concentration and exposure time.
DAEO induced mortality of S. mansoni cercariae in all tested concentrations, except 10
pg/mL. At a concentration of 25 pg/mL, the oil showed lethal effects only in 60 min of
exposure, whereas in concentrations of 50 to 100 pg/mL, cercariae mortality occurred in 15
min. The negative control showed a 100% survival rate throughout the experiment, while in
the positive control all cercariae died after one min of exposure to copper sulfate at 50 pg/mL
(Figure 3). The values of lethal concentrations decreased as the exposure time increased; at
the end of the experiment, the LCso and LCoqp obtained were 62.4 and 87.2 ng/mL (Table II).
These lethal concentrations indicate that DAEO is more effective against S. mansoni cercariae
in 60 min of exposure.

Essential oils from other herbaceous plants have also demonstrated toxic effects on
cercariae of the trematode S. mansoni. Augusto et al. (2020), for example, evaluated the
cercaricidal activity of the essential oil extracted from the stem of the Eryngium triquetrum
plant and demonstrated significant toxicity, with 100% mortality of cercariae at a
concentration of 0.5 pg/mL after 4 h of exposure. When evaluating the cercaricidal effect of
the volatile oil of Apium graveolens var. secalinum, Saleh et al. (1985) obtained promising
results. At a concentration of 50 pg/mL, the oil killed 96% of the cercariae exposed. The
authors attributed the toxicity to cercariae to the insoluble toxic constituents of essential oil.

The treatment with the essential oil led to changes in the motor behavior of cercariae,

including slow rotation and vibration and contortions. These atypical movements were
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dependent on concentration and exposure time (data not shown). Motor impairments affect
the infectious capacity of cercariae (Brasil 2014), which may reduce the occurrence of
schistosomiasis. Changes in motility are likely to occur due to oil interference with the
catalytic activity of the enzyme acetylcholinesterase (AChE), damaging the cholinergic
nervous system of cercariae. Essential oils have been reported as potential AChE inhibitors,
with ICso values ranging from 0.03 to 150.33 pg/mL. The inhibitory activity of oils have been
associated with the presence of terpene compounds (Perry et al. 2000, Souza et al. 2009,
Hajlaoui et al. 2016).

Previous studies have also reported changes in cercariae motility during exposure to
natural cercaricides. Silva et al. (2019) observed that the ether extract of the lichen Ramalina
aspera, in addition to separating the body and tail of cercariae, promotes atypical rotation and
vibration movements in these organisms within 30 min of exposure. When investigating the
cercaricidal property of the plant Glinus lotoides, Kiros et al. (2014) found altered motility in
S. mansoni cercariae exposed to the aqueous extract of the fruits, at a concentration of 18.7
mg/L. Changes in movement influenced the infectious potential of cercariae in mice, reducing
parasitic load by 91.2%.

The discovery of molluscicides capable of combating in the same application both the
vector and the larvae of the etiological agent of the disease is important for a more effective
control of schistosomiasis (Silva et al. 2018, Silva et al. 2019). Infected snails can release
hundreds of cercariae into the water each day, which are viable for up to 72 h under ideal
temperature conditions (Gryseels et al. 2006, Nelwan 2019). As shown in Figure 3, DAEO is
toxic to 100% cercariae at a concentration of 100 pg/mL, in 60 min of exposure, also
eliminating B. glabrata molluscs at this dose. Thus, the oil has biological potential and its use

may represent a promising strategy for the control of schistosomiasis.
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Toxicity to nontarget organisms
Ecotoxicity tests are essential to define safe environmental parameters for the use of
molluscicidal and cercaricidal products (Martins et al. 2017). The microcrustacean A. salina
and the fish D. rerio (zebrafish) are widely used as model organisms in environmental
toxicity assessments, as they have a short life cycle, small body size, and easy maintenance
and handling under laboratory conditions (Hill et al. 2005, Nunes et al. 2006, Garcia et al.
2016). In the present article, these biological models were used to assess the degree of toxicity
of DAEO to nontarget aquatic species, since this volatile product showed molluscicidal and
cercaricidal activities. The DAEO showed to be moderately toxic to A. salina according to the
criteria established by Dolabela (1997, unpublished data), with LCso value of 86.9 pg/mL. In
the bioassay with D. rerio, the oil was toxic, exhibiting a LCoo of 19.7 pg/mL (Table III). This
concentration is lower than the LCo determined in the molluscicidal evaluation (48.6 pug/mL).
Oliveira-Filho & Paumgartten (2000) evaluated the toxicity of niclosamide for A. salina
and D. rerio, obtaining LCso of 0.32 and 0.25 pg/mL, respectively. Comparing these LCso
with the LCso obtained in ecotoxicological tests of present study (Table III), it is possible to
observe that niclosamide is more toxic for nontarget organisms than the DAEO. This
synthetic molluscicide also demonstrated toxicity to amphibians, annelids, and to the
microcrustacean Daphnia similis (Oliveira-Filho & Paumgartten 2000, Rapado et al. 2013).
Considering the results of ecotoxicity obtained, the DAEO demonstrated potential to
affect other species present in natural environments of schistosomiasis-transmitting snails,
such as rivers and lakes. Thus, the use of oil is not recommended in these locations.
Notwithstanding, the DAEO can be used in artificial breeding sites, such as ditches and
puddles, which are frequent in areas of schistosomiasis transmission and hardly harbor

nontarget organisms of molluscicidal agents (Ribeiro 2016, unpublished data).
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CONCLUSION

The monoterpenes o-terpinene, p-cymene and ascaridole were the main constituents of the
DAEOQO, which showed potential for the control of schistosomiasis in endemic areas, with
promising molluscicidal and cercaricidal activity. The DAEO exhibited lethal effects on adult
B. glabrata snails and S. mansoni cercariae at concentrations recommended by the WHO. In
addition, this natural product has low acute toxicity to non-target organisms when compared
to the synthetic molluscicide niclosamide. Future studies should be carried out in order to
verify the effects of DAEO on other life stages of B. glabrata (embryos and newborns) and its

efficacy in field tests.
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Figure 1. Structure of the main compounds identified in the essential oil of aerial parts of

Dysphania ambrosioides (L.) Mosyakin & Clemants (DAEO).
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Figure 2. Mortality of snails Biomphalaria glabrata after 24 hours of exposure to the
essential oil of aerial parts of Dysphania ambrosioides (L..) Mosyakin & Clemants (DAEO) in
different concentrations (ug/mL). NC (negative control): dechlorinated water and 0.1%
DMSO. PC (positive control): copper sulfate at 10 pg/mL. Values were expressed as means +
SD of two independent experiments. Different lowercase letters indicate significant

differences (p <0.05) between treatments by ANOVA followed by Tukey test.
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Figure 3. Mortality of cercariae exposed to the essential oil of aerial parts of Dysphania

ambrosioides (L.) Mosyakin & Clemants (DAEO) in different concentrations in relation to
the exposure time. NC (negative control): dechlorinated water and 0.1% DMSO. PC (positive
control): copper sulfate at 50 ug/mL. Values were expressed as means + SD of two

independent experiments.
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Tables

Table I. Chemical constituents identified in the essential oil of aerial parts of Dysphania
ambrosioides (L.) Mosyakin & Clemants (DAEO).

Compounds? RIP Content (%)°
Hexanal 800 0.08
(E)-2-hexenal 848 0.04
a-Pinene 933 0.02
Benzaldehyde 958 0.06
Myrcene 990 0.17
0-2-Carene 1002 0.09
a-Phellandrene 1006 0.03
0-3-Carene 1011 0.17
a-Terpinene 1018 50.69
p-Cymene 1024 13.27
Limonene 1028 1.05
y-Terpinene 1057 1.27
N-octanol 1068 0.01
N-nonanal 1104 0.03
1,3,8-p-Menthatriene 1112 0.03
1-Terpineol 1134 0.04
2-vinyl anisole 1135 0.07
p-Cymen-8-ol 1184 0.08
a-Terpineol 1190 0.05
Ascaridole 1238 10.26
Carvone 1244 0.01
cis-Piperitone epoxide 1254 0.32
trans-Piperitone epoxide 1257 0.73
trans-Ascaridol glycol 1268 0.27
Thymol 1292 3.90
Carvacrol 1301 245
Isoascaridole 1305 7.70
4-Hydroxy-cryptone 1316 0.03
cis-3-Hexenyl tiglate 1324 0.14
Hexyl tiglate 1330 0.05
p-Menth-1-en-9-ol acetate 1420 0.05
(E)-Citronellyl tiglate 1666 0.04
Total identified (%) 93.20

® Compounds listed in order of elution in column DB-5ms.

PRetention indices (RI) determined experimentally against n-alkanes using the column
DB-5ms.

¢ Calculated from peak areas in the chromatogram.
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Table II. Lethal concentrations of the essential oil of aerial parts of Dysphania ambrosioides
(L.) Mosyakin & Clemants (DAEO) on cercariae of Schistosoma mansoni in relation to the
exposure time.

Exposure time (min) Lethal concentrations (pug/mL)
LCs0 (95% CI?) LCoo (95% CT?)
15 85.3 (84.6 —86.1) 110.1 (1094 -111.4)
30 84.2 (83.8 — 84.9) 108.9 (107.6 — 109.8)
60 62.4 (61.8 —62.9) 87.2 (85.9 — 88.7)

295% confidence interval.
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Table III. Toxicity of the essential oil of aerial parts of Dysphania ambrosioides (L.)
Mosyakin & Clemants (DAEO) against nontarget organisms.

Tested organisms ~ Exposure time Lethal concentrations (pug/mL)
LCs0(95% CI%) LCo0(95% CI*)
Artemia salina 24 h 86.9 (84.7 — 87.6) -
larvae
Danio rerio 48 h 18.6 (17.3-19.0) 19.7 (19.1 —20.1)
fish

295% confidence interval.
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CONSIDERACOES FINAIS

A partir do trabalho de revisdo de 6leos essenciais com toxicidade sobre moluscos

transmissores da esquistossomose, disposto no Capitulo I dessa tese, foi possivel concluir que:

Oleos essenciais apresentam potencial moluscicida, podendo ser considerados como
uma ferramenta promissora para o controle da esquistossomose;

Os 6leos voléteis mais ativos foram obtidos do fruto de Citrus aurantium var. valencia
Late, partes aéreas de Origanum compactum Benth., needles de Cedrus atlantica
(Endl.) Carriere e partes dereas de Chenopodium ambrosioides L.;

Partes aéreas foram as estruturas mais utilizadas para a obtencdo dos Oleos volateis
estudados, entretanto, a maioria dos 6leos ativos foi obtida de folhas;

Amostras volateis obtidas de uma mesma planta de localidades diferentes nao
exibiram o mesmo efeito toxico sobre os moluscos transmissores;

Estudos complementares que indiquem o mecanismo de toxicidade dos O6leos
essenciais sobre 0s caramujos sa0 necessarios;

Os oleos essenciais com atividade moluscicida apresentaram predomindncia de
compostos terpénicos em sua constituicao quimica;

Alguns constituintes de O6leos voldteis demonstraram atividade moluscicida
significativa, tendo destaque timol, canfeno e geraniol;

Poucos 6leos avaliados quanto a atividade moluscicida foram submetidos a ensaios de
toxicidade frente a organismos ndo alvo, para a determinacdo da seguranca de sua

aplicacdo nos criadouros naturais dos caramujos transmissores.

No estudo da composi¢do quimica, dos efeitos moluscicida e cercaricida e da

ecotoxicidade do DAOE, relatado no capitulo 2 dessa tese, conclui-se que:

Monoterpenos hidrocarbonetos constituiram a maior fragao do 6leo essencial;
a-Terpineno, p-cimeno e ascaridol foram os compostos principais do 6leo estudado;

O DAOE demonstrou efeitos toxicos sobre o agente etioldgico e caramujos vetores da
esquistossomose, podendo ser utilizado para controlar a transmissao da doenca;

A toxicidade ambiental do 6leo foi baixa quando comparada a ecotoxicidade do

moluscicida sintético niclosamida.
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