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RESUMO

NUNES, Angélica Paulina. Avaliacdo da atividade antiproliferativa e metabdlica
do 6leo essencial de orégano (Origanum vulgare L.) em células trofoblasticas
BeWo infectadas com a cepa RH de Toxoplasma gondii. 2021. 66 f. Dissertacao
(Mestrado em Patologia Experimental) - Universidade Estadual de Londrina, Londrina,
2022.

A toxoplasmose é uma doenca causada pelo protozoario Toxoplasma gondii. Possui
importancia na saude publica principalmente por promover, muitas vezes, quadros
graves na infeccdo congénita. O tratamento atual limita-se ao uso de espiramicina ou
associacao de sulfadiazina, pirimetamina e acido folinico. Os efeitos toxicos causados
pelos farmacos, levam a necessidade de novas estratégias terapéuticas. Assim, o 6leo
essencial de orégano (Origanum vulgare L.) (OEO) apresenta-se como uma
alternativa promissora devido ao seu potencial antibacteriano, antifangico e
antiparasitario. O objetivo deste trabalho foi analisar a capacidade antiproliferativa e
mecanismos de acao diretos do OEO em taquizoitos de T. gondii (cepa RH). Para
investigar a toxicidade do OEO em células BeWo foi realizado o ensaio de MTT
utilizando concentracdes de 0,7 a 150 ug/mL. Para avaliar a viabilidade de taquizoitos
apo6s tratamento com OEO utilizou-se método de exclusdo por azul de tripan. Em
seguida, foram calculados a concentracao citotéxica (CCso), inibitéria (Clso) e indice
de seletividade (IS). A atividade antiproliferativa do tratamento com OEO foi
determinada pelos indices de infeccéo e proliferacéo intracelular do parasito tratados
com OEO utilizando concentragbes 6,2; 12; 25 e 50 pg/mL e confirmados pela
microscopia de luz por meio da coloracdo de azul de toluidina. Os mecanismos
envolvidos na morte direta do parasito também foram avaliados, sendo eles, niveis de
espécies reativas de oxigénio (ERO), potencial de membrana mitocondrial e goticulas
lipidicas. A apoptose e a permeabilizacdo da membrana plasmatica foram
investigados por citometria de fluxo através da marcagdo com Anexina-V e iodeto de
propidio, além de autofagia por monodansilcadaverina. Para avaliar topologia (SEM)
e ultraestrutura (TEM) foram realizadas andalises de microscopia eletrdnica de
varredura e transmisséao. O tratamento com OEO apresentou baixa citotoxicidade nas
células BeWo (CCso de 114,8 ug/mL + 0,01), reducdo da viabilidade de taquizoitos
(Clso de 12,5 + 0,06 pg/mL), e IS de 9,18. Houve reducéo da proliferacao intracelular
de 55% e 84% nas concentragdes de 25 e 50 pg/mL, respectivamente. Em taquizoitos
livres, o tratamento causou aumento dos niveis de EROSs, despolarizagdo da
membrana mitocondrial e formacéo de goticulas lipidicas, bem como tumefacédo da
mitocondria observadas em TEM. Estas alteracdes estdo atreladas a inducéo do
processo de autofagia e permeabilizacdo de membrana plasmatica, com
extravasamento do contetdo citoplasmatico e alteracdes nucleares, confirmadas
através de TEM e SEM, culminando em um processo de morte celular. O tratamento
com OEO demonstrou atividade anti-T. gondii direcionando a morte do parasito por
alteracdes metabolicas sem causar toxicidade as células, podendo ser um composto
promissor no tratamento da toxoplasmose.

Palavras-chave: toxoplasmose; tratamento alternativo; origanum vulgare.



ABSTRACT

NUNES, Angélica Paulina. Evaluation of antiproliferative and metabolic activity of
oregano essential oil (Origanum vulgare L.) in BeWo trophoblast cells infected
with cepa RH of Toxoplasma gondii. 2021. 66 p. Dissertation (Master's in
Experimental Pathology) - State University of Londrina, Londrina, 2022.

Toxoplasmosis is a disease caused by the protozoan Toxoplasma gondii. It has in
public health mainly for promoting, sometimes, serious conditions in the public
majority. Current treatment is limited to the use of spiramycin or the association of
sulfadiazine, pyrimethamine and folinic acid. The effects of medicines lead to the need
for new therapies. Thus, the essential oil of oregano (Origanum vulgare L.) (OEO)
presents itself as a promising alternative due to its antibacterial, antifungal and
antiparasitic potential. The objective of this work was to analyze the antiproliferative
capacity and the mechanisms of the direct action of OEO in tachyzoites of T. gondii
(RH strain). To investigate the toxicity of OEO in BeWo cells, the MTT assay was
performed using concentrations from 0.7 to 150 pg/mL. To evaluate the viability of
tachyzoites after treatment with OEO, the trypan blue exclusion method was used.
Then, the cytotoxic (CCso), inhibitory (ICso) and selectivity index (SI) concentrations
were calculated. The antiproliferative activity of the OEO treatment was determined by
the rates of infection and intracellular proliferation of the parasite treated with OEO
using concentrations 6.2; 12; 25 and 50 pg/mL and confirmed by light microscopy using
toluidine blue staining. The mechanisms involved in the direct death of the parasite
were also evaluated, namely, levels of reactive oxygen species (ROS), mitochondrial
membrane potential and lipid droplets. Apoptosis and plasma membrane
permeabilization were investigated by flow cytometry by labeling with Annexin-V and
propidium iodide, in addition to autophagy by monodansylcadaverine. To evaluate
topology (SEM) and ultrastructure (TEM) scanning and transmission electron
microscopy analyzes were performed. OEO treatment showed low cytotoxicity on
BeWo cells (CCso of 114.8 pg/mL + 0.01), reduced tachyzoite viability (ICso of 12.5 +
0.06 pg/mL), and IS of 9. 18. There was a reduction in intracellular proliferation of 55%
and 84% at concentrations of 25 and 50 pg/mL, respectively. In free tachyzoites,
treatment caused increased levels of ROS, mitochondrial membrane depolarization
and lipid droplet formation, as well as mitochondrial swelling seen in TEM. These
alterations are linked to the induction of the process of autophagy and permeabilization
of the plasma membrane, with extravasation of the cytoplasmic content and nuclear
alterations, confirmed by TEM and SEM, culminating in a process of cell death. OEO
treatment demonstrated anti-Toxoplasma directing the death of the parasite by
metabolic changes without causing toxicity to the cells, which may be a promising
compound in the treatment of toxoplasmosis.

Key words: toxoplasmosis; alternative treatment; origanum vulgare.
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1 REVISAOBIBLIOGRAFICA
1.1 ASPECTOS MORFO-BIOLOGICOS DE TOXOPLASMA GONDII

Toxoplasma gondii € um protozoario intracelular obrigatério e agente
etiologico da toxoplasmose, possui capacidade de infectar qualquer célula
nucleada de aves e mamiferos, sendo a doenca considerada uma zoonose de
distribuicdo mundial (PAREDES-SANTOS et al., 2012; FENOY et al., 2016; MOTA
et al., 2017).

T. gondii esta classificado no Filo Protozoa, Subfilo Apicomplexa, Classe
Sporozoa, Familia Sarcocystidae, Subfamilia Toxoplasmatinae e género
Toxoplasma. Este parasito foi descrito por Splendore e Nicole Manceaux em 1908
no Brasil e na Tunisia respectivamente (SMITH et al., 2020) T. gondii é a Unica
espécie do género Toxoplasma (SOKOL-BORRELLI et al., 2020).

A estrutura morfologica é alongada, com formato curvilineo (REMINGTON et
al., 2016). Possui Unica mitocdndria, reticulo endoplasmatico, complexo de Golgi,
lisossomos e nucleo localizado na regido central ou préximo da extremidade
posterior. O sistema de membranas é caracterizado por uma membrana externa
simples e continua, além de uma interna dupla com duas membranas unitarias
acopladas (DUBEY et al., 1998; ATTIAS et al., 2020).

Apresentam na regido anterior o complexo apical, composto por condide,
anéis polares, micronemas, roptrias e granulos densos. Primeiramente, o condide
€ uma estrutura movel, que se desloca acima e abaixo do anel polar posterior.
Abaixo, os anéis polares fazem parte uma rede de microtubulos que se dispdem
em formato espiral formando citoesqueleto em dire¢do a regido posterior (DUBEY
et al., 1998; HU et al., 2006; DE SOUZA et al., 2010; MORRISSETTE et al., 2015).

Micronemas séo estruturas localizadas na regido apical, secretoras de
moléculas adesivas e estdo relacionadas ao processo de adesdo, motilidade e
invasdo (SOLDATI et al., 2001; JIMENEZ-RUIZ et al., 2016; ALI-HAKIMI et al.,
2017; ATTIAS et al., 2020). J& as roptrias possuem ac¢do na internalizacdo do
parasito na célula hospedeira, de maneira que o contetdo proteico é liberado
durante a invasdo, digerindo a membrana plasmatica da célula alvo além de
relacionar-se com a formacéo do vacuolo parasitéforo (ALI-HAKIMI et al., 2017;

SUAREZ et al., 2021). Os granulos densos estéo distribuidos no citoplasma e agem
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liberando glicoproteinas no vacuolo parasitéforo permitindo a evasao do parasito
as respostas imunolégicas do hospedeiro (CORTEZ et al., 2005, ALI-HAKIMI et al.,
2017; ZHANG 2019).

Desta forma, o processo de infeccdo € iniciado com o reconhecimento da
célula alvo, que é favorecida por antigenos e proteinas de superficie que recobre
0s taquizoitos e permitem sua ancoragem. Seguido pela etapa de adesao, onde a
regido apical do parasito liga-se a membrana plasmatica através de proteinas
adesivas secretadas pelos micronemas. Para invadir a célula hospedeira,
taquizoitos poderdo ser fagocitados ou ainda iniciar um movimento dependente de
actina chamado gliding. Auxiliando a invasao, roptrias iniciam a liberacdo de
enzimas proteoliticas e também atuam no estabelecimento do vacuolo parasitéforo
(OPITZ e SOLDATI 2002; SINAI 2008; KATO 2018; ZHU et al., 2019; ZHANG et
al., 2019; BARROS 2020).

Durante o ciclo existem trés formas infectantes: taquizoitos, bradizoitos e
oocitos. Taquizoitos apresentam forma de lua crescente, com a extremidade
posterior arredondada e anterior afilada. A reproducdo é assexuada por
endodiogenia, sendo a forma de disseminacao rapida nos tecidos, respectivo a fase
aguda da toxoplasmose (MONTOYA e LIESENFELD 2004; LIU et al.,, 2019).
Quando estdo abrigados no interior do vacuolo parasitoforo, utilizam diversos
nutrientes da célula hospedeira (BLADER & SAEJI 2009; BLADER et al., 2015;
LUDER & RAHMAN, 2017; ATTIAS et al., 2020).

Apbs acédo da resposta imune hospedeira, taquizoitos séo diferenciados em
bradizoitos. Estes sdo envoltos em parede espessa que se desenvolve sob a
membrana do vacuolo parasitéforo (TU et al.,, 2019). Bradizoitos possuem
resisténcia a acdo de enzimas proteoliticas, bem como protecdo ao sistema imune
hospedeiro, favorecendo sua permanéncia tecidual (BLADER & SAEIJ 2009;
ROBERT-GANGNEUX 2014). A replicagéo é lenta e caracteriza a fase cronica da
doenca. (TOMITA et al., 2017; SUGI et al., 2017; TU et al., 2019; ATTIAS et al.,
2020). Os oocistos possuem superficie eliptica quando néo esporulados, medindo
8 um de comprimento por 2 um de largura. A superficie é hidrofilica, pouco adesiva,
permitindo que se mova em solos apos chuva ou em agua doce (SHAPIRO et al.,
2009; DUMETRE et al., 2012, DUMETRE et al., 2013). Possuem origem a partir da

reproducdo sexuada em felideos. Em forma imatura, 0s oocistos possuem em seu
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interior um esporoblasto no processo de esporulacdo, divididos em dois
esporocistos. Ao atingirem o final do processo de maturagéo sao originados quatro
esporozoitos dentro de dois esporocistos (DUBEY et al., 1998; ATTIAS et al., 2020).

O ciclo de T. gondii € heteroxeno facultativo e intracelular obrigatoério, capaz
de infectar animais vertebrados. Apenas felideos (géneros Felis e Lynx) séo
hospedeiros definitivos onde ocorre a reproducdo sexuada (YAN et al., 2016;
ATTIAS et al.,, 2020). O ciclo sexuado inicia-se quando felinos ingerem formas
infectantes que ao chegar no estbmago, a acdo do pH e enzimas proteoliticas
favorecem o rompimento da parede de oocistos/cistos, liberando esporozoitos e
bradizoitos, que migram para o epitélio intestinal e infectam enterdcitos (ATTIAS et
al., 2020).

Apos infeccdo de enterdcitos por merozoitos e sucessivas divisbes por
merogonia, ocorre a lise da célula infectada e liberacdo de merozoitos, que
penetram em novas ceélulas intestinais e diferenciam-se em formas sexuadas
femininas e masculinas (YAN et al., 2016; ATTIAS et al., 2020). Macrogametas
femininos sdo imoOveis e microgametas masculinos moveis, desta forma, os
microgametas saem das células e fecundam os macrogametas presentes em
células vizinhas. Como consequéncia, o processo de fertilizacéo € iniciado, levando
a formacdo de oocisto imaturo. Quando expelido junto as fezes, sob condi¢es
ideais de temperatura e umidade tornam-se infectantes (YAN et al., 2016; ATTIAS
et al., 2020).

O ciclo assexuado ocorre em aves e mamiferos, incluindo o homem,
considerados hospedeiros intermediarios. O inicio do ciclo biol6égico acontece
através da passagem de taquizoitos pelo aleitamento materno, transfusdo de
sangue ou transmissao vertical, bradizoitos através de carne crua ou mal passada,
transplante de orgaos infectados ou ainda oocistos em ambiente, como hortali¢as,
agua ou terra. Brevemente, taquizoitos penetram enterocitos onde apos sucessivas
divisdes (5-6) rompem a membrana da célula hospedeira e sao liberados para o
meio extracelular, infectando novas células e disseminando através de sangue e
linfa para novos sitios de infecgcdo. Uma vez estabelecida a infeccéo, o sistema
imunologico hospedeiro induz diferenciacdo de taquizoitos para bradizoitos e
consequente formagéo de cistos teciduais (DUBEY 1988; ACHA e SZYFRES 2003;
YAN et al., 2016; ROUGIER et al., 2017; ATTIAS et al., 2020).
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Figura 1. Imagem representativa ciclo de vida de Toxoplasma gondii. Fonte:
Hunter; Sibley (2012).

1.2 CEPAS DE TOXOPLASMA GONDII

Relata-se diferentes gendtipos e fendtipos para T. gondii, relacionando estes
a gravidade e agressividade da toxoplasmose em modelos murinos (HASSAN et
al., 2019). Classicamente sdo organizadas em trés principais cepas clonais
observadas na Europa e América do Norte sendo elas, tipo I, Il e lll (SIBLEY et al.,
2002).

Cepas clonais do tipo I, como a RH, CAST e VEL, sdo cepas de alta
viruléncia. Caracterizam-se por rapida diviséo intracelular de taquizoitos, além de
induzir em modelos murinos robusta producdo de citocinas pré inflamatodrias,

levando a danos teciduais reduzindo a sobrevida do hospedeiro. Em contrapartida,
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h& menor capacidade de formar cistos in vitro (SAEIJ et al., 2005; XIAO e YOLKEN
2016; MONTAZERI et al., 2017; ARMAND et al., 2017). Embora ensaios de selegéo
de compostos possam ser delineados com diferentes tipos de cepas de T. gondii,
a cepa tipo RH é frequentemente utilizada para adaptar-se bem a cultura in vitro e
replica-se de forma rapida e sem grandes taxas de mutacdes. Esta cepa fornece
um modelo de infec¢cdo aguda. Contudo, este modelo ndo € interessante para
avaliacdo da atividade de compostos contra cistos por exemplo, além disto, a cepa
tipo |1 ndo possui distribuicdo dominante na maioria das areas do mundo (ALDAY e
DOGGETT 2017).

Cepas clonais do tipo Il como ME49, WIL, HART e tipo Ill como VEG e SOU,
sao consideradas de moderada e baixa viruléncias respectivamente. Caracterizam-
se por reproducéo intracelular baixa e formacéo de cistos com maior velocidade,
caracteristica de quadros crénicos (JOKELAINEN et al., 2018). As cepas do tipo
estdo relacionadas a casos de reativacdo de infeccdo crbnica em humanos e
infeccbes congénitas enquanto que cepas do tipo Il associam-se as infeccbes em
animais e imunossuprimidos e sdo responsaveis por infeccbes brandas e
assintométicas (FLEGR et al., 2014; ARMAND et al., 2017).

1.3 EPIDEMIOLOGIA DA TOXOPLASMOSE

Dados do Centers for Disease Control and Prevention (CDC 2018) apontam
que a infec¢do por T. gondii possui ampla distribuicdo mundial, sendo em vérias
regides os indices de infec¢cdo chegam a 60%. Estipula-se que a soroprevaléncia
em humanos esteja distribuida da seguinte forma: a maior taxa no continente da
Africa (61,6%), seguido por Australia com 38,5%, América do Sul com 31,2%,
Europa com 29,7% e as menores taxas na Asia 16,4% e América do Norte 17,5%
(MOLAN et al., 2019; MOUSAVI-HASANZADEH et al., 2020). Estes indices estdo
relacionados a fatores climaticos, socioecondémicos, culturais, geograficos e
relativos aos habitos alimentares (FIALHO et al., 2009; VAZ et al., 2011; CDC
2018).

A soroprevaléncia no Brasil foi estudada por Passos e colaboradores (2017)
que determinam anticorpos IgM e IgG anti-Toxoplasma em uma populagédo humana
adulta no estado de S&o Paulo foi de 62% positivos para IgG e 2,5% foram positivos

para IgM, além disto, o risco mostrou-se acumulado com a idade. De Carmo e
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colaboradores (2016) que identificaram soroprevaléncia em area rural no estado do
Para de 81,2% de IgG e IgM 0,70%. J& percentual de mortes por regido no Brasil é
de 26% no Sudeste e Nordeste, 15% no Sul, 7% e 6% no Centro-oeste e Norte
respectivamente (SOUZA et al.,, 2021). Tomados em conjunto estes indices,
relacionam-se a idade, nivel sécio cultural e consumo de agua nao tratada, bem
como importancia do diagnostico sorolégico para deteccdo precoce e tratamento
dos casos (CASTILHO-PELLOSO et al., 2005; VAZ et al., 2011; SOUZA et al.,
2020).

Especificamente no municipio de Santa Isabel do Ivai/PR, h& registro do
maior surto mundial de toxoplasmose humana, ligado a cisterna de agua
contaminada, que abastecia a cidade. Ao todo foram encontrados 426 pessoas com
anticorpos IgM anti-T. gondii positivos, destes, uma alta prevaléncia de doenca
sistémica sintomética, inclusive com comprometimento ocular associado (DE
MOURA et al., 2006; VAUDAUX et al., 2010)

No contexto da toxoplasmose gestacional no mundo, aponta-se que a
prevaléncia de anticorpos IgG anti-T. gondii em mulheres gravidas foi de 45% na
Africa Central, 63% no Chile, 51% na Argentina, 54,8% na Australia. Sendo os
maiores indices em paises da América do Sul, Oriente Médio e Africa (> 50%) e a
menor soroprevaléncia estdo em paises da Europa e América do Norte (10-30%)
(REMINGTON et al., 2001; TORGERSON e MASTROIACOVO 2013; ROSTAMI et
al., 2019; ROSTAMI et al.,, 2020; ADUGNA et al.,2021, MIHU et al., 2022).
Associam-se estes dados aos baixos indices de renda per capita, baixas longitudes
e latitudes, baixa umidade e altas médias de temperatura anuais (ROSTAMI et al.,
2019).

Em gestantes brasileiras a soroprevaléncia é variavel, sendo mulheres em
idade fértil de 50 a 80% e gestantes de 36 a 92%, sendo estimado que em torno de
14/1000 gestantes estejam infectadas, representando um montante de 60 mil novos
casos anualmente, ja a toxoplasmose congénita afeta em torno de 0,2 a 2 por 100
nascimentos no Brasil. Destaca-se, portanto, o Brasil como um dos paises com
maiores prevaléncias neste grupo populacional (DUBEY 2012; TABILE etal., 2015).
Alguns dos fatores envolvidos na ocorréncia persistente de casos de toxoplasmose
aguda no Brasil estdo relacionados ao encaminhamento tardio aos servigos

médicos especializados, manejo inadequado da gestante durante o pré-natal,
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seguida pelas vulnerabilidades sociais enfrentadas pelo pais (VILLAR et al., 2020).

Além disso, dados do protocolo de notificagdo e investigacdo: Toxoplasmose
gestacional e congénita destaca-se que fatores como a cepa do parasito e a
imunidade do individuo sédo essenciais para manter os dados de prevaléncia da
infeccdo elevados. Este problema estd atrelado & auséncia de diretrizes e
protocolos padronizados na vigilancia epidemiolégica, sendo que as definicbes de
caso, metodologias de exames diagnosticos e orientacbes ao paciente nédo
possuem padroniza¢ao nacional, prejudicando assim, o planejamento de acdes que
se voltem a prevencao e o controle (BRASIL, 2018; MUKHOPADHYAY et al., 2020).

1.4 IMUNOPATOGENIA DA TOXOPLASMOSE E TOXOPLASMOSE GESTACIONAL

T. gondii € considerado um parasito que possui habilidade sofisticada em
invadir diferentes tipos celulares e sobrepujar o reconhecimento e a resposta
imunolégica do hospedeiro, podendo manter-se oculto em forma de cistos por um
longo periodo de tempo (BARROS, 2020). A partir da invasao de enterécitos ha
inicio da resposta imune com a liberacéo de quimiocinas e recrutamento de células
como neutrofilos, macrofagos e células dendriticas (SASAI et al.,, 2018). O
reconhecimento de padrdes moleculares associados a patégenos (PAMPS) por
receptores de padrdes associados a patdégenos (PRR), leva a sinalizacdo via
MyD88 e em dultima instancia inducdo de sintese de IL-12. Neste contexto os
PAMPS mais conhecidos sao glicosilfosfatidilinositol presente na membrana celular
de T. gondii que se liga a TLR2 e TLR4, levando a sintese de NF- kB e TNF-a e
profilina que recobre o parasito, € reconhecida por TLR11 e 12 (RAETZ et al., 2013
FISCH et al., 2019).

O parasito estimula macréfagos e células dendriticas (APCs) a secretar IL-
12, esta por sua vez induz células natural killer (NK) a sintetizar INF-y. A imunidade
adaptativa é iniciada quando células APCs induzem a ativacdo de células TCD4 +
virgem que na presenca de IL-12 polarizam a diferenciacdo na subpopulagcéo Thl.
Células do padrao Th1 atuam de forma paracrina ativando linfécitos TCD8 + através
da IL-2. Com as células TCD4+ e TCD8+ ativadas, ha a producéo de IFN-y levando
a ativagdo de mecanismos microbicidas diretos e indiretos, como macréfagos M1,
ativando producdo de espécies reativas de oxigénio (ERO), que limitam a

replicacdo intracelular de T. gondii e lise direta de reservatorios por células TCD8+
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(LANNES-VIEIRA 2014).

Ainda que ndo possua papel central na resposta a microorganismos
intracelulares, a resposta humoral € desencadeada neste contexto, por plasmaocitos
que sintetizam IgG, IgM, IgE e IgA contra taquizoitos extracelulares, este processo
de opsonizacdo de antigenos facilita a fagocitose por fagocitos (DUPONT et al.,
2012).

Em hospedeiro imunocompetente as formas assintomaticas somam a
maioria dos casos, geralmente curando-se espontaneamente. Apenas 10 a 20%
dos pacientes apresentam manifestacdes clinicas inespecificas, como
linfadenopatia isolada e febre em alguns casos. O curso da infeccao é autolimitado,
e 0 aparecimento de sinais e sintomas estao relacionados a viruléncia da cepa e o
estado do sistema imune do hospedeiro (REMINGTON e KLEIN 1995; MONTOYA
e LINSENFELD 2004; BUSHROD 2004).

A doenca em imunocomprometidos esté relacionada a infec¢cédo priméria ou
reativacdo de cistos, acarretando em doenca neuroldgica grave. A principal
patologia relacionada € a forma de encefalite toxoplasmica no sistema nervoso
central. O dano no SNC é caracterizado por multiplos focos de necrose que podem
sofrer calcificagcdo. Normalmente acomete pacientes que utilizam drogas
imunossupressoras no tratamento de transplantes, doencas linfoproliferativas ou
deficiéncia na imunidade celular, como o caso de portadores do virus da
imunodeficiéncia humana (HIV) (MONTOYA e LIESENFELD 2004; JONES et al.,
2014). Em relacdo a retinocoroidite toxoplasmica, € dada como uma das
manifestacbes de maior ocorréncia da doenca e pode ser originada por via de
transmissdo materno/fetal, com manifestagbes precoces ou tardias, ou ainda
adquiridas apds o nascimento, resultado de infecgdo aguda ou reativacdo. O sinal
clinico mais evidente é a retinocoroidite granulomatosa necrosante (GLASNER et
al.,, 1992; MONTOYA e REMINGTON, 1995). Outro aspecto importante da
toxoplasmose se refere a toxoplasmose gestacional.

A toxoplasmose gestacional é caracterizada pela invasao de taquizoitos para
0s tecidos fetais através de via placentaria, determinando a passagem vertical do
parasito. Ocorre na infec¢cdo primaria de fase aguda durante gestacdo ou ainda
raramente durante o periodo de fase crbnica, apos o fenébmeno de converséo
bradizoito/taquizoito (KODJKIAN 2010; COUTINHO et al., 2012; WALLON e
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PEYRON 2018; RATHA 2020). A infeccdo aguda entre mulheres gravidas é
frequentemente assintomatica, no entanto quando apresentam sintomas eles
possuem carater inespecifico como mialgia, febre baixa e linfoadenopatia
(GOLDSTEIN et al., 2008; AHMED et al., 2020). Segundo dados de Peyron e
colaboradores (2019) a transmissdo congénita do parasito ndo é obrigatéria e
dentre os principais fatores que influenciam nesta condicdo estdo: periodo
gestacional de infeccdo materna, tratamento ou ndo em gestantes positivas e tipo
de cepa envolvida na infeccdo. As cepas de tipo Il apresentam alta taxa de
transmissdo materno/fetal, porém infec¢cdes com cepas tipo | estdo estreitamente
relacionadas com sintomas graves da doencga e infecgdes com cepa tipo Il levam
a infec¢cbes assintomaticas (RICO-TORRES et al., 2016).

A depender do periodo de infeccéo, ha diferentes consequéncias ao feto.
Assim quando a transmisséo vertical ocorre no primeiro semestre de gestacéo, a
infeccdo pode ocasionar a morte fetal, com altas chances de aborto, devido a
imaturidade imunoldgica dos tecidos fetais em relacéo a agressao ocasionada pelo
parasito. Bem como, a inducéo de apoptose em células troncos neurais, resultando
em graves mas-formacdes congénitas e complicacdes neuroldgicas, auditivas,
oculares e até a morte intrauterina (AMATO NETO e BARRONE 2008; BOTTARI et
al., 2019). Enquanto que durante o segundo semestre podera levar a Tétrade de
Sabin, caracterizada por calcificacdo intracraniana, hidrocefalia, coriorretinite e
retardo mental. Em decorréncia ao reparo do tecido fetal pela lesdo causada pela
infeccdo, acarretando obstrucdo do sistema de transporte do liquido
cefalorraquidiano e intensa degradacao de tecidos nervosos (AREAL et al., 2008;
MINEO e VITOR 2016). No terceiro semestre, o0 neonato podera nascer normal ou
apresentando sinais da doenca em alguns dias, como: comprometimento
ganglionar  generalizado, hepatoesplenomegalia, miocardite,  anemia,
trombocitopenia ou ainda lesdes oculares manifestada tardiamente (MOZZATO e
PROCIANQY 2003; LOPES et al., 2009; HIGA et al., 2010, MINEO e VITOR 2016;
STRANG et al., 2020).

A gravidez é caracterizada como um processo de desenvolvimento com
diferentes estagios imunolégicos e altamente dinamico, considera-se que a
implantagéo e placentagéo, crescimento fetal e o parto como processos distintos,

com diferentes desafios imunoldgicos que requerem um ambiente Unico que se
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adapte as condi¢cbes impostas (MOR et al., 2017). As fases gestacionais estédo
relacionadas a trés diferentes estagios imunoldgicos, sendo o primeiro marcado por
um perfil pro-inflamatorio, associado a implantacéo e placentacdo, para isto ha a
guebra ativa e reestruturacdo da decidua, sendo semelhante ao processo de leséo
e reparo subsequente. As ceélulas dendriticas uterinas parecem ter papel na
receptividade uterina, regulando a remodelacéo tecidual e a angiogénese (MOR et
al., 2017).

ApoOs a fase de implantacdo e placentagéo, ocorre um rapido crescimento e
desenvolvimento fetal, como nesta fase méae e feto sdo simbidticos, ha necessidade
de conformacao imunoldgica para um perfil anti-inflamatério, sendo que nesta fase
qualquer sinal pro-inflamatério pode levar ao aborto espontaneo, bem como
infeccbes ao nascimento prematuro (MOR et al., 2017). Por fim, a preparacéo para
0 parto exige mudanca do perfil anti-inflamatério para o pré-inflamatério novamente.
O influxo de células imunes para 0 miométrio, promove a contracao do Utero, parto
e separacao da placenta (MOR et al., 2017).

A infec¢cdo com cepas de alta viruléncia durante a gravidez, leva a infeccao
de populactes de células imunes da decidua e placenta, sendo estas regides com
localizacdes e papéis importantes na imunomodulagdo da interface materno-fetal.
Evidéncias apontam que o parasito afeta os estados de ativacdo de células
dendriticas, células NK e trofoblastos, além de interromper o equilibrio normal de
subconjuntos de células T, favorecendo o desenvolvimento de células padrdo Thl
e Thl7 que sdo associadas ao controle parasitario, em detrimento de células do
padrdo Th2 e Treg associadas a tolerancia imunoldgica (BORGES et al., 2019).

Apesar de um grande numero de pesquisas focaram na compreensdo da
resposta imunologica da toxoplasmose em pacientes imunocompetentes, ha
sempre a necessidade de investigacOes acerca dos aspectos imunopatogénicos na
interface materno fetal (BORGES et al., 2019). No intuito, inclusive, de promover o
aprimoramento tanto do diagnéstico quanto do tratamento precoce da

toxoplasmose.
1.5 CELULAS TROFOBLASTICAS BEWO

Células BeWo foram isoladas a partir de um coriocarcinoma humano por

Pattillo e Gey em 1968. Apesar de possuirem origem de um coriocarcinoma,
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assemelham-se ao citotrofoblasto viloso humano. Apresentam caracteristicas
morfolégicas e marcadores bioquimico como secrecao de citocinas IL-4, IL-6, IL-8
e IL-10, bem como sintese hormonal como progesterona, gonadotrofina coriénica
humana, hormonio lactogénico placentario e estradiol semelhante ao encontrado
em trofoblasto em primeiro trimestre, sendo importante meio para estudos in vitro
(TSUI et al., 2004; WOLFE 2006; BARBOSA et al., 2008).

Apresentam susceptibilidade a infeccdo por T. gondii, desta forma torna-se
importante ferramenta para estudos da infec¢cdo no contexto congénito, propiciando
estudos imunoldgicos, fisioldgicos dentre outros, além de ndo menos importante a
busca por tratamentos alternativos para a toxoplasmose congénita (BARBOSA et
al., 2008; COSTA et al., 2021).

1.6 DIAGNOSTICO E TRATAMENTO DA TOXOPLASMOSE

O diagnéstico clinico da toxoplasmose € complexo visto que a maior parte
dos casos sdo assintomaticos e os sintomas, quando presentes, sdo inespecificos.
Portanto a importancia do diagnostico laboratorial, que pode ser realizado a partir
da pesquisa do parasito em secre¢des organicas durante a fase aguda da infeccao,
ou a partir de biopsia em tecidos corados por hematoxilina-eosina, indicado para
pesquisa de bradizoitos na forma crénica (GOODSON e DON WINSLOW 2013).
Além disso, séo realizados frequentemente na pratica clinica testes soroldgicos
como o ensaio imunoenzimatico (ELISA) para deteccdo de anticorpos circulantes.
(GOODSON e DON WINSLOW 2013). A reacao em cadeia da polimerase, PCR
tempo-real, € um método de alta sensibilidade capaz de detectar e amplificar
fragmentos de DNA de T. gondii em diversas amostras biolégicas, no entanto é
pouco comum o emprego pelo seu elevado preco (FERREIRA e AVILA 2001).

O principal diagnéstico disponivel durante a gravidez é o teste de ELISA-
avidez, que visa analisar a forca de ligacdo antigeno-anticorpo e assim determinar
a fase da infec¢cdo de acordo com a avidez de IgG (TANIMURA et al., 2015). Os
parametros para o diagnostico sdo: fase aguda da infeccdo sdo encontrados maior
presenca de anticorpos IgM e anticorpos IgG de baixa avidez. Quando séo
encontrados niveis baixos de IgM e IgG com avidez crescente, infere-se que a
paciente esta em fase de transicdo. Ja na fase cronica da infeccao, é caracterizada

pela presenca de anticorpos IgG com alta avidez (AHMED et al., 2020). Importante
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ressaltar que o diagnostico precoce € de grande importancia na toxoplasmose
aguda uma vez que, possibilita a indicacdo do tratamento imediato reduzindo
assim, os riscos graves promovidos por essa infeccao.

O farmaco ideal para o tratamento da infec¢éo por T. gondii deve apresentar
propriedades parasitarias contra os diferentes estagios do parasito, distribuicdo nos
sitios principais de infeccdo fetal e total isencdo de toxicidade fetal e de efeitos
teratogénicos. No entanto, nenhum farmaco atualmente utilizado no tratamento
humano da toxoplasmose apresenta todos esses critérios (DEROUIN et al., 2000;
ELSHEIKHA 2008; BARBOSA et al., 2015).

O tratamento convencional da toxoplasmose gestacional adotado pelo
Ministério da Saude preconiza principalmente a fase aguda no primeiro trimestre
da gravidez, onde usualmente é indicado o uso via oral de espiramicina com o
intuito de prevenir a infeccao fetal. A espiramicina tem sido amplamente estudada
devido a sua capacidade de prevenir a toxoplasmose congénita. Apresenta relativa
seguranca, atingindo concentracdo placentaria significativa com alcance a tecidos
fetais. No entanto apresenta baixo indice de reducdo da carga parasitaria contra
cepas do tipo RH (VALENTINI et al., 2015; DUNAY et al., 2018). Por se tratar de
um antibiético macrolideo age ligando-se de forma irreversivel a subunidade 50S
ribossomal, onde impede a sintese de proteinas dependente de RNA (STEEL et al.,
2012).

Em casos de infeccéo fetal confirmada ou infeccdo apés 18 semanas de
gestacdo € indicado a combinacdo das drogas sulfadiazina e pirimetamina e
suplementacdo de &cido folinico. Em neonatos o tratamento indicado é a
associacdo de pirimetamina e sulfadiazina e interrompido apos dois testes
negativos com um més de intervalo. Esta combinag¢édo apresenta-se como padrdo
ouro no tratamento clinico da toxoplasmose (MENDONCA 2014; TABILE et al.,
2015). A sulfadiazina e a pirimetamina possuem mecanismos de acao sinérgico,
alterando mecanismos de sobrevivéncia e replicacdo do parasito, tal efeito é
produzido através do bloqueio da via de sintese do folato por meio da inibicdo das
enzimas diidropteroato sintase (DHPS) e dihidrofolato redutase (DHFR),
antagonizando respectivamente a formagdo de acido diidrofdlico e acido
tetrahidrofélico (MENDONCA 2014; SEPULVEDA-ARIAS et al., 2014, CHOI e LEE
2018).
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Petersen (2007) adverte acerca dos efeitos adversos que a sulfadiazina
causa, sendo pouco tolerada pelo organismo, causando supresséo de atividade da
medula O0ssea que pode levar a anemia megaloblastica, leucopenia e
granulocitopenia. Ja a pirimetamina age indistintamente nos mecanismos
bioguimicos tanto do hospedeiro quanto no parasito, além de possuir atividade
teratogénica (SILVA 1998; KATZUNG 2006; TABILE et al., 2015).

Devido a dificuldade no tratamento da toxoplasmose gestacional e congénita
e toxicidade apresentada pelas drogas convencionais, ha necessidade latente na
descoberta de novos compostos para tratamento alternativo na infecgéo por T.
gondii. Desta forma, pesquisas com compostos organicos apresentam relevancia
pela capacidade antimicrobiana, o que possibilita melhora na qualidade do
tratamento, seja pela diminuicdo dos efeitos colaterais ou pela reducédo de custos
de producdo e venda. Sendo assim, é importante campo para inddstria
farmacéutica que busca alternativas no tratamento de doencas parasitarias

(CHERAGHIPOUR et al., 2020).
1.6.1 Oleo Essencial de Orégano

Oleos essenciais sdo caracterizados por serem metabolitos secundarios de
plantas, evolutivamente necessarios para garantia de adaptacfes importantes,
como atividade antimicrobiana em plantas. S&o extraidos de diversas plantas, em
geral, localizadas em paises em zonas temperadas a quente, como mediterraneo
e paises tropicais (BAKKALI et al.,, 2007; DA SILVA et al., 2019). Possuem
composicdo quimica complexa, sdo compostos volateis, limpidos, lipossoluveis ou
soluveis em solventes organicos e com densidade em geral inferior a agua. Os
principios ativos, podem ser destinados a tratamento de doengas humanas por
possuirem uma grande variedade de efeitos farmacoldgicos (VIEIRA et al., 2018;
DA SILVA et al., 2019).

Desta forma, a familia Lamiaceae possui espécies consideradas plantas
medicinais com potencial efeito antimicrobiano (MENDONCA et al., 2018). O 6leo
essencial de orégano (OEQO) extraido da espécie O. vulgare possui diversos efeitos
bioldgicos como um amplo efeito antibacteriano, antifingico, antiparasitario e
antioxidante. Seus principais componentes sédo isémeros fendis como o carvacrol e

timol, além de seus precursores monoterpenos p-cymene e y-terpineno em
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menores concentracdes. A presenca de diferentes classes quimicas e as potentes
interacdes entre os componentes do OEO, possuem maior eficacia quando em
mistura (SAKKAS e PAPADOPOULOU 2017).

Os mecanismos bioldgicos que o OEO possui relaciona-se a sua natureza
lipofilica, atua na difusdo através de membranas celulares, capaz de desestrutura-
las, sendo vantajoso ao direcionar-se aos microrganismos intracelulares. Este
mecanismo esta intimamente relacionado a sua interacdo com ATPases,
resultando em processo de perda de osmorregulacdo celular que em dltima
instancia leva ao extravasamento de ions fosfato, potassio e ATP (YOUSSEFI et
al., 2019; LOMBREA et al., 2020).

Gaur e colaboradores (2018) e Dominguez-Uscanga e colaboradores (2021)
utilizando OEO e timol (um dos principais componentes quimicos presentes no
OEOQO) sob Cryptosporidium parvum obtiveram resultados que indicam reducao de
proliferacdo, além de baixa citotoxicidade em células HCT-8 (adenocarcinoma de
intestino grosso) indicando potencial antiparasitario. Em promastigotas de
Leishmania amazonensis, OEO apresenta aumento dos niveis de ERO e
permeabilizacdo em mitocéndria e lisossomos, acarretando estresse oxidativo e
morte celular (LOMBREA et al., 2020).

Apesar destes estudos, ndo ha relatos na literatura de trabalhos utilizando
OEO na infeccéo de T. gondii em células de origem trofoblastica. Tendo em mente
a problematica apresentada anteriormente com relacdo ao tratamento
convencional, € necessario abordagens que visam a descoberta de novos
compostos como OEO anti-T. gondii principalmente enfatizando a interface materno
fetal como proposto neste estudo utilizando para isso células de origem

trofoblastica BeWo.
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2 OBJETIVOS
OBJETIVO GERAL

Investigar o potencial antiproliferativo do 6leo essencial de orégano (OEO),
bem como os mecanismos envolvidos no processo de morte, em taquizoitos de
Toxoplasma gondii (cepa RH) na infeccdo de células de linhagem trofoblastica
humana BeWo.

OBJETIVOS ESPECIFICOS

o Determinar a citotoxicidade do tratamento com OEO na linhagem celular
BeWo.

o Determinar a viabilidade de taquizoitos de T. gondii (cepa RH) tratados com
OEO.

o Determinar indice de seletividade do tratamento com OEO em relacdo a

célula hospedeira e parasito.

o Avaliar a atividade antiparasitaria de OEO frente infeccdo com T. gondii

(cepa RH) em células BeWo.

o Avaliar marcadores de estresse metabdlico, sendo eles, integridade de
membrana mitocondrial, espécies reativas de oxigénio, goticulas lipidicas

decorrentes do tratamento direto com OEO em taquizoitos de T. gondii.

o Investigar eventos envolvidos com o processo de morte celular, autofagia,
necrose e/ou apoptose, apds o tratamento direto com OEO em taquizoitos de T.

gondii (cepa RH).

o Verificar atraves alteracdes morfoldgicas e ultraestruturais apos tratamento

com OEO em taquizoitos.
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ABSTRACT

Toxoplasmosis is a disease caused by the protozoan Toxoplasma gondii. It has in
public health mainly for promoting, sometimes, serious conditions in the public
majority. Current treatment is limited to the use of spiramycin or the association of
sulfadiazine, pyrimethamine and folinic acid. The effects of medicines lead to the
need for new therapies. Thus, the essential oil of oregano (Origanum vulgare L.)
(OEO) presents itself as a promising alternative due to its antibacterial, antifungal
and antiparasitic potential. The objective of this work was to analyze the
antiproliferative capacity and the mechanisms of the direct action of OEO in

tachyzoites of T. gondii (RH strain). To investigate the toxicity of OEO in BeWo cells,
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the MTT assay was performed using concentrations from 0.7 to 150 pg/mL. To
evaluate the viability of tachyzoites after treatment with OEO, the trypan blue
exclusion method was used. Then, the cytotoxic (CCso), inhibitory (ICso) and
selectivity index (SI) concentrations were calculated. The antiproliferative activity of
the OEO treatment was determined by the rates of infection and intracellular
proliferation of the parasite treated with OEO using concentrations 6.2; 12; 25 and
50 pg/mL and confirmed by light microscopy using toluidine blue staining. The
mechanisms involved in the direct death of the parasite were also evaluated,
namely, levels of reactive oxygen species (ROS), mitochondrial membrane potential
and lipid droplets. Apoptosis and plasma membrane permeabilization were
investigated by flow cytometry by labeling with Annexin-V and propidium iodide, in
addition to autophagy by monodansylcadaverine. To evaluate topology (SEM) and
ultrastructure (TEM) scanning and transmission electron microscopy analyzes were
performed. OEO treatment showed low cytotoxicity on BeWo cells (CCso of 114.8
pg/mL + 0.01), reduced tachyzoite viability (ICso of 12.5 + 0.06 pg/mL), and IS of 9.
18. There was a reduction in intracellular proliferation of 55% and 84% at
concentrations of 25 and 50 ug/mL, respectively. In free tachyzoites, treatment
caused increased levels of ROS, mitochondrial membrane depolarization and lipid
droplet formation, as well as mitochondrial swelling seen in TEM. These alterations
are linked to the induction of the process of autophagy and permeabilization of the
plasma membrane, with extravasation of the cytoplasmic content and nuclear
alterations, confirmed by TEM and SEM, culminating in a process of cell death. OEO
treatment demonstrated anti-Toxoplasma directing the death of the parasite by
metabolic changes without causing toxicity to the cells, which may be a promising

compound in the treatment of toxoplasmosis.

Keywords: Toxoplasmosis, Alternative treatment, Origanum vulgare.

1 Introduction

Toxoplasmosis, a disease caused by the protozoan Toxoplasma gondii, is
considered a cosmopolitan zoonosis, being prevalent in up to 60% of the population
in some regions of the world (CDC, 2018). In most cases, the infection is

asymptomatic; however, it is severe in immunocompromised patients and
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congenital toxoplasmosis (Smith et al., 2021).

It is known that tachyzoites can cross the placental barrier, so infection before
or during pregnancy could result in vertical transmission and reach fetal tissues
(Peyron et al., 2017). Miscarriage, stillbirth, death in the fetal period, fetal anomalies,
chorioretinitis, and encephalitis are the most severe consequences for the concept
infected congenitally (Aguirre et al., 2019).

The recommended treatment for congenital toxoplasmosis depends on the
gestational stage but is based on spiramycin, sulfadiazine, pyrimethamine, and
folinic acid supplementation. The use of sulfadiazine and pyrimethamine has several
disadvantages, such as resistance and adverse effects such as bone marrow
suppression. In addition, they have high toxicity and teratogenic effects (Montoya
and Remington, 2008; Meneceur et al., 2008). Based on this, there is a need to
investigate new alternative therapies for toxoplasmosis (Elazab et al., 2021).

Previous studies have shown that the oregano essential oil (OEQO) extracted
from the species Origanum vulgare has several biological effects, including
antibacterial (Ebani et al., 2018), antifungal (Manohar et al., 2001), antioxidant
(Moghrovyan et al., 2019) and antiparasitic (Gaur et al., 2018), even T. gondii (Yao
et al., 2021). These effects are due to the potent interactions of its chemical
components, such as carvacrol, thymol, y-terpinene, p-cymene, and J-
caryophyllene (Bassolé and Juliani 2012; Lombrea 2020).

Based on this, the present study aimed to investigate the mechanisms of
direct or indirect action of OEO in tachyzoites in lineage cells of trophoblastic origin
2 Material and Methods
2.1 Oregano essential oil (OEO)

The OEO was kindly provided by Dr. Renata Katsuko Takayama. It was
acquired commercialy from Industria e Comércio de Oleos Ferquima (S&o Paulo).
This oil was extracted by steam distillation, and its density (0.954 g/mL) and
composition (main components: carvacrol, thymol, y-terpinene, p-cymene, and B-
caryophyllene) were described in a technical report (CAS number 84012-24 -8, lot
224). A 50% OEO stock solution was prepared in dimethylsulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO, USA). The maximum concentration of DMSO in the tests

was 0.01%, according to Scandorieiro et al. (2016).
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2.2 BeWo Cell Culture

BeWo cells were provided by Dr. Eloisa Amédlia Vieira Ferro from the Federal
University of Uberlandia. BeWo cells were grown in 25 cmz2 or 75 cm2 culture flasks
(Ciencor Scientific, Sado Paulo, SP, Brazil) with RPMI 1640 medium (Sigma-Aldrich)
supplemented with 10% inactivated fetal bovine serum (FBS) (Sigma-Aldrich), 1%
antibiotics (10,000 U/mL penicillin and 10 mg/mL streptomycin) (Cultilab, Campinas,
SP, Brazil), L-glutamine, sodium pyruvate and 23-mercaptoethanol. Cell culture was
maintained at 37°C with 5% COa.

2.3 T. gondii strain

Tachyoites from the RH strain, obtained from peritoneal lavage of Swiss
Webster mice previously infected, were used for experimental infection of BeWo
cells. Briefly, peritoneal exudates from mice were collected in sterile phosphate-
buffered-saline (PBS), passaged through a 26G needle three times, and washed
twice. The sediment was resuspended in sterile PBS, and tachyzoites were counted
in a Neubauer chamber. All procedures involving the animals in this study were
approved by the Ethics Committee in the Use of Animals of the State University of
Londrina (no. 88/2017/CEUA)

2.4 BeWo Cell viability assay

The viability of BeWo cells after OEO treatment was evaluated based on
mitochondrial oxidation by a colorimetric MTT assay (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) (Sigma-Aldrich) (Mosmann, 1983). BeWo cells
were grown in 96-well plates (3x10* cells/well/200 uL) for 24 h at 37°C with 5% CO..
After this, the cells were treated for 24 h with OEO at different concentrations (0.7-
150 ug/mL). Cells treated with sulfadiazine and pyrimethamine (50 and 25 pg/mL,
respectively) were used as a positive control. In contrast, cells that received only the
culture medium were used as a negative control. After treatment, the culture
medium was removed, and the cells were incubated in MTT solution (5 mg/mL) for
3 h under the same growth conditions.

The formazan crystals were solubilized in 100 uL DMSO, and after 30 minutes
of incubation, the absorbance (abs) was measured at 540-560 nm using a plate

reader (TP Reader, Thermo Plate). Results were expressed as the percentage
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reduction in MTT relative to the control group, calculated with the following formula:
viable cells (%) = (abs from treated cells/abs from untreated cells) x 100.

2.5 Trypan blue tachyzoite viability assay

The viability of T. gondii tachyzoites after treatment with OEO was performed
as previously described by Sanfelice et al. (2017). 5x10° tachyzoites were treated
with different concentrations (0.7-150 pg /mL) of OEO. Sulfadiazine and
pyrimethamine (50 and 25 ug/mL, respectively) were used as the positive control,
and no treatment was the negative control. The parasites were incubated for 1 h at
37°C with 5% COa2. After this time, the parasites were stained with trypan blue and
counted using a Neubauer chamber under a light microscope (E100, Nikon-LED).

2.6 Selectivity Index

The effect of OEO on T. gondii tachyzoites was expressed as the minimum
inhibition concentration to inhibit 50% of the parasites (ICso) and in the cytotoxicity
of human trophoblastic lineage cells (BeWo) as a cytotoxic concentration to cause
the death of 50% of the cells (CCso). ICs0 and CCso were calculated by non-linear
regression (GraphPad Software Inc., San Diego, CA, USA). The selectivity index
value was expressed as S| = CCso of OEO in BeWo cells/ICso of OEO in tachyzoites,

according to Miranda-Sapla et al. (2019).
2.7 Post-treatment experimental infection

As previously described by Machado et al. (2020), for the post-treatment
model, BeWo cells (1x10°), maintained in 24 well plates containing 13 mm round
coverslips (Ciencor Scientific), were infected with 5x10° tachyzoites of T gondii.
After 3 h of infection, the cells were washed and treated with the association of
sulfadiazine and pyrimethamine (50 and 25 upg/mL), respectively, and OEO at
concentrations of 6.2, 12, 25, and 50 ug/mL for 24 h. After 24 hours, coverslips were
stained with 1% toluidine blue (Sigma- Aldrich), slides were mounted for analysis
under a light microscope (E100, Nikon-LED), and representative images were
captured under the same conditions.

The infection rate (number of infected cells per 200 cells examined) and
intracellular proliferation of the parasite (total number of parasites per 200 cells

examined) were analyzed under light microscopy. Counts were performed using a



44

double-blind method. Slides were stained with toluidine blue for light microscopy

analysis.
2.8 Direct mechanisms of parasite death
2.8.1 Determination of parasite cell volume

In order to analyze the effect of the treatment on the size of the tachyzoites,
this technique was performed as follows: T. gondii tachyzoites were treated with an
ICso concentration (12.5 pL) of OEO and incubated for 1 h at 37°C with 5% COz,
and washed with PBS. Subsequently, the parasites were analyzed using a BD
Accuri™ C5 Plus flow cytometer (BD Biosciences, Franklin Lakes, New Jersey,
USA) according to the methodology described by Tomiotto-Pellissier et al. (2018).
The histograms were generated based on the forward scatter parameter (FSC-A),
which represents the cell size, and the side scatter (SSC-A), which represents the
cell complexity. A total of 20.000 events were acquired in the region corresponding
to the parasites, and untreated tachyzoites were used as a negative control.

2.8.2 Determination of mitochondrial membrane potential

In order to assess the integrity of the inner mitochondrial membrane of the
parasite after OEO treatment, the mitochondrial membrane potential (AW m) was
investigated by labeling with tetramethylrhodamine ethyl ester (TMRE) (Sigma-
Aldrich) as previously described (Nishi et al., 2021; Sanfelice et al., 2021). Briefly,
T. gondii tachyzoites (1x10°) were treated with ICso of OEO (12.5 pL) and incubated
at 37°C with 5% COq for 1 h. After this period, labeling was performed with TMRE
(25 nM) and incubated for 30 minutes at 37°C. The excitation and emission
wavelengths of 488 nm and 530 nm were measured using a fluorescence microplate
reader (Victor X3, PerkinElmer, Waltham, MA, USA). Carbonylcyanide m-
chlorophenylhydrazone (CCCP) was used as positive control while untreated

tachyzoites as the negative control.
2.8.3 Generation of reactive oxygen species (ROS) in tachyzoites

To evaluate the alteration in ROS formation, 2',7'-dichlorodihydrofluorescein
diacetate (H2DCDFA) (Sigma-Aldrich) probe, which is essentially sensitive to
hydroxyl radicals and hydrogen peroxide (H202), was used as previously described
(Nishi et al., 2021; Sanfelice et al., 2021). For this, 1x10° of tachyzoites were treated
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with a concentration of 12.5 pL (ICso) of OEO for 1 h and incubated at 37°C with 5%
COz. After the treatment, 10 puL of the probe was added and incubated for 45
minutes in the dark at 37°C. A spectrophotometer (Victor X3, PerkinElmer) was
used to read the excitation and emission wavelengths of 488 nm and 530 nm,
respectively. H202 (0.4%) was used as the positive control while untreated
tachyzoites as the negative control.

2.8.4 Determination of lipid bodies by Nile red

The presence of neutral lipid droplets was determined as a complementary
analysis to the mechanisms involved in metabolic stress based on the Nile red
marking according to the methodology previously described (Nishi et al., 2021,
Sanfelice et al., 2021). Tachyzoites (1x10°) were treated with 12.5 uL OEO (ICso)
for 1 h and then labeled with 10 pg/mL Nile red (Sigma-Aldrich) for 30 minutes. The
reading was performed in a spectrophotometer at 488 nm of excitation and 530 nm
of emission (Victor X3, PerkinElmer). PBS was used as the positive control and

untreated tachyzoites as the negative control.
2.8.5 Investigation of the formation of autophagic vacuoles

In order to evaluate whether OEO treatment induces the formation of
autophagic vacuoles, a process of metabolic recycling under stress, tachyzoites
(1x10%) were treated with 1Cso (125 pL) for 1 h and labeled with
monodansylcadaverin (50 uM) (Sigma-Aldrich) according to Sanfelice et al. (2021)
and Nishi et al. (2021). The reading was performed in a spectrophotometer at 488
nm of excitation and 530 nm of emission (Victor X3, PerkinElmer). The positive
control group was treated with PBS, and the negative control group was composed

of untreated tachyzoites.

2.8.6 Determination of phosphatidylserine exposure and cell membrane

integrity

Tachyzoites (1x108) were treated with OEO at ICso (12.5 pL) for 1 h at 37°C.
Then, the parasites were washed and resuspended in 100 pL of assay buffer (Santa
Cruz Biotechnology, Dallas, TX, USA), followed by the addition of a mixture
containing 1 pL of annexin V-FITC and 1 pL of propidium iodide (PI) (Santa Cruz

Biotechnology). The analysis of phosphatidylserine exposure, as an event
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suggestive of apoptosis, was detected using Annexin-V FITC (Thermo Fisher
Scientific, Waltham, MA, USA) and the cell membrane integrity of the parasites was
evaluated by labeling with propidium iodide (PI) (Sigma-Aldrich). Parasites not
treated were used as a negative control, as previously described by Bortoleti et al.

2018. Results were analyzed using FlowJo software (BD Biosciences).

2.8.7 Morphological and ultrastructural evaluation of tachyzoites by scanning

electron microscopy (SEM) and transmission electron microscopy(TEM)

Scanning electron microscopy (SEM) was performed to analyze changes in
cell surface topography. For sample preparation, tachyzoites (1x10°) were treated
with OEO with ICso (12.5 pL) for 1 h at 37°C and then centrifuged and washed with
PBS. After treatment, they were fixed with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer. The samples were placed on slides containing poly-L-lysine,
dehydrated with increasing ethanol concentrations (30 - 100%), and dried in a
critical point chamber (Baltec SCD-030). Finally, they were metalized with gold and
visualized in high resolution through a double-beam electron microscope FEI SCIOS
(Fei Company, Hillsboro, OR, USA).

Tachyzoites were treated and fixed as described above to evaluate the
ultrastructural changes by transmission electron microscopy. Then, the parasites
were post-fixed with 1% osmium tetroxide OsO4, 0.8% potassium ferrocyanide, and
10 mM CaCl2 in 0.1 M sodium cacodylate buffer. In sequence, they were dehydrated
in increasing acetone concentrations (30 - 100%). Sections were made using an
ultramicrotome (PowerTomer BMC) and contrasted with 5% uranyl acetate and 2%
lead citrate. The analysis was processed using a JEOL JEM 1400 transmission

electron microscope (Jeol Ltd, Tokyo, Japan).
2.9 Statistical analysis

Statistical analyzes were performed in GraphPad Prisma 8 software
(GraphPad Software Inc.). Data are expressed as mean + standard error of the
mean. Differences between groups were evaluated using a one-way analysis of
variance (ANOVA) followed by Tukey's multiple comparison test. P-value <0.05 was

considered to be statistically significant.

3 Results
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3.1 OEO treatment has low toxicity in BeWo cells

Cell viability was initially evaluated after OEO treatment at different
concentrations (0.7-150 pg/mL). OEO was not toxic to BeWo cells after 24 h;
however, it showed a reduction in the highest concentrations (100 and 150 pg/mL)
(p <0.0001) (Figure 1A). Subsequently, the 50% cytotoxic concentration (CCso) was
calculated, obtaining a value of 114.8 ug/mL + 0.01 (Table 1).

150
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Figure 1- Oregano essential oil (OEO) does not cause toxicity in BeWo cells. BeWo cells were
treated for 24 h with different concentrations (0.7-150 pyg/mL) of OEO or sulfadiazine/pyrimethamine
(SDZ + PYR) (50 and 25 ug/mL respectively). Cells treated with H202 were used as positive control
and DMSO as vehicle control. Values represent the mean = SEM of three independent experiments
performed in triplicate. Significant differences from the negative control * (p <0.01) and **** (p

<0.0001).

3.2 OEO treatment reduces tachyzoite viability

The direct effect of treatment with different concentrations (0.7-50 pg/mL) of
OEO on T. gondii tachyzoites was evaluated by light microscopy. After 1 h,
tachyzoites treated with 0.7 pg/mL showed a reduction of 29% (p<0.0003), 1.5 - 6.2
ug/mL, 35% and 12 - 50 pg/mL > 45% (p<0.0001). The vehicle (DMSO) showed no
effect on the parasite at the time tested (Figure 2A). After this assay, the 50%
inhibitory concentration (ICso0) (12.5 £ 0.06 pug/mL) was calculated (Table 1), and

this concentration was selected for the next experiments.
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Figure 2— Oregano essential oil (OEO) has a toxoplasmicidal effect. Tachyzoites were treated
for 1 h with different concentrations (0.7-50 ug/mL) of OEO or sulfadiazine/pyrimethamine (SDZ +
PYR) (50 and 25 pg/mL, respectively). DMSO-treated tachyzoites vehicle control. Values represent
the mean + SEM of three independent experiments performed in triplicate. Significant differences
from the negative control *** (p <0.0003), **** (p <0.0001).

3.3 OEO has greater selectivity on T. gondii

Considering the low cytotoxicity of the treatment in cells of human
trophoblastic lineage and direct action on tachyzoite forms, a selectivity index (Sl)
was calculated, obtaining a value of 9.18 (Table 1).

Table 1: Oregano essential oil has selectivity over tachyzoites

BeWo - CCso Extracellular tachyzoites - 1Cso Sl
OEO

114.8 pg/mL + 0,01 12.5 pg/mL = 0,06 9.18

OEO: Oregano essential oil; BeWo: Human trophoblastic cell line: CCso/lICso: Cytotoxic/inhibitory
concentration of 50%; +: Standard deviation, Sl: Selectivity index; pg/mL: Micrograms/milliliters.

3.4 OEO has antiproliferative activity on T. gondii tachyzoites

The effectiveness of OEO treatment was evaluated according to the infection
rates and intracellular proliferation of T. gondii tachyzoites for 24 h, using
concentrations of 6.2, 12, 25, and 50 yg/mL. Infection rates were reduced by 35%
at 6.2 and 12.5 pg/mL, 36% and 43% at 25 and 50 pg/mL, respectively, compared
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to the control group (p<0.0001). In addition, SDZ+PYR also reduced parasite
infection (p<0.0001) (Figure 3A).

There was a decrease of 49% in the proliferation of tachyzoites in BeWo cells
at concentrations of 6.2 and 12 ug/mL and 55% and 84% at 25 and 50 pg/mL,
respectively (p<0.0001). Furthermore, SDZ+PYR reduced intracellular proliferation
(p<0.0001) (Figure 3B).

In agreement with the previous finding, representative images obtained by
light microscopy demonstrate that BeWo cells infected without treatment have many
intracellular tachyzoites (Figure 4A). In cells treated with SDZ+PYR, a reduction in
the number of tachyzoites was observed compared to the untreated control (Figure
4B). Representative images at concentrations of 6.2, 12, 25, and 50 pg/mL showed
a proportional reduction in the number of parasites and treatment concentration in
BeWo cells (Figure 4C-F).
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Figure 3. Treatment with OEO promotes a reduction in infection rate and proliferation of
intracellular tachyzoites. BeWo cells infected with T. gondii tachyzoites were treated with OEO for
24 h (6.2, 12, 25, and 50 yg/mL), and infection (A) and proliferation (B) indices were calculated.
SDZ+PYR positive control (25 and 50 ug/mL, respectively). Values represent the mean + SEM of
three independent experiments performed in triplicate. Significant differences from negative control
*** (p < 0.0001).
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Figure 4. Photomicroscopy of experimental infection with and without treatment, stained with
toluidine blue. Negative control of BeWo cells infected with T. gondii tachyzoites and cultured in
RPMI 1640 medium (A). SDZ+PYR positive control (50 and 25 pug/mL, respectively) (B). BeWo cells
infected with T. gondii and treated with OEO at concentrations of 6.2 pg/mL (C), 12 pg/mL (D), 25
pg/mL (E) and 50 pg/mL (F). Arrows indicate tachyzoites. Magnification of 1000x.

3.5 Direct treatment of tachyzoites with OEO reduces cell size, increases ROS
production, depolarizes the mitochondrial membrane, and induces the
accumulation of neutral lipid droplets

Initially, it was verified that the treatment with ICso of OEO for 1 h reduced the
cell volume of tachyzoites (p<0.0001) (Figure 5A-B), indicating morphological
alterations in the parasites. In order to understand the mechanisms of direct action
that induce the elimination of the parasites, we investigated the metabolic pathways
after treatment with ICso for 1 h.

Firstly, the levels of ROS in tachyzoites were evaluated, and it was observed
an increase of more than 30 times in relation to the control group of T. gondii
(p<0.0019) (Figure 5C). Then, when AWm was evaluated, it was observed that the
treatment caused depolarization in this organelle (p<0.0001) (Figure 5D). Finally,
the OEO treatment promoted the accumulation of intracellular lipid bodies more than
5 times compared to the control (p<0.001) (Figure 5E). These data together are
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suggestive of metabolic stress in the parasite.
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Figure 5. Treatment with OEO promotes a decrease in cell volume and metabolic stress. T.
gondii tachyzoites were treated with OEO for 1 h with ICso. Cell volume in OEO treated T. gondii
tachyzoites, typical histogram plotted (A). bar graph (B). FSC-A were considered a function of cell
size. Colorimetric analysis (A%Wm) by TRME (C); Determination of total ROS (D); Labeling of lipid
droplets by Nile red (E). (C and E normalized by the number of cells). Values represent the mean +
SEM of three independent experiments performed in triplicate. Significant differences between the
negative control *** (p 0.0005) and **** (p<0.0001).

3.6 OEO promotes the elimination of tachyzoites by autophagic process and

plasma membrane permeabilization

In order to distinguish the types of death involved in the elimination of
tachyzoites, evaluation of the induction of autophagy, apoptosis, and necrosis after
the treatment with ICso for 1 h was performed. It showed an increase in the intensity
of labeling with monodansylcadaverine (p<0.0001), a process suggestive of
autophagy (Figure 6A). Subsequently, the treated parasites showed PI+ labeling of
39.5%, indicating plasma membrane permeabilization, and 8.67% showed double
labeling by AN+ Pl+ (p<0.04), suggesting a late death process similar to apoptosis.
The AN+ labeling did not differ from the control group (Figure 6B-C).
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Figure 6. Mechanisms related to the death process in OEO-treated tachyzoites. T. gondii
tachyzoites were treated with OEO for 1 h with ICso. Fluorimetric analysis of autophagy with
monodansylcadaverine probe, normalized by cell number (A). Representative histogram of
phosphatidylserine (annexin V) exposure and plasma membrane permeabilization (propidium iodide)
analysis. (B) Bar graph (C). (A normalized by the number of cells). Values represent the mean +
SEM of three independent experiments performed in triplicate. Significant differences from the
negative control **** (p 0.0001) and * (p<0.04).

3.7 OEO treatment causes alteration in the morphology and ultrastructure of

tachyzoites

SEM and TEM analyses indicated that untreated tachyzoites have an

elongated body, smooth cell membrane, preserved cell extension, and intact
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organelles (Figure 7A-B). However, after treatment with OEO ICso, it was possible
to observe leakage of cytoplasmic content, damage to the plasma membrane, and
reduction of cell volume (Figure 7C-F). TEM also showed intact organelles and
plasma membrane and preserved apical region in untreated parasites (Figure 7G-
H). In contrast, treated tachyzoites showed disorganization of cytoplasmic
organelles, including the apical complex, mitochondrial swelling, and autophagic
vacuoles (Figure 71-K). It was also possible to observe plasma membrane rupture

and leakage of cell contents (Figure 7L).
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Figure 7. Morphological and ultrastructural changes caused by OEO treatment in T. gondii
tachyzoites. Scanning electron microscope images (A-F): untreated tachyzoites (A-B), parasites
treated with OEO ICso (C-F). Transmission electron microscopy images (G-L): untreated tachyzoites
(G-H), parasites treated with OEO ICso (I-L). Apicoplast (a), conoid (c), dense granule (dg),
endoplasmic reticulum (er), Golgi complex (Gc), mitochondria (m), microneme (mi), nucleus (n),
rhoptry (r), vacuole autophagy (*), mitochondrial swelling (*), nuclear alteration (®), leakage of
cytoplasmic content (white arrow), plasma membrane damage (white arrowhead and black arrow),
disorganization of the apical complex (»). Scale bars = 1 ym (A-F), 0.5 pm (G-L).



55

4 Discussion

The ideal drug for the treatment of congenital toxoplasmosis should have little
or no toxicity to the host cell, distribution in the main sites of fetal infection, freedom
from fetal toxicity, and teratogenic effects. However, no drug currently used in the
human treatment of toxoplasmosis meets all these criteria (Derouin et al., 2008;
Elsheikha, 2008; Barbosa et al., 2015).

In the present study, low cytotoxicity was observed in BeWo trophoblastic
lineage cells in vitro. Previous studies showed similar results using species of the
genus Origanum at similar concentrations in Vero (green monkey kidney) and THP-
1 (human monocyte) (Hajlaoui et al., 2016; Akkaoui et al., 2020), indicating the low
cytotoxicity of essential oils isolated from plants of the genus Origanum. On the other
hand, OEO acts directly on tachyzoites, leading to a pronounced toxoplasmicidal
effect. Yao et al. (2021) found similar results, indicating reduced viability of T. gondii
tachyzoites after OEO treatment. Carvacrol and thymol present in thyme essential
oil (Thymus vulgaris) also appeared to be responsible for a 24% decrease in tissue
cysts in brain and retina in Swiss albino mice infected with strain Me49 (ERAKY et
al., 2016).

We know that effective concentrations against the parasite should not
demonstrate a deleterious effect on host cells. In addition, the calculation of Sl in
the search for alternative compounds is relevant due to the predictive value of
indicating the selectivity of the treatment concerning the parasite/host relationship
(Miranda-Sapla et al.,2019). Deng et al. (2020) postulate that as higher the Sl value
by in vitro tests, the better the effect of this compound against T. gondii is achieved.
However, there is no consensus on the literature concerning reference values for T.
gondii, as observed for other parasites such as Leishmania (Don and loset, 2014).
Despite the scarcity of parameters, we consider our indexes high compared to a
previous study, where the best anti-T. gondii potential without causing damage to
cells was achieved at levels above 6.44 (Deng et al.,2020); thus, our treatment was
9.18 times more selective to the parasite in relation to the host

We found a reduction in the number of infected cells and inhibition of
intracellular proliferation in BeWo cells treated and experimentally infected with T.
gondii. Infection by Cryptosporidium parvum, a parasite also belonging to the
phylum Apicomplexa, in HTC-8 cells (human lineage of adenocarcinoma of the large
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intestine) also showed a reduction in infection after treatment with OEO (Gaur et al.,
2018). We believe that due to the variety of components of a lipophilic nature
presented by essential oils, there is an advantage in accessing and targeting
intracellular microorganisms. This is due to the easy absorption by the cell
membrane, allowing OEO to access intracellular parasites without causing damage
to eukaryotic host cells (Garcia et al., 2017; Tasdemir et al., 2019). In addition, Yao
et al. (2021) suggest that carvacrol, an active component of OEO, may limit the
movement capacity of tachyzoites and inhibit invasion-related proteins.

Due to the ability of OEO to alter metabolic and cytoplasmic pathways in
Trypanosoma cruzi and Leishmania amazonensis (Santoro et al., 2007, Tomiotto-
Pellissier et al., 2022), we investigated mechanisms underlying the direct action on
tachyzoites. Because T. gondii and other parasites belonging to the phylum
Apicomplexa have single mitochondria, maintaining the integrity of this organelle is
critical for metabolic survival processes (Garbuz; Arrizabalaga, 2017; Goodman et
al., 2017). Our results showed that OEO treatment reduces tachyzoite cell size. A
recent study indicated, by SEM analysis, that treatment with OEO or carvacrol on T.
gondii tachyzoites induces morphological changes such as a decrease in
tachyzoites and curling from the posterior to the anterior region, suggestive of
damage to mobility and infectivity (Yao et al., 2021).

We observed depolarization of the mitochondrial membrane, an increase in
the total ROS levels, and mitochondrial swelling on tachyzoites treated directly with
OEO. Similarly, Yao et al. (2021) indicate that carvacrol has activity on mitochondrial
potential, releasing cytochrome c. Predictive analysis in silica showed that OEO
could accumulate in mitochondria (Tomiotto-Pellissier et al., 2022), causing damage
to the mitochondrial membrane and increase in ROS, which may initiate a process
of cell death (Adeyemi et al., 2017; Hou et al., 2020). Since mitochondria are
strongly linked to ROS generation, we established that the collapse of mitochondrial
membrane potential (AWm) is strongly intricate with the generation of total ROS in
treated parasites, leading to mitochondrial membrane damage and dysfunction in
adenosine triphosphate (ATP) levels (Syn et al.,, 2017, Alonso et al.,, 2021).
Furthermore, mitochondrial dysfunction is a known inducer of lipid droplet
accumulation, a hallmark of cellular stress. Oliveira et al. (2009) also determined the
accumulation of lipid bodies, where the lipid profile was substantially altered in
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Leishmania chagasi promastigotes treated with different essential oils. Thus, we
indicate that the change in the lipid profile of parasites treated with OEO may result
from the direct interference of the treatment in lipid biosynthesis pathways due to
metabolic stress.

Once energy limitation induces rapid and selective degradation of
mitochondria in single mitochondria parasites, this degradation culminates in death.
In this way, autophagy mediates the cell death process in protozoa of the phylum
Apicomplexa triggered by ROS (Ghosh et al., 2012; Filomeni et al., 2015). We
believe that OEO treatment is closely related to irreversible cell injuries that
culminate in a point of no return, triggering a process of cell death.

By Pl labeling and electron microscopy, we observed that the OEO
permeabilized the plasma membrane of the treated parasites. This is due to the fact
that OEO can diffuse between cell membranes so that OEO components act directly
on ATPases, leading to membrane permeabilization and consequently death due to
damage in osmoregulation processes, such as ATP leakage, phosphate and
potassium ions, and mitochondria permeabilization (Chouhan et al., 2017). Based
on these findings, our main hypothesis is that OEO favors the disruption of plasma
and mitochondrial membranes, leading to a homeostatic imbalance in tachyzoites
and the death of the parasites.

Thus, our study demonstrates that OEO treatment has anti-T. gondii activity,
with greater selectivity to the parasite and low cytotoxicity to host cells, and
permeabilization of the parasite plasma membrane, culminating in the death of the
parasite due to metabolic changes. Moreover, this is the first study that showed the
activity of OEO on T. gondii in cells of trophoblastic origin. These results may
contribute to future investigations and the possibility of OEO becoming a therapeutic

alternative for congenital toxoplasmosis.
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4 CONCLUSAO GERAL

Nosso estudo demonstrou que OEO possui atividade toxoplasmicida
direcionando a morte do parasito por alteragbes metabdlicas, como
permeabilizacdo da membrana plasmatica, despolarizacdo de mitocondria,
acumulo de ERO total, culminando em formacdo de goticulas lipicas e corpos
autofagico, sem causar toxicidade as células eucaridticas. Desta forma, trazemos
que o OEO é um composto promissor em uma possivel alternativa de tratamento

para toxoplasmose congénita.



