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RESUMO 

 

A toxoplasmose é uma doença causada pelo protozoário intracelular obrigatório Toxoplasma 

gondii, capaz de infectar todas as células nucleadas de animais de aves e mamíferos e, por essa 

razão, considerado um dos parasitos de maior sucesso de infecção. Uma das formas de 

transmissão da toxoplasmose é a congênita, na maioria das vezes ocorre quando a mãe se infecta 

pela primeira vez durante a gestação. A capacidade do parasito de ultrapassar a barreira 

placentária e infectar o embrião pode gerar, dentre outras manifestações, malformações fetais, 

aborto espontâneo e prematuridade. Atualmente, o tratamento tradicional recomendado pelo 

Ministério da Saúde no Brasil são os compostos espiramicina até 16 semanas de gestação e a 

associação de pirimetamina, sulfadiazina e ácido folínico após 16 semanas. Contudo, esses 

tratamentos atuais possuem limitações como capacidade teratogênica e a possibilidade do 

desenvolvimento de resistência parasitária. A quercetina, por exemplo, é um composto natural 

da classe dos flavonóis encontrada em frutas e vegetais, e se destaca devido as suas diversas 

propriedades farmacológicas, principalmente a sua capacidade antioxidante. Nesse contexto, 

nós investigamos o uso da quercetina como possível tratamento para a toxoplasmose congênita, 

utilizando modelos in vitro, ex vivo e análises in silico. Mostramos que a quercetina foi capaz 

de impedir a proliferação intracelular e manter a viabilidade celular em modelos in vitro e ex 

vivo. No modelo in vitro, esse composto impediu a adesão e invasão do parasito nas células, 

diminuiu a produção de gotículas lipídicas quando infectado por T. gondii e manteve a 

capacidade antioxidante, além de ter modulado a produção de citocinas, regulando a resposta 

imune impedindo sua exacerbação por meio da expressão de IL-4 e IL-8. Por fim, a análise in 

silico demonstrou afinidade ao alvo TgHGPRT do parasito e apresentou semelhanças a 

medicamentos em suas propriedades farmacológicas analisadas. Portanto, a quercetina 

apresentou um papel de controle do parasitismo por T. gondii e manteve um perfil citoprotetor, 

essencial na interface materno-fetal. 

 

Palavras-chave: T. gondii, produtos naturais, toxoplasmose congênita, quercetina, placenta. 

 



 

ABSTRACT 

 

Toxoplasmosis is a disease caused by the obligate intracellular protozoan Toxoplasma gondii, 

which is capable of infecting all nucleated cells of birds and mammals and is therefore 

considered one of the most successful parasites in terms of infection. One of the routes of 

toxoplasmosis transmission is congenital transmission, which most often occurs when the 

mother acquires the infection for the first time during pregnancy. The ability of the parasite to 

cross the placental barrier and infect the embryo can lead to fetal malformations, spontaneous 

abortion, and prematurity, among other manifestations. Currently, the traditional treatment 

recommended by the Brazilian Ministry of Health consists of spiramycin until the 16th week 

of pregnancy, followed by the combination of pyrimethamine, sulfadiazine, and folinic acid 

after the 16th week. However, these treatments have limitations, including teratogenic potential 

and the possibility of parasite resistance development. Quercetin, for instance, is a natural 

compound belonging to the flavonol class and is found in fruits and vegetables. It has attracted 

considerable interest due to its diverse pharmacological properties, particularly its antioxidant 

activity. In this context, we investigated the use of quercetin as a potential treatment for 

congenital toxoplasmosis using in vitro, ex vivo, and in silico approaches. We demonstrated 

that quercetin was able to inhibit intracellular parasite proliferation while preserving cell 

viability in both in vitro and ex vivo models. In the in vitro model, quercetin impaired parasite 

adhesion and invasion of host cells, reduced lipid droplet production in T. gondii-infected cells, 

and preserved antioxidant capacity. In addition, quercetin modulated cytokine production, 

contributing to the regulation of the immune response and preventing its exacerbation through 

the modulation of IL-4 and IL-8 expression. Finally, in silico analysis demonstrated affinity for 

the parasite target TgHGPRT and revealed drug-like characteristics based on the 

pharmacological properties evaluated. Therefore, quercetin exhibited a potential role in 

controlling T. gondii parasitism while maintaining a cytoprotective profile, which is essential 

at the maternal–fetal interface. 

 

Keywords: T. gondii, natural products, congenital toxoplasmosis, quercetin, placenta 
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1 INTRODUÇÃO 

1.1 Toxoplasma gondii e Toxoplasmose  

O gênero Toxoplasma foi descoberto por Nicolle e Manceaux em 1909 ao observarem 

um novo protozoário capaz de infectar roedores africanos chamados gundi. No mesmo ano, no 

Brasil, o novo protozoário foi encontrado em coelhos. Com a descoberta, em 1939, antes de 

entenderem sobre as vias de transmissão e o ciclo biológico, houve a primeira evidência da 

toxoplasmose congênita por uma lesão do sistema nervoso central em uma criança falecida após 

um mês de vida (Souza; Belfort Jr., 2014). Historicamente, com a descrição da espécie, 

Toxoplasma gondii foi considerado um dos parasitos com mais sucesso de infecção no mundo 

em humanos e animais de sangue quente (Dubey; Su, 2009; J. P. Dubey, 2022). 

Sendo assim, a toxoplasmose é uma doença causada pelo parasito intracelular 

obrigatório T. gondii. As formas de vida de T. gondii são os taquizoítos, os bradizoítos 

(localizados nos tecidos dos felinos) e os esporozoítos (localizados nos oocistos). O ciclo 

completo foi descrito por Dubey et al. (1998). Em suma, seu ciclo biológico envolve felinos 

como hospedeiros definitivos que liberam oocistos nas fezes e os animais de sangue quente 

como os hospedeiros intermediários. Sobre a transmissão, é possível ocorrer a infecção pela via 

congênita da mãe para o filho quando o taquizoíto ultrapassa a barreira placentária. Também, 

por via oral, quando há a ingestão de água ou comida contaminada por oocistos e pela ingestão 

de carne crua ou malcozida contendo os cistos teciduais (bradizoíto) (Montoya, J G; Liesenfeld, 

2004; Souza; Belfort Jr., 2014).  
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Figura 1 – Ciclo de vida de T. gondii. 

 

Fonte: Adaptado de Centers for Disease Control and Prevention (CDC, 2025). 

 

O protozoário T. gondii é capaz de invadir e se replicar em todas as células nucleadas 

em animais de sangue quente (J. P. Dubey, 2022). Os fatores relacionados a invasão e replicação 

de T. gondii estão na sua capacidade de reconhecimento, adesão e formação do vacúolo 

parasitóforo (Souza; Belfort Jr., 2014). Além disso, as proteínas de superfície, tais como as 

SAG (surface antigens), ficam ancoradas na superfície de T. gondii e são responsáveis por 

ajudar a adesão na célula hospedeira (Blader; Saeij, 2009; Nielsen et al., 1999).  Destaca-se 

também, a motilidade de T. gondii, caracterizada por movimentos de deslizamento circular, 

rodopios e deslizamento helicoidal. Esses movimentos são um importante mecanismo de 

invasão celular do parasito (Håkansson et al., 1999). 
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Clinicamente, a infecção costuma ser benigna e assintomática (Wei et al., 2015). Em 

imunocomprometidos com infecções latentes por T. gondii pode ocorrer uma reativação e 

causar manifestações clínicas, como é o caso das lesões oculares (Andrade et al., 2010). Além 

disso, outra forma grave de toxoplasmose é quando o parasito atravessa a barreira placentária, 

infectando o feto (Fallahi et al., 2018). Nessa perspectiva, a prevalência da infecção por T. 

gondii (25 a 30% na população mundial) juntamente aos fatores de risco relacionado a essa 

doença (Robert-Gangneux; Dardé, 2012), reforça a importância de mais estudos e 

desenvolvimento de estratégias de tratamento.  

 

1.1.1 Toxoplasmose congênita 

Em linhas gerais, a toxoplasmose congênita ocorre quando as mulheres gestantes se 

infectam por T. gondii pela primeira vez durante a gravidez. Contudo, em raros casos, a infecção 

crônica em uma mulher gestante pode ser reativada devido a uma imunossupressão e causar, 

assim, a toxoplasmose congênita (Andrade et al., 2010; Montoya, Jose G.; Remington, 2008). 

Uma vez que cepas virulentas de T. gondii são capazes de invadir barreiras biológicas, tais 

como a barreira placentária, o parasito se dissemina dentro do hospedeiro e aumenta o risco da 

transmissão placentária (Souza; Belfort Jr., 2014). As complicações para o feto dependem do 

tempo de gestação em que a infecção ocorre (Robert-Gangneux; Dardé, 2012). Isso porque a 

barreira placentária é mais eficaz no início da gestação, por exemplo, estudos demonstraram 

uma taxa de 6% de infecção no primeiro trimestre de gravidez e um aumento quase linear ao 

decorrer das semanas atingindo 40% no segundo trimestre e 72% no terceiro trimestre de 

gravidez (Dunn et al., 1999).  

A toxoplasmose congênita pode desencadear efeitos fetais graves e pode ser considerado 

um fator de risco para o aborto (Nayeri et al., 2020). Especificamente na toxoplasmose 

congênita, pode-se destacar desfechos fetais de ventriculomegalia, hidrocefalia, calcificações 

intracerebrais, cistos do plexo coróide, hidrocefalia, ascite, restrição de crescimento intrauterino 

e hepatoesplenomegalia (Megli; Coyne, 2022). Dentre os achados patológicos relacionados a 

toxoplasmose congênita, a retinocoroidite é a manifestação mais comum nos pacientes, 

ocorrendo pela ruptura de cistos na retina (Mets et al., 1997). Adicionalmente, em casos de 

infecção latente, ainda há possibilidades de reinfecção, bem como o desenvolvimento de 

manifestações clínicas na infância (Remington et al., 2011).  

Ainda, entre os anos de 2019 e 2023 em Minas Gerais, o número de casos de 

toxoplasmose congênita registrados nos Sistema de Informação de Agravos de Notificação 

(SINAN) foi de 5.974. Sendo a região sudeste a de maior prevalência da doença (Lacerda et al., 
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2024). Além da vulnerabilidade imunológica no período gestacional, destaca-se também as 

realidades socioeconômicos das gestantes como fatores de risco para a infecção (Avelino, 

Mariza M et al., 2014; Avelino, Mariza Martins et al., 2003). Portanto, a somatória das 

consequências da infecção congênita, bem como o crescente número de casos, destaca a 

necessidade de atenção a essa doença. 

 

1.2 Resposta imune na gestação e durante a infecção por T. gondii 

O sucesso da implantação embrionária, bem como a capacidade de combate de infecção 

no útero, é dependente de fatores como a composição de células imunológicas e as suas 

respectivas funções no estroma uterino especializado (a decídua) (Erlebacher, 2013).  Em 

relação a imunidade inata, as células da mãe que constituem a interface materno-fetal incluem 

as células natural killer deciduais (dNK), linfócitos inatos deciduais não NK (dILCs), células 

dendríticas deciduais (dDCs), macrófagos e monócitos associados à placenta (PAMMs). É 

composição da imunidade inata também os trofoblastos extravilosos invasores (EVTs) e os 

citotrofoblastos (CTB). Além disso, o feto também produz macrófagos primitivos denominados 

de células de Hofbauer (HBCs), abundantes nos vilos placentários (Semmes; Coyne, 2022). 

Ainda nos fatores de sucesso da implementação embrionária no útero, as moléculas 

HLA-C de classe I paternas nos trofoblastos são reconhecidas pelas células apresentadoras de 

antígenos (APCs) maternas. Nesse contexto, as células T específicas ficam responsáveis pela 

rejeição ou tolerância da gravidez. Assim, o reconhecimento materno na resposta imune 

adaptativa desempenha um papel protetivo na saúde materna e do feto, mas ainda vigilante na 

proteção contra infecções (Piccinni; Robertson; Saito, 2021). 

No contexto da imunidade inata e adaptativa, temos as células Treg responsáveis por 

efeitos regulatórios e antinflamatórios. As células Treg inibem a proliferação e produção de 

citocinas em células T CD4+ e T CD8+, essa ação suprimi a função citotóxica das células natural 

killer (NK) e inibe a inflamação via macrófagos e células dendríticas (Robertson; Petroff; Hunt, 

2015). No contexto das citocinas, cada estágio da gravidez demanda um tipo de resposta. Para 

o blastocisto aderir e se implantar no endométrio é necessário citocinas como IL-6, IL-1 e fator 

inibidor de leucemia (LIF). No processo de remodelação das artérias espiraladas durante o 

primeiro trimestre de gravidez temos a ação do IFN-γ. No final da gestação, a IL-1β é 

responsável por induzir contrações musculares no útero e a IL-6 é responsável para que o parto 

ocorra no tempo correto (Yockey; Iwasaki, 2018). 

Na toxoplasmose congênita, a população celular formada por sinciciotrofoblasto na 

placenta é uma barreira contra o parasito T. gondii (Ander et al., 2018; Robbins et al., 2012). 
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Porém, nem sempre é o suficiente para impedir a infecção. Por exemplo, esse parasito possui 

mecanismos de mimetismo apoptótico, capaz de “mimetizar” uma célula apoptótica e desativar 

a capacidade microbicida do organismo (dos Santos et al., 2011). Além de possuir uma 

capacidade de invasão na célula hospedeira menor que 30 segundos, essencial para o sucesso 

da infecção (Håkansson et al., 1999; Sibley; Andrews, 2000).  

Nesse contexto, após a infecção, as APCs se ativam ao reconhecer o parasito e induzem 

a produção de IL-12, que por sua vez, estimula as células NK a produzir IFN-γ. A produção de 

IFN-γ ativa STAT1, responsável pela produção de ativos microbicidas, tais como como a 

geração de intermediários reativos de nitrogênio (RNIs) e intermediários reativos de oxigênio 

(ROIs), que ajudam a limitar a replicação de T. gondii. Além disso, as células dendríticas ativam 

também as células T CD8+, que em conjunto com as células NK contribuem induzindo a lise 

de células infectadas, importante para o controle da infecção (Lannes-Vieira, 2014). Ademais, 

para inibição de T. gondii, há um conjunto de enzimas denominadas GTPases que são ativadas 

por IFN-γ e se acumulam nas membranas dos vacúolos parasitóforos, importantes para a 

eliminação de T. gondii (Sasai; Yamamoto, 2019). 

Contudo, mesmo que a resposta Th1 seja essencial na infecção por T. gondii, é visto que 

uma inflamação exacerbada é prejudicial para o hospedeiro (Melchor; Ewald, 2019). Por isso, 

apesar da placenta ser um órgão privilegiado imunologicamente e capaz de tolerar respostas 

inflamatórias, é necessário que ocorra um equilíbrio na resposta celular. Para isso, a produção 

de IL-4, IL-10 e TGF-β1 pode auxiliar na diminuição da resposta inflamatória à medida que 

inibe a ação das APCs (Arranz-Solís; Mukhopadhyay; Saeij, 2021; Lannes-Vieira, 2014; Wille 

et al., 2001; Zhao et al., 2017). 

 

1.3 Tratamento convencional para toxoplasmose 

De acordo com a NOTA TÉCNICA No 100/2022-CGPAM/DSMI/SAPS/MS, o 

Ministério da Saúde do Brasil preconiza que, uma vez confirmada a infecção materna durante 

o pré-natal, gestantes com menos de 16 semanas e com a possibilidade de infecção fetal não 

confirmada, é prescrito o uso de espiramicina. Já para aquelas com 16 semanas ou mais e com 

diagnóstico de infecção fetal, o tratamento consiste na combinação de pirimetamina, 

sulfadiazina e ácido folínico (Montoya, Jose G.; Remington, 2008). Os tratamentos 

convencionais para T. gondii apresentam desafios significativos devido aos seus efeitos 

colaterais. A pirimetamina, por exemplo, está associada a neutropenia e pode desencadear 

hepatotoxicidade, anemia aplástica, leucopenia, supressão da medula óssea (dose-dependente), 

trombocitopenia e reações de hipersensibilidade. Já a sulfadiazina pode levar a dermatite 
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alérgica, urticária e neutropenia (Deganich; Boudreaux; Benmerzouga, 2023). Ademais, tem 

sido descrito o desenvolvimento de cepas resistentes da sulfadiazina e pirimetamina para o 

tratamento da toxoplasmose (Meneceur et al., 2008; Montazeri et al., 2018).  

Portanto, diante das dificuldades expostas do atual tratamento para a toxoplasmose 

congênita, diversas pesquisas utilizando compostos naturais têm sido realizadas. O tratamento 

alternativo visa identificar compostos com menos toxicidade, maior especificidade e eficácia 

para prevenção e/ou tratamento da toxoplasmose congênita. Diante disso, nosso grupo de 

pesquisa tem realizado diversos trabalhos promissores buscando terapêutica alternativa contra 

esta doença (Borges et al., 2016; Castro-Filice et al., 2014; de Melo Fernandes et al., 2023; de 

Oliveira et al., 2025; Teixeira et al., 2025, 2020, 2023). 

 

1.4 Quercetina 

Produtos naturais, por vezes, oferecem estruturas químicas diversas e compostos 

bioativos para o tratamento de doenças (Mao et al., 2025; Marques-Santos; Faria; Amendoeira, 

2024). Nesse contexto, há estudos acerca dos benefícios da quercetina não somente a um 

possível complemento para a saúde, mas também para o tratamento de doenças (Lakhanpal; 

Deepak; Rai, 2007; Lesjak et al., 2018; Memariani; Memariani; Ghasemian, 2024; Michalski 

et al., 2020; Xu et al., 2019a). Desde sua descoberta, as ações farmacológicas da quercetina são 

estudadas, sendo a sua ação antioxidante a propriedade mais bem descrita (Lakhanpal; Deepak; 

Rai, 2007; Lesjak et al., 2018; Xu et al., 2019b).  

A quercetina (3,3′,4′,5,7-pentahydroxyflavone) é o principal flavonoide, pertencente a 

classe dos flavonóis. Os flavonoides são encontrados em frutas, vegetais, chás e vinho. A 

quercetina, especificamente, é abundante em cebolas, brócolis, maçãs e frutas vermelhas 

(Lakhanpal; Deepak; Rai, 2007). Dentre suas características químicas, destaca-se sua cor 

amarela e solubilidade em lipídios e álcool, porém, um dos desafios farmacológicos 

apresentados é sua baixa biodisponibilidade e a sua baixa solubilidade em água (El-Saber 

Batiha et al., 2020). 

Nos últimos 5 a 6 anos, a quercetina esteve envolvida em estudos que demonstram ações 

antioxidantes, antimicrobianas, antidiabéticas, anticancerígenas e anti-inflamatórias. Nesse 

contexto, a propriedade antioxidante tem sido a mais estudada (Azeem et al., 2023). Por 

exemplo, estudos demonstram que a quercetina pode induzir enzimas antioxidantes (Gpx1, Cat 

e Sod1) ativando a via Nrf2 (fator de transcrição fator nuclear E2 relacionado ao fator 2) do 

fígado (Cui et al., 2022; Granado-Serrano et al., 2012; Kobori et al., 2015; Myhrstad et al., 

2002). Em relação a gestação, a quercetina demonstrou uma redução de glutationa em 
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condições de estresse oxidativo em trofoblastos na linhagem HTR-8/SVneo (Ebegboni et al., 

2019), além de exercer atuação na fusão das células trofoblásticas, regulando a função 

mitocondrial e exercendo efeitos antioxidantes (Yoshida et al., 2024). 

Outra propriedade da quercetina é a sua ação contra protozoários, envolvendo ações 

contra Leishmania spp., Trypanosoma spp., Plasmodium spp., Cryptosporidium spp., 

Trichomonas spp., e Toxoplasma gondii (Memariani; Memariani; Ghasemian, 2024). Em 

relação a T. gondii, por exemplo, foi visto potencial no uso sinérgico da quercetina e 

azitromicina contra o protozoário em células Vero (Abugri et al., 2023), também foi visto efeito 

antioxidante com a redução de adipócitos quando exposto a profilina de T. gondii em cultura 

de adipócitos (Setia et al., 2020), além de já ter sido demonstrado a diminuição do 

desenvolvimento de bradizoítas in vitro, ocorrendo por meio da inibição da síntese de proteínas 

como hsp90, hsp70, e hsp27 (Weiss et al., 1998). 

Apesar das pesquisas envolvendo a quercetina, em relação a toxoplasmose congênita, 

ainda não há estudos utilizando modelos placentários como as células BeWo e os vilos 

coriônicos humanos. Por isso, é necessário analisar a ação da quercetina frente a infecção por 

T. gondii em modelos que simulem o microambiente placentário. Assim, é possível esclarecer 

mecanismos envolvidos no controle do parasitismo pela quercetina, além de proporcionar 

novos estudos e estratégias para o controle da toxoplasmose congênita. 
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2 JUSTIFICATIVA 

A toxoplasmose congênita permanece sendo um grave problema de saúde pública, 

especialmente em países como o Brasil, em que a incidência é elevada e os desafios no 

diagnóstico e tratamento são significativos. A infecção pelo protozoário T. gondii pode resultar 

em sequelas graves, como lesões oculares, neurológicas e até óbito neonatal. Os tratamentos 

atuais, baseados principalmente em medicamentos como a espiramicina, sulfadiazina e 

pirimetamina apresentam limitações, incluindo efeitos colaterais tóxicos e o risco de 

desenvolvimento de resistência parasitária. Diante desse cenário, há uma necessidade crescente 

de investigar novas abordagens terapêuticas que garanta a saúde na gestação, tanto para a mãe 

quanto para o feto que está sendo gerado. 
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3 OBJETIVOS 

3.1 Objetivo geral 

Avaliar o potencial terapêutico da quercetina na infecção experimental por T. gondii em 

modelos de interface materno-fetal, utilizando células BeWo (modelo in vitro) e explantes 

coriônicos humanos de terceiro trimestre gestacional (modelo ex vivo). Também avaliar 

possíveis alvos moleculares pelo modelo in silico. 

3.2 Objetivos específicos 

⎯ Avaliar o efeito da quercetina na viabilidade em células BeWo e em explantes vilosos; 

⎯ Avaliar o efeito da quercetina na proliferação intracelular de T. gondii em células BeWo 

e em explantes vilosos; 

⎯ Avaliar o efeito da quercetina na adesão e invasão de T. gondii em células BeWo; 

⎯ Avaliar o efeito da quercetina na modulação celular por meio da produção de 

antioxidantes; 

⎯ Avaliar a produção de corpos lipídicos em células BeWo infectadas ou não por T.gondii 

mediante o tratamento com quercetina; 

⎯ Avaliar citocinas pró-inflamatórias e anti-inflamatórias em células BeWo infectadas ou 

não por T.gondii e tratadas com quercetina; 

⎯ Avaliar interações da quercetina em alvos de T. gondii em modelos in silico e avaliar 

perfil fármaco-similar da quercetina. 
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Abstract 

Congenital toxoplasmosis, caused by the obligatory intracellular apicomplexan 

protozoan Toxoplasma gondii, can lead to severe complications during pregnancy, including 

fetal malformations and spontaneous abortion. In the present study, the anti-T. gondii effects of 

the natural flavonoid quercetin were evaluated using in vitro, ex vivo, and in silico models. Cell 

viability and intracellular proliferation of the parasite were determined via colorimetric assays. 

The lipid droplet assay was analyzed using Nile Red staining, the antioxidant and oxidative 

stress parameters were determined by biochemical assays, and the cytokine levels were 

quantified by immunoassays. Our results demonstrated that non-cytotoxic concentrations of 

quercetin (CC50 > 100 μM) significantly inhibited parasite proliferation (IC50 = 14.10 ± 2.83 

μM; SI > 7.09) in an irreversible manner. Quercetin impairs parasite adhesion, invasion, and 

reinfection capacity. In parallel, quercetin reduced lipid droplet accumulation, restored 

antioxidant balance by modulating redox biomarkers, and regulated cytokine production, 

notably increasing IL-4, IL-6, and IL-8 levels. Corroborating the in vitro findings, quercetin 

significantly reduced T. gondii proliferation in human placental villous explants while 

preserving tissue architecture and viability. In silico analyses revealed that quercetin binds to 



30 

the active site of T. gondii hypoxanthine-guanine phosphoribosyltransferase (TgHGPRT) and 

exhibits favorable pharmacokinetic and drug-likeness properties. 

Keywords: alternative treatment; natural products; quercetin; congenital 

toxoplasmosis; maternal–fetal interface; placenta 

 

1. Introduction 

Toxoplasmosis is a disease caused by the apicomplexan obligate intracellular protozoan 

Toxoplasma gondii, capable of accidentally infecting humans. The infection is transmitted by 

the fecal–oral route and requires special attention due to the risk of congenital infection [1,2]. 

In Brazil, the congenital infection with this parasite is highly prevalent and represents a public 

health problem with a prevalence of 3.4 cases per 1000 live births [3–5]. 

The placenta acts as a protective barrier against pathogens such as T. gondii, while also 

mediating the exchange of nutrients, gases, and waste between the mother and fetus [6]. 

Maternal infection during or shortly before pregnancy may lead to congenital toxoplasmosis, 

with outcomes ranging from miscarriage or neonatal death to postnatal manifestations such as 

ventriculomegaly, intracranial calcifications, and chorioretinitis [7]. Moreover, the risk of 

vertical transmission increases almost linearly as gestational age progresses, rising from 

approximately 6% at 13 weeks to 40% at 26 weeks and reaching 72% at 36 weeks of gestation 

[8]. 

However, the success of T. gondii infection depends, among other mechanisms, on the host’s 

immune response. Although the functions of CD4+ T cell subpopulations are not well 

understood, including Th1, Th2, Th17, and regulatory T cells, the Th1 response is essential for 

intracellular pathogens such as T. gondii [9]. However, at the maternal–fetal interface, a 

balanced immune environment is necessary, as excessive inflammation can be harmful to the 

host [10]. 

Once maternal infection is confirmed during prenatal care, spiramycin is prescribed for 

pregnant women under 16 weeks of gestation with no confirmed fetal infection. For those at 16 

weeks of gestation or more with a diagnosis of fetal infection, the combination of 

pyrimethamine and sulfadiazine (SP) is recommended [11]. However, conventional treatments 

for T. gondii present significant challenges due to their adverse effects. Pyrimethamine is 

associated with neutropenia and can trigger hepatotoxicity, aplastic anemia, leukopenia, dose-

dependent bone marrow suppression, thrombocytopenia, and hypersensitivity reactions [12]. 

Sulfadiazine, on the other hand, can lead to allergic dermatitis, urticaria, and neutropenia [12–
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14]. Furthermore, the development of SP-resistant strains has been reported, further limiting 

the effectiveness of current therapeutic regimens [15,16]. 

Thus, the cumulative adverse effects on the mother–child dyad, combined with the emergence 

of drug-resistant strains, highlight the urgent need to search for alternative treatments against 

congenital toxoplasmosis. In this context, natural products have been studied due to their 

pharmacotherapeutic potential [17]. Quercetin is the most abundant non-toxic natural flavonoid 

in the human diet, commonly present in fruits and vegetables, and exhibits anti-inflammatory, 

anti-apoptotic, and antioxidant properties [18]. Importantly, quercetin is known to modulate 

oxidative stress and cellular defense pathways, which are critical factors in host–parasite 

interactions and in the stress-induced differentiation of T. gondii [19,20]. It has also been shown 

to reduce adipocytes [21], as host lipids are commonly associated with the pathogenesis of T. 

gondii [22]. Moreover, this bioactive compound has demonstrated antiparasitic properties 

against Leishmania spp., Trypanosoma spp., Plasmodium spp., Cryptosporidium spp., 

Trichomonas spp., and T. gondii [23]. 

To date, there are no studies on the action of quercetin in T. gondii infection in models of the 

maternal–fetal interface. Therefore, two study models were used: an in vitro model with human 

BeWo trophoblastic cells and an ex vivo model with third-trimester human chorionic villi. In 

silico analyses were also conducted to evaluate the potential targets of quercetin and its 

pharmacological properties. The results indicate that quercetin may constitute a safer and more 

effective therapeutic alternative, addressing an important public health challenge. 

2. Results 

2.1. Quercetin Controls the T. gondii Proliferation, Prevents Reinfection of New Cells, 

and Maintains Cell Viability 

First, the cytotoxicity of quercetin (Figure 1B) was evaluated in cells treated with a twofold 

serial dilution at concentrations ranging from 0.78 to 100 μM for 24 h. None of the tested 

concentrations caused a loss of viability compared with the untreated control (medium), 

resulting in a CC50 > 100 μM. Next, the ability of quercetin to inhibit parasitism in T. gondii–

infected BeWo cells was also evaluated. All quercetin concentrations significantly reduced 

parasitism compared with the untreated control group (**** p < 0.0001; Figure 1C). As 

expected, the classical drug combination of sulfadiazine + pyrimethamine (SP) also controlled 

the intracellular parasite proliferation compared to the control group (**** p < 0.0001; Figure 

1C). The IC50 value of quercetin was 14.10 ± 2.83 μM, and the selectivity index (SI) was > 

7.09. Subsequently, a reversibility assay was performed to assess whether quercetin sustains its 

potent anti-T. gondii effect for more than 24 h, even in the absence of treatment. Quercetin 
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(12.5, 25, and 50 μM; **** p < 0.0001) and SP (**** p < 0.0001) significantly controlled 

parasite proliferation after 24 h of treatment, and their effects were extended for an additional 

24 h compared with the untreated control (medium), even after removal of the treatments from 

T. gondii–infected BeWo cells (Figure 1D). Furthermore, a reinfection assay was conducted to 

analyze the ability of quercetin-treated intracellular parasites to reinfect new host cells. Our 

data demonstrated that quercetin (50 μM) impaired the invasion and subsequent intracellular 

proliferation of parasites obtained from infected/treated BeWo cells compared to the control 

group (**** p < 0.0001; Figure 1E,F). In contrast, intracellular tachyzoites collected from SP-

infected/treated BeWo cells showed impairment only in parasite proliferation (**** p < 0.0001; 

Figure 1F). Finally, we conducted an ultrastructural analysis of intracellular tachyzoites of T. 

gondii treated with quercetin to investigate the direct effect of the drug on the morphology of 

the parasite. The BeWo cells were infected and treated with only culture medium and quercetin 

(50 µM) for 24 h. Next, the infected cells were fixed and processed for transmission electron 

microscopy (TEM). Untreated cells harbored a parasitophorous vacuole (Pv) containing 

tachyzoites with a characteristic arc shape, a well-defined tubulovesicular structure, rhoptries 

(Rp), nucleus (Nu), and dense granule (Dg), which suggested a normal endogenous replication 

process (Figure 1G). As described previously [24], SP treatment induced the formation of 

intracellular vacuole-like structures (Vls) and parasites joined by their basal ends (Figure 1H). 

Additionally, quercetin promoted a notable change in the morphology of the parasite. Infected 

cells treated with quercetin frequently showed intracellular vacuole-like structures (Vls) (Figure 

1I). 
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Figure 1. Quercetin irreversibly reduces T. gondii intracellular proliferation and 

prevents parasites from reinfecting new cells. (A) Chemical structure of quercetin (C15H10O7). 

(B) Viability of BeWo cells exposed to quercetin treatment for 24 h at concentrations in a two-

fold serial dilution (ranging from 0.78 to 100 μM), a combination of sulfadiazine (800 μM) and 

pyrimethamine (32 μM) (SP), or culture medium alone, considered as 100% cell viability. The 

percentage of viability was analyzed using the colorimetric MTT method previously described. 

(C) T. gondii proliferation in BeWo cells was analyzed by the β-galactosidase colorimetric 

assay. BeWo cells were infected and subsequently treated with quercetin in a two-fold serial 

dilution (ranging from 0.78 to 100 μM), a combination of sulfadiazine (800 μM) and 

pyrimethamine (32 μM) (SP), or culture medium alone, considered as 100% parasite 

proliferation. (D) BeWo cells were treated for 24 h with quercetin (12.5, 25, and 50 μM), SP, 

or culture medium alone after the T. gondii infection. In addition, another microplate with the 

same treatments was performed, differing in that the treatment was removed from the infected 

cells; thus, the cells were maintained for an additional 24 h with culture medium only. All T. 

gondii proliferation assays were performed using the β-galactosidase colorimetric assay. This 

assay assesses the reversibility of the treatment. (E,F) BeWo cells were infected for 24 h and 

treated with quercetin at 50 μM, SP, or culture medium alone. After 24 h, the treated parasites 

were removed from within the cells and, consequently, from the parasitophorous vacuoles, and 

used to reinfect new BeWo cells. Invasion (E) and proliferation (F) capacity under reinfection 
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conditions were analyzed. (G–I) Electron micrographs of T. gondii after a 24 h exposure to (G) 

culture media alone (control group), (H) SP (800 μM and 32 μM) and (I) quercetin (50 μM). 

Nu stands for nucleus; Vls for vesicle-like structure; Dg for dense granule of T. gondii 

tachyzoites; and Pv for parasitophorous vacuole. Scale bar: 2 µm (located in the lower right 

corner). Mean ± standard error of the mean (SEM) was used for statistical analyses in this study. 

* Indicates comparison of the control (medium) with the treatments. The tests applied were 

one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test for multiple 

comparisons. Statistically significant differences were considered when p < 0.05. 

2.2. Quercetin Impairs Early Steps of T. gondii Infection by Directly Targeting Both the 

Host Cell and the Parasite 

To identify the possible targets of quercetin, we pre-treated T. gondii tachyzoites (1 h) and 

BeWo cells (24 h) and assessed both the adhesion and invasion rate by β-galactosidase activity. 

To evaluate the effects of pre-treatment of either host cells or parasites on T. gondii infection 

dynamics, several functional assays were performed using only culture medium, SP (800 µM 

and 32 µM, respectively), and the selected concentrations of quercetin (12.5, 25, and 50 μM). 

Initially, parasite adhesion to host cells was assessed after pre-treatment of BeWo cells or 

parasites, both evaluated using the β-galactosidase assay. In this context, quercetin reduced 

parasite adhesion at all tested concentrations when host cells were pre-treated compared with 

untreated control cells (12.5 **** p < 0.0001, 25 *** p = 0.0002, and 50 μM *** p = 0.0001; 

Figure 2A). Similarly, pre-treatment of parasites with 25 and 50 μM of quercetin reduced 

adhesion compared to untreated parasites (* p = 0.0241, *** p = 0.0001; Figure 2B). In contrast, 

SP treatment did not significantly alter parasite adhesion under either experimental condition 

(Figure 2A,B). Subsequently, the effects of pre-treatment on parasite invasion and intracellular 

development were evaluated. When host cells were pre-treated for 24 h prior to infection, 

quercetin reduced parasite invasion at 12.5, 25, and 50 μM compared with untreated control 

cells (* p = 0.0360, ** p = 0.0033, **** p < 0.0001; Figure 2C). Similarly, when parasites were 

pre-treated for 1 h prior to infection, quercetin reduced invasion at 50 μM compared with 

untreated parasites (**** p < 0.0001; Figure 2D), while SP treatment did not significantly affect 

parasite invasion in these conditions (Figure 2C,D). Furthermore, the proliferative capacity of 

parasites was evaluated at 24 h after infection using parasites pre-treated for 1 h. In this assay, 

SP significantly reduced parasite proliferation compared with untreated control (**** p < 

0.0001; Figure 2E). In parallel, quercetin markedly reduced parasite proliferation at 50 μM 

compared with untreated parasites (**** p < 0.0001; Figure 2E), whereas lower concentrations 

(12.5 and 25 μM) did not significantly affect parasite proliferation. Given that quercetin pre-
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treatment impaired early steps of infection, parasite morphology was investigated by scanning 

electron microscopy (SEM). Our data demonstrated that parasites treated with culture medium 

or SP for 1 h exhibited a typical crescent shape featuring a smooth, regular surface and an 

evident conoid (Figure 2F,G). In contrast, quercetin-pre-treated parasites presented distortions, 

irregular rough surface, papules and dimples (white arrows) (Figure 2H–K). Based on these 

findings, quercetin at 50 μM was selected for all subsequent assays, as this concentration was 

demonstrated to be safe and effective, consistently exhibiting strong anti-T. gondii activity. 

 

Figure 2. Quercetin inhibits the adhesion and invasion of T. gondii in BeWo cells and 

induces structural damage to the parasite. (A,B) We performed pre-treatment of host cells for 

24 h (A) and pre-treatment of the parasite for 1 h (B) with quercetin (12.5, 25, and 50 μM), SP, 

or culture medium alone. The ability of the parasite to adhere to previously fixed cells was then 

analyzed. The percentage of T. gondii adhesion was measured using the β-galactosidase assay. 

(C) Shows the invasion results of cells pre-treated for 24 h with quercetin (12.5, 25, and 50 

μM), SP, or culture medium alone. For this assay, only parasites that were able to enter the cells 

after 3 h of infection were quantified using the β-galactosidase assay. (D) Parasites were pre-

treated for 1 h under quercetin (12.5, 25, and 50 μM), SP, or culture medium alone conditions. 

After 3 h of incubation, the ability of quercetin-pre-treated parasites to invade host cells was 

evaluated, also using the β-galactosidase assay. (E) Parasites were pre-treated for 1 h under 

quercetin (12.5, 25, and 50 μM), SP, or culture medium alone conditions. After 24 h, the β-

galactosidase assay was performed to analyze the percentage of parasites that proliferated 
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following 1 h parasite pre-treatment. (F) Parasites pre-treated for 1 h with culture medium alone 

and analyzed by scanning electron microscopy. (G) Parasites pre-treated for 1 h with the SP 

combination (800 and 32 μM, respectively) and analyzed by scanning electron microscopy. (H–

K) Parasites pre-treated for 1 h with quercetin at 50 μM and analyzed by scanning electron 

microscopy. Scale bars are shown in the lower right corner (2 μm). White arrows indicate 

structural alterations. Mean ± standard error of the mean (SEM) was used for statistical analyses 

in this study. * Indicates comparison of the control (medium) with the treatments. The tests 

applied were one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test for 

multiple comparisons. Statistically significant differences were considered when p < 0.05. 

2.3. Quercetin Downregulates Lipid Droplet (LD) Production During T. gondii 

Infection 

To elucidate the mechanisms of action of quercetin against T. gondii in BeWo cells, we assessed 

its effect on lipid droplets (LDs) biogenesis. Our results demonstrated that quercetin (50 μM) 

did not modulate LD production in uninfected BeWo cells compared to uninfected/untreated 

cells. In contrast, SP treatment increased LD levels in uninfected cells compared to the control 

group (** p = 0.0071; Figure 3A). Moreover, T. gondii infection itself upregulated LDs 

production in relation to uninfected/untread cells (### p = 0.0004; Figure 3A). Interestingly, 

during T. gondii infection, in which quercetin-treated cells showed a significant downregulation 

of the LD biogenesis compared to untreated cells (medium) (*** p = 0.0002; Figure 3A). The 

fluorescence microscopy reinforces these findings (Figure 3B–G). Uninfected/untreated cells 

(Figure 3B) showed less stain for LDs than infected/untreated cells (Figure 3E), and SP 

treatment increased LD labeling (Figure 3C,F). In the absence of infection, quercetin 

demonstrated a similar pattern of LDs distribution like that of uninfected/untreated (Figure 3D). 

However, it caused a prominent decrease in LDs levels in T. gondii-infected cells (Figure 3G). 
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Figure 3. Quercetin modulates lipid droplet formation in BeWo cells infected with T. 

gondii. (A) Shows the results of LD formation in cells infected or not with T. gondii and treated 

with quercetin (50 μM), SP, or culture medium for 24 h, stained with Nile Red. Representative 

images illustrate the distribution of LDs where cell nucleus is blue, LDs are red, and T. gondii 

tachyzoites are green. Thus, it is possible to visualize the phenomenon according to each 

condition: (B) non-infected and untreated cells, (C) non-infected cells treated with SP, (D) non-

infected cells treated with quercetin, (E) infected and untreated cells, (F) infected cells treated 

with SP, and (G) infected cells treated with quercetin. Scale bars are shown in the lower right 

corner (400 μm). Mean ± standard error of the mean (SEM) was used for statistical analyses in 

this study. * Indicates comparison of the control (medium) with the treatments. # Indicates 

comparison between control groups (medium) in non-infected and infected conditions. The 

tests applied were one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test 

for multiple comparisons. Statistically significant differences were considered when p < 0.05. 

2.4. Quercetin Modulates Oxidative Stress and Antioxidant Biomarkers 

To decipher the antiparasitic action of quercetin, we performed biochemical assays of 

antioxidant defenses and damage markers. Non-infected and infected cells were treated with 

SP, quercetin (50 μM), or culture medium alone (medium). Quercetin significantly increased 

total thiol content compared to the control group under uninfected conditions (* p = 0.0444; 
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Figure 4A). Regarding GSH levels, T. gondii infection reduced the levels of this antioxidant in 

relation to the uninfected/untreated group (#### p < 0.0001). Under parasite infection, SP reduced 

GSH levels, whereas quercetin increased GSH production, when compared to the 

infected/untreated cells (* p = 0.0477, ** p = 0.0026, respectively; Figure 4B). Concerning total 

antioxidant capacity, quercetin increased FRAP in infected cells compared to the 

infected/untreated cells (* p = 0.0413; Figure 4C). 

Moreover, T. gondii infection reduced SOD activity compared to uninfected/untreated cells (#### 

p < 0.0001; Figure 4D). Under non-infected conditions, SP increased SOD levels, while 

quercetin reduced SOD levels compared to non-infected/non-treated cells (* p = 0.0248; ** p 

= 0.0088, respectively). During the infection, SP increased SOD levels compared to the 

infected/untreated cells (* p = 0.0100), while quercetin did not show a statistically significant 

difference. Regarding catalase activity, the infection increased enzyme activity compared to the 

uninfected/non-treated cells (#### p < 0.0001; Figure 4E). Under non-infected conditions, SP 

increased catalase activity (* p = 0.0417), while under infected conditions, quercetin reduced 

catalase activity compared to infected/untreated cells (*** p = 0.0004). 

Finally, oxidative damage and stress markers were evaluated through the production of ROS 

and AOPP. The infection increased ROS levels compared to non-infected/non-treated cells (#### 

p < 0.0001; Figure 4F), and quercetin increased ROS production under non-infected conditions 

(** p = 0.0092). Under infection, no statistically significant differences were observed between 

the treatments. Moreover, the isolated infection reduced AOPP levels compared to non-

infected/non-treated cells (#### p < 0.0001; Figure 4G), with no differences observed between 

the treatments within each experimental condition. 
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Figure 4. Quercetin exhibits antioxidant activity in BeWo cells. BeWo cells were 

infected or not with T. gondii and treated with quercetin (50 μM), SP, or culture medium alone. 

Analyses were performed for (A) total thiol content, (B) reduced glutathione (GSH) content, 

(C) total antioxidant capacity (FRAP), (D) superoxide dismutase (SOD) activity, (E) catalase 

(CAT) activity, (F) ROS content, and (G) advanced oxidation protein products (AOPP). Mean 

± standard error of the mean (SEM) was used for statistical analyses in this study. * Indicates 

comparison of the control (medium) with the treatments. # Indicates comparison between 

control groups (medium) under non-infected and infected conditions. The tests applied were 

one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test for multiple 

comparisons. Statistically significant differences were considered when p < 0.05. 

2.5. Quercetin Significantly Upregulates IL-4, IL-6, and IL-8 Levels in BeWo Cells 

To evaluate the impact of quercetin on the modulation of the host’s immune response, we 

measured the levels of the cytokines IL-4, IL-6, IL-8, MIF, and TNF-α secreted by BeWo cells 

under different experimental conditions. Regarding IL-4 production, quercetin treatment 

increased cytokine levels in non-infected cells compared to non-infected/untreated cells (**** 

p < 0.0001; Figure 5A). Similarly, under infection, quercetin also increased IL-4 levels 

compared to infected/untreated cells (** p = 0.0017; Figure 5A). Regarding IL-6, T. gondii 

infection increased cytokine levels compared to non-infected/non-treated cells (#### p < 0.0001; 
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Figure 5B). In infected conditions, treatment with SP reduced IL-6 levels compared to 

infected/untreated cells (* p = 0.0258; Figure 5B). In contrast, treatment with quercetin 

increased IL-6 production compared to the uninfected/untreated cells (**** p < 0.0001; Figure 

5B). For IL-8 production, treatment with quercetin increased cytokine levels in uninfected cells 

compared to uninfected/untreated cells (**** p < 0.0001; Figure 5C). Similarly, during the 

infection, quercetin increased IL-8 levels compared to infected/untreated cells (*** p = 0.0009; 

Figure 5C). No statistically significant differences were observed in MIF and TNF-α levels 

between the infected and uninfected groups or between the treatments (Figure 5D,E). 

 

Figure 5. Quercetin increases IL-4 and IL-8 production in T. gondii-infected cells. 

BeWo cells were infected or not with T. gondii and treated with quercetin (50 μM), SP, or 

culture medium alone. Cell supernatants were measured for (A) IL-4, (B) IL-6, (C) IL-8, (D) 

MIF, and (E) TNF. Mean ± standard error of the mean (SEM) was used for statistical analyses 

in this study. * Indicates comparison of the control (medium) with the treatments. # Indicates 

comparison between control groups (medium) under non-infected and infected conditions. The 

tests applied were one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test 

for multiple comparisons. Statistically significant differences were considered when p < 0.05. 

2.6. Quercetin Reduces T. gondii Proliferation While Preserving Placental Tissue 

Viability 

Finally, to support the in vitro findings, we performed assays using human villous explants as 

ex vivo experimental models. Initially, the viability of placental tissues exposed to quercetin 

was evaluated. Based on the MTT assay, the explants treated with different concentrations of 
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quercetin did not show reductions in viability (Figure 6A). Similarly, the analysis of LDH 

release demonstrated that none of the tested concentrations induced cytotoxicity, showing LDH 

levels comparable to untreated explants (Figure 6B). After confirming that quercetin was not 

toxic to placental explants, we evaluated its effect on the T. gondii proliferation. As expected, 

treatment with SP significantly reduced the proliferation of the parasite compared to untreated 

infected explants (*** p = 0.0004; Figure 6C). Similarly, quercetin at 50 μM also reduced 

parasite proliferation compared to untreated infected explants (** p = 0.0091; Figure 6C). To 

complement the biochemical findings, we morphologically assessed the villous integrity using 

hematoxylin and eosin staining. Histological analysis demonstrated that untreated explants 

(Figure 6D), as well as those treated with SP (Figure 6E) and quercetin (Figure 6F), exhibited 

a preserved villous architecture, with well-defined structures, intact syncytiotrophoblast layer, 

and preserved mesenchymal nucleus, without visible structural alterations under any of the 

treatments. 

 

Figure 6. Quercetin inhibits T. gondii proliferation in human placental villi and 

maintains tissue viability. (A) Tissue viability was analyzed by MTT and (B) LDH assays over 

a concentration range of 0.78 to 200 μM. (C) Infected villous explants were treated with 

quercetin (50 μM), SP, or culture medium alone for 24 h. Parasite proliferation was measured 

by the β-galactosidase colorimetric assay. Tissue viability was also assessed by histological 

sections stained with hematoxylin and eosin (H&E), as shown in the photomicrographs: (D) 

culture medium alone, (E) SP treatment, and (F) quercetin at 50 μM. Scale bars are shown in 

the lower right corner (40 μm). Mean ± standard error of the mean (SEM) was used for statistical 

analyses in this study. * Indicates comparison of the control (medium) with the treatments. 
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White arrows indicate fetal blood vessels. Arrowheads indicate the outer layer of 

multinucleated syncytiotrophoblast. The tests applied were one-way analysis of variance 

(ANOVA), followed by Dunnett’s post hoc test for multiple comparisons. Statistically 

significant differences were considered when p < 0.05. 

2.7. Molecular Docking Reveals Quercetin Binding to TgHGPRT and  

ADMET Properties 

To gain insights into the antiparasitic activity of quercetin, we evaluated the binding affinity 

against T. gondii targets through molecular docking simulations. Our results showed that 

quercetin exhibited the best binding to T. gondii hypoxanthine-guanine 

phosphoribosyltransferase (TgHGPRT) (Figure 7A,B). In the active site, quercetin formed 

hydrophobic and hydrogen-bond interactions with amino acid residues involved in the substrate 

binding and catalysis, including Glu146, Asp147, Asp150, Thr151, Gly152, and Asp206 

(Figure 7C,D). The list of hydrogen-bonds is available in the Supplementary File S1. In 

addition, the prediction of the ADMET properties showed that quercetin presents good 

pharmacokinetics properties, such as gastrointestinal absorption, and drug-likeness (Figure 

7E,F). The complete ADMET properties is available in the Supplementary File S2. 
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Figure 7. In silico analysis (A) Total binding energy (kcal/mol) of quercetin against T. 

gondii targets obtained by molecular docking simulations. (B) Binding affinity (kcal/mol) of 

quercetin against T. gondii targets. (C) Binding of quercetin in the active site of TgHGPRT. 

(D) Diagram of interactions showing hydrophobic and hydrogen-bond interactions between 

quercetin and amino acid residues involved in substrate binding and catalysis, including 

Glu146, Asp147, Asp150, Thr151, Gly152, and Asp206. (E) Radar plot showing predicted 
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ADMET-related physicochemical parameters of quercetin compared with the recommended 

lower and upper limits. MW: molecular weight; logP: lipophilicity; logS: aqueous solubility; 

logD: distribution coefficient; nHA: number of hydrogen bond acceptors; nHD: number of 

hydrogen bond donors; TPSA: topological polar surface area; nRot: number of rotatable bonds; 

nRing: number of rings; MaxRing: maximum ring size; nHet: number of heteroatoms; TChar: 

total charge; nRig: number of rigid bonds. (F) Radar plot showing physicochemical properties., 

LIPO: lipophilicity; SIZE: molecular size; POLAR: polarity; INSOLU: solubility; FLEX: 

flexibility; INSATU: saturation. The pink area represents the optimal range for oral 

bioavailability. (C)  

3. Discussion 

Currently, conventional treatments for T. gondii present significant challenges due to their 

limitations, such as adverse effects, and still require further investigation [7,25]. Consequently, 

the study of alternative treatments has grown in recent decades [17,26,27], aiming to identify 

therapies with lower toxicity, greater specificity, and improved efficacy for the prevention or 

treatment of congenital toxoplasmosis [28]. Importantly, these limitations become even more 

critical in the context of pregnancy, in which the safety of medications must be ensured for both 

the mother and the fetus. In addition to concerns about toxicity, the possibility of parasite 

adaptation and reduced susceptibility to medications reinforces the need for the development 

of new therapeutic strategies. 

In the case of quercetin, in vitro and in vivo studies demonstrated a cytoprotective and non-

teratogenic effect during pregnancy [29]. Moreover, research has shown the beneficial effects 

of quercetin across various pathologies [30]. These include antitumor activities [31–33], anti-

inflammatory action in autoimmune diseases (like rheumatoid arthritis) [34], and neurological 

activity in the treatment of Alzheimer’s [35]. It also exhibits preventive activity against 

cardiovascular diseases [36] and proven efficacy against T. gondii [21,23,37,38]. In this context, 

the present study investigated the treatment of congenital toxoplasmosis with quercetin. To 

provide a more scientific perspective, we combined in vitro, ex vivo, and in silico approaches, 

allowing for a broader assessment of the potential antiparasitic and host-modulating effects of 

quercetin. 

Our results demonstrated that quercetin did not exhibit cytotoxicity at the tested concentrations, 

indicating therapeutic safety. In infected cells, quercetin exhibited a median inhibitory 

concentration (IC50) against T. gondii of 14.10 ± 2.83 μM, with a median cytotoxic 

concentration (CC50) > 100 μM, resulting in a selectivity index (SI) > 7.09. Moreover, T. gondii 

proliferation did not increase after the removal of the 24-h treatment, confirming the ability of 
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quercetin to restrict parasite growth. Thus, these results showed that the damage caused was 

irreversible, as even after the removal of the treatment, the parasites did not resume 

proliferation. This was validated by TEM, where it was observed that the parasites exhibited 

morphological changes and intracellular vacuole-like structures. To validate the hypothesis that 

quercetin directly damages the parasites, the durability of the treatment was evaluated through 

a reinfection assay. In this setup, quercetin-exposed parasites demonstrated a reduced capacity 

to invade and proliferate in new host cells. 

To investigate whether the action of quercetin also encompasses the host cell, pre-treatment 

assays were conducted on both the parasite and the cell. Pre-treatment of either host cells or 

parasites reduced parasite at most tested concentrations. Regarding invasion, all tested 

concentrations reduced invasion in host cell pre-treatment assays, while in parasite pre-

treatment, only the 50 μM concentration was able to reduce invasion. This same pattern of 

invasion of pre-treated parasites was observed for the proliferation of pre-treated parasites, also 

being the only action seen from SP in this group of assays. These experiments demonstrate that 

quercetin exerts a dual action on both the parasite and the host cell. Furthermore, scanning 

electron microscopy corroborated these results, as the parasite pre-treated with quercetin 

exhibited structural damage, unlike SP, which maintained the common morphology of the 

parasite. 

To better understand the biological basis underlying the observed irreversible antiparasitic 

effects, we then evaluated the pathways related to the metabolic interactions between host and 

parasite. Among these pathways, lipid metabolism represents a critical requirement for T. 

gondii replication, as the parasite depends on host-derived lipids for membrane biogenesis and 

intracellular growth [22,23]. Given that T. gondii is highly dependent on lipids, interference 

with the host’s lipid metabolism may represent an important strategy to restrict the growth of 

the parasite [22,39,40]. Thus, the ability of quercetin to inhibit enzymes involved in fatty acid 

synthesis corroborates our findings on lipid droplets. Accordingly, the reduction in lipid 

droplets observed here agrees with previous reports showing that quercetin can regulate cellular 

pathways involved in lipid synthesis, storage, and metabolic homeostasis [41,42]. Therefore, 

quercetin reduces lipid droplets, which serve as a source of nutrients for the parasite [43]. This 

reduction can create a metabolically unfavorable environment for parasite survival. In addition 

to metabolic requirements related to lipid availability, redox homeostasis is also essential for 

the survival of the parasite and the host cell response during infection, since host-derived 

oxidative stress is an important determinant of parasite adaptation and stage differentiation 

[19,44]. Moreover, lipid droplets play a regulatory role in oxidative stress. Therefore, we 
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evaluated the antioxidant profile of quercetin in both uninfected and T. gondii-infected cells to 

verify whether its antioxidant capacity was maintained during infection [45]. 

In this context, biochemical markers of oxidative stress were also evaluated. The redox 

biochemical data support a model of context-dependent hormetic adaptation in which quercetin 

exerts distinct effects according to the cellular oxidative environment. Under non-infected 

conditions, quercetin (50 μM) behaved as a mild pro-oxidant. Autoxidation of its catechol 

moiety at physiological pH generates o-semiquinone radicals and low levels of O2•
− and H2O2 

[46,47], which may account for the increase in intracellular ROS observed. This interpretation 

agrees with previous reports describing concentration-dependent redox effects of quercetin, 

including pro-oxidant activity at concentrations within the range used in this study [48]. Rather 

than causing overt oxidative damage, this moderate stimulus appears to have triggered an 

adaptive antioxidant response, evidenced by the expansion of the total thiol pool. Such a 

response is consistent with quercetin-induced Nrf2 activation and upregulation of γ-

glutamylcysteine ligase, which may enhance intracellular thiol availability [38,49]. The 

reduction in SOD activity reported may likewise reflect an adaptive adjustment of the redox 

signaling network, as thiol-dependent antioxidant defenses become more prominent and O2•
− 

participates in signaling processes [50]. Importantly, unchanged AOPP levels indicate that the 

pro-oxidant stimulus remained below the threshold associated with oxidative injury, a hallmark 

of hormetic-like responses [48,51]. 

During T. gondii infection, the redox environment shifted substantially. Infection depleted host 

GSH and reduced SOD activity, findings consistent with previous reports describing parasite-

mediated modulation of host antioxidant defenses [52,53]. The increase in catalase activity 

observed in infected cells may represent a compensatory response to elevated oxidative burden. 

In contrast, quercetin-treated infected cells showed restored GSH levels and increased total 

antioxidant capacity, suggesting reinforcement of antioxidant defenses. These findings are 

compatible with the activation of protective pathways, including Nrf2-dependent mechanisms 

previously associated with quercetin treatment [38,49]. The lower catalase activity observed in 

these cells may therefore reflect a reduced requirement for catalase-mediated H2O2 

detoxification once GSH-dependent antioxidant pathways are restored. 

The absence of significant differences in ROS levels among infected groups may result from a 

masking effect, whereby parasite-induced oxidative stress exceeds the relatively modest ROS 

contribution generated by quercetin, limiting the detection of subtle redox modulation [53]. 

Likewise, unchanged AOPP levels suggest that oxidative protein damage remained limited 

during the experimental period. Alternatively, oxidatively modified proteins may have been 
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efficiently removed through proteasome-dependent quality-control mechanisms, which can 

operate over timescales extending beyond the treatment period used here [54,55]. 

Next, we evaluated a potential modulatory action of quercetin in cytokine production, and it 

was found that uninfected BeWo cells increased the secreted levels of IL-4, IL-6, and IL-8 in 

response to quercetin treatment. Previously, it was demonstrated, also in BeWo cells, the 

property of quercetin in promoting trophoblast syncytialization, wherein quercetin boosted cell 

fusion in BeWo cells through increasing expression of syncytial fusion markers and reducing 

mitochondrial ROS-dependent oxidative stress [56]. Interestingly, it is well known that 

syncytiotrophoblast cell population restricts T. gondii infection in the human placental 

environment [57,58]. Also, it is important to consider that appropriate levels of IL-4, IL-6, IL-

8, and other immune mediators, at the maternal–fetal interface, are essential to ensure normal 

trophoblast function and pregnancy success [59–61], especially in the context of T. gondii 

infection [62]. Collectively, these reports and our findings suggest that the quercetin-induced 

increase in IL-4, IL-6, and IL-8 observed here may contribute, at least in part, to the 

establishment of a favorable microenvironment that promotes BeWo cell syncytialization, 

ultimately contributing to the control of T. gondii infection. This scenario is particularly 

plausible for IL-4 and IL-8 in the context of T. gondii infection, since quercetin treatment also 

increased the production of both cytokines by T. gondii-infected BeWo cells. Additionally, the 

quercetin-induced increase in IL-4 in BeWo cells, as was also observed for IL-6 and IL-8, may 

be a regulatory feedback response in an attempt to maintain IL-6 and IL-8 within physiological 

ranges, as excessive levels of IL-6 and IL-8 can exert inflammatory effects which may be 

detrimental to normal placental function and pregnancy [4–6]. Considering these observations, 

additional experiments in BeWo cells using quercetin in combination with a chemical inducer 

of trophoblast cell fusion, alongside chemical inhibitors or neutralizing antibodies for IL-4, IL-

6, and IL-8, are needed to elucidate the contribution of trophoblast syncytialization and the 

involvement of these cytokines in the quercetin-mediated control of T. gondii infection. 

Subsequently, we corroborated our in vitro data by evaluating the ability of quercetin to control 

T. gondii infection in an ex vivo model using third-trimester human placental villous explants. 

As observed in the in vitro model, quercetin showed satisfactory cytotoxicity results, being non-

toxic at all tested concentrations. In addition, the control of parasitic proliferation associated 

with the absence of cellular and structural damage, confirmed by the well-established and 

widely used MTT, LDH and histological analysis, may support the hypothesis that quercetin 

contributes to a balanced immune response, in which parasite control occurs without inducing 

significant tissue damage. 
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Finally, complementing the in vitro and ex vivo data, we conducted in silico assays to 

investigate the molecular targets of quercetin against T. gondii and to evaluate its drug-likeness 

properties. The investigation of the underlying mechanism of action for the development of 

effective therapeutic molecules can be assessed through molecular docking simulations [63,64]. 

In this study, we verified that quercetin binds to the active site of T. gondii hypoxanthine-

guanine phosphoribosyltransferase (TgHGPRT) and forms hydrophobic and hydrogen bond 

interactions with amino acid residues involved in the substrate binding and catalysis. TgHGPRT 

plays a central role in the generation of purine nucleotides by transferring a ribosyl phosphate 

group from 5-phosphoribose 1-diphosphate (PRPP) to hypoxanthine, guanine or xanthine, 

producing IMP, GMP, and XMP, respectively [65,66], which could inhibit the parasite 

proliferation. Although the exact antiparasitic mechanism of action has not been fully 

addressed, our results provide valuable insights into the potential of quercetin for the 

investigation of effective molecules against T. gondii infection. Moreover, given that the 

knowledge of toxicity is essential for drug development, we assessed the ADMET properties 

in order to evaluate the drug-likeness of quercetin. Our results showed good pharmacological 

and physicochemical properties and do not violate the Lipinski, Pfizer or GSK rules 

(Supplementary File S2), which indicates good absorption, permeability and low toxicity 

[67,68]. However, despite these promising characteristics and the antiparasitic activity observed 

in the present study, the clinical application of quercetin remains challenging due to its 

relatively low bioavailability [23,69]. In this context, recent advances in drug delivery systems 

have demonstrated that nanoformulations [70], including polymeric nanoparticles, liposomes, 

and other nanocarrier-based approaches, can improve the stability, bioavailability, tissue 

targeting, and biological activity of flavonoids [71–74]. Therefore, future studies investigating 

quercetin-loaded nanocarriers may represent an important strategy to enhance its therapeutic 

potential against T. gondii infection, particularly in the context of congenital toxoplasmosis. 

Based on our findings, quercetin appears to exert antiparasitic activity through multiple 

interconnected mechanisms involving both direct effects on the parasite and the modulation of 

host cell responses. These mechanisms have been previously described for flavonoids and 

include the regulation of redox signaling pathways, inflammatory mediators, cellular 

metabolism, and adaptive stress response mechanisms. In line with our data, it was 

demonstrated that Prunin could modulate this pathways, being an example of a bioflavonoid 

with antioxidant, anti-inflammatory and anti-cancer effects [75,76]. Within this context, the 

reduction in lipid droplets observed in the present study may help limit the availability of 

metabolic resources required for the development of intracellular parasites [43], while the 
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modulation of antioxidant defenses and the restoration of redox balance may influence cellular 

homeostasis and host–parasite interactions [44]. Similarly, the cytokine profile induced by 

quercetin suggests an immunomodulatory effect that preserves tissue integrity and prevents 

excessive inflammatory responses [9,10,77,78]. 

In parallel, the ultrastructural changes observed by electron microscopy, together with the 

predicted interaction of quercetin with TgHGPRT, support the hypothesis that host-targeted 

effects may occur simultaneously with direct damage to the parasite. Collectively, these 

mechanisms may help explain the sustained inhibition of parasite proliferation and the absence 

of proliferative recovery following treatment withdrawal. Furthermore, the maintenance of 

cellular viability in the in vitro model and the preservation of tissue architecture in the ex vivo 

model suggest that quercetin contributes to placental homeostasis. Taken together, these 

findings reinforce the concept that the antiparasitic activity of quercetin likely results from the 

integration of metabolic, redox, immunological, and direct antiparasitic effects rather than from 

the modulation of a single molecular target. 

4. Materials and Methods 

4.1. Cell Culture and Parasite Maintenance 

BeWo cell line, representative of villous trophoblasts, was obtained from the American Type 

Culture Collection (CCL-98TM, ATCC, Manassas, VA, USA). Cells were cultured in 75 cm2 

flasks using RPMI 1640 medium (Cultilab, Campinas, SP, Brazil) supplemented with penicillin 

(100 U/mL) and streptomycin (100 μg/mL) (both from Sigma Chemical Co., St. Louis, MO, 

USA), as well as 10% heat-inactivated fetal bovine serum (FBS) (Cultilab, Campinas, SP, 

Brazil). Cultures were maintained at 37 °C in a humidified atmosphere containing 5% CO2. 

T. gondii tachyzoites (RH strain, clone 2F1), expressing the β-galactosidase gene, were 

maintained through successive passages in BeWo cells. Parasites were cultured in RPMI 1640 

medium supplemented with 2% FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL), at 

37 °C in a 5% CO2 atmosphere, as previously described [79]. All infection experiments were 

performed at a multiplicity of infection (MOI) of 1:1. Prior to each experiment, T. gondii 

tachyzoites were incubated with trypan blue, counted in a Neubauer chamber under an optical 

microscope, and assessed for viability and morphology. Only viable parasites, identified by 

negative trypan blue staining, clear cytoplasm, and the characteristic crescent-shaped 

morphology of tachyzoites, were used for subsequent experiments. 

4.2. Quercetin 

Quercetin powder (lot Q4951-10G; Merck–Sigma, Darmstadt, Germany) was commercially 

acquired and reconstituted in dimethyl sulfoxide (DMSO) to obtain a stock solution of 8272 
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μM. Prior to each experiment, quercetin was always freshly diluted in RPMI 1640 medium, 

resulting in a final DMSO concentration of <0.1%. This DMSO percentage is secure and non-

toxic to BeWo cells, as previously reported [24]. 

4.3. Cell Viability Assay 

To evaluate the cytotoxicity of quercetin in BeWo cells, cell viability was assessed using the 

colorimetric MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) [80]. 

BeWo cells (3 × 104 cells/100 µL/well) were seeded in 96-well plates, with each well containing 

100 µL of RPMI 1640 medium supplemented with 10% FBS. After 18 h of incubation, when 

cells reached approximately 80–90% confluence, cells were treated with serial twofold 

dilutions of quercetin (100, 50, 25, 12.5, 6.25, 3.125, 1.56, and 0.78 µM) or just with culture 

medium for the negative control (untreated cells). These concentrations were chosen based on 

previous studies [37]. In parallel, cells were incubated with 0.097% DMSO, equivalent to the 

percentage used in the highest concentration tested (100 µM). After 24 h, cells were incubated 

with 10 µL of MTT solution (5 mg/mL) added to 90 µL of RPMI 1640 medium containing 10% 

FBS for 3 h at 37 °C and 5% CO2. Subsequently, 100 µL of a solution containing 10% sodium 

dodecyl sulfate (SDS) and 50% dimethylformamide (DMF) was added to solubilize the 

formazan crystals. Absorbance was measured at 570 nm using a microplate spectrophotometer 

(Multiskan™ FC Microplate Photometer, Thermo Fisher Scientific, Waltham, MA, USA). 

Results were expressed as percentage cell viability relative to the negative control, considered 

as 100%. Three independent assays were conducted in the cell viability assay. The median 

cytotoxic concentration (CC50) was obtained through extrapolation of the log-linear dose–

response curve, focusing on the curve region crossing the 50% cytotoxicity threshold. The 

software used was GraphPad Prism (version 8.0.1). 

4.4. T. gondii Intracellular Proliferation Assay 

BeWo cells (3 × 104 cells/100 µL/well) were seeded in 96-well culture plates to evaluate the T. 

gondii intracellular proliferation. After 18 h, cells were exposed to T. gondii tachyzoites (RH 

strain, clone 2F1) at a multiplicity of infection (MOI) of 1:1 (one parasite per cell) in RPMI 

1640 medium supplemented with 2% FBS. After 3 h of infection, cells were washed with 1× 

PBS to remove non-internalized parasites [81]. Infected BeWo cells were then treated with 

serial twofold dilutions of quercetin (100, 50, 25, 12.5, 6.25, 3.125, 1.56, and 0.78 µM) or 

culture medium only (untreated cells) for 24 h at 37 °C in a 5% CO2 atmosphere. In addition, 

the gold-standard therapy combining sulfadiazine (800 μM, Sigma-Aldrich, St. Louis, MO, 

USA)) and pyrimethamine (32 μM, VetranalTM, Sigma-Aldrich, St. Louis, MO, USA)) (SP) 

was employed at concentrations previously demonstrated to be effective against T. gondii while 
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remaining non-toxic to BeWo cells [81]. T. gondii intracellular proliferation was quantified 

using a β-galactosidase colorimetric assay with the chlorophenol red-β-D-galactopyranoside 

substrate (CPRG; Roche Diagnostics, Mannheim, Germany), and absorbance was measured at 

570 nm. Parasite quantification was determined by comparison with a standard curve generated 

from free tachyzoites (ranging from 1 × 106 to 15.625 × 103 total parasites), and results were 

expressed as a percentage of T. gondii intracellular proliferation, with the mean parasite number 

in untreated infected cells defined as 100% proliferation. The efficacy of each treatment 

condition was evaluated relative to this control. The half-maximal inhibitory concentration 

(IC50) against T. gondii was determined from dose–response inhibition curves (log[inhibitor] 

vs. normalized response, variable slope). The selectivity index (SI) was subsequently calculated 

as the ratio between the CC50 obtained for quercetin-treated BeWo cells and the IC50 determined 

for T. gondii-infected cells treated with quercetin [24]. Three independent assays were 

conducted in T. gondii intracellular proliferation assay. 

4.5. Reversibility and Reinfection Assays 

To evaluate whether the treatment remained effective after treatment removal, a reversibility 

assay was conducted as previously described [24]. BeWo cells (3 × 104 cells/100 µL/well) were 

seeded in two 96-well culture plates. After 18 h, the cells were exposed to tachyzoites for 3 h 

at an MOI of 1:1, followed by washing with 1× PBS to remove non-invaded parasites. The 

experiment was conducted under two conditions: on the first plate, the infected cells were 

treated with quercetin (12.5, 25, and 50 µM), SP (800 µM and 32 µM, respectively), and only 

culture medium for 24 h; and after the treatment time, proliferation was measured. In parallel, 

and after the same treatment period, the cells in the second plate were washed and the medium 

was replaced with RPMI 1640 medium supplemented with 10% FBS, allowing the growth of 

the parasite to be monitored for an additional 24 h in the absence of treatment. In both 

conditions, the T. gondii intracellular proliferation was quantified using the β-galactosidase 

assay. Thus, the ability of the treatment to be reversible or not when the treatment is removed 

was analyzed. 

To further investigate parasite recovery after drug exposure, a reinfection assay was employed. 

This assay was designed to determine whether parasites released from cells previously exposed 

to quercetin retain the ability to invade and replicate newly seeded host cells. In brief, BeWo 

cells were seeded at a density of 1 × 106 cells per well in 6-well plates. After cell adhesion, 

cultures were infected at an MOI of 1:1 and incubated in RPMI 1640 medium for 3 h at 37 °C 

in a humidified atmosphere containing 5% CO2. The medium was then removed, and cells were 

washed with 1× PBS to eliminate non-invaded parasites. Subsequently, infected cells were 
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treated for 24 h at 37 °C and 5% CO2 under the following conditions: only culture medium, SP 

(800 µM and 32 µM, respectively), and the selected concentration of quercetin (50 µM). After 

24 h of treatment, parasites were obtained by serial passage through 21- and 26-gauge needles 

and counted using a Neubauer chamber. Tachyzoites recovered from treated BeWo cells were 

then used to infect new BeWo cells (3 × 104 cells/100 µL/well) that were seeded in 96-well 

culture plates. Finally, a β-galactosidase assay was performed to quantify parasite levels at 3 h 

(invasion) and 24 h (proliferation) post-infection, and the results were expressed as the 

percentage of proliferation and invasion of the parasites relative to the negative control 

condition. Three independent assays were conducted in both reversibility and reinfection 

experiments. 

4.6. Adhesion and Invasion Assays 

The adhesion assay was performed as previously described [82,83], with minor modifications. 

BeWo cells (3 × 104 cells/100 µL/well) were seeded in 96-well culture plates, and two 

experimental approaches were employed. In the first set of experiments, adhered BeWo cells 

were treated with quercetin (50 µM), SP (800 µM and 32 µM, respectively), and only culture 

medium for 24 h at 37 °C in a humidified atmosphere containing 5% CO2. After the treatments 

were removed, the cells were fixed with 4% paraformaldehyde for 30 min at room temperature, 

followed by washing with 1× PBS. Pretreated cells were then infected at an MOI of 1:1 and 

parasites were allowed to interact with previously fixed cells for 3 h at 37 °C and 5% CO2. In 

the second set of experiments, BeWo cells were fixed with 4% paraformaldehyde for 30 min 

prior to infection. Free tachyzoites used to infect these fixed cells were pretreated in microtubes 

for 1 h at 37 °C and 5% CO2 with quercetin (50 µM), SP (800 µM and 32 µM, respectively), or 

culture medium alone. Next, parasites were centrifuged at 402× g for 5 min, resuspended in a 

free culture medium, and used to infect at an MOI of 1:1 the fixed cells for 3 h under the same 

incubation conditions. In both approaches, parasite adhesion was quantified using a β-

galactosidase assay, and results were expressed as the percentage of parasite adhesion relative 

to the control group treated with culture medium alone, which was defined as 100%. 

In addition, an invasion assay was performed to evaluate both the ability of pretreated parasites 

to invade and proliferate and the capacity of pretreated host cells to prevent parasite invasion 

[84]. For the first experiment, BeWo cells (3 × 104 cells/100 µL/well) were seeded in 96-well 

culture plates for 18 h at 37 °C and 5% CO2. Next, the parasites, at an MOI of 1:1, were pre-

incubated for 1 h at 37 °C and 5% CO2 with quercetin (50 µM), SP (800 µM and 32 µM, 

respectively), and only culture medium. After the incubation period, the purified suspension of 

parasites, in treatment-free medium, was inserted into the plate previously seeded with BeWo 
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cells, allowing the invasion of the pre-treated parasites for 3 h. In this same experimental setup, 

a second condition was evaluated, in which the suspension of pre-treated parasites for 1 h was 

added to plates previously seeded with BeWo and maintained for 3 h; however, after the 

infection period, the medium containing the treatment was removed and replaced with 

treatment-free medium for an additional 24 h, allowing for the analysis of the proliferation of 

pre-treated parasites. Moreover, a third experimental condition, conducted in independent 

plates, evaluated the pre-treatment of BeWo cells. For this experiment, BeWo cells (3 × 104 

cells/100 µL/well) were seeded in 96-well culture plates for 18 h at 37 °C and 5% CO2. Next, 

the cells were treated with only culture medium, SP (800 µM and 32 µM, respectively), and 

quercetin (50 µM) for 24 h. On the last day, T. gondii parasites were used at an MOI of 1:1 to 

infect these previously treated plates for 3 h, and the β-galactosidase assay was performed. 

Three independent assays were conducted in both adhesion and invasion experiments. 

4.7. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was performed to analyze the direct effects of quercetin 

on T. gondii. For this assay, 1 × 107 parasites/1000 µL (T. gondii RH strain, clone 2F1) were 

treated with quercetin (50 µM), SP (800 µM and 32 µM, respectively), and only culture medium 

for 1 h at 37 °C in a humidified atmosphere containing 5% CO2. After treatment, parasites were 

centrifuged and washed with potassium cacodylate buffer, followed by fixation with 

Karnovsky’s solution (2% glutaraldehyde and 2% paraformaldehyde) for 3 h. After fixation, 

samples were washed again with potassium cacodylate buffer and post-fixed with 1% osmium 

tetroxide (OsO4) for 1 h. Subsequently, concentrated parasites were smeared onto circular glass 

coverslips (13 mm in diameter) and allowed to dry for 18 h at room temperature. Next, samples 

were dehydrated through a graded ethanol series (50%, 70%, 80%, 90%, 95%, and 100%). 

Finally, samples were coated with a thin layer of gold and examined using a scanning electron 

microscope (Tescan Vega-3 LMU, Brno, Czech Republic) [85]. 

4.8. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) was performed to analyze the ultrastructure of 

intracellular T. gondii tachyzoites and host cell morphology. For this assay, BeWo cells were 

cultured and infected with T. gondii tachyzoites (RH strain, clone 2F1) at an MOI 1:1 for 3 h. 

Subsequently, cells were treated with quercetin (50 µM) and only culture medium for 24 h at 

37 °C in a humidified atmosphere containing 5% CO2. After treatment, cells were harvested 

and fixed with Karnovsky’s solution containing 2% paraformaldehyde and 2% glutaraldehyde 

in 0.1 M sodium cacodylate buffer (pH 7.4) for 24 h. Samples were then washed three times 

with PBS and post-fixed with 1% osmium tetroxide (OsO4) in cacodylate buffer for 1 h. Two 
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independent assays with two replicates each were conducted in this analysis. Subsequently, 

samples were processed as previously described and examined using transmission electron 

microscopes HT-7700 (Hitachi, Tokyo, Japan) and EM900 (Carl Zeiss, Oberkochen, 

Germany). 

4.9. Lipid Droplets (LDs) Staining 

Lipid droplets (LDs) accumulation in quercetin-treated BeWo cells was evaluated. Briefly, 

BeWo cells (3 × 104 cells/100 µL/well) were seeded in black 96-well culture plates with clear 

bottoms (Costar REF# 3603, New York, NY, USA). After 18 h, cells were infected or not at a 

MOI of 1:1 for 3 h at 37 °C in a humidified atmosphere containing 5% CO2. Cells were then 

washed with 1× PBS to remove non-internalized parasites and subsequently treated or not with 

quercetin (50 µM), SP (800 µM and 32 µM, respectively), and only culture medium for 24 h 

under the same incubation conditions. After treatments were removed, the cells were fixed with 

4% formaldehyde, washed twice with 1× PBS, and stained with Nile Red (Sigma Chemical Co., 

St. Louis, MO, USA; cat. no. 72485) (diluted 1:1000 in 1× PBS) to label LDs according to 

previously described protocols [86,87]. Following staining, excess dye was removed, and cells 

were washed with 1× PBS prior to fluorescence measurement. Nile Red fluorescence was 

measured using a multiwell scanning spectrophotometer (VersaMax, Molecular Devices, San 

Jose, CA, USA) at an excitation wavelength of 520 nm and emission between 580 and 640 nm. 

Three independent assays were conducted in the lipid droplet assay. The images were captured 

using a fluorescence microscope (EVOS fl, ThermoFisher) and, after analysis, representative 

images were selected for illustration of the phenomenon. 

4.10. Cytokine Quantification 

Levels of the cytokines IL-4, IL-6, IL-8, MIF, and TNF-α were quantified in culture 

supernatants from BeWo cells, either infected or not with T. gondii. The experimental 

conditions included treatment with quercetin (50 µM), SP (800 µM and 32 µM, respectively), 

and only culture medium. Cytokine concentrations were measured using enzyme-linked 

immunosorbent assay (ELISA) kits according to the manufacturers’ instructions (BD 

Biosciences, San Diego, CA, USA; R&D Systems, Minneapolis, MN, USA), following 

previously described methodologies [88,89]. Cytokine levels were expressed in pg/mL, and the 

detection limits for each cytokine were determined based on the standard curves: IL-6 (4.7 

pg/mL), IL-8 (6.25 pg/mL), MIF (93.8 pg/mL), IL-4 and TNF-α (both 7.8 pg/mL). One assay 

was conducted using three supernatants from independent experiments. 

4.11. Evaluation of Oxidative Stress Biomarkers 
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Oxidative stress assays were performed to analyze the effects of quercetin on BeWo cells under 

infected and non-infected conditions. For this assay, BeWo cells (1 × 106 cells/2000 µL/well) 

were seeded in 6-well culture plates. After cell adhesion, part of the cultures was infected with 

T. gondii (RH strain, clone 2F1) at an MOI of 1:1, while the remaining cultures were maintained 

as non-infected controls. Cells were treated with quercetin (50 µM), SP (800 µM and 32 µM, 

respectively), and only culture medium for 24 h at 37 °C in a humidified atmosphere containing 

5% CO2. After treatment, the culture medium was removed, and the cells were washed with 

PBS. Subsequently, 1000 µL of PBS containing KCl (140 mM) was added to each well, and 

cells were mechanically detached using a cell scraper and transferred to 1.5 mL microtubes. 

The cell suspensions were homogenized and subjected to three freeze–thaw cycles for cryolysis. 

After cryolysis, samples were kept on ice and used for the antioxidant assays described below. 

At the end of each assay below, the total protein concentration was determined by the Bradford 

method and all oxidative stress biomarkers were normalized to the total protein content [90]. In 

these experiments each biomarker had three replicates. 

4.11.1. Reactive Oxygen Species (ROS) Content 

ROS levels were evaluated by incubating the cell lysates with dichlorodihydrofluorescein 

diacetate (10 µM, prepared in ethanol) in the presence of 5 mM Tris–HCl buffer (pH 7.4). After 

a 3 min incubation period, fluorescence emission was measured at 530 nm following excitation 

at 474 nm in a 96-well microplate LS 55 (Perkin-Elmer Massachusetts, USA). ROS levels were 

expressed as relative luminescence units [90]. 

4.11.2. Advanced Oxidation Protein Products (AOPP) Content 

AOPP levels were determined by incubating the cell lysates with 0.2 M citric acid prepared in 

phosphate buffer (pH 7.4) in a 96-well microplate. Following a 2 min agitation period on a 

microplate shaker, absorbance was recorded at 340 nm (Perkin-Elmer LS 55), with citric acid 

serving as the solvent blank. Quantification was performed based on a calibration curve 

generated with chloramine-T in the presence of 1.16 M potassium iodide (KI) as the reference 

standard. AOPP concentrations were expressed as micromolar (μM) chloramine-T equivalents 

[91]. 

4.11.3. Sulfhydryl Group Content 

Free sulfhydryl (thiol) group levels were determined according to the method described by 

Ellman (1959) [92], using 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) as the chromogenic 

reagent. Cell lysates were incubated with DTNB solution (10 mM, prepared in potassium 

phosphate buffer, pH 8.0) for 30 min. Absorbance was measured at 412 nm (Molecular 
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Devices) and thiol concentrations were calculated based on a molar extinction coefficient of 

14,150 M−1·cm−1. 

4.11.4. Superoxide Dismutase (SOD) Activity 

SOD activity was determined according to the method described by Marklund and Marklund 

[93], with minor modifications. This assay is based on the inhibition of pyrogallol auto-

oxidation mediated by superoxide radicals. The cell lysates were incubated with catalase (80 

U/mL) and pyrogallol (24 mM) prepared in 50 mM Tris–HCl buffer supplemented with 1 mM 

EDTA (pH 8.2). Kinetic measurements were performed in 96-well microplates by monitoring 

absorbance at 420 nm over a 10 min interval (Molecular Devices). SOD activity was quantified 

from a calibration curve constructed with purified SOD as the reference standard [90]. 

4.11.5. Catalase (CAT) Activity 

CAT activity was determined according to the method described by Aebi [94], with minor 

modifications. This assay is based on the decomposition of hydrogen peroxide (H2O2). The cell 

lysates were incubated with an H2O2 solution (0.2% prepared in 10 mM phosphate buffer, pH 

7.0). Enzymatic activity was monitored kinetically in 96-well microplates by measuring the 

decrease in absorbance at 240 nm over a 10 min period (Perkin-Elmer LS 55). 

4.11.6. Reduced Glutathione (GSH) Content 

GSH levels were determined in cell lysates following protein precipitation with metaphosphoric 

acid (1:1, v/v). The samples were centrifuged at 7000× g for 10 min, and the resulting 

supernatants were subsequently mixed with sodium phosphate buffer and o-phthalaldehyde (1 

mg/mL, prepared in methanol). Fluorescence was measured in 96-well microplates at excitation 

and emission wavelengths of 350 nm and 420 nm, respectively (Perkin-Elmer LS 55). GSH 

concentrations were calculated based on a calibration curve generated with reduced glutathione 

as the standard reference [95]. 

4.11.7. Total Antioxidant Capacity 

Total antioxidant capacity was determined using the ferric reducing antioxidant power (FRAP) 

assay, adapted from the method described by Benzie and Strain [96]. Briefly, the FRAP reagent 

was prepared by mixing 0.3 M acetate buffer (pH 3.6), 10 mM 2,4,6-tris(2-pyridyl)-s-triazine 

(TPTZ) in acidic solution, and 20 mM ferric chloride at a 10:1:1 ratio. Cell lysates were 

incubated with the FRAP reagent at 37 °C for 6 min, and absorbance was subsequently 

measured at 593 nm in 96-well microplates (Molecular Devices). Antioxidant capacity was 

quantified based on a standard curve constructed with 6-hydroxy-2,5,7,8-tetramethylchroman-

2-carboxylic acid (Trolox) and expressed as Trolox equivalents [90]. 

4.12. Collection of Human Villous Explants 
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To support the findings on the effects of quercetin, an ex vivo model using placental explants 

was employed. Third-trimester placentas (36–40 weeks of gestation) were obtained from 

pregnant women aged 18–45 years undergoing elective cesarean deliveries at the Clinical 

Hospital of the Universidade Federal de Uberlândia (UFU), with no reported comorbidities. 

Conditions such as diabetes, hypertension, preeclampsia, cardiovascular diseases, 

toxoplasmosis, chagas disease, or any other condition that could interfere with the results were 

considered exclusion criteria. For the preparation of human chorionic villous explants (HCVE), 

placentas were washed with sterile 1× PBS to remove excess blood and debris. Placental 

cotyledons were then dissected, and chorionic villi were obtained according to an established 

protocol. Selected villi (~10 mm3) were individually placed into wells of a 96-well plate 

containing 200 µL of RPMI 1640 medium supplemented with 10% FBS, penicillin, and 

streptomycin. Samples were incubated at 37 °C in a humidified atmosphere with 5% CO2 for 

subsequent assays [97–99]. To account for donor-to-donor variability, experiments were 

performed using placentas from 3 independent donors. All procedures were approved by the 

Human Research Ethics Committee of the Universidade Federal de Uberlândia (CEP/UFU; 

approval number 7.407.162), and written informed consent was obtained from all participating 

pregnant women. 

4.13. Viability Assays of Human Villous Explants 

To evaluate the viability of placental villi following quercetin treatment, lactate dehydrogenase 

(LDH) release and MTT assays were performed, as previously described [80,99]. Collected 

placental villi were cultured for 24 h at 37 °C in a humidified atmosphere containing 5% CO2. 

Subsequently, villi were treated or not with quercetin (50 µM), SP (600 µM and 804 µM, 

respectively), and only culture medium for an additional 24 h. Also, the DMSO vehicle was 

tested at the highest concentration percentage (0.097%) corresponding to 100 µM. After 

treatment, culture supernatants were collected for LDH quantification according to the 

manufacturer’s instructions. For viability assessment by the MTT assay, after removal of the 

supernatants, 200 µL of MTT solution [180 µL of culture medium plus 20 µL of MTT (5 

mg/mL)] was added and incubated for 4 h at 37 °C and 5% CO2. Formazan crystals were then 

solubilized by the addition of 10% SDS and 50% DMF, and after 24 h (only the supernatant, 

the villi were removed), absorbance was measured at 570 nm using a microplate reader 

(Multiskan™ FC Microplate Photometer, Thermo Fisher Scientific, Waltham, MA, USA). In 

addition, villous tissues treated with quercetin (50 µM), SP (600 µM and 804 µM, respectively), 

or culture medium alone were subjected to hematoxylin and eosin staining and examined under 

a light microscope (BX40; Olympus, Tokyo, Japan) [99]. The assessment of viability through 
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MTT assay, LDH release and histological analysis represents a widely accepted standard in 

placental explant literature to confirm tissue integrity and viability [24,100,101]. Three 

independent assays were conducted with eight replicates in viability of human villous explants. 

4.14. T. gondii Intracellular Proliferation in Human Placental Explants 

Infection assays in placental explants were performed to analyze the effects of quercetin on T. 

gondii intracellular proliferation. For this assay, placental explants were placed in 96-well 

microplates and cultured for 24 h at 37 °C in a humidified atmosphere containing 5% CO2. 

After this period, explants were infected with T. gondii tachyzoites (RH strain, clone 2F1) (1 × 

106 parasites/200 µL/well) and incubated for an additional 24 h under the same conditions. 

Subsequently, explants were treated with quercetin (50 µM), SP (600 µM and 804 µM, 

respectively), and only culture medium for 24 h at 37 °C in a humidified atmosphere containing 

5% CO2. After treatment, culture supernatants were collected and stored at −80 °C for 

subsequent determination of total protein content using Bradford reagent (Sigma) and analysis 

of T. gondii intracellular proliferation by β-galactosidase assay, as previously described [98,99]. 

Three independent assays were conducted with eight replicates to T. gondii intracellular 

proliferation. 

4.15. In Silico Analysis 

In order to gain insights into the antiprotozoal mechanism of quercetin, we performed molecular 

docking simulations against T. gondii targets. The targets (Supplementary File S1) structures 

were obtained from AlphaFold-DB [102] retrieved from UniProt [103],while the structure of 

quercetin was obtained from PubChem [104], under accession code 5280343. The molecular 

docking simulations were performed using Dockthor v.2 [104], with a grid box of 20 Å for 

atom selection from the annotated binding sites present in UniProt (Supplementary File S1), 

and RMSD of 2.0 Å as clustering criterion. The docking was ranked by the total energy 

calculated from the MMFF94S force field [105]. The results were visualized using matplotlib 

(version 3.11.0) [106], pandas (version 3.0.3)[107], and seaborn (version 0.113.2)[108] Python 

(version 3.14.5) (https://www.python.org/) packages. The interactions were analyzed using 

Discovery Studio Visualizer v. 24.1.0 (BIOVIA, Dassault Systèmes). In addition, to evaluate 

the pharmacokinetic and safety of quercetin, we predicted the ADMET (absorption, 

distribution, metabolism, excretion, and toxicity) properties using ADMETLab v.3.0 [67] and 

SwissADME [68]. 

4.16. Statistical Analysis 

Statistical analyses and graphical representations were generated using GraphPad Prism 

software (version 8.0.1). Data are presented as mean ± standard error of the mean (SEM). 
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Parametric data were analyzed using one-way analysis of variance (ANOVA), followed by 

Dunnett’s post hoc test for multiple comparisons. Nonparametric data were analyzed using the 

Kruskal–Wallis test. A p-value < 0.05 was considered statistically significant, indicating 

meaningful differences among treated groups and between treated and control groups. 

5. Conclusions 

In conclusion, our findings demonstrated that quercetin exhibits anti-T. gondii activity in the 

tested models, promoting an irreversible compromise of the parasite’s viability while 

maintaining the integrity of the host cells. Quercetin exerts a dual action by directly affecting 

the structure and proliferation of the parasite and by modulating the metabolic, redox, and 

immunological pathways of the host cell. The reduction in the availability of lipid droplets, the 

modulation of antioxidant defenses, and the regulation of cytokine production suggest that 

quercetin creates a metabolically and immunologically unfavorable environment for the 

survival of the parasite and protective for the host cell. Furthermore, the potential of quercetin 

is supported by its binding to the active site of the TgHGPRT enzyme and by the findings on 

favorable pharmacological and pharmacokinetic properties, conducted in our in silico analysis. 

Finally, when discussing the limitations of this study and future perspectives, it is important to 

emphasize the need for research with a longer action period of quercetin, as well as trials using 

new models, such as in vivo, for a deeper understanding of quercetin’s anti-T. gondii capacity. 

Supplementary Materials: The following supporting information can be downloaded 

at: https://www.mdpi.com/1422-0067/27/13/6054#app1-ijms-27-06054 

Author Contributions: M.P.S.: Writing—original draft, Methodology, Investigation, 

Formal analysis, Data curation, Conceptualization. G.V.d.F., G.d.S., J.P.d.L.J., I.S.D., 

M.P.O.A., N.C.L.d.S., R.M.d.O., E.L.F. and L.C.L.: Methodology, Investigation, Supervision, 

Data curation. T.P.M., C.S.P., F.S.E., A.B.J., A.L.d.J.G. and R.N.A.: Methodology, 

Investigation, Formal analysis, Data curation. T.A.d.M.F.: Methodology, Formal analysis, 

Visualization, Investigation. E.A.V.F., B.F.B. and S.C.T.: Writing—review and editing, 

Supervision, Project administration, Methodology, Funding acquisition, Conceptualization, 

Data curation. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by Conselho Nacional de Desenvolvimento 

Científico e Tecnológico (CNPq) grant number 404478/2025-5, Fundação de Amparo à 

Pesquisa do Estado de Minas Gerais. This study was financed in part by the Coordenação de 

Aperfeiçoamento de Pessoal de Nível Superior – Brasil (CAPES) – Finance Code 001. 

Institutional Review Board Statement: The study was conducted in accordance with 

the Declaration of Helsinki, and approved by the Human Research Ethics Committee of the 



60 

Universidade Federal de Uberlândia (CEP/UFU; approval number 7.407.162 and approval on 

8 February 2025). 

Acknowledgments: The authors sincerely thank the Universidade Federal de 

Uberlândia (UFU) for their support and the Universidade do Estado de Minas Geras 

(PQ/UEMG) for research productivity grant.  

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Matta, S.K.; Rinkenberger, N.; Dunay, I.R.; Sibley, L.D. Toxoplasma gondii infection 

and its implications within the central nervous system. Nat. Rev. Microbiol. 2021, 19, 467–480. 

https://doi.org/10.1038/s41579-021-00518-7. 

 

2. Webster, J.P.; Dubey, J.P. Toxoplasmosis of Animals and Humans. Parasit. Vectors 

2010, 3, 112. https://doi.org/10.1186/1756-3305-3-112.  

 

3. Matos, J.; da Costa, R.R.; Moreira, I.A.; Ramos Mde, L.; de Alencar, V.S.; de Amor, 

C.G.P.B.. EP-276–ANÁLISE EPIDEMIOLÓGICA DE TOXOPLASMOSE CONGÊNITA 

NO BRASIL, ENTRE OS ANOS DE 2019 A 2023. Braz. J. Infect. Dis. 2024, 28, 104184. 

https://doi.org/10.1016/j.bjid.2024.104184.  

 

4. Miranda Gde, D.; Fiori, A.V.D.; Martins, J.P.P.; Vieira, L.G.S.; Ribeiro, T.F.S.; 

Vitorino, G.H.; Filho, M.A L.C.. Um estudo a respeito do cenário epidemiológico da 

toxoplasmose congênita no Brasil. Braz. J. Implantol. Health Sci. 2025, 7, 729–739. 

https://doi.org/10.36557/2674-8169.2025v7n4p729-739.  

 

5. Dubey, J.P.; Murata, F.H.A.; Cerqueira-Cézar, C.K.; Kwok, O.C.H.; Villena, I. 

Congenital toxoplasmosis in humans: An update of worldwide rate of congenital infections. 

Parasitology 2021, 148, 1406–1416. https://doi.org/10.1017/S0031182021001013. Correction 

in Parasitology 2021, 148, 1716. https://doi.org/10.1017/S0031182021001463.  

 

6. Alippe, Y.; Hatterschide, J.; Coyne, C.B.; Diamond, M.S. Innate immune responses to 

pathogens at the maternal–fetal interface. Nat. Rev. Immunol. 2025, 25, 869–884. 

https://doi.org/10.1038/s41577-025-01191-0.  

 

7. Megli, C.J.; Coyne, C.B. Infections at the maternal–fetal interface: An overview of 

pathogenesis and defence. Nat. Rev. Microbiol. 2022, 20, 67–82. 

https://doi.org/10.1038/s41579-021-00610-y.  

 

8. Dunn, D.; Wallon, M.; Peyron, F.; Petersen, E.; Peckham, C.; Gilbert, R. Mother-to-

child transmission of toxoplasmosis: Risk estimates for clinical counselling. Lancet 1999, 353, 

1829–1833. https://doi.org/10.1016/S0140-6736(98)08220-8.  

 

9. Lannes-Vieira, J. Resposta Imune na Infecção por Toxoplasma gondii: Desafios e 

oportunidades. In Toxoplasmose & Toxoplasma gondii; Souza, W.; Belfort Jr., R., Eds.; Editora 

Fiocruz: Rio de Janeiro, Brazil, 2014; pp. 83–98. https://doi.org/10.7476/9788575415719.0008. 

 

10. Melchor, S.J.; Ewald, S.E. Disease tolerance in Toxoplasma infection. Front. Cell 

Infect. Microbiol. 2019, 9, 185. https://doi.org/10.3389/fcimb.2019.00185.  

https://doi.org/10.1038/s41579-021-00518-7
https://doi.org/10.1186/1756-3305-3-112
https://doi.org/10.1016/j.bjid.2024.104184
https://doi.org/10.36557/2674-8169.2025v7n4p729-739
https://doi.org/10.1017/S0031182021001463
https://doi.org/10.1038/s41577-025-01191-0
https://doi.org/10.1038/s41579-021-00610-y
https://doi.org/10.1016/S0140-6736(98)08220-8
https://doi.org/10.7476/9788575415719.0008
https://doi.org/10.3389/fcimb.2019.00185


61 

 

11. Mao, E.Y.; Page, S.W.; Sleebs, B.E.; Gancheva, M.R.; Wilson, D.W. A review of 

natural products as a source of next-generation drugs against apicomplexan parasites. npj 

Antimicrob. Resist. 2025, 3, 51. https://doi.org/10.1038/s44259-025-00119-x.  

 

12. Boyer, K.M.; Holfels, E.; Roizen, N.; Swisher, C.; Mack, D.; Remington, J.; 

Toxoplasmosis Study GroupRisk factors for Toxoplasma gondii infection in mothers of infants 

with congenital toxoplasmosis: Implications for prenatal management and screening. Am. J. 

Obstet. Gynecol. 2005, 192, 564–571. https://doi.org/10.1016/j.ajog.2004.07.031.  

 

13. Deganich, M.; Boudreaux, C.; Benmerzouga, I. Toxoplasmosis Infection during 

Pregnancy. Trop. Med. Infect. Dis. 2023, 8, 3. https://doi.org/10.3390/tropicalmed8010003.  

 

14. Villena, I.; Aubert, D.; Leroux, B.; Dupouy, D.; Talmud, M.; Chemla, C.; Trenque, T.; 

Schmit, G.; Quereux, C.; Guenounou, M.; et al. Pyrimethamine-sulfadoxine Treatment of 

Congenital Toxoplasmosis: Follow-up of 78 Cases Between 1980 and 1997. Scand. J. Infect. 

Dis. 1998, 30, 295–300. https://doi.org/10.1080/00365549850160963.  

 

15. Montazeri, M.; Mehrzadi, S.; Sharif, M.; Sarvi, S.; Tanzifi, A.; Aghayan, S.A.; Daryani, 

A. Drug resistance in toxoplasma gondii. Front. Microbiol. 2018, 9, 2587. 

https://doi.org/10.3389/fmicb.2018.02587.  

  

16. Meneceur, P.; Bouldouyre, M.A.; Aubert, D.; Villena, I.; Menotti, J.; Sauvage, V.; 

Garin, J.F.; Derouin, F.. In vitro susceptibility of various genotypic strains of Toxoplasma 

gondii to pyrimethamine, sulfadiazine, and atovaquone. Antimicrob. Agents Chemother. 2008, 

52, 1269–1277. https://doi.org/10.1128/AAC.01203-07.  

 

17. Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; the international Natural Product Sciences 

Taskforce.; Supuran, C.T. Natural products in drug discovery: Advances and opportunities. Nat. 

Rev. Drug Discov. 2021, 20, 200–216. https://doi.org/10.1038/s41573-020-00114-z.  

 

18. Azeem, M.; Hanif, M.; Mahmood, K.; Ameer, N.; Chughtai, F.R.S.; Abid, U. An insight 

into anticancer, antioxidant, antimicrobial, antidiabetic and anti-inflammatory effects of 

quercetin: A review. Polym. Bull. 2023, 80, 241–262. https://doi.org/10.1007/s00289-022-

04091-8.  

 

19. Weiss, L.M.; Ma, Y.F.; Takvorian, P.M.; Tanowitz, H.B.; Wittner, M. Bradyzoite 

Development in Toxoplasma gondii and the hsp70 Stress Response. Infect. Immun. 1998, 66, 

3295–3302. https://doi.org/10.1128/IAI.66.7.3295-3302.1998.  

 

20. Xu, D.; Hu, M.J.; Wang, Y.Q.; Cui, Y.L. Antioxidant activities of quercetin and its 

complexes for medicinal application. Molecules 2019, 24, 1123. 

https://doi.org/10.3390/molecules24061123.  

 

21. Setia, Y.D.; Poeranto, S.; Hernowati, T.E.; Iskandar, I.; Sudjari. The Effect of Quercetin 

towards Adipocytes Count in Toxoplasma gondii Profilin–Exposed Adipocytes in Vitro. In 

Journal of Physics: Conference Series; Institute of Physics Publishing: Bristol, UK, 2020; 

Volume 1430. https://doi.org/10.1088/1742-6596/1430/1/012028.  

 

https://doi.org/10.1038/s44259-025-00119-x
https://doi.org/10.1016/j.ajog.2004.07.031
https://doi.org/10.3390/tropicalmed8010003
https://doi.org/10.1080/00365549850160963
https://doi.org/10.3389/fmicb.2018.02587
https://doi.org/10.1128/AAC.01203-07
https://doi.org/10.1038/s41573-020-00114-z
https://doi.org/10.1007/s00289-022-04091-8
https://doi.org/10.1007/s00289-022-04091-8
https://doi.org/10.1128/IAI.66.7.3295-3302.1998
https://doi.org/10.3390/molecules24061123
https://doi.org/10.1088/1742-6596/1430/1/012028


62 

22. Milovanović, I.; Vujanić, M.; Klun, I.; Bobić, B.; Nikolić, A.; Ivović, V.; Trbovich, 

A.M.; Djurković-Djaković, O.. Toxoplasma gondii infection induces lipid metabolism 

alterations in the murine host. Memórias do Instituto Oswaldo Cruz 2009, 104, 175–178.  

https://doi.org/10.1590/S0074-02762009000200008.  

 

23. Memariani, H.; Memariani, M.; Ghasemian, A. Quercetin as a Promising Antiprotozoan 

Phytochemical: Current Knowledge and Future Research Avenues. Biomed. Res. Int. 2024, 

2024, 7632408. https://doi.org/10.1155/2024/7632408.  

 

24. Teixeira, S.C.; de Souza, G.; Borges, B.C.; de Araújo, T.E.; Rosini, A.M.; Aguila, F.A.; 

Ambrósio, S.R.; Veneziani, R.C.S.; Bastos, J.K.; Silva, M.J.B.; et al. Copaifera spp. oleoresins 

impair Toxoplasma gondii infection in both human trophoblastic cells and human placental 

explants. Sci. Rep. 2020, 10, 15158. https://doi.org/10.1038/s41598-020-72230-0.  

 

25. Mandelbrot, L.; Kieffer, F.; Sitta, R.; Laurichesse-Delmas, H.; Winer, N.; Mesnard, L.; 

Berrebi, A.; Le Bouar, G.; Bory, J.P.; Cordier, A.G.; et al. Prenatal therapy with pyrimethamine 

+ sulfadiazine vs spiramycin to reduce placental transmission of toxoplasmosis: A multicenter, 

randomized trial. Am. J. Obstet. Gynecol. 2018, 219, 386.e1–386.e9. 

https://doi.org/10.1016/j.ajog.2018.05.031.  

 

26. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly 

Four Decades from 01/1981 to 09/2019. J. Nat. Prod. 2020, 83, 770–803. 

https://doi.org/10.1021/acs.jnatprod.9b01285.  

 

27. Marques-Santos, F.; Faria, R.X.; Amendoeira, M.R.R. The Search for Drugs Derived 

from Natural Products for Toxoplasma gondii Infection Treatment in the Last 20 Years—A 

Systematic Review. Curr. Top. Med. Chem. 2024, 24, 1960–1999. 

https://doi.org/10.2174/0115680266299409240606062235.  

 

28. Wei, H.X.; Wei, S.S.; Lindsay, D.S.; Peng, H.J. A systematic review and meta-analysis 

of the efficacy of anti-Toxoplasma gondii medicines in humans. PLoS ONE 2015, 10, 

e0138204. https://doi.org/10.1371/journal.pone.0138204.  

 

29. Ożarowski, M.; Mikołajczak, P.L.; Kujawski, R.; Wielgus, K.; Klejewski, A.; Wolski, 

H.; Seremak-Mrozikiewicz, A. Pharmacological effect of quercetin in hypertension and its 

potential application in pregnancy-induced hypertension: Review of in vitro, in vivo, and 

clinical studies. Evid.-Based Complement. Altern. Med. 2018, 2018, 7421489. 

https://doi.org/10.1155/2018/7421489.  

 

30. Georgiou, N.; Kakava, M.G.; Routsi, E.A.; Petsas, E.; Stavridis, N.; Freris, C.; 

Zoupanou, N.; Moschovou, K.; Kiriakidi, S.; Mavromoustakos, T. Quercetin: A Potential 

Polydynamic Drug. Molecules 2023, 28, 8141. https://doi.org/10.3390/molecules28248141.  

 

31. Erdogan, S.; Turkekul, K.; Dibirdik, I.; Doganlar, O.; Doganlar, Z.B.; Bilir, A.; Oktem 

, G.. Midkine downregulation increases the efficacy of quercetin on prostate cancer stem cell 

survival and migration through PI3K/AKT and MAPK/ERK pathway. Biomed. Pharmacother. 

2018, 107, 793–805. https://doi.org/10.1016/j.biopha.2018.08.061.  

 

32. Hisaka, T.; Sakai, H.; Sato, T.; Goto, Y.; Nomura, Y.; Fukutomi, S.; Fujita, F.; Mizobe, 

T.; Nakashima, O.; Tanigawa, M.; et al. Quercetin suppresses proliferation of liver cancer cell 

https://doi.org/10.1590/S0074-02762009000200008
https://doi.org/10.1155/2024/7632408
https://doi.org/10.1038/s41598-020-72230-0
https://doi.org/10.1016/j.ajog.2018.05.031
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.2174/0115680266299409240606062235
https://doi.org/10.1371/journal.pone.0138204
https://doi.org/10.1155/2018/7421489
https://doi.org/10.3390/molecules28248141
https://doi.org/10.1016/j.biopha.2018.08.061


63 

lines in vitro. Anticancer. Res. 2020, 40, 4695–4700. 

https://doi.org/10.21873/anticanres.14469.  

 

33. Ward, A.B.; Mir, H.; Kapur, N.; Gales, D.N.; Carriere, P.P.; Singh, S. Quercetin inhibits 

prostate cancer by attenuating cell survival and inhibiting anti-apoptotic pathways. World J. 

Surg. Oncol. 2018, 16, 108. https://doi.org/10.1186/s12957-018-1400-z.  

 

34. Yuan, K.; Zhu, Q.; Lu, Q.; Jiang, H.; Zhu, M.; Li, X.; Huang, G.; Xu, A.. Quercetin 

alleviates rheumatoid arthritis by inhibiting neutrophil inflammatory activities. J. Nutr. 

Biochem. 2020, 84, 108454. https://doi.org/10.1016/j.jnutbio.2020.108454.  

 

35. Salehi, B.; Machin, L.; Monzote, L.; Sharifi-Rad, J.; Ezzat, S.M.; Salem, M.A.; 

Merghany, R.M.; El Mahdy, N.M.; Kılıc, C.S.; Sytar , O.; et al. Therapeutic Potential of 

Quercetin: New Insights and Perspectives for Human Health. ACS Omega 2020, 5, 11849–

11872. https://doi.org/10.1021/acsomega.0c01818.  

 

36. Ivanov, V.; Ivanova, S.; Roomi, W.; Niedzwicki, A.; Rath, M. Novel Composition and 

Method for the Treatment of Hypertension. U.S. Patent US 2004/0242504 A1, 2 December 

2004.  

 

37. Abugri, D.A.; Wijerathne, S.V.T.; Sharma, H.N.; Ayariga, J.A.; Napier, A.; Robertson, 

B.K. Quercetin inhibits Toxoplasma gondii tachyzoite proliferation and acts synergically with 

azithromycin. Parasit. Vectors 2023, 16, 261. https://doi.org/10.1186/s13071-023-05849-3.  

 

38. Granado-Serrano, A.B.; Martín, M.A.; Bravo, L.; Goya, L.; Ramos, S. Quercetin 

modulates Nrf2 and glutathione-related defenses in HepG2 cells: Involvement of p38. Chem. 

Biol. Interact. 2012, 195, 154–164. https://doi.org/10.1016/j.cbi.2011.12.005.  

 

39. Nolan, S.J.; Romano, J.D.; Kline, J.T.; Coppens, I. Novel Approaches To Kill 

Toxoplasma gondii by Exploiting the Uncontrolled Uptake of Unsaturated Fatty Acids and 

Vulnerability to Lipid Storage Inhibition of the Parasite. Antimicrob. Agents Chemother. 2018, 

62, 10-1128. https://doi.org/10.1128/AAC.  

 

40. Tavares, V.D.S.; De Castro, M.V.; Souza, R.D.S.O.; Gonçalves, I.K.A.; Lima, J.B.; 

Borges, V.D.M.; Araújo-Santos, T.. Lipid droplets from protozoan parasites: Survival and 

pathogenicity. Mem. Inst. Oswaldo Cruz 2021, 116, e21027. https://doi.org/10.1590/0074-

02760210270.  

 

41. Wang, M.; Wang, B.; Wang, S.; Lu, H.; Wu, H.; Ding, M.; Ying, L.; Mao, Y.; Li, Y. . 

Effect of Quercetin on Lipids Metabolism Through Modulating the Gut Microbial and 

AMPK/PPAR Signaling Pathway in Broilers. Front. Cell Dev. Biol. 2021, 9, 616219. 

https://doi.org/10.3389/fcell.2021.616219.  

 

42. Gnoni, A.; Di Chiara Stanca, B.; Giannotti, L.; Gnoni, G.V.; Siculella, L.; Damiano, F. 

Quercetin Reduces Lipid Accumulation in a Cell Model of NAFLD by Inhibiting De Novo 

Fatty Acid Synthesis through the Acetyl-CoA Carboxylase 1/AMPK/PP2A Axis. Int. J. Mol. 

Sci. 2022, 23, 1044. https://doi.org/10.3390/ijms23031044.  

 

https://doi.org/10.21873/anticanres.14469
https://doi.org/10.1186/s12957-018-1400-z
https://doi.org/10.1016/j.jnutbio.2020.108454
https://doi.org/10.1021/acsomega.0c01818
https://doi.org/10.1186/s13071-023-05849-3
https://doi.org/10.1016/j.cbi.2011.12.005
https://doi.org/10.1128/AAC
https://doi.org/10.1590/0074-02760210270
https://doi.org/10.1590/0074-02760210270
https://doi.org/10.3389/fcell.2021.616219
https://doi.org/10.3390/ijms23031044


64 

43. Vallochi, A.L.; Teixeira, L.; Oliveira Kda, S.; Maya-Monteiro, C.M.; Bozza, P.T. Lipid 

droplet, a key player in host-parasite interactions. Front. Immunol. 2018, 9, 1022. 

https://doi.org/10.3389/fimmu.2018.01022.  

 

44. Bosch, S.S.; Kronenberger, T.; Meissner, K.A.; Zimbres, F.M.; Stegehake, D.; Izui, 

N.M.; Schettert, I.; Liebau, E.; Wrenger, C. Oxidative stress control by apicomplexan parasites. 

Biomed. Res. Int. 2015, 2015, 351289. https://doi.org/10.1155/2015/351289.  

 

45. Danielli, M.; Perne, L.; Jarc Jovičić, E.; Petan, T. Lipid droplets and polyunsaturated 

fatty acid trafficking: Balancing life and death. Front. Cell Dev. Biol. 2023, 11, 1104725. 

https://doi.org/10.3389/fcell.2023.1104725. Erratum in Front. Cell Dev. Biol. 2023, 11, 

1175493. https://doi.org/10.3389/fcell.2023.1175493. eCollection 2023. 

 

46. Metodiewa, D.; Jaiswal, A.K.; Cenas, N.; Dickancaité, E.; Segura-Aguilar, J. Quercetin 

may act as a cytotoxic prooxidant after its metabolic activation to semiquinone and quinoidal 

product. Free Radic. Biol. Med. 1998, 26, 107–116. https://doi.org/10.1016/S0891-

5849(98)00167-1.  

 

47. Hodnick, W.F.; Kalyanaraman, B.; Pritsos, C.A. The production of hydroxyl and 

semiquinone free radicals during the autoxidation of redox active flavonoids. In Oxygen 

Radicals in Biology and Medicine; Basic Life Sciences; Springer: Boston, MA, USA, 1988. 

https://doi.org/10.1007/978-1-4684-5568-7_21.  

 

48. Vargas, A.J.; Burd, R. Hormesis and synergy: Pathways and mechanisms of quercetin 

in cancer prevention and management. Nutr. Rev. 2010, 68, 418–428. 

https://doi.org/10.1111/j.1753-4887.2010.00301.x.  

  

49. Arredondo, F.; Echeverry, C.; Abin-Carriquiry, J.A.; Blasina, F.; Antúnez, K.; Jones, 

D.P.; Go, Y.M.; Liang, Y.L.; Dajas, F.. After cellular internalization, quercetin causes Nrf2 

nuclear translocation, increases glutathione levels, and prevents neuronal death against an 

oxidative insult. Free Radic. Biol. Med. 2010, 49, 738–747. 

https://doi.org/10.1016/j.freeradbiomed.2010.05.020.  

 

50. Wang, Y.; Branicky, R.; Noë, A.; Hekimi, S. Superoxide dismutases: Dual roles in 

controlling ROS damage and regulating ROS signaling. J. Cell Biol. 2018, 217, 1915–1928. 

https://doi.org/10.1083/jcb.201708007.  

 

51. Calabrese, E.J.; Hayes, A.W.; Pressman, P.; Dhawan, G.; Kapoor, R. Quercetin induces 

its chemoprotective effects via hormesis. Food Chem. Toxicol. 2023, 184, 114419. 

https://doi.org/10.1016/j.fct.2023.114419.  

 

52. Dincel, G.C.; Atmaca, H.T. Role of oxidative stress in the pathophysiology of 

Toxoplasma gondii infection. Int. J. Immunopathol. Pharmacol. 2016, 29, 226–240. 

https://doi.org/10.1177/0394632016638668.  

 

53. Kwok, L.Y.; Schlüter, D.; Clayton, C.; Soldati, D. The antioxidant systems in 

Toxoplasma gondii and the role of cytosolic catalase in defence against oxidative injury. Mol. 

Microbiol. 2004, 51, 47–61. https://doi.org/10.1046/j.1365-2958.2003.03823.x.  

 

https://doi.org/10.3389/fimmu.2018.01022
https://doi.org/10.1155/2015/351289
https://doi.org/10.3389/fcell.2023.1104725
https://doi.org/10.3389/fcell.2023.1175493
https://doi.org/10.1016/S0891-5849(98)00167-1
https://doi.org/10.1016/S0891-5849(98)00167-1
https://doi.org/10.1007/978-1-4684-5568-7_21
https://doi.org/10.1111/j.1753-4887.2010.00301.x
https://doi.org/10.1016/j.freeradbiomed.2010.05.020
https://doi.org/10.1083/jcb.201708007
https://doi.org/10.1016/j.fct.2023.114419
https://doi.org/10.1177/0394632016638668
https://doi.org/10.1046/j.1365-2958.2003.03823.x


65 

54. Raynes, R.; Pomatto, L.C.D.; Davies, K.J.A. Degradation of oxidized proteins by the 

proteasome: Distinguishing between the 20S, 26S, and immunoproteasome proteolytic 

pathways. Mol. Aspects Med. 2016, 50, 41–55. https://doi.org/10.1016/j.mam.2016.05.001.  

 

55. Jung, T.; Grune, T. The proteasome and its role in the degradation of oxidized proteins. 

IUBMB Life 2008, 60, 743–752. https://doi.org/10.1002/iub.114.  

 

56. Yoshida, K.; Kusama, K.; Shinohara, G.; Sato, S.; Yoshie, M.; Tamura, K. Quercetin 

stimulates trophoblast fusion via the mitochondrial function. Sci. Rep. 2024, 14, 287. 

https://doi.org/10.1038/s41598-023-50712-1.  

 

57. Ander, S.E.; Rudzki, E.N.; Arora, N.; Sadovsky, Y.; Coyne, C.B.; Boyle, J.P. Human 

placental syncytiotrophoblasts restrict toxoplasma gondii attachment and replication and 

respond to infection by producing immunomodulatory chemokines. MBio 2018, 9, 10-1128. 

https://doi.org/10.1128/mBio.01678-17.  

 

58. Robbins, J.R.; Zeldovich, V.B.; Poukchanski, A.; Boothroyd, J.C.; Bakardjiev, A.I. 

Tissue barriers of the human placenta to infection with Toxoplasma gondii. Infect. Immun. 

2012, 80, 418–428. https://doi.org/10.1128/IAI.05899-11.  

 

59. Saito, S. Cytokine network at the feto-maternal interface. J. Reprod. Immunol. 2000, 47, 

87–103. https://doi.org/10.1016/s0165-0378(00)00060-7.  

 

60. Saito, S. Cytokine cross-talk between mother and the embryo/placenta. J. Reprod. 

Immunol. 2001, 52, 15–33. https://doi.org/10.1016/s0165-0378(01)00112-7.  

 

61. Wang, W.; Sung, N.; Gilman-Sachs, A.; Kwak-Kim, J. T Helper (Th) Cell Profiles in 

Pregnancy and Recurrent Pregnancy Losses: Th1/Th2/Th9/Th17/Th22/Tfh Cells. Front. 

Immunol. 2020, 11, 2025. https://doi.org/10.3389/fimmu.2020.02025.  

 

62. Borges, M.; Magalhães Silva, T.; Brito, C.; Teixeira, N.; Roberts, C.W. How does 

toxoplasmosis affect the maternal-foetal immune interface and pregnancy? Parasite Immunol. 

2019, 41, e12606. https://doi.org/10.1111/pim.12606.  

 

63. Kitchen, D.B.; Decornez, H.; Furr, J.R.; Bajorath, J. Docking and scoring in virtual 

screening for drug discovery: Methods and applications. Nat. Rev. Drug Discov. 2004, 3, 935–

949. https://doi.org/10.1038/nrd1549.  

 

64. Sadybekov, A.V.; Katritch, V. Computational approaches streamlining drug discovery. 

Nature 2023, 616, 673–685. https://doi.org/10.1038/s41586-023-05905-z.  

 

65. Héroux, A.; White, E.L.; Ross, L.J.; Davis, R.L.; Borhani, D.W. Crystal structure of 

Toxoplasma gondii hypoxanthine-guanine phosphoribosyltransferase with XMP, 

pyrophosphate, and two Mg2+ ions bound: Insights into the catalytic mechanism. Biochemistry 

1999, 38, 14495–14506. https://doi.org/10.1021/bi990508i.  

 

66. Héroux, A.; White, E.L.; Ross, L.J.; Kuzin, A.P.; Borhani, D.W. Substrate Deformation 

in a Hypoxanthine-Guanine Phosphoribosyltransferase Ternary Complex: The Structural Basis 

for Catalysis. Structure 2000, 8, 1309–1318. https://doi.org/10.1016/S0969-2126(00)00546-3.  

 

https://doi.org/10.1016/j.mam.2016.05.001
https://doi.org/10.1002/iub.114
https://doi.org/10.1038/s41598-023-50712-1
https://doi.org/10.1128/mBio.01678-17
https://doi.org/10.1128/IAI.05899-11
https://doi.org/10.1016/s0165-0378(00)00060-7
https://doi.org/10.1016/s0165-0378(01)00112-7
https://doi.org/10.3389/fimmu.2020.02025
https://doi.org/10.1111/pim.12606
https://doi.org/10.1038/nrd1549
https://doi.org/10.1038/s41586-023-05905-z
https://doi.org/10.1021/bi990508i
https://doi.org/10.1016/S0969-2126(00)00546-3


66 

67. Fu, L.; Shi, S.; Yi, J.; Wang, N.; He, Y.; Wu, Z.; Peng, J.; Deng, Y.; Wang, W.; Wu, C.; 

et al. ADMETlab 3.0: An updated comprehensive online ADMET prediction platform 

enhanced with broader coverage, improved performance, API functionality and decision 

support. Nucleic Acids Res. 2024, 52, W422–W431. https://doi.org/10.1093/nar/gkae236.  

 

68. Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate 

pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules. Sci. 

Rep. 2017, 7, 42717. https://doi.org/10.1038/srep42717.  

 

69. El-Saber Batiha, G.; Beshbishy, A.M.; Ikram, M.; Mulla, Z.S.; Abd El-Hack, M.E.; 

Taha, A.E.; Algammal, A.M.; Elewa, Y.H.A. The pharmacological activity, biochemical 

properties, and pharmacokinetics of the major natural polyphenolic flavonoid: Quercetin. 

Foods 2020, 9, 374. https://doi.org/10.3390/foods9030374.  

 

70. Rana, J.N.; Gul, K.; Mumtaz, S. Isorhamnetin: Reviewing Recent Developments in 

Anticancer Mechanisms and Nanoformulation-Driven Delivery. Int. J. Mol. Sci. 2025, 26, 

7381. https://doi.org/10.3390/ijms26157381.  

 

71. Alshehri, M.A.; Panneerselvam, C. Development of quercetin loaded biosynthesized 

chitosan grafted iron oxide nanoformulation and their antioxidant, antibacterial, and anti-cancer 

properties. J. Drug Deliv. Sci. Technol. 2024, 101, 106247. 

https://doi.org/10.1016/j.jddst.2024.106247.  

 

72. Attar, E.S.; Chaudhari, V.H.; Deokar, C.G.; Dyawanapelly, S.; Devarajan, P.V. Nano 

Drug Delivery Strategies for an Oral Bioenhanced Quercetin Formulation. Eur. J. Drug Metab. 

Pharmacokinet. 2023, 48, 495–514. https://doi.org/10.1007/s13318-023-00843-7.  

 

73. Lin, L.; Shen, B.; Cui, J.; Gao, Y.; Wang, L.; Yang, T.; Weng, J.; Lai, C.; Tang, X.; 

Xiao, C.; et al. Enhancing Quercetin’s Potential: A Nanoliposome Delivery System for High 

Altitude Pulmonary Edema. Drug Des. Devel Ther. 2025, 19, 9151–9167. 

https://doi.org/10.2147/DDDT.S509270.  

 

74. Wang, H.; Cui, Y.; Fu, Q.; Deng, B.; Li, G.; Yang, J.; Wu, T.; Xie, Y. A phospholipid 

complex to improve the oral bioavailability of flavonoids. Drug Dev. Ind. Pharm. 2015, 41, 

1693–1703. https://doi.org/10.3109/03639045.2014.991402.  

  

75. Bala, L.; Jeyabalan, S.; Veeraraghavan, G.; Kaliaperumal, K.; Ashok, C.; Pandiyan, 

D.D. Exploring flavonoids as multi-target therapeutic agents in Alzheimer’s disease: Insights 

from Network Pharmacology, Molecular Docking, and Dynamics. J. Appl. Pharm. Sci. 2025, 

15, 136–153. https://doi.org/10.7324/JAPS.2025.v15.i11.12.  

 

76. Rana, J.N.; Mumtaz, S. Prunin: An Emerging Anticancer Flavonoid. Int. J. Mol. Sci. 

2025, 26, 2678. https://doi.org/10.3390/ijms26062678.  

 

77. Arranz-Solís, D.; Mukhopadhyay, D.; Saeij, J.J.P. Toxoplasma Effectors that Affect 

Pregnancy Outcome. Trends Parasitol. 2021, 37, 283–295. 

https://doi.org/10.1016/j.pt.2020.10.013.  

 

78. Piccinni, M.P.; Robertson, S.A.; Saito, S. Editorial: Adaptive Immunity in Pregnancy. 

Front. Immunol. 2021, 12, 770242. https://doi.org/10.3389/fimmu.2021.770242.  

https://doi.org/10.1093/nar/gkae236
https://doi.org/10.1038/srep42717
https://doi.org/10.3390/foods9030374
https://doi.org/10.3390/ijms26157381
https://doi.org/10.1016/j.jddst.2024.106247
https://doi.org/10.1007/s13318-023-00843-7
https://doi.org/10.2147/DDDT.S509270
https://doi.org/10.3109/03639045.2014.991402
https://doi.org/10.7324/JAPS.2025.v15.i11.12
https://doi.org/10.3390/ijms26062678
https://doi.org/10.1016/j.pt.2020.10.013
https://doi.org/10.3389/fimmu.2021.770242


67 

79. Barbosa, B.F.; Lopes-Maria, J.B.; Gomes, A.O.; Angeloni, M.B.; Castro, A.S.; Franco, 

P.S.; Fermino, M.L.; Roque-Barreira, M.C.; Ietta, F.; Martins-Filho, O.A.; et al. IL10, TGF 

beta1, and IFN gamma modulate intracellular signaling pathways and cytokine production to 

control Toxoplasma gondii infection in BeWo trophoblast cells. Biol. Reprod. 2015, 92, 82-1–

82-13. https://doi.org/10.1095/biolreprod.114.124115.  

 

80. Mosmann, T. Rapid Colorimetric Assay for Cellular Growth and Survival: Application 

to Proliferation and Cytotoxicity Assays. J. Immunol. Methods 1983, 65, 55–63. 

https://doi.org/10.1016/0022-1759(83)90303-4.  

 

81. da Silva, R.J.; Gomes, A.O.; Franco, P.S.; Pereira, A.S.; Milian, I.C.B.; Ribeiro, M.; 

Fiorenzani, P.; dos Santos, M.C.; Mineo, J.R.; da Silva, N.M.;et al. Enrofloxacin and toltrazuril 

are able to reduce Toxoplasma gondii growth in human BeWo trophoblastic cells and villous 

explants from human third trimester pregnancy. Front. Cell Infect. Microbiol. 2017, 7, 340. 

https://doi.org/10.3389/fcimb.2017.00340.  

 

82. Borges, I.P.; Castanheira, L.E.; Barbosa, B.F.; De Souza, D.L.N.; Da Silva, R.J.; Mineo, 

J.R.; Tudini, K.A.Y.; s Rodrigues, R.S.; Ferro, E.A.V.; Rodrigues, V.M. Anti-parasitic effect 

on Toxoplasma gondii induced by BnSP-7, a Lys49-phospholipase A 2 homologue from 

Bothrops pauloensis venom. Toxicon 2016, 119, 84–91. 

https://doi.org/10.1016/j.toxicon.2016.05.010.  

 

83. Oliveira, J.G.; Silva, N.M.; Santos, A.A.D.; Souza, M.A.; Ferreira, G.L.S.; Mineo, J.R.; 

Ferro, E.A.V. BeWo Trophoblasts are Unable to Control Replication of Toxoplasma gondii, 

Even in the Presence of Exogenous IFN-γ. Placenta 2006, 27, 691–698. 

https://doi.org/10.1016/j.placenta.2005.06.006.  

 

84. Adeyemi, O.S.; Murata, Y.; Sugi, T.; Kato, K. Inorganic nanoparticles kill Toxoplasma 

gondii via changes in redox status and mitochondrial membrane potential. Int. J. Nanomed. 

2017, 12, 1647–1661. https://doi.org/10.2147/IJN.S122178.  

 

85. Teixeira, S.C.; de Souza, G.; dos Santos, N.C.L.; de Oliveira, R.M.; Silva, N.B.S.; de 

Lima Junior, J.P.; Rosini, A.M.; Luz, L.C.; Martínez, A.F.F.; Almeida, M.P.O.; et al. Brazilian 

Red Propolis and Its Active Constituent 7-O-methylvestitol Impair Early and Late Stages of 

Toxoplasma gondii Infection in Human Placental Models. Microorganisms 2025, 13, 1937. 

https://doi.org/10.3390/microorganisms13081937.  

 

86. Greenspan, P.; Mayer, E.P.; Fowler, S.D. Nile Red: A Selective Fluorescent Stain for 

Intracellular Lipid Droplets. J. Cell Biol. 2014, 100, 965–973. 

https://doi.org/10.1083/jcb.100.3.965.  

 

87. de Souza, G.; Silva, R.J.; Milián, I.C.B.; Rosini, A.M.; de Araújo, T.E.; Teixeira, S.C.; 

Oliveira, M.C.; Franco, P.S.; da Silva, C.V.; Mineo, J.R.; et al. Cyclooxygenase (COX)-2 

modulates Toxoplasma gondii infection, immune response and lipid droplets formation in 

human trophoblast cells and villous explants. Sci. Rep. 2021, 11, 12709. 

https://doi.org/10.1038/s41598-021-92120-3.  

 

88. de Oliveira, R.M.;  dos Santos, N.C.L.; Almeida, M.P.O.; Lima Júnior, JP.; De Souza, 

G.; Barbosa, M.C.; Faria, G.V.; Paschoalino, M.; Alves, R.N.; Gomes, A.O.; et al. Novel drug 

https://doi.org/10.1095/biolreprod.114.124115
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.3389/fcimb.2017.00340
https://doi.org/10.1016/j.toxicon.2016.05.010
https://doi.org/10.1016/j.placenta.2005.06.006
https://doi.org/10.2147/IJN.S122178
https://doi.org/10.3390/microorganisms13081937
https://doi.org/10.1083/jcb.100.3.965
https://doi.org/10.1038/s41598-021-92120-3


68 

candidates targeting Toxoplasma gondii in maternal–fetal interface models. Front. Pharmacol. 

2025, 16, 1673462. https://doi.org/10.3389/fphar.2025.1673462.  

 

89. de Melo Fernandes, T.A.; Teixeira, S.C.; Costa, T.R.; Rosini, A.M.; de Souza, G.; 

Polloni, L.; Barbosa, B.F.; Silva, M.J.B.; Ferro, E.A.V.; Avila, V.M.R. BjussuLAAO-II, an L-

amino acid oxidase from Bothrops jararacussu snake venom, impairs Toxoplasma gondii 

infection in human trophoblast cells and villous explants from the third trimester of pregnancy. 

Microbes Infect. 2023, 25, 105123. https://doi.org/10.1016/j.micinf.2023.105123.  

 

90. Justino, A.B; Bittar, V.P;  Borges, A.L;  Carrillo, M.S.P; Sommerfeld, S.; Araújo, 

I.A.C.; Silva, N.M.; Fonseca, B.B.; Almeida, A.C.; Espindola, F.S. Curcumin-functionalized 

gold nanoparticles attenuate AAPH-induced acute cardiotoxicity via reduction of lipid 

peroxidation and modulation of antioxidant parameters in a chicken embryo model. Int. J. 

Pharm. 2023, 646, 123486. https://doi.org/10.1016/j.ijpharm.2023.123486.  

 

91. Hanasand, M.; Omdal, R.; Norheim, K.B.; Gøransson, L.G.; Brede, C.; Jonsson, G. 

Improved detection of advanced oxidation protein products in plasma. Clin. Chim. Acta 2012, 

413, 901–906. https://doi.org/10.1016/j.cca.2012.01.038.  

 

92. Ellman, G.L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70–77. 

https://doi.org/10.1016/0003-9861(59)90090-6.  

 

93. Marklund, S.; Marklund, G. Involvement of the Superoxide Anion Radical in the 

Autoxidation of Pyrogallol and a Convenient Assay for Superoxide Dismutase. Eur. J. 

Biochem. 1974, 47, 469–474. https://doi.org/10.1111/j.1432-1033.1974.tb03714.x.  

 

94. Aebi, H. Catalase in vitro. In Methods in Enzymology; Academic Press: Cambridge, 

MA, USA, 1984; Volume 105, pp. 121–126. https://doi.org/10.1016/S0076-6879(84)05016-3.  

 

95. Vilela, D.D.; Justino, A.B.; Caixeta, D.C.; de Souza, A.V.; Teixeira, R.R.; Franco, R.R.; 

Saraiva, A.L.; Fonseca, B.B.; Dantas, N.O.; Silva, A.C.A.; Espindola, F.S. Increased selenium 

concentration in the synthesis of CdSe magic-sized quantum dots affects how the brain responds 

to oxidative stress. J. Biomed. Mater. Res. B Appl. Biomater. 2022, 110, 1140–1150. 

https://doi.org/10.1002/jbm.b.34988.  

 

96. Benzie, I.F.F.; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure 

of “‘Antioxidant Power’”: The FRAP Assay. Anal. Biochem. 1996, 239, 70–76. 

https://doi.org/10.1006/abio.1996.0292.  

 

97. Caniggia, I.; Lye, S.J.; Cross, J.C. Activin Is a Local Regulator of Human 

Cytotrophoblast Cell Differentiation. Endocrinology 1997, 138, 3976–3986. 

https://doi.org/10.1210/endo.138.9.5403.  

 

98. De Oliveira Gomes, A.; De Oliveira Silva, D.A.; Silva, N.M.; De Freitas Barbosa, B.; 

Silva Franco, P.; Angeloni, M.B.; Fermino, M.L.; Roque-Barreira, M.C.; Bechi, N.; Paulesu, 

L.R.; et al. Effect of macrophage migration inhibitory factor (MIF) in human placental explants 

infected with toxoplasma gondii depends on gestational age. Am. J. Pathol. 2011, 178, 2792–

2801. https://doi.org/10.1016/j.ajpath.2011.02.005.  

 

https://doi.org/10.3389/fphar.2025.1673462
https://doi.org/10.1016/j.micinf.2023.105123
https://doi.org/10.1016/j.ijpharm.2023.123486
https://doi.org/10.1016/j.cca.2012.01.038
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.1111/j.1432-1033.1974.tb03714.x
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1002/jbm.b.34988
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1210/endo.138.9.5403
https://doi.org/10.1016/j.ajpath.2011.02.005


69 

99. Castro-Filice, L.S.; Barbosa, B.F.; Angeloni, M.B.; Silva, N.M.; Gomes, A.O.; Alves, 

C.M.O.S.; Silva, D.A.O.; Martins-Filho, O.A.; Santos, M.C.; et al. Azithromycin is able to 

control Toxoplasma gondii infection in human villous explants. J. Transl. Med. 2014, 12, 132. 

https://doi.org/10.1186/1479-5876-12-132.  

 

100. Miller, R.K.; Genbacev, O.; Turner, M.A.; Aplin, J.D.; Caniggia, I.; Huppertz, B. 

Human placental explants in culture: Approaches and assessments. Placenta 2005, 26, 439–

448. https://doi.org/10.1016/j.placenta.2004.10.002.  

 

101. Vaidya, S.S.; Walsh, S.S.; Gerk, P.M. Application of human placental villous tissue 

explants to study ABC transporter mediated efflux of 2,4-dinitrophenyl-S-glutathione. Curr. 

Pharm. Biotechnol. 2011, 12, 814–823. https://doi.org/10.2174/138920111795470976.  

 

102. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; 

Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko, N.; et al. Highly accurate protein 

structure prediction with AlphaFold. Nature 2021, 596, 583–589. 

https://doi.org/10.1038/s41586-021-03819-2. 

 

103. UniProt Consortium. UniProt: the Universal Protein Knowledgebase in 2025. Nucleic 

Acids Res. 2025 Jan 6;53(D1): D609-D617. doi: https://doi.org/10.1093/nar/gkae1010.  PMID: 

39552041; PMCID: PMC11701636.   

 

104. Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; 

Thiessen, P.A.; Yu, B.; et al. PubChem 2025 update. Nucleic Acids Res 2025, 53, D1516–

D1525. https://doi.org/10.1093/nar/gkae1059.  

 

105. Guedes, I.A.; Barreto, A.M.S.; Marinho, D.; Krempser, E.; Kuenemann, M.A.; 

Sperandio, O.; Dardenne, L.E.; Miteva, M.A. New machine learning and physics-based scoring 

functions for drug discovery. Sci. Rep. 2021, 11, 3198. https://doi.org/10.1038/s41598-021-

82410-1.  

 

106. Hunter, J.D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 2007, 9, 90–

95. https://doi.org/10.1109/MCSE.2007.55.  

 

107. Mckinney, W. Data Structures for Statistical Computing in Python. In Proceedings of 

the 9th Python in Science Conference, Austin, TX, USA, 28 June–3 July 2010. 

https://doi.org/10.25080/Majora-92bf1922-00a.  

 

108. Waskom, M. Seaborn: Statistical data visualization. J. Open Source Softw. 2021, 6, 

3021. https://doi.org/10.21105/joss.03021.  

 

https://doi.org/10.1186/1479-5876-12-132
https://doi.org/10.1016/j.placenta.2004.10.002
https://doi.org/10.2174/138920111795470976
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gkae1010
https://doi.org/10.1093/nar/gkae1059
https://doi.org/10.1038/s41598-021-82410-1
https://doi.org/10.1038/s41598-021-82410-1
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.25080/Majora-92bf1922-00a
https://doi.org/10.21105/joss.03021

	6c15913d8d0512b28b489c1ece2c11959a163e258f0045b411c66c23f90e5ea4.pdf
	PDF 23117.038479/2026-92
	Ata de Defesa - Pós-Graduação 20 (7389679)

	6c15913d8d0512b28b489c1ece2c11959a163e258f0045b411c66c23f90e5ea4.pdf

