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RESUMO
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RESVERATROL LIVRE E EM COMPLEXO DE INCLUSAO ASSOCIADO AO
SULFAMETOXAZOL-TRIMETROPIM EMCAMUNDONGOS INFECTADOS
EXPERIMENTALMENTE COM Toxoplasma gondii

Autora: Nathieli Bianchin Bottari
Orientador: Prof. Dr. Aleksandro Schafer da Silva
Co-orientadora: Proft Dr2 Maria Rosa Chitolina Schetinger
Santa Maria, 23 de fevereiro de 2015.

O Toxoplasma gondii é um protozodrio de grande importancia clinica capaz de ocasionar alteragdes bioquimicas
e funcionais nas células do hospedeiro, principalmente no sistema nervoso central. Essas alteragGes, geralmente
estdo associadas a resposta inflamatéria com danos teciduais e oxidacdo celular em hospedeiros
imunocompetentes. A infeccdo por T. gondii estimula a producéo de altos niveis de citocinas, tais como IL-12 e
IFN-y, pelas células do sistema imunoldgico, consistindo em um ponto principal no controle do parasito e
resisténcia @ doenca. Como um potente antioxidante, o resveratrol tem se tornado um importante alvo de
pesquisas gragas a suas propriedades antioxidantes e anti-inflamatérias. No entanto, os mecanismos pelo qual o
resveratrol exerce seu efeito sdo prejudicados pela baixa solubilidade e biodisponibilidade. Nesse sentido, uma
forma de melhorar a biodisponibilidade do resveratrol é associa-lo a um complexo de inclusdo. Desta maneira,
0s objetivos deste estudo foram investigar os beneficios do resveratrol associado a sulfamethoxazol-trimetropin
(ST) no tratamento de camundongos infectados experimentalmente com T. gondii. Para o estudo, 60
camundongos foram divididos em dois grupos: ndo-infectados (n=24) e infectados com T.gondii (n=36). Os dois
grupos foram subdivididos em subgrupos (n= 10) e tratados com resveratrol (livre e em complexo de inclusdo 2-
hidroxipropil-p-ciclodextrina) isolado e associado com ST. Os grupos A-D foram compostos por animais
saudaveis; grupos E-J consistiram de animais infectados por T. gondii (cepa VEG). O tratamento foi iniciado 20
dias apds a infeccdo e manteve-se por 10 dias consecutivos nas doses orais de 0.5 mg kg™ de ST (grupos B e F),
100 mg kg de resveratrol livre (grupos C e G) e na forma de complexo de incluséo (grupos D e H), bem como
na associacdo de ambas drogas (grupos | e J). Grupos A e E foram usados como controles, ndo tratados. Testes
comportamentais (meméria, ansiedade e locomogdo) foram avaliados apds o tratamento. Amostras de sangue,
fragmentos de figado e cérebro foram coletados a fim de avaliar os niveis de citocinas, alteracdes
histopatolégicas, contagem de cistos cerebrais, como também perfil oxidativo/antioxidante. Animais infectados
com T. gondii apresentaram alteracdes comportamentais como ansiedade e perda de memdria. A combinacéo
com ST e resveratrol foi capaz de restaurar o tempo de laténcia no teste de esquiva inibitéria. Uma reducéo na
contagem de cistos foi observada nos animais tratados com a associacdo de drogas assim como reducdo das
lesBes teciduais. Animais infectados apresentam aumento de citocinas pro-inflamatdrias e reducdo da citocina
anti-inflamatéria (I1L-10), assim como maior oxidacdo proteica em tecido hepético e cerebral. A combinagéo de
ST com resveratrol livre e em complexo de inclusdo aumentou os a capacidade antioxidante total (TAC) e os
produtos de reducdo férrica (FRAP) em figado e cérebro que pode ser interpretado pelo efeito protetor do
resveratrol. Além disso, o resveratrol na forma de complexo de inclusdo quando combinado a ST melhorou o
efeito terapéutico da ST reduzindo os danos oxidativos, lesGes hepaticas e nimero de cistos cerebrais no
tratamento de camundongos infectados com T. gondii. Portanto, é possivel sugerir que a combinagdo de ST com
resveratrol em camundongos infectados parece exercer um efeito protetor nas células hospedeiras. O resveratrol
na forma de complexo de inclusdo foi a melhor opcédo terapéutica, pois controlou as respostas imunoldgicas
séricas e teciduais, assim como o estresse oxidativo em camundongos infectados com T. gondii.

Palavras-chave: T. gondii, resveratrol, complexo de incluséo, oxidantes/antioxidantes,
citocinas.
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The Toxoplasma gondii is a protozoan of great clinical importance can cause functional and biochemical changes
in the host cells mainly in the central nervous system. These changes are usually associated with the
inflammatory response to tissue damage and cell oxidation in immunocompetent hosts. T. gondii infection
stimulate the production of high levels of cytokines such as IL-12 and IFN-y by cells of the immune system,
consisting of a main point in parasite control and disease resistance. As a potent antioxidant, resveratrol has
become an important research subject due to its antioxidant and anti-inflammatory properties. However, the
mechanism by which resveratrol exerts its effects are hampered by the low solubility and bioavailability.
Accordingly, one way to improve the bioavailability of resveratrol is to associate with inclusion complexes.
Thus, this study aimed to investigate the benefits of resveratrol associated with sulfamethoxazole-trimethoprim
(ST) in the treatment of experimentally infected mice with T. gondii. For the study, 60 mice were divided into
two groups: non-infected (n = 24) and infected with T. gondii (n = 36). The two groups were divided into
subgroups and treated with resveratrol (free and inclusion complex 2-hydroxypropyl-p-cyclodextrin) isolated
and associated with ST. The groups A to D composed by healthy mice and groups E to J consisting of animals
infected by T. gondii (VEG strain). The treatment started 20 days post-infection for 10 consecutive days with
oral doses of 0.5 mg kg™ of ST (groups B and F), 100 mg kg* of free resveratrol (groups C and G) and inclusion
complex of resveratrol (inclusion complex containing resveratrol) (groups D and H), as well as with an
association of both drugs (groups | and J). Groups A and E were used as control, untreated. Behavioral tests
(memory, anxiety and locomotion) were performed after treatment. Blood samples, liver and brain fragments
were collected to evaluate the cytokine profile, pathological changes, brain cysts counts, as well as
oxidant/antioxidant profile. Infected animals showed behavioral changes such as anxiety and memory loss. The
combination ST and resveratrol was able to restore time laténcia in passive avoidance task. A reduction of the
number of brain cyst was observed on animals treated with the combination of drugs. Infected animals show an
increase in pro-inflammatory cytokines and reduction of anti-inflammatory cytokine (IL-10), as well as
increased protein oxidation in liver and brain tissue. The combination of resveratrol and ST with free inclusion
complex in increased the total antioxidant capacity (TAC) and ferric reducing antioxidant power (FRAP) levels
in liver and brain that can be interpreted by the protective effect of resveratrol. In addition, resveratrol in
inclusion complex form when combined with ST improved therapeutic effect of ST reducing oxidative damage
in liver and brain, reducing the number of cysts in the treatment of mice infected with T. gondii. Therefore, it is
possible to suggest that the ST with resveratrol on treatment of infected mice can exerts a protective effect on
host cells. The resveratrol in inclusion complex form was the best treatment option, for controlled tissue and
serum immune responses, as well as oxidative stress in mice infected with T. gondii.

Keywords: T. gondii, resveratrol, inclusion complex, oxidant/antioxidant, cytokines.
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APRESENTACAO

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a forma de
dois manuscritos, 0s quais se encontram no item Manuscrito. As se¢cBes Materiais e Métodos,
Resultados, Discussdo e Referéncias encontram-se no proprio manuscrito e representam a
integra deste estudo.

O item Conclusdes encontra-se no final desta dissertacdo e apresenta interpretagdes e
comentarios gerais sobre os manuscritos contidos neste trabalho.

As Referéncias referem-se somente as citacdes que aparecem nos itens introducédo e
discussao desta dissertacao.

Os manuscritos estdo estruturados de acordo com as normas das revistas cientificas
para 0 qual foram submetidos: Parasitology International & Comparative Immunology

Microbiology and Infectious Diseases.
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1. INTRODUCAO

O Toxoplasma gondii (NICOLLE e MANCEAUX, 1909) é um parasito pertencente ao
Filo Apicomplexa (LEVINE 1970), classe Coccidia (LEUCKART, 1879), Ordem
Eucoccidiorida (LEGER e DUBOSCQ, 1910), Subordem Eimeriorina (LEGER, 1911),
Familia Sarcocystidae (POCHE, 1913), subfamilia Toxoplasmatinae (BIOCCA, 1956),
Género Toxoplasma (NICOLLE e MANCEAUX, 1909). Este parasito possui ocorréncia
cosmopolita, assim como apresenta uma ampla capacidade de parasitar diversos tipos
celulares e infectar praticamente qualquer espécie de animal de sangue quente, incluindo a
espécie humana (DUBEY, 2012).

A infeccdo causada pelo protozoario T. gondii, constitui uma das zoonoses mais
difundidas no mundo, cerca de um terco da populacdo mundial é soropositivo para
toxoplasmose (TENDER et al., 2000). Estima-se que 20 a 90% da populacdo mundial ja
estiveram em contato com o T. gondii (SPALDING, 2005). As maiores taxas de incidéncias
ocorrem em regiGes de clima quente, areas tropicais de baixas latitudes e clima seco
(FERREIRA et al., 2004; Figura 1). No Brasil, a elevada prevaléncia em gestantes gravidas,
estd diretamente relacionada ao clima tropical quente propicio para a sobrevida dos oocistos

de T. gondii e aos habitos de consumo de carnes mal cozidas.

Marrom: > 60%

V erm etho: 40-60%,
Amerelo: 20-40%
Azl 10-20%

Verde <10%

Branco. sem informeagbes

Figura 1- Prevaléncia mundial de toxoplasmose em gestantes (PAPPAS, 2009).
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A transmissdo vertical da toxoplasmose ocorre em 20 a 50% dos casos de primo infecgédo
materna ou na forma latente (JONES et al., 2001; ELSHEIKA, 2008). As criangas infectadas
com T. gondii podem apresentar microcefalia, hidrocefalia, calcificacdo intracranial e
coriorretinite, além de retardamento mental e psicomotor (MONTOYA e LIESENFELD,
2004; ELSHEIKA, 2008). Embora a prevaléncia de infeccdo por T. gondii esteja relacionada
a variacdo geogréfica, uma vez infectados, os hospedeiros desenvolvem uma infeccdo aguda
evoluindo para a fase cronica.

Em individuos saudaveis, a toxoplasmose geralmente € assintomatica, porém
linfadenopatia ou distdrbios oculares podem ocorrer em alguns pacientes (SU et al., 2010).
Estudos demonstram que no Brasil, a regido sul é uma &rea na qual a toxoplasmose ocular
apresenta-se endémica conforme Glasner (1992), pois no estudo envolvendo 1042 moradores
da regido, observou-se que 17,7% das lesbes encontradas na retina dos sujeitos pesquisados
eram compativeis com a toxoplasmose ocular.

Por outro lado, em pacientes imunossuprimidos, a toxoplasmose se exibe na forma aguda,
podendo levar a neurotoxoplasmose (MONTOYA e LIESENFELD, 2004). A grande
preocupacdo ocorre na toxoplasmose congénita, uma vez que o T. gondii é capaz de
ultrapassar a barreira transplacentéria e ocasionar danos graves ao sistema nervoso central
(SNC) do feto quando adquirida no primeiro trimestre de gestacdo (BARRAGAN e SIBLEY,
2003; DUBEY et al., 2008).

Nos Estados Unidos, na década de 90 estimava-se um custo anual acima de cinco milhdes
de ddlares com tratamentos de criangas congenitamente infectadas (FRENKEL, 1998;
GUERINA et al., 1994). A incidéncia mundial da toxoplasmose congénita ja foi de 1 a 6 em
cada 1000 nascimentos (FREYRE et al.,, 2006). Uma pesquisa realizada na cidade de
Uberlandia-MG, com 805 mées atendidas em hospitais publicos e privados, demonstrou
soroprevaléncia de 51%, enquanto a incidéncia de toxoplasmose congénita foi de 4,9 em cada
1000 nascidos (SILVA-SEGUNDO, 2002). Tendo em vista as altas taxas de prevaléncia da
toxoplasmose, sua transmissdo a espécie humana e a patogenicidade em animais,
investigacOes relativas acerca dessa patologia devem ser estudadas.

Historicamente, o protozoario T. gondii foi reconhecido pela primeira vez no Brasil
pelo Instituto Biologico de Sado Paulo (1908) ao observarem corpusculos parasitarios em
coelhos. As lesdes patologicas descritas por Splendore (1908) eram semelhantes as
ocasionadas pelo parasito Leishmania. Extensas pesquisas envolvendo este novo protozoario
permitiu relacionar as lesGes observadas e a relacdo do parasito com as células intracelulares

do hospedeiro. No mesmo ano, Nicolle e Manceux (1908) no Instituto Pasteur de Tunis
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relataram o parasito em roedores (Gundi - Ctenodactylus gundi) e o nomearam de
Toxoplasma gondii, baseados na morfologia (toxon = arco, plasma = vida) e no hospedeiro
(gundi).

Até entdo, trés formas evolutivas infecciosas do T. gondii sdo reconhecidas: 0s
taquizoitos (agrupam-se em clones), bradizoitos (presente em cistos teciduais) e oocistos
(forma infectante). Frenkel (1973) foi o primeiro a descrever a morfologia dos taquizoitos (do
Grego tachos = veloz). Os taquizoitos sdo capazes de invadir todos os tipos de células sendo
considerados os estadgios de multiplicacdo e de disseminacdo rapida (DUBEY, 1998).
Possuem forma arqueada (Figura 2A), com aproximadamente 6 um de comprimento e 2 um
de largura (Figura 2A), encontrados durante a fase aguda da infec¢do, sendo também
denominada forma proliferativa, forma livre ou trofozéito (ROBERT-GANGNEUX e
DARDE, 2003).

Morfologicamente, o taquizoito possui duas regides distintas: (I) o nucleo com
membrana dupla, uma externa e continua e a outra interna; (I1) a extremidade anterior afilada,
formada por um conjunto de organelas responsaveis pela formacdo de um vacuolo
parasitoforo (HOWE e SIBLEY, 1995; BARRAGAN e SIBLEY, 2003).

Na fase aguda, a qual geralmente ocorre dentro de 8 a 12 dias pos-infec¢do, 0s
taquizoitos sdo capazes de atravessar barreiras teciduais como a hematoencefalica e
transplacentaria, podendo atingir o feto (WEISS e KIM, 2007). Apo6s a invasao as células do
hospedeiro, os taquizoitos se multiplicam por endodiogenia, no interior de seus vacuolos
parasitéforos. O citoplasma torna-se repleto de taquizoitos a ponto de eclodir e provocar a
liberacdo dos taquizoitos, que invadem as células contiguas ou sdo fagocitadas. Esta
multiplicacdo favorece a infecgdo em diversos locais do organismo, como o SNC, olhos,
musculatura esquelética, cardiaca e a placenta (HOWE e SIBLEY, 1995; BARRAGAN e
SIBLEY, 2003).

A forma de resisténcia do T. gondii nos tecidos é o cisto contendo bradizoitos (do
Grego brady = lento), sendo os principais sitios de infeccdo o miocardio, cérebro e
musculatura esquelética (FRENKEL 1973; REMINGTON e CAVANAUGER 1965). Os
bradizoitos incidem na fase cronica da infeccdo e diferem morfologicamente pouco dos
taquizoitos (Figura 2B). Na fase crbnica, a multiplicacdo do parasito diminui de forma
acentuada e a infec¢do é mantida por um longo periodo na forma latente através da formagéo
de cistos teciduais repletos de bradizoitos (DUBEY, 1998).
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Figura 2- Morfologia de taquizoito (A) e bradizoito (B) de T.gondii. Adaptado
de DUBEY, (1998).

Um aspecto importante do cisto € uma possivel reativacdo da infeccdo, causada pela
liberacdo de bradizoitos, que se transformam em taquizoitos e promovem uma nova infec¢do
(WEISS e KIM, 2007). A reativacdo da infeccdo latente por T. gondii pode ocorrer em varios
tecidos, mas o mais importante clinicamente é o SNC, pelo risco do desenvolvimento de
encefalite (REMINGTON, 2001; CARRUTHERS, 2002). Na infeccdo latente, os cistos
teciduais crescem conforme os bradizoitos véo se dividindo por endodiogenia (FERGUSON e
HUTCHISON, 1987a; 1987b), variando de acordo com seus tamanhos sendo que cistos
jovens tendem a ser menores (cerca de 5 um), contendo um a dois bradizoitos, ao passo que
cistos mais velhos podem conter centenas de bradizoitos (DUBEY, 1998). No tecido cerebral,
os cistos teciduais sdo geralmente esferoidais e raramente atingem 70 pum de diametros
(Figura 3A), enquanto 0s cistos intramusculares sdo alongados e podem atingir até 100 pm
(Figura 3B) (DUBEY, 1977; DUBEY,1993).
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Figura 3- Cistos teciduais de T. gondii. (A) cisto cerebral; (B) cisto muscular.
Adaptado de HILL e DUBEY (2002).

Embora os cistos teciduais possam se desenvolver em drgdos viscerais, incluindo
pulmdes, figado e rins, eles sdo mais prevalentes nos tecidos neuronais e musculares,
incluindo cérebro, olhos, masculos esqueléticos e cardiacos (DUBEY, 1993). A forma de
estagio de cistos teciduais de T. gondii € o principal responsavel pela transmissdo da
toxoplasmose de animais para humanos através da ingestdo de carne crua ou mal cozida
(AMATO NETO et al., 1995).

A (ltima forma de estagio de T. gondii sdo os oocistos. Oocistos ndo esporulados
(Figura 4A) possuem aspectos subesféricos a esféricos e medindo de 10 a 12 pm de didmetro.
Enguanto, os oocistos esporulados (Figura 4B) apresentam aspectos subesféricos a elipticos e
medem 11 a 13 um de didmetro. Cada oocisto contem dois esporocistos elipticos, medindo de
6 a 8 um. Os oocistos séo resistentes a varios processos de inativacéo, permanecendo vidveis
apos contato com agentes quimicos como &cido sulfdrico 2% ou em dicromato de potassio a
2,5%. Os oocistos infectantes do parasito podem estar presentes nos alimentos e na agua, e
conforme Dubey (1998) podem sobreviver a uma temperatura de —20°C por até 28 dias, e até

360 dias a uma temperatura de 37°C.
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Figura 4 - Oocistos de T. gondii. (A) Oocisto ndo esporulado; (B) oocisto esporulado
contendo dois esporocistos (flechas). Adaptado de DUBEY, (2010).

O ciclo bioldgico do T. gondii é do tipo heteroxeno, ocorrendo em duas fases distintas
conforme demonstrado na Figura 5. A fase sexuada é enteroepitelial e ocorre apenas no
hospedeiro definitivo (HD), sendo o HD membros da familia Felidae (FRENKEL et al.,
1975). Enquanto a fase assexuada acontece na face extraintestinal em tecidos do hospedeiro
intermediario (HI), esses podem ser qualquer animal de sangue quente incluindo o homem
(BLACK e BOOTHROYD, 2000; DUBEY, 2002).

Os esporozoitos, bradizoitos ou taquizoitos, ao penetrarem no epitélio intestinal dos
felideos, sofrem um processo de multiplicacdo por endodiogenia e merogonia, dando origem a
varios merozoitos. O rompimento da célula parasitada libera 0s merozoitos que penetram em
novas células epiteliais e se transformam nas formas sexuadas, os gametdcitos, que, ap6s 0
processo de maturacdo, formam os gametas masculinos (microgametas) e/ou 0s gametas
femininos (macrogametas). O macrogameta (imével) permanece dentro de uma célula
epitelial, enquanto os microgametas (mdveis e flagelados) saem de sua célula e fecundam o
macrogameta, formando o ovo ou zigoto. Este evolui dentro do epitélio formando uma parede
externa dupla, dando origem ao oocisto (WEISS e KIM, 2007). Os oocistos nao esporulados
(Figura 5) sdo eliminados junto as fezes, portanto a esporulagdo ocorre no ambiente, em
média de um a cinco dias apds a excrecdo, estando dependente da temperatura e umidade
(DUBEY, 1998).

Os HI, como o homem, por exemplo, podem adquirir a infecgdo pela ingestdo de
oocistos esporulados presentes em alimentos e agua contaminados, caixas de areia, ingestdo

de cistos contendo bradizoitos em carne crua ou mal cozida e ingestdo de taquizoitos em
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liquidos bioldgicos (leite, saliva e esperma) (Figura 5). Além disso, as formas acidentais de
contaminag¢do por auto-inoculacdo, transplante de 6érgdos e transmissdo congénita podem
ocorrer (BLACK e BOOTHROYD, 2000).

Toxoplasmose
congenita fase aguda

(\‘:"/ () : >
Fetus é
& fase cronica
taquizdito

Tllll

cslulas
epitaliais
intastinaiy

cisto contendo
oocistos - carne crua

oocisto nio esporulado

Hospedeiro intermediirio - ciclo assexuado Hospedeiro definitivo - ciclo sexuado

Figura 5- Representacdo do ciclo bioldgico de T. gondii. O ciclo bioldgico ocorre em duas
fases, a sexuada no HD e assexuada no HI. Oocistos ndo esporulados sdo eliminados através
das fezes de felideos, sofrem esporulacdo no ambiente e podem contaminar dgua e alimentos.
Uma vez ingerido cistos contendo bradizoitos, homem e animal adquirem a toxoplasmose.
Adaptado de http://pixshark.com/toxoplasma-gondii-morphology.htm. Acesso em 03 de
janeiro de 2015(modificado).

Apesar da presenca de um ciclo sexuado, o T. gondii possui um gendtipo
numericamente pequeno e estavel (KHAN et al., 2011). Essa estabilidade pode ser explicada
por dois aspectos principais: (1) o fato do T. gondii ser haploide, permitindo que um felino
infectado por uma Unica cepa excrete oocistos que dardo origem a microrganismos
geneticamente idénticos a cepa original (Il) a possibilidade de transmissdo através do
carnivorismo acaba por dispensar o ciclo sexuado (BOOTHROYD e GRIGG, 2002).
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Inicialmente a caracterizacdo genotipica da populacdo de T. gondii por PCR-RFLP
(Polymerase Chain Reaction - Restriction Fragment Length Polymorfism) revelou o
predominio de trés linhagens clonais designadas como cepas tipo I, Il e 1l (HOWE e
SIBLEY, 1995; DARDE et al., 2003; FERREIRA et al., 2004). Essa tipagem genética, capaz
de diferenciar os trés principais genotipos de T. gondii, baseou-se principalmente em
pacientes soropositivos e cepas isoladas na Europa e nos Estados Unidos da América.
Entretanto, Khan et al., (2011) relataram uma quarta linhagem na América do Norte, referindo
esta como “tipo 127, até entdo, sem grandes classificagdes patofisiologicas.

Segundo Howe e Sibley (1995), as cepas de T. gondii classificadas como tipo I,
incluem as RH, CAST e VEL. Estas linhagens sdo altamente virulentas e normalmente
associadas a casos humanos de toxoplasmose aguda. O genotipo tipo 11, ME49, por exemplo,
é predominante em pacientes com Sindrome da Imunodeficiéncia Adquirida (AIDS) em casos
de toxoplasmose ocular e congénita em humanos. A ME49 é menos virulenta que a cepa RH,
porém pode levar a uma maior incidéncia de mortalidade dependendo da carga parasitaria e
resposta imune do hospedeiro. Cepas do tipo Ill, como a VEG, sdo consideradas
moderadamente virulentas e mais comumente encontradas em animais. O gendtipo 11l é
geralmente sintomatico em humano e responsavel por infec¢fes cronicas e assintomaticas em
animais.

A cepa VEG, tipo Il utilizada neste estudo, tem sido empregada em estudos
relacionados a infeccdo latente, ja que sdo caracterizadas por uma menor patogenicidade e
pela formacdo de cistos (ROOS et al., 1994). Tendo em vista que ndo existem quimioterapicos
disponiveis para eliminacdo de cistos teciduais, os processos que levam a cronificacdo e
aspectos patofisioldgicos envolvidos por essa linhagem, merecem ser estudados. Em contato
com o sistema imune, a cepa VEG induz a diferenciacdo dos taquizoitos em bradizoitos, os
quais geralmente se encontram na forma latente interior de cistos teciduais. Com a presenca
do parasito no SNC, alteracbes comportamentais podem ocorrer (SILVA et al., 2010;
GATKOWSKA et al., 2012).

Estudos experimentais em diferentes espécies de roedores revelaram que oS
mecanismos de transmissdo e intensidade das lesdes resultantes da toxoplasmose estdo
associados a alteracbes comportamentais do hospedeiro frente ao parasito (CORREA et al.,
2014). Cox e Holland (2001) relataram que camundongos infectados com T. gondii
apresentam uma maior ansiedade, o que aumenta o fator de inibicdo destes animais deixando-

0S mais susceptiveis a predacédo e a transmissao da zoonose aos felideos.
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Recentemente, estudos demonstraram uma relacdo direta em pacientes infectados por
T. gondii a alteracdo obsessiva compulsiva (SOLEIMANI et al., 2011), depressdo (GROER et
al., 2011), comportamento suicida (PETERSEN et al., 2012) e até mesmo esquizofrenia
(TORREY et al., 2012). A passagem de taquizoitos pela barreira hematoencefalica (BHE)
envolve a interacdo do antigeno parasitario MIC2 com moléculas de adesdo intracelular
(ICAM-1) da célula hospedeira, processo referido como transmigragéo paracelular (HARKER
etal., 2014; HSU et al., 2014).

ApOls esse processo, 0s taquizoitos se dirigem da corrente sanguinea para regides
especificas cerebrais. Estudos demonstraram que algumas regifes cerebrais exibiram maior
densidade e numero de cistos teciduais do que outras tais como: regides parietal e frontal
(bulbo olfatério, o cortex entorrinal, cortex somatossensorial), hipocampo e amigdala, areas
que estdo diretamente envolvidas no controle de comportamento de defesa e processamento
de emocBes (BERENREITEROVA et al., 2011). Nosso grupo de pesquisas, ja demonstrou
que as mudangcas comportamentais em animais infectados podem estar relacionadas ao
processo inflamatorio e a alteracdes nas concentracdes de neurotransmissores cerebrais, tais
como acetilcolina, éxido nitrico (ON) e adenosina (TONIN et al., 2014a; TONIN et al 2014b).

Associado ao processo de resisténcia do parasito, que ocasionalmente ao se romper,
liberam os bradizoitos que evoluem e reinfectam células vizinhas, sabe-se que a resposta
imunologica limita a progresséo da infecgdo e o desenvolvimento de novas lesbes, porém ndo
erradicam os cistos ja existentes encontrados no SNC (KAWAZOE, 2002; WEISS e KIM,
2007).

Tipicamente, a infeccdo por T. gondii, resulta na indugdo de uma resposta imunologica
celular e humoral com producdo de citocinas pro-inflamatérias e anti-inflamatérias
responsaveis pelo controle da infeccdo (KAMIYAMA e HAGIWARA, 1982; BOHNE et al.,
1993). Além disso, o T. gondii pode ser indiretamente detectado através do reconhecimento
de danos teciduais que estdo associados com a exacerbada producéo de interferon gama (INF-
7).

Assim gue o T. gondii entra em contato com as células enteroepiteliais do hospedeiro,
células dendriticas (CD) sdo produzidas em resposta ao reconhecimento de uma proteina de
superficie parasitaria — profilina, que € liberada pelo parasito e é responsavel por regular a
motilidade e invaséo do parasito na célula hospedeira (PLATNER et al., 2008).

Receptores de reconhecimento da proteina de ligac&o a actina (profilina) denominados
Toll-Like Receptors (TLR) presentes nas células dendriticas, estdo envolvidos no mecanismo

de sinalizacdo celular (HOU et al., 2011) (Figura 6). Um estudo, utilizando ratos knockout
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MYD88 (proteina 88 de diferenciacdo mieldide a resposta imune priméria) em TLR
demonstraram ter uma producéo defeituosa da interleucina-12 (IL-12) e menor liberacdo de
IFN-y apos a infecgao por T. gondii (SCANGA et al., 2002), sendo que esta observacao levou
a ideia de que a ativacdo de MYD88 por TRL em CDs conduz a ativacdo de 1L-12.

Mecanismos moleculares e de resposta imune inata, revelaram que TRLs tipo 11 e 12
(TRL11 e TRL12), presente em animais e humanos respectivamente, estdo envolvidos na
resposta imune inata contra T. gondii através do reconhecimento da profilina liberada pelo
parasito (YAROVINSKY et al., 2006). A MYD88 na presenca de IRF8 induz a transcri¢éo da
IL-12 nas CDs (Figura 6 e 7A).

Figura 6- Toll-like Receptors (TLR11) (TLR12) sdo os principais receptores de
reconhecimento para a proteina profilina liberada por T. gondii. TRL11 e TRL12
ativam uma via de sinalizacdo de MYD88 dependente de IRF8 para expressar a
producéo de IL-12 em células dendriticas (CDs). Adaptado de YAROVINSKY
et al. (2014).

Os macrofagos e CDs também séo capazes de produzir 1L-12, porém sua capacidade
de resposta ocorre apds a estimulagédo pelo IFN-y. Como células apresentadoras de antigenos,
0s macrdfagos produzem IL-12 em resposta a antigenos liberados por taquizoitos (Figura 7B).

A IL-12 estimula as células natural Killer (NK), responsaveis por induzir a lise celular e a
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secretar INF-y, o qual induz a diferenciacdo de linfécitos T CD4" na subpopulagdo Thl
produtora de IL-2 e IFN-y (Figura 7C).

A resposta imune pro-inflamatdria, caracterizada por um perfil Thl, é efetiva no
controle de taquizoitos, entretanto, ela pode ser danosa ao hospedeiro, devido principalmente
a alta producgdo de INF-y que acaba por lesar os tecidos infectados. Desse modo, ¢ necessaria
a acdo de mecanismos imunomoduladores para o estabelecimento de um balanco entre um
perfil de resposta Thl e Th2. Esse balanco é mediado pela interleucina-10 (IL-10), a qual é
produzida por alguns tipos celulares em locais com alta carga parasitaria. A IL-10 apresenta
efeitos inibitdrios sobre a producdo de IFN-y por células NK, linfécitos T, sobre macréfagos
ativados, sobre a diferenciacdo de clones Thl de células T e sobre a produgdo de IL-12 por
macrofagos e CDs (GAZZINELLI et al., 1996). A IL-12 estimula também a producéo de IFN-
vy por linfécitos T CD8*, 0s quais apresentam atividade citotoxica, induzindo a lise de células
infectadas com consequente liberacdo de taquizoitos (Figura 7D) (ALIBERTI, 2005;
MENZIES et al., 2008; MILLER et al., 2009).

Como células efetoras, os macréfagos inibem a replicacdo do T. gondii pela producao
de espécies reativas ao oxigénio (ERO), como o 6xido nitrico, uma molécula antimicrobiana
secretada pelo epitélio intestinal do hospedeiro que bloqueia o metabolismo do parasito,
impedindo assim sua sobrevivéncia. Os macrdfagos ativados por taquizoitos de T. gondii
secretam ainda altos niveis de fator de necrose tumoral (TNF-a), que possui atividades
microcidas (HEGAB e AL-MUTAWA, 2003; MENZIES et al., 2008; MILLER et al., 2009).
Ativados pelo IFN-y, os macrofagos desempenham dois papeis importantes na célula do
hospedeiro: (I) privacdo do triptofano, um aminoéacido essencial para o crescimento do
parasito, através da inibicdo da indoleamina 2,3-dioxigenase (IDO) (Figura 7E); (lI)
estimulacdo da isoforma Il (ou oOxido nitrico-sintase induzida [iNOS]) da enzima Oxido
Nitrico-Sintase (NOS) (Figura 7E) (PEFEFFERKON, 1984) .

A inducdo da iNOS leva a uma producdo de espécies reativas de nitrogénio, toxicas
aos bradizoitos de T. gondii que acabam por atacar o vactolo parasitéforo. Neste ponto, um
mecanismo compensatorio, ou de feedback positivo se forma, pois estes macrofagos ativados
pelo INF-y, sintetizam o TNF-o, que por sua vez, aumentam a producdo de iNOS
(LIESENFELD et al., 1999). Porém, esses mecanismos de ativacdo e auto-regulacdo podem
levar a uma superprodugdo de ON, INF-y e TNF-o, contribuindo para uma situacdo de
inflamacdo exacerbada no tecido epitelial intestinal, que quando foge do controle, pode
contribuir com a morte do hospedeiro (LIESENFELD et al., 1999).
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Figura 7- Mecanismos de defesa do hospedeiro frente a infec¢do por T. gondii. Adaptado
de YAROVINSKY, (2014). Assim que o T. gondii entra em contato com as células
epiteliais do hospedeiro uma proteina (profilina) é liberada pelo parasito. A profilina é
reconhecida pelos receptores TLR 11 e/ou TRL 12 das CDs. As CDs ativadas, secretam IL-
12 (A) a qual, estimula as células NK a apresentar para as células TCD4* e produzir INF-y
(C) que levara a apoptose do parasito. As CDs infectadas apresentam o antigeno parasitario
para as células TCD8", que ira produzir IL-10 (D). Uma vez infectados pelos taquizoitos o
INF-y ativa os macrofagos (B). Macrdfagos ativados, podem responder estimulando as
enzimas IDO ou INOS (E) a privacdo do triptofano essencial ao desenvolvimento do
parasito ou a producdo de ON levando a destruicdo do vacuolo parasitéforo.

De modo geral, os mecanismos de defesa imunoldgica exercidos pelas células imunes
contra o T. gondii acaba por levar ao estresse oxidativo. O estresse oxidativo € descrito como
um desequilibrio entre a producdo de EROs e a capacidade antioxidante, desencadeando um
papel importante na apoptose do parasito conforme ja relatado por Elsheika et al. (2009).

Existe ainda outro mecanismo de feedback positivo pelo qual as células intestinais
(CEls) do hospeiro secreta citocinas inflamatérias como IL-1, IL-3, IL-6, IL-8, IL-10 e 0

TNF-a que atuam contra o T. gondii. Essas por sua vez, recrutam mais células
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polimorfonucleares (PMNSs), tais como macrdfagos, para os locais de infeccdo (KELLY et al.,
2005). Uma vez recrutados, os PMNs podem participar na atracdo e migracdo de outras
células imunes, tais como as CDs, as quais geralmente participam servindo como um link a
resposta imune inata e adaptativa contra o T. gondii (WEISS e KIM, 2007).

As CDs (ALIBERTI et al., 2003), produzem também IL-12 em resposta a infec¢do por
T. gondii, desempenhando um importante papel na imunidade celular em resposta a patégenos
intracelulares, e na resposta imune celular. A interacdo de antigenos do parasito via receptor
de quimiocinas CCR5 (C-C chemokine receptor-5) induz a sintese de IL-12, que, por
conseguinte, acaba estimulando a sintese de INF-y pelas células NKs e linfdcitos T durante a
infeccdo pelo T. gondii (SHER et al., 2003).

Desde que os mecanismos de infec¢do e resposta imunoldgica foram reconhecidos,
uma pequena variedade de quimioterapicos estdo disponiveis para o tratamento da
toxoplasmose. Segundo a World Health Organization (WHO), desde 1999, os tratamentos em
casos de toxoplasmose congénita incluem dois protocolos terapéuticos amplamente utilizados,
com pequenas modifica¢Ges nas doses e tempo de administracdo dos quimioterapicos.

O tratamento de criangas infectadas congenitamente ou em gestantes consiste na
combinacdo de pirimetamina e sulfadiazina ou clindamicina, acrescido folinato de célcio
(PETERSEN 2007). Ambas as drogas, pirimetamina e sulfadiazina, sdo antagonistas do
folato, e atuam inibindo a duplicacio do DNA (acido desoxirribonucleico) e a enzima
dihidrofosfato redutase. A clindamicina, por sua vez ¢ um macrolideo que apresenta efeitos
toxicos ao parasito através da ligacdo a acucares presentes na membrana celular, além de
inibir a sintese proteica (WHO, 1999). A tabela a seguir (Tabela 1), demonstra tratamento
para infeccdo por T. gondii em mulheres gestantes em diferentes estagios da gestacdo, bem
como a indicacdo de tratamento para a toxoplasmose congénita segundo REMINGTON et al.
(2001).
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Tabela 1- Modelo de tratamento em infec¢do por T. gondii em mulheres gestantes e na
infeccdo congénita.

Manifestacio da Infeccio Medicacio Dosagem Duracao da Terapia

I o/kg de peso N
ALé mleccio letal

Toxoplasmose materna aguda Espiramicina corporal a cada 8h
documentada ou

antes das refeicoes
excluida aé

50 mg/kg de peso 21 semianas, se
Pirimetamina corporal duas vezes ao documentada,
= dia durante 2 dias alternando
mensalmente com
] - 75 ma/ke por 2 dias pirimetamina, ic,
Infecgao fetal confirmada Sulladiazina dividido em 2 doses [folinico e sulfadinziana
a
10-20 mg/kg de peso | Durante uma semana
Acido Folinico corporal apos tratamento com

diariamente pirimetamina

(Adaptada de REMINGTON et al., 2001)

Em mulheres gravidas, o uso de espiramicina também é recomendado. Este
quimioterapico atua inibindo a sintese proteica do parasito e é ainda, capaz de atravessar a
barreira transplacentaria atuando na reducdo da transmissdo materno-fetal (REMINGTON et
al., 2001; KATZUNG, 2006). Similarmente como a maioria das drogas anti-T. gondii, a
espiramicina atua somente nas formas taquizoito do parasito (GRUJIC et al., 2005) e apesar
de reduzir a frequéncia da transmisséo, esse quimioterapico ndo altera a patologia da infeccéo
fetal.

De modo geral, os quimioterapicos podem penetrar no fluido cerebrospinal, em
concentragdes terapeuticamente ativas, causando mielosupresséo, devido a isso, as gestantes
sdo orientadas a consumir o folinato de célcio, um bloqueador do folato (PETERSEN 2007).
Além disso, as doses relativamente altas utilizadas podem, no entanto, conduzir a toxicidades,
leucopenia, trombocitopenia e erupgdes cutaneas (LOPES et al., 2007) aumentando os efeitos
colaterais ocasionados por esses quimioterapicos.

Entretanto, estudos revelaram que quando o0 quimioterapico € associado a
antioxidantes, h& um aumento na eficicia terapéutica e reducdo nos marcadores de lesdo
celular quando comparado aos animais somente tratados com o quimioterapico isolado
(NOBREGA, 1991). Diante da potencial gravidade das manifestacdes da toxoplasmose em
imunodeprimidos e gestantes, bem como defeitos congénitos e toxicidade ocasionada pelos

guimioterapicos disponiveis, se faz necessario a busca por novas drogas capazes de minimizar
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os efeitos colaterais e de combater o parasito, nesse estudo utilizamos o resveratrol, um
composto natural com propriedades antioxidantes ja bem elucidadas.

O resveratrol (3,5,4'-trihidroxiestilbeno) é um polifenol presente nas uvas, frutas
vermelhas e amendoim. O resveratrol foi isolado pela primeira vez em 1940 de um heléboro
branco (Veratrum grandiflorum O. Loes) (TAKAOKA, 1940). Inicialmente caracterizado
como uma fitoalexina (LANGCAKE e PRYCE, 1976), o resveratrol atraiu pouco interesse até
1992, quando foi postulado para explicar alguns dos efeitos cardioprotetores do vinho
vermelho sobre populacdo francesa. Mais tarde, o composto foi nhovamente isolado da raiz de
Polygonum cuspidatum, uma planta usada na medicina tradicional chinesa e japonesa
(VASTANO et al., 2000).

Desde entdo, dezenas de estudos revelam que o resveratrol é capaz de prevenir ou
retardar a progressao de uma grande variedade de doencas, incluindo cancer (JANG et al.,
1997; SLOWING et al., 1997; GESCHER et al., 2013), doencas cardiovasculares
(BRADAMANTE et al., 2004) lesGes isquémicas (WANG et al., 2002; SINHA et al., 2002)
bem como aumentar a resisténcia ao estresse e estender os tempos de vida de organismos
como as leveduras (VALENZANO et al., 2006).

O resveratrol é uma fitoalexina da classe dos estilbenos com uma estrutura quimica
constituida por dois anéis (KING et al., 2005). Este composto é sintetizado praticamente na
casca das uvas, onde é formado a partir da condensacdo de trés moléculas de malonil-CoA e
uma molécula de p-coumaroil-CoA, em uma reacdo catalisada pela enzima resveratrol sintase
(KIM et al., 2006). Esta estrutura é sintetizada naturalmente sob duas formas isémeras: trans e
cis-resveratrol. O isdbmero trans é encontrado em maiores quantidades, e é responsavel pelos

efeitos bioldgicos do resveratrol.
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Figura 8 - Sintese do resveratrol (A), isdbmeros trans e cis-resveratrol (B). Adaptado de
BAUR e SINCLAIR (2006).

O resveratrol possui uma variedade de propriedades biolégicas e farmacologicas
estabelecidas que contribui para seus efeitos benéficos na prevencao e tratamento de diversas
patologias (FREMON et al., 2000; KING et al., 2006; SAIKO et al., 2008). Uma das mais
conhecidas e importantes propriedades do resveratrol é sua alta capacidade antioxidante,
atenuando os efeitos das EROs no organismo (FRABRIS et al., 2008). Tal propriedade esta
associada a estrutura quimica deste composto (KING et al., 2005), pois os grupos hidroxilas
dos anéis fendlicos do resveratrol agem como doadores de elétrons, sendo responsaveis pela
capacidade de sequestrar e neutralizar o radical hidroxil e o &nion superdxido prevenindo
dessa forma a peroxidacao lipidica das membranas, oxidacdo proteica e danos ao DNA celular
(MOKINI et al., 2007).

Estudos demonstram que o resveratrol é capaz de aumentar a atividade de enzimas
envolvidas no estresse oxidativo como a superoxido dismutase, catalase e glutationa
peroxidase (SCHMATZ et al., 2012). O resveratrol também aumenta a atividade da SIRT
(um membro da familia da nicotinamida adenina dinucleétido desacetilases-dependente),
resultando em maior resisténcia ao estresse celular (HOWITZ et al., 2003).

Além das propriedades antioxidantes, o resveratrol & um importante neuroprotetor em
condicgdes de injuria cerebral e nos processos neurodegenerativos (ANEKONDA, 2006). De
fato, o resveratrol tem mostrado seu efeito neuroprotetor com reducdo de lesGes neuronais
(GAO et al., 2006). Em nivel de SNC, o resveratrol mostrou-se eficiente na prevencdo de

déficits de memaria em modelos experimentais de Alzheimer (SAIKO et al., 2008), uma vez
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que devido a sua elevada solubilidade lipidica é capaz de atravessar a BHE e incorporar-se no
tecido cerebral (WANG et al., 2002; JANNIN et al., 2004) contribuindo para seu efeito
neuroprotetor.

Aliado a atividade antioxidante, o resveratrol possui efeitos anti-inflamatorios inibindo
a oxidacdo da lipoproteina de baixa densidade humana e reduzindo a atividade da iNOS
(KING et al., 2005; BAUR e SINCLAIR, 2006). Huang et al. (2011) demonstraram que 0
resveratrol protegeu a neurotoxicidade induzida por peptideo AP, € 0 mecanismo parece estar
envolvido pela supressdo da INOS. O resveratrol acaba estimulando a expressdo de NO
tecidual por um mecanismo de fosforilagdo levando ao efeito protetor com relaxamento
endotelial (KLINGE et al., 2008).

Apesar dos inimeros efeitos do resveratrol, seu rapido metabolismo e baixa absor¢édo
impedem que o composto exerca com integridade seu potencial. A absorcdo do resveratrol em
ratos foi descrita pela primeira vez em 1996 (BERTELLI et al., 1996). Mas pouco se sabia
sobre o destino metabdlico do resveratrol. No entanto, no inicio dos anos 2000 um impulso de
estudos relacionados a absor¢do do resveratrol em roedores levou a uma melhor compreenséo
do verdadeiro metabolismo do resveratrol (ANDLAUER et al., 2000).

Os resultados de estudos farmacocinéticos indicam que a biodisponibilidade oral do
resveratrol é quase nula, o que pGe em ddvida a relevancia fisioldgica e as altas concentracdes
normalmente utilizadas para experimentos in vitro (WENZEL e SOMOZA, 2005). Estes
resultados sugerem que, enquanto a absorcdo de resveratrol ndo é afetada pela dose
administrada, a conversdao metabdlica do composto é saturavel a medida que a dose €
aumentada. Sendo assim, uma percentagem mais elevada é excretada inalterada na urina, de
modo que baixas concentracdes de resveratrol séo indicadas como tratamento. Segundo Walle
et al. (2004), cerca de 70% do resveratrol administrado é absorvido, porém a maior parte dele
é convertido nos seus conjugados, sulfato e glicuronideo-resveratol, revelando assim, baixa
biodisponibilidade tecidual. Além disso, o resveratrol tem uma meia-vida inicial curta de
aproximadamente 8-14 minutos e rapidamente é metabolizado (BAUR e SINCLAIR, 2006).

Absorvido no intestino por transporte passivo, a maior parte do resveratrol é
metabolizado no figado. As investigacfes sobre o metabolismo do resveratrol in vivo em
modelos de roedores mostraram ser o figado o principal local de acumulacdo para o
resveratrol e seus metabolitos (SALE et al., 2004). Em individuos saudaveis, a excrecao renal
do resveratrol variou 26-34% nas doses compreendidas entre 1 e 0,5 mg kg (WALLE et al.,
2004).
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Em ensaios experimentais, o resveratrol tem sido utilizado na sua forma livre, quer
como um sélido, em céapsulas ou dissolvido em diferentes veiculos, sendo os mais comuns
etanol e agua por apresentarem efeito ja bem reconhecido (AMRI et al., 2012). Enquanto as
formas sélidas apresentam baixa hidrosolubilidade, o uso de excipientes acaba sendo a opcao
de escolha, porém mais fica mais susceptivel a acdo fotoluminosa. Nos Gltimos anos, diversos
estudos concentraram-se em novas abordagens de formulagdo para estabilizar e proteger o
resveratrol contra a degradacdo, aumentar a sua solubilidade em agua, a fim de melhorar a sua
biodisponibilidade e atingir locais especificos, como 0 SNC.

Nesse sentido, inumeros transportadores coloidais com auxilio da nanotecnologia ja
foram utilizados, dentre eles os complexos de inclusdo. Nam et al. (2005) utilizaram
microesferas poliméricas, denominadas de nanocapsulas, como material de apoio para a
estabilizacdo e preservacdo de resveratrol. A atividade antioxidante do resveratrol foi
preservada em mais de 93% em relacdo a formulagdo livre de resveratrol. Da mesma forma,
Shi et al. (2008) utilizaram o resveratrol de forma encapsulada em cultura de levedura
Saccharomyces cerevisiae. A formulacdo mostrou uma menor fotodecomposicao, assim como
eliminacdo de radicais livres.

A complexacdo do resveratrol com hidroxipropil-B-Ciclodextrina (HP-p-CD) é uma
opcéo capaz de contornar a solubilidade limitada em &gua do resveratrol pela formacdo de
uma inclusdo com uma lipoxigenase (LU et al., 2009). Apds estudos, pesquisadores
concluiram que os B-CD podem ser utilizados como sistemas de transporte, uma vez que eles
atuam como um reservatério de forma controlada. Além disso, a utilizacdo de trans-
resveratrol B-CD desacelera o metabolismo no figado e a eliminacéo pelos rins, melhorando
assim sua biodisponibilidade (LOPEZ-NICOLAS et al., 2006)

Contudo, o desenvolvimento de formulagdes com caracteristicas de liberacdo
sustentada que podem, eventualmente, transportar e entregar o resveratrol para locais
especificos € uma estratégia promissora abordada através de transportadores coloidais em
escala manometrica (WATAL et al.,, 2013; MUSYANOVCH e LANDFESTER, 2014)
Investigar novas alternativas terapéuticas, bem como associar quimioterapia convencional a
um composto natural com alto potencial antioxidante podera contribuir no tratamento da

toxoplasmose.
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2. OBJETIVOS

2.1 Objetivo geral

O objetivo desse trabalho foi investigar os beneficios do tratamento quimioterapico a
base de sulfametoxazol-trimetropim associado ao resveratrol sobre parametros
comportamentais e de memoria, perfil oxidativo/antioxidante, contagem de cistos cerebrais e

niveis de citocinas em camundongos infectados experimentalmente com Toxoplasma gondii.

2.2 Objetivos especificos

e Analisar 0s parametros comportamentais de esquiva inibitdria, campo aberto e
sensibilidade ao choque, em camundongos controles e camundongos infectados com T.
gondii e/ou tratados com resveratrol nas formas livre, complexo de incluséo e associado ao

sulfametoxazol-trimetropim;

e Verificar o perfil oxidativo e o status antioxidante em figado e cérebro de camundongos
controles e infectados com T. gondii e/ou tratados com resveratrol livre, complexo de

incluséo e associado ao sulfametoxazol-trimetropim;

e Quantificar o numero de cistos cerebrais em camundongos infectados com T. gondii e/ou
tratados com resveratrol livre, complexo de inclusdo e associado ao sufametoxazol-

trimetropim;

e Analisar histologicamente figado de camundongos controles e infectados com T. gondii
e/ou tratados com resveratrol livre, complexo de inclusdo e associado ao sulfametoxazol-

trimetropim;

e Determinar o nivel de citocinas em soro de camundongos controles e infectados com T.
gondii e/ou tratados com resveratrol livre, complexo de inclusdo e associado ao

sulfametoxazol-trimetropim.
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3. MANUSCRITOS

3.1 Manuscrito 1:

Efeito do sulfamethoxazol-trimetropim associado ao resveratrol no tratamento de
camundongos infectados por Toxoplasma gondii

Submetido a revista: Parasitology International
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Abstract

This study aimed to investigate the effects of resveratrol associated with sulfamethoxazole-
trimethoprim (ST) to treat mice experimentally infected by Toxoplasma gondii considering
infection, behavior, and oxidative profile aspects. For the study, 60 mice were initially divided
into two groups: uninfected (n=24) and infected by T. gondii (n=36). These two groups were
later subdivided into groups and treated with resveratrol (free and inclusion complex
containing resveratrol) alone and associated with ST: the groups A to D were composed by
healthy mice and the groups E to J were consisted of animals infected by T. gondii (VEG
strain). Treatments began 20 days post-infection for 10 consecutive days with oral doses of
0.5 mg kg? of ST (groups B and F), 100 mg kg™ of free resveratrol (groups C and G) and
inclusion complex of resveratrol (inclusion complex containing resveratrol) (groups D and H),
and lastly an association of both drugs (groups I and J). Behavioral tests (memory, anxiety
and locomotion) were performed after treatment. Liver and brain fragments were collected to
evaluate pathological changes, brain cysts counts, as well as oxidant and antioxidant levels. It
was observed a reduction on the number of cysts in the brain of animals treated with both
drugs associated; there was also reduced number of lesions on both organs. This drug
association was also able to reduce oxidative and increase antioxidant levels in infected mice,
which might be interpreted as a resveratrol protective effect. In addition, treatment with ST
associated to resveratrol was able to prevent behavioral changes. Therefore, the use of both
drugs enhances the therapeutic effect acting on a synergic way, reducing the oxidizing effects

of chemical treatment for toxoplasmosis.

Keywords: T. gondii, animal behavior, resveratrol, oxidants/antioxidants.
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1. Introduction

Toxoplasma gondii is a coccidian parasite belonging to the phylum Apicomplexa,
which includes the largest and most important group of obligate parasites [1]. It has a great
capacity to parasitize various types of cells and infects almost any warm-blooded animal [2].
Humans and other animals may become infected by T. gondii by the ingestion of sporulated
oocysts shed in felines feces, which are the definitive hosts [2]. Humans can also become
infected by ingesting raw or undercooked meat from infected animals.

It is estimated that about one third of the world population is seropositive for
toxoplasmosis [3]. In the acute phase, tachyzoites rapidly invade nucleated cells and begin to
replicate. In addition, the parasite may migrate into tissues where they form cysts containing
bradyzoites [4]. The parasite can be transmitted even vertically, that is, when the tachyzoites
infects the fetus via transplacental [5].

Currently, sulfadiazine is the drug of choice to treat acute toxoplasmosis in humans.
However, this drug has some toxicity and causes side effects [6,7]. Studies show that when
this compound or similar are associated with antioxidants, there is an increased therapeutic
efficacy and a reduction in cell injury when compared to animals treated only with
chemotherapy [8]. So, resveratrol was used in this study in the search for a therapeutic drug
against toxoplasmosis that could reduce the side effects of ST.

Resveratrol (3,4 ',5-trihydroxystilbene) is a polyphenol with high antioxidant potential,
naturally found in wine, peanuts, grapes, and other fruits [9,10]. Numerous studies have
investigated the attributes of this biological compound which mainly include antioxidant and
anti-inflammatory activities, platelet anti-aggregatory effects, anti-atherogenic property,
growth inhibition activity, immunomodulation, and prevention [11]. Despite being a powerful
antioxidant, resveratrol is easily destroyed by acids and enzymes present in the digestive tract

[12]. This implies the need to develop more effective methods to deliver and metabolize this
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compound. To that end, the nanocapsules containing resveratrol can be used, as they have a
better therapeutic effect when interacting with body tissues on a specific manner with better
absorption and controlled release [13]. Based on this information one question arises: does the
association of resveratrol with sulfamethoxazole-trimethoprim leads to clinical,
immunological and biochemical improvement? Therefore, this study aimed to assess the
effects of resveratrol (free and inclusion complex containing resveratrol) associated with
sulfamethoxazole-trimethoprim in the treatment of mice experimentally infected by T. gondii

on the aspects of behavior and oxidative profile.

2. Materials and Methods
2.1. Toxoplasma gondii strain and inoculum preparation

T. gondii strain VEG previously kept in liquid nitrogen was inoculated in one mouse
(BALB/c). Thirty days later, this animal was humanely euthanized and its brain was
homogenated in saline solution. Brain cysts containing bradyzoites were collected and
inoculated orally into other five mice. This procedure was done in order to reactivate
parasite’s virulence. Twenty-five days post-infection (PI), animals were humanely euthanized
for brain collection, brain cysts counted, and the inoculum was prepared by homogenizing the

brains into saline solution.

2.2. Animal model

Sixty male Swiss mice with a mean age of 60 days weighing 25 £ 5 g were kept in
boxes with five animals each, under a 12h light/dark cycle with controlled temperature and
humidity (25°C, 70% respectively). The animals went through an adaptation period of 10

days and were fed with commercial feed and drinking water ad libitum.
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2.3. Experimental design

Firstly, 60 animals were divided into two major groups: group A-D (n=24) consisted
of healthy uninfected mice, and groups E-J (n=36) of animals infected orally with 50 cysts
containing bradyzoites of a cystogenic strain (VEG) of T. gondii. After 20 days post-infection
(PI), these two groups were divided into 10 subgroups and treatments started. The detailed
experimental design is shown in Table 1.

Treatment was given between days 20 — 29 PI. Treatments with sulfamethoxazole-
trimethoprim (ST), free and inclusion complex (ICR) containing resveratrol were
administered orally for 10 consecutive days at a dose of 0.5mg kg™ for ST; and 100 mgkg™
for free and inclusion complex of resveratrol (Table 1). The inclusion complex was provided
by the Nanotechnology Laboratory of Franciscan University Center and free resveratrol was

marketed (Sigma Aldrich).

2.4. Behavioral tests
2.4.1. Elevated plus-maze (EPM)

This test has been widely used in rodents to measure anxiety [14]. The apparatus
consist of two elevated (26 cm high) and open arms (16x5 c¢cm) positioned opposite to one
another and separated by a central platform (5x5 cm), and two arms of the same dimension
but enclosed by walls (16x5%10 cm) forming a cross. During a 5 min test period, the number
of entries either to the open or enclosed arms, plus the time spent in the open arms are
recorded. The anxiolytic effectiveness is illustrated by a significant statistical augmentation of

parameters in open arms (time and/or entries) [15]. The EPM test was performed at day 30 PI.

2.4.2. Passive avoidance task
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Long-term memory (LTM) was investigated using passive avoidance task according to
the method of Sakaguchi et al. [16], with modifications in the intensity and exposure time for
the electric shock. During the training session, each mouse was placed on the platform. An
electric shock (0.5 mA) was delivered for 2 seconds every time the animal completely stepped
on the grid floor. LTM tests (thirty days PI) were performed 24 h after training in a similar

manner.

2.4.3. Open-field test

The open-field testing apparatus was made of square plywood (40 cm x 40 cm)
surrounded by walls of 30 cm high containing marks on the floor made by tape markers, thus,
dividing each square into 9 squares (3 rows of 3). Each animal was placed individually at the
center of the apparatus and its movements (number of segments crossed with its four paws)
and exploratory activities (expressed by the number of time rearing on its hind limbs) were

observed for 4 min [17].

2.5. Sampling

Thirty-one days after the infection, the animals were anesthetized in anesthetic
chamber with isoflurane. Shortly after, the animals were euthanized by decapitation, and
fragments of liver and brain were collected. Liver fragments were sent for oxidant and
antioxidant evaluation after homogenization into appropriate volume of Tris-HCI. The liver
homogenate was centrifuged (3500 xg) and the supernatant was collected and stored at -20°C.
Liver (all animal per group) and brain (two animals per group) fragments were also separated
for histological analyses. The animal brain was removed and separated into two hemispheres.
The right hemisphere and liver fragments were homogenized in Tris-HCI buffer separately for

oxidants and antioxidants analyses (n=5 per group). The left hemisphere of the brain was
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used to count the amount of T. gondii cysts (n=5 per group). In each group, part of the brain

of two animals was used for histological study.

2.6. Counting brain cysts

In order to count the amount of T. gondii cysts, the left hemisphere of each brain was
suspended into salt solution and passed ten times through a 5mL syringe with a 22g needle
(0.9 mm). The resulting liquid was centrifuged at 3.000 rpm for 10 minutes at 4°C and the
total number of cysts on each brain was determined by microscopic reading of successive
aliquots of 500uL [18]. Results were expressed by the means, standard deviation and

confidence intervals of brain cysts counts (mean + SD).

2.7. Tissue levels of oxidant and antioxidant

Antioxidant and oxidative levels in the liver and brain (n=5 animal per group) were
determined by semi-automated methods. Protein oxidation was quantified by advanced
oxidation protein products (AOPP) according to Hanasand et al. [19] and by the total
oxidation status (TOS) according to Erel. [20] The AOPP results were expressed as pmol/g of
protein and TOS pumol H2O: equivalent of protein. Similarly, antioxidant levels were also
measured in the liver and brain. The total antioxidant capacity (TAC) was performed
according to the technique described by Erel [21] and the determination of the ferric reducing
antioxidant power (FRAP) as described by Benzie and Strain [22]. The results for TAC were

expressed in mmol Trolox equivalent/g of protein and FRAP pumol/g of protein.

2.8. Liver histopathology
After euthanasia, liver fragments (all mice per group) and one right hemisphere and

one left (two mice per group) were collected and stored in formalin 10% for histopathological



44

examinations. Sagittal sections were collected with an interval of 3 mm between the regions

for slide mounting, and stained with hematoxylin and eosin.

2.10. Statistical analysis
Normality test was performed and since the results were not normally distributed, they
were transformed to logarithms (FRAP and TOS levels). Then, data were submitted to

analysis of variance (ANOVA) followed by Duncan test (P<0.05).

3. Results
3.1. Clinical signs

During the course of the disease, T. gondii infected mice showed clinical signs such as
bristling approximately 20 days PI. The clinical signs post-treatment remained in all infected
groups.
3.1.1 Cysts counts

Brain cyst counts are shown in Figure 1. The group E, represented by T. gondii
infected and untreated animals, showed a high number of cysts. The same finding was
observed in animals infected and treated with free resveratrol (the group G) and inclusion
complex of resveratrol (the group H). The ST treatment reduced the number of brain cysts
(the group F) but showed no statistical differences compared to the positive control (the group
E). The animals that received the combination of ST with free resveratrol (the group I) and
with inclusion complex containing resveratrol (the group J) had fewer brain cysts compared to

positive control (the group E).

3.2. Behavioral studies

3.2.1. Elevated plus maze (EPM)
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No significant behavioral differences (data not shown) between uninfected animals
(groups A to D) were observed. Thirty days after infection (after treatment), the percentage of
open arm entries of infected mice (the group E) remained higher than in the control group (the
group A). Sulfamethoxazole-trimethoprim (the group F), free resveratrol (the group G) and
inclusion complex containing resveratrol (the group H) treatments did not reverse the increase
in the percentage of open arm entries caused by infection. Combination of ST and free
resveratrol completely reduced the percentage of open arm entries caused by infection to
normal levels, while treatment with combination of ST and inclusion complex containing

resveratrol did not cause any effect (Figure 2).

3.2.2. Passive avoidance task

No significant memory differences (data not shown) between uninfected animals
(groups A to D) were observed. Thirty days Pl treatments with ST, free resveratrol and
inclusion complex containing resveratrol significantly restored the latency time that was
decreased on infected mice (Figure 3). Treatment with combination of ST and free resveratrol
partially reversed the reduction in the latency time, while treatment with ST associated to
inclusion complex containing resveratrol did not cause any effect (Figure 3).

Thirty-one days PI, in the test section, infected animals reduced latency time when
compared to the control group. Treatment with only ST and the combination of ST and free
resveratrol restored the latency time. Free resveratrol and inclusion complex containing

resveratrol treatments did not have effect on latency time in passive avoidance task (Figure 3).
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3.2.3. Open-field test
Number of crossings and rearing revealed no significant differences between the
groups (data not shown). The lack of results in the Open Field model excludes the anxiolytic

effect by repression.

3.3. Oxidants

Oxidants levels, known as AOPP and TOS, in liver and brain are shown in Table 2.
AOPP levels in the liver were reduced in the control groups and treated with ST (the group B)
and resveratrol (the group C) in relation to the group control (the group A), therefore, the
treatments used altered the antioxidant levels in healthy animals. Infected animals showed
increased levels of AOPP in the liver compared to the control group (the group A). Infected
and treated animals (groups F, G, and H) showed increased levels of TOS in the liver
compared to the control group (the group A). In the combination of free resveratrol and
inclusion complex containing resveratrol with ST (the group I) there was a reduction in the
AOPP levels in the liver, which may suggest that the association of chemical therapy presents
better results than the free form. In the brain, the AOPP did not differ statistically in
uninfected and treated animals (groups B, C and D) compared to the negative control (the
group A). TOS levels were reduced in the infected animals and treated with ST (the group F),
resveratrol (the group G) and inclusion complex containing resveratrol (the group H)
compared to the negative control (the group A). The combination of free resveratrol and
inclusion complex containing resveratrol with ST caused the levels of AOPP and TOS to

increase in both groups (the groups I and J) compared to control (the group E).

3.4. Antioxidants
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The results of antioxidant levels, markers known as TAC and FRAP, in brain and liver
are shown in Table 3. Levels of TAC in liver homogenates did not differ between healthy and
treated animals (groups A to D). The levels of FRAP in liver homogenates increased in
infected animals (group E), in infected animal treated with free resveratrol (the group G),and
animals infected but treated with ST associated with free resveratrol (the group 1) and
inclusion complex containing resveratrol (the group J) compared to control animals (the group
A).

TAC levels decreased in T. gondii infected animals that have received ST (the group
F) and inclusion complex containing resveratrol (the group G) compared to the control group
(the group E). The association of ST with inclusion complex containing resveratrol increased
the levels of TAC (the group J), but the data from animals treated with resveratrol in
combination with ST (the group I) showed no statistical differences. The levels of FRAP were
lower in all treated and infected animals (groups G, H, | and J) compared to the positive
control (the group E).

In the brain, the TAC and FRAP levels were not different in uninfected and treated
groups (groups B, C and D) and T. gondii infected treated (groups E, F, G, H) compared to
the negative control (the group A). However, the association of ST and free resveratrol (the
group 1), and ST with inclusion complex containing resveratrol (the group J) led to increased
TAC levels in the brain when compared to the control group (the group A).

Liver FRAP levels were lower in animals receiving ST (the group F) and resveratrol
(the group C) compared to the control group (the group A). The association of ST with free
resveratrol (the group I) and inclusion complex (the group J) caused decrease and increase,

respectively, on the FRAP levels compared to the control group (the group A).

3.5. Histology
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The animals used as negative control (groups A-D) showed no histological changes in
the liver, interestingly since the opposite occurred in the other infected groups. Animals in the
group E (positive control) showed random foci of necrosis and marked inflammatory infiltrate
composed of lymphocytes, plasma cells, epithelioid macrophages and adjacent fibroblasts
(granuloma), and periportal infiltration of macrophages and neutrophils (Figure 4-A). The
animals infected and treated only with ST (group F) show moderate random multifocal
lymphoplasmacytic inflammatory infiltrate in the parenchyma and portal space (Figure 4-B).
Similar changes were also observed in the animals treated with fee resveratrol and inclusion
complex containing resveratrol (groups G and H), as well as in the association with ST
(groups | and J), however, in these groups the observed inflammatory infiltrate was mild
(Figure 4-C). In all T. gondii infected groups (treated or untreated) there were parasitic cysts
(Figure 4-D), and small foci inflammatory infiltrate without apparent difference between

groups.

4. Discussion

It is well-known that latent toxoplasmosis can cause emotional and personality
changes, and intelligence impaired due to the fact that the parasite targets brain cells of the
host [23]. Therefore, the T. gondii infection in mice represents a key model for behavioral
studies. Studies suggest that T. gondii alters the behavior of rodent hosts, increasing the
chance of being predated by cats [24,25]. These findings are compatible with the results found
in this study, where animals infected by T. gondii explore the open arms more times during
the elevated cross maze test, demonstrating an anxiolytic effect as the disease progressed (30
days PI). When administering free resveratrol and inclusion complex containing resveratrol in
combination with ST, the animals reduced their anxiolytic behaviour, since they spent less

time inside the maze and went fewer times to the open arms.
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Results regarding the short and long-term memory show a significant reduction in all
animals experimentally infected by T. gondii. The observed effect may be associated with the
encysted brain area. The association of resveratrol (free or inclusion complex form) associated
with ST, lead to memory improvement, especially in the inclusion complex containing
resveratrol probably because this formulation releases the drug slowly, continuously, and in
targeted regions of the brain unlike the free form that is rapidly metabolized [26].
Sulfamethoxazole-trimethoprim, free resveratrol and inclusion complex containing resveratrol
had no isolated effect and they have not been able to reduce the number of brain cysts.

Evaluation of oxidant and antioxidant levels in the liver and brain showed that ST and
resveratrol, both in free and combined forms, were able to reduce the levels of hepatic AOPP.
This result can be explained by the cytochrome enzyme system P450 (CYP), which is
responsible for the oxidative metabolism of hundreds of drugs [27,28], among them the
sulfadiazine isoform C9. The low expression of CYP by the action of sulfa on the cytochrome
P450 is associated with decreased cell viability leading to necrosis and apoptosis [29-31]. In
the liver, resveratrol in its free form or associated to ST, and in its inclusion complex
containing resveratrol led to increased levels of AOPP, because resveratrol is a powerful
antioxidant metabolized in the hepatic cells and T. gondii infected animals are able to
synthesize reactive intermediates products (RNI) involved in parasite replication [32]. In
contrast, the inclusion complex containing resveratrol in combination with ST did not change
the values of AOPP when compared to the negative control, as demonstrated by a study by
Csiszar et al. [33] This study verified that the resveratrol is capable of preventing damage
related to oxidative stress in pathophysiological conditions, especially when encapsulated in
inclusion complex, due to its well established antioxidant action. Both associations of free and
inclusion complex containing resveratrol with ST, cause an increase in the levels of AOPP

and TOS in the brain (indicators of cell injury), which might be a result from parasite
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phagocytosis by the macrophages, since the treatment was more effective when these drugs
were associated, showing a reduced number of cysts. The increased levels of TOS in the liver
and its reduced levels in the brain are due to cellular remodeling process performed by the T.
gondii when absorbing the nutrients required for its growth, thereby reducing the availability
of amino acids in brain tissue [34]. The TAC and FRAP levels in liver and brain, respectively,
were increased in mice infected by T. gondii, which may be a consequence of oxidants
increase in this study. Another explanation, according to Kwok et al. [35] is that the parasite
has an intrinsic antioxidant system through the expression of catalase, similarly activated by
the host during oxidative response which may explain the increased antioxidant levels found
in infected animals. The free resveratrol and inclusion complex containing resveratrol,
combined with ST were also able to increase the antioxidant levels in these structures, which
is probably an antioxidant effect of resveratrol that protects the host's immune system against
the reactive species produced by T. gondii as demonstrated in the oxidants results.

A recent study by our research group found that T. gondii infection is capable of
modulating enzymatic activities (creatine kinase and acetylcholinesterase) responsible for
neurotransmitters (ATP and ACh) control in the brain. In addition, we have found that the
treatment with ST and resveratrol can reverse such enzymatic changes [36], which can be
related to mice behavioral alterations reported in this study.

This study shows benefits of the conventional chemical therapy associated with a
natural product such as resveratrol, since treated animals that have received the combination
of resveratrol with sulfamethoxazole-trimethoprim showed fewer brain cysts, and lesser
behavioral changes related to anxiety and memory impairment or absent. The treatment was
efficient to modulate the oxidative/anti-oxidant status, and to increase the levels of anti-

oxidants with a protective effect to the infected animals. Overall, it is possible to conclude
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that the suggested therapeutic protocol shows direct benefits in the treatment of toxoplasmosis

and great potential to treat the disease.
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Table 1: Description of the experimental design used in this study: number of animals and

details of treatments.

Groups  Number of mice Description of the treatments
A 06 Untreated and uninfected healthy mice (negative control)
B 06 Uninfected animals that received sulfamethoxazole-

trimethoprim (ST) orally

C 06 Uninfected animals orally treated with resveratrol on its free
form
D 06 Uninfected animals and treated orally with complex inclusion

of resveratrol (inclusion complex containing resveratrol)

E 06 Mice infected with T. gondii and untreated (positive control)
F 06 Infected animals and treated with ST

G 06 Infected animals and treated with resveratrol on its free form
H 06 Infected animals treated with complex inclusion of resveratrol

(inclusion complex containing resveratrol)

I 06 Infected animals and treated with ST associated with resveratrol
on its free form

J 06 Infected animals and treated with ST combined with complex
inclusion of resveratrol (inclusion complex containing
resveratrol)

Note: Doses of 0.5mg kg™ for ST; 100 mg kg* for free, and 100 mg kg™ complex inclusion of
resveratrol.
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Table 2: Evaluation of the oxidant level in liver and brain of mice experimentally infected
with T. gondii treated with resveratrol in its free and inclusion complex form and in

association with sulfamethoxazole-trimethoprim.

Groups AOPP TOS
(umol/g of protein) (umol H20O- Equivalent/g of protein)

Liver Brain Liver Brain
A 5.76% 14.8° 1.95¢ 5.90P
(x1.12) (x2.8) (0.09) (x2.1)
B 4.78° 12.4¢ 1.82¢ 4.29Pc
(x0.97) (x4.7) (x0.61) (x1.2)
C 5.19¢ 15.2° 2.13¢ 5.27°
(£1.32) (x2.7) (x0.72) (x1.6)
D 5.52¢ 12.5%¢ 1.97¢ 3.88¢
(£1.42) (x2.4) (£0.84) (x1.8)
E 7.03% 12.1° 3.812 4,35
(x0.68) (x1.9) (£1.02) (x0.9)
F 7.24% 10.9° 2.76 4.21bc
(x1.24) (x2.4) (x0.70) (x2.2)
G 7.882 10.6° 2.37° 5.15P
(£1.80) (x2.1) (x0.67) (x2.5)
H 6.89°¢ 11.8° 2.48b¢ 4.85P
(+0.55) (x2.5) (£1.03) (x1.3)
I 3.55f 23.92 1.63¢ 15.92
(x1.11) (£5.4) (£0.91) (x4.7)
J 6.10% 26.72 3.10% 14.82
(x1.73) (x7.1) (x0.47) (x3.1)

Note: same letters in the same column do not differ statistically from each other, 5%
(MeanzSD). Groups: A (untreated and uninfected healthy mice), B (uninfected and treated
with Sulfamethoxazole-Trimethoprim (ST)), C (uninfected and treated with Free Resveratrol
(FR)), D (uninfected and treated with Inclusion complex of Resveratrol (ICR)), E (infected
and untreated), F (infected and treated with ST), G (infected and treated with FR), H (infected
and treated with ICR), | (infected and treated with ST and FR), and J (infected and treated
with ST and ICR).



58

Table 3: Evaluation of antioxidant levels in liver and brain of mice infected experimentally
with T. gondii under resveratrol chemotherapy on its free and inclusion complex form and in

combination with sulfamethoxazole-trimethoprim.

Groups TAC FRAP
(mmol Trolox Equivalent/g of protein) (umol/g of protein)
Liver Brain Liver Brain
A 0.25¢ 0.13%¢ 72.4° 208.6%
(x0.09) (x0.06) (x12.7) (x47.3)
B 0.22¢ 0.18° 66.4¢ 217.5°
(x0.05) (x0.04) (x17.2) (£29.8)
C 0.26° 0.14° 71.6° 210.6°
(x0.07) (x0.09) (£10.4) (£52.9)
D 0.24¢ 0.12b¢ 75.4b¢ 201.3%
(x0.02) (x0.05) (£9.7) (£39.7)
E 0.59P 0.16° 99.42 190.0%d
(x0.08) (x0.06) (£17.6) (£27.6)
F 0.30¢ 0.09¢ 76.5°¢ 179.2¢
(x0.07) (x0.05) (£8.9) (£56.7)
G 0.67° 0.12b¢ 81.9° 217.7°
(x0.12) (x0.07) (£17.2) (36.4)
H 0.19¢ 0.16° 82.4° 162.5¢
(x0.06) (x0.03) (£7.8) (£57.9)
I 0.70P 0.332 50.5¢ 389.78
(x0.24) (x0.19) (£6.9) (£84.9)
J 1.822 0.252 72.9° 259.5°
(x0.51) (x0.17) (x12.4) (38.4)

Note: same letters in the same column do not differ statistically from each other, 5%
(Mean=SD). Groups: A (untreated and uninfected healthy mice), B (uninfected and treated
with Sulfamethoxazole-Trimethoprim (ST)), C (uninfected and treated with Free Resveratrol
(FR)), D (uninfected and treated with Inclusion Complex of Resveratrol (ICR)), E (infected
and untreated), F (infected and treated with ST), G (infected and treated with FR), H (infected
and treated with ICR), I (infected and treated with ST and FR), and J (infected and treated
with ST and ICR).
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Figure 1: Numbers of cysts in the brain of mice infected by T. gondii after treatment with
resveratrol free, inclusion complex containing resveratrol and in association with
sulfamethoxazole-trimethoprim. Groups: A (untreated and uninfected healthy mice), B
(uninfected and treated with Sulfamethoxazole-Trimethoprim (ST)), C (uninfected and treated
with Free Resveratrol (FR)), D (uninfected and treated with Inclusion complex of Resveratrol
(ICR)), E (infected and untreated), F (infected and treated with ST), G (infected and treated
with FR), H (infected and treated with ICR), | (infected and treated with ST and FR), and J
(infected and treated with ST and NCR). Note: Means + standart error followed by the same

letters are not statistically different (P>0.05).
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Figure 2: Behavioral assessment of mice experimentally infected with T. gondii by elevated
plus-maze. Groups: A (untreated and uninfected healthy mice), E (infected and untreated), F
(infected and treated with ST), G (infected and treated with FR), H (infected and treated with
ICR), I (infected and treated with ST and FR), and J (infected and treated with ST and ICR).
(A) effect of infection on the percentage of open arm entries and of time spent in open arms
(B). Infected mice presented an increase in the percentage of open arm entries and in time
spent in open arms (B), when compared to the non-infected mice (control group). Note:

Means£SD followed by equal letters in the same graph not statistically different (P>0.05).
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Figure 3: Behavioral assessment of mice experimentally infected with T. gondii showing
reduced latency time when compared to the control group (non-infected animals). Groups: A
(untreated and uninfected healthy mice), E (infected and untreated), F (infected and treated
with ST), G (infected and treated with FR), H (infected and treated with ICR), | (infected and
treated with ST and FR), and J (infected and treated with ST and ICR). (3A) Training (day 30
post-infection (PI)) and long-term memory (day 31 PI) (3B) of mice post-treatment with
sulfamethoxazole-trimethoprim, free and inclusion complex resveratrol and significantly
restored the latency time that was previously decreased in mice infected. Note: Means+SE

followed by by the same letters are not statistically different (P>0.05).
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Figure 4. Liver and brain histopathology of T. gondii infected mice. (A) Samples from group
E showing random foci of necrosis (*) and high inflammatory infiltrate (+ + +). (B) Animals
treated with sulfamethoxazole-trimethoprim (Group F) with moderate inflammatory
infiltration (++). (C) All animals treated with free resveratrol (Group G), inclusion complex
resveratrol (Group H) and both (Groups | and J) showing mild inflammatory infiltration (+).

(D) T. gondii cysts in mouse brain (arrow).
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Abstract. The aims of this study were to investigate the effects of resveratrol on its free form
and complexed with 2-hydroxypropyl-B-cyclodextrin (HPBCD) when associated with
sulfamethoxazole-trimethoprim (ST) on cytokines levels of mice experimentally infected by
Toxoplasma gondii. For the study, 60 mice were initially divided into two groups: uninfected
(n=24) and infected by T. gondii (n=36). These two groups were later subdivided into groups
and treated with resveratrol (free and inclusion complex containing resveratrol) alone and
associated with ST: the groups A to D were composed by healthy mice and the groups E to J
were consisted of animals infected by T. gondii (VEG strain). Treatments began 20 days post-
infection for 10 consecutive days with oral doses of 0.5 mg kg™ of ST (groups B and F), 100
mg kg of free resveratrol (groups C and G) and inclusion complex of resveratrol (inclusion
complex containing resveratrol) (groups D and H), and lastly an association of both drugs
(groups I and J). On day 31 PI, blood samples were collected in order to evaluate the cytokine
profile. The results showed that on mice of group E there was a increase (P<0.001) in the pro-
inflammatory cytokines, while IL-10 reduced when compared with group A. Additionally,
there was an increased level of IL-4 and IFN-y in animals of groups C and D, respectively
(P<0.05). Animals of group B showed reduced levels of IL-1, IL-4, IL-6, TNF-a, and IFN-y
(P<0.05). Mice infected and treated (groups F-J) showed increased levels of pro-inflammatory
cytokines along with a reduction of IL-10. Treatment with the combination of drugs (group J)
led to a protective effect, i.e. reduction in pro-inflammatory cytokines Therefore, resveratrol,
when combined with ST, was able to modulate the serum cytokines profile and moderates the

tissue inflammatory process in T. gondii infection.

Keywords: T. gondii, resveratrol, cytokines, immunomodulation.
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1. Introduction

Toxoplasma gondii is a coccidian parasite that infects almost any warm-blooded
animal [1], which includes the largest and most important group of obligate parasites [2].
Mammals may become infected by T. gondii by the ingestion of sporulated oocysts shed in
the faeces of felids, which are the definitive hosts [3]. For humans, other forms of infection
are epidemiologically important such as ingesting raw or undercooked meat from infected
animals. Thus, it is estimated that about one third of the world population is seropositive for
toxoplasmosis [4]. The treatment of choice for toxoplasmosis in humans has been
sulfadiazine, a drug that has some toxicity and causes undesirable side effects [5,6].
Synergism in association antiprotozoal and antioxidant in the treatment of toxoplasmosis was
observed, and thus increased therapeutic efficacy and a reduction in cell injury [7].

Resveratrol is a polyphenol naturally found in grapes, wine and peanuts [8,9]. It has
several biological properties, as mainly antioxidant and anti-inflammatory activities and
antiplatelet effects [10-12]. The inclusion complexes containing resveratrol can be used, as
they have a better therapeutic action when interacting with tissue-specific, better absorption
and controlled release [13], maintaining, or enhancing the same properties of the free
resveratrol.

Exacerbated inflammatory response in infection by T. gondii is widely described, and
this process is able to increase the cellular and tissue lesions. According to literature, T. gondii
infection stimulates the production of high levels of cytokines, such as IL-12 and IFN-y,
through cells of the innate immune system [14]. In a recent study, sulfadiazine and selenium
were used in association and it modulates the cytokine release in mice infected by T. gondii
[15]. Similarly, resveratrol also has immunomodulatory and anti-inflammatory properties

described [16]; thus, the objective of this study was assess the effects resveratrol in its free
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and complexed with HPBCD in association with ST on cytokine modulation, treating mice

experimentally infected with T. gondii.

2. Material and Methods
2.1. Toxoplasma gondii strain and preparation of inoculum

T. gondii, strain VEG, kept in liquid nitrogen was inoculated in one mouse (BALB/c)
and thirty days later, its brain was collected and homogenized in saline solution. Cysts
containing bradyzoites were collected and inoculated orally in other five mice. This procedure
was performed in order to reactivate the parasite virulence. Twenty-five days post-infection
(PI), the mice were euthanized for brain collection, cysts counting and preparation of

inoculum, for further experimental procedures.

2.2. Experimental design

Sixty male (BALB/c) mice with a mean age of 60 days and weighing 25 £ 5 g were
kept in boxes with five animals each, under a 12h light/dark cycle with controlled temperature
and humidity (25°C, 70% respectively). The animals went through an adaptation period of 10
days and were fed with commercial feed and drinking water ad libitum. Firstly, 60 animals
were divided into two major groups: group A-D (n=24) consisted of healthy uninfected mice,
and groups E-J (n=36) of animals infected orally with 50 cysts containing bradyzoites of a
cystogenic strain (VEG) of T. gondii. After 20 days post-infection (P1), these two groups were
divided into 10 subgroups, and began treatment for 10 consecutive days.

Animal grouping was set randomly, as follows: Animals of groups A to D were not
infected; Thus, animals of group A (n=6) did not receive any kind of treatment, representing
the negative control, while mice of group B (n=6) received sulfamethoxazole-trimethoprim

(ST) orally; Group C (n=6) and D (n=6) were orally treated with resveratrol on its free form
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(C) and resveratrol-HPBCD complex (D). On the other hand, mice from groups E to J were
infected with T. gondii, as described above. Thus, animals of group E (n=6) were untreated,
representing the positive control. The other groups, besides the infection, received different
types of treatment; Mice of group F (n=6) were treated with ST, while animals of group G
(n=6) were treated with resveratrol on its free form, and mice of group H (n=6) received
resveratrol-HPBCD complex; Animals of group | (n=6) were treated with ST in association
with free form of resveratrol; Finally, mice of group J (n=6) were treated with ST in
combination with resveratrol-HPBCD complex.

Treatments with ST, free resveratrol and resveratrol-HPBCD complex were
administered orally for 10 consecutive days at a dose of 0.5 mg kg™ (ST) and 100 mg kg*
(free and complex inclusion of resveratrol), individually (groups B, C, D, F, G and H) or in
association (groups | and J). The periods of treatment and doses were defined in a previous
pilot study. The inclusion complex was provided by the Nanotechnology Laboratory of

Franciscan University Center and free resveratrol was marketed (Sigma Aldrich).

2.3. Sampling and histological analysis

Thirty-one days after the infection, the animals were anesthetized and euthanized
according to the standard protocol approved by the Welfare Committee. Blood was collected
from all the mice, and centrifuged in order to obtain the serum. Sera samples were stored at -
20°C for further cytokine levels assessment. Additionally, fragments of liver were collected
and stored in formalin 10%, in order to perform histology. Sagittal sections were prepared
with an interval of 3 mm between the regions, for slide mounting and staining through

hematoxylin and eosin.
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2.4. Seric cytokine levels

Quantification of the following cytokines was performed: tumor necrosis factor alpha
(TNF-a), interferon gamma (INF-y), and interleukins (IL-1, IL-4, IL-6, and 1L-10) by ELISA
assay using commercial kit (Quantikine Immunoassay kits - R&D Systems, Minneapolis,

MN), according to the manufacturer’s instructions.

2.5. Statistical analysis
Normality test was performed and the results were not normally distributed were
transformed to logarithms. Then, data were submitted to analysis of variance (ANOVA)

followed by Duncan test (P<0.05).

3. Results

During the course of the disease, mice infected with T. gondii showed clinical signs
such as apathy and bristling coat, especially from the 20 days PI. The clinical signs remained
post-treatment in all infected groups. The histological analysis showed different gradients of
parasitic cyst and liver damage in infected animals, e.g: animals of group E showed random
foci of necrosis and high granulomatous inflammatory infiltrate. On the other hand, mice
groups F, G and H showed moderate random multifocal lymphoplasmacytic inflammatory
infiltration, in the parenchyma and portal space. Observing groups | and J, it was possible to
observe a milder inflammatory infiltrate, in other words, liver of animals of groups I and J had
less and smaller areas with foci of inflammatory infiltrates, when compared with group E
(Fig. 1)

The assessment of cytokines (IL-1, IL-4, IL-6, TNF-a, INF-y, and IL-10) levels is
shown in Table 1. As a general rule, there was an increase in the levels of pro-inflammatory

cytokines in infected animals (groups E to J) when compared with healthy animals (Group A).
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The opposite pattern was observed with IL-10 (anti-inflammatory cytokine), showing reduced
levels in infected animals, when compared with healthy animals (P <0.05).

Resveratrol in its free form (Group C) and resveratrol-HPBCD complex (Group D) did
not affect the majority of pro-inflammatory cytokine profile in uninfected animals, when
compared with the negative control (Group A). On group C there was a increase on TNF-a
and INF-y levels, by the other hand, the group D decrase IL-4 levels. IL-10 had an increase in
the serum of uninfected animals (Group C and D), when related to the negative control (group
A). Mice uninfected and treated with ST (Group B) showed reduced levels of IL-1, IL-4, IL-6,
TNF-a, and [FN-y, when compared with healthy animals (Group A).

Mice infected by T. gondii and treated with ST (group F) and free resveratrol (Group
G), or resveratrol-HPBCD complex (Group H), as well as with the association ST and free
resveratrol (Group 1) presented a decrease levels of pro-inflammatory cytokines, when
compared with group E. In opposition, the IL-10 significantly increase in this groups. The
association of the ST with resveratrol-HPBCD complex (group J) significantly decreased the
levels of pro-inflammatory cytokines and increased IL-10, when compared with the positive

control (group E), demonstrating a potential protective effect when in combination.

4. Discussion

T. gondii infection normally results in the induction of an immune response with
production of pro-inflammatory and anti-inflammatory cytokines, in order to cope the
infectious process [17]. Our results showed an increase in the release of pro-inflammatory
cytokines (IL-1, IL-4, IL-6, IFN-y, and TNF-a) along with a decreased release of anti-
inflammatory cytokine (IL-10) in animals infected by T. gondii. Increased levels of IFN-y and
TNF-o activates macrocytic cells, inducing an immune response of the host against the

parasite, i.e. controlling tachyzoite replication during acute and chronic phases of infection
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[18,19]. This immunological process contributes to the development of tissue injury [20], as
shown by the results of our histopathologic study on liver samples of animals infected by T.
gondii infected animals. The liver samples of these mice showed foci of necrosis and
extensive inflammatory infiltration, consisting of lymphocytes and macrophages. It is an
expected finding that probably consists in a response to tachyzoite proliferation and to the
intense mononuclear cell products [21].

Literature shows that the combination of sulfadiazine and selenium, treating mice
infected with T. gondii, also changed cytokine levels [15], similarly to our findings in this
present study. Complementing these reported results, our findings revealed that
sulfamethoxazole-trimethoprim administered to uninfected animals presented an anti-
inflammatory effect, i.e. reducing interleukins (1, 4 and 6), IFN-y, and TNF-a. Additionally, it
was observed what the treatment with ST, in infected animals (groups F, I and J), induced a
lower level of pro-inflammatory cytokines assessed in serum, when compared with infected
and untreated mice, which is similar to that reported by Barbosa et al. [15]. Therefore, the
treatment with ST, by itself, is capable of reducing cytokine levels in healthy animals, such as
mice infected with T. gondii, also leading to a mild immunosuppressive action, a fact already
describe by other authors [22,23]. There is a study reporting that the monotherapy with ST
reduced the serum levels of soluble IL-2 receptor and IL-6, and thus, suggesting that ST may
inhibit T cell activation and may suppress cytokine production [24]. According literature, a
high concentration of ST inhibits postphagocytic H.O> production by neutrophils in vitro
[25]. Therefore, these mechanisms may explain the reduction of cytokines release in animals
receiving chemotherapy; and ST, during toxoplasmosis, may act as antiprotozoal promoting
immunomodulation and reducing the inflammatory processes in parasitized tissue, therefore,
promoting a beneficial effect for the host. Yang et al. [26] reported the action of resveratrol on

reducing pro-inflammatory levels and cell damage, similar current study.
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IL-10 plays a key role in the regulation of many functions of the immune system by
inhibiting the proliferation of B and T lymphocytes [27], and as preventing excessive tissue
damage during the initial phase of the infection by T. gondii. In our study, IL-10 levels
decreased in the infected and untreated mice, acting as an anti-inflammatory cytokine.
However, these infected animals, when treated with ST and/or resveratrol, had IL-10 levels
increased when compared with the positive control group (group E). It demonstrated that both
drugs used in the treatment of T. gondii can modulate the inflammatory response, as described
above. These IL-10 results can be easily explained, since ST and resveratrol were already
reported as promoting suppressive [22] and anti-inflammatory [12,28] actions. Thus, these
compounds when used in our experimental design were able to modulate the cytokine release,
a situation that can be interpreted as a protective effect on the host.

After the treatment with free resveratrol and inclusion complex containing resveratrol
associated with ST, the histology results indicated a reduction on the inflammatory infiltrate,
which may suggest an anti-proliferative effect of these combinations, since ST reduced levels
of pro-inflammatory cytokines in uninfected animals. Among all groups of animals infected
and treated, those who received the combination ST and nanocapsules containing resveratrol
had the most marked anti-inflammatory response, which may be a result of a slower release of
resveratrol due to the nanotechnology process [13]. Considering that the half-life of this drug
is short in the digestive tract, due easily destroyed by acids and enzymes [29], the inclusion
complex technology is one of the benefits of this technology, allowing a better absorption and
controlled release [13].

In summary, it is known that the ST and resveratrol, when used in treatments, can
interfere with cytokine release. The combination of these drugs in the treatment of
toxoplasmosis is unknown, as well as their effects on inflammation process. Based on the

results, we can conclude that both drugs interfere with the assessment of cytokine in serum
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samples. The drug combination modulated the immune response, as well as reduced the
inflammation on liver samples of animals infected by T. gondii. Another mechanism with
beneficial effects was the use of resveratrol- HPBCD complex in association with ST, since
these association led to a lower level of pro-inflammatory cytokines in serum, along with
milder and small focus of inflammatory infiltrates, on liver samples. Summing up, we can
suggest that the combination of these drugs in the treatment of toxoplasmosis may have a
protective effect due its immunomodulatory action. Future studies are on development, in

order to clarify the mechanisms involved in these alterations.
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Table 1: Pro and anti-inflammatory cytokines in the serum of animals experimentally infected
with T. gondii, treated with sulfamethoxazole-trimethoprim and resveratrol in its free and

inclusion complex forms.

Groups IL -1 IL-4 IL-6 TNF-a INF-y IL-10
(pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
A 4159 63.3¢ 72.8% 85.0" 104.6% 154,25
(+4.8) (+4.6) (+3.9) (£5.4) (£7.9) (+8.5)
B 32.4¢ 43.8' 51.41 64.49 94.81 157.8
(+3.4) (+4.5) (£6.1) (£5.5) (+11.7) (£9.1)
C 43.0¢ 58,20 68.0° 107.2¢ 126.8¢ 169.6?
(£2.7) (+6.92) (+4.0) (£3.4) (#3.7) (£6.1)
D 39.2¢ 55.6° 69.4¢ 92.81 111.2 161.02
(£3.2) (£4.1) (£2.4) (£6.7) (£3.2) (£2.1)
E 101.3? 127.72 142.22 174.22 171.72 77.5¢
(£3.9) (+5.6) (£12.9) (£9.3) (+11.1) (£5.2)
F 63.7¢ 75.5¢ 116.5 132.2¢ 98.0¢ 134.2¢
(£8.7) (£2.0) (+10.9) (£3.3) (2.1) (£6.9)
G 80.3 93.3 118.4b 1446 149.2b 132.8°
(+1.5) (+3.1) (+3.6) (+4.0) (£2.5) (+4.3)
H 61.2¢ 73.3¢ 98.1¢ 13225 104.0%f 134.0°
(+12.5) (£7.2) (+19.3) (+18.5) (+14.4) (£6.2)
| 71.0b¢ 91.5 110.7b¢ 139.7b¢ 126.5¢ 133.4¢
(£12.8) (+15.8) (£17.2) (£8.7) (£5.2) (+3.9)
J 41.2¢ 62.5¢ 79.5¢ 123.3¢ 80.5¢ 134.6¢
(£2.7) (+8.1) (£9.2) (+4.6) (£6.0) (£7.1)

* MeanszSD followed by the same letter in the same row do not differ significantly by the
Duncan test (P>0.05). Groups A-D (uninfected) and Groups E-J (infected). Groups: A
(untreated and uninfected); B (uninfected and treated with sulfamethoxazole-trimethoprim
(ST)); C (uninfected and treated with free resveratrol (FR)); D (uninfected and treated with
inclusion complex of resveratrol (ICR)); E (infected and untreated); F (infected and treated
with ST); G (infected and treated with FR); H (infected and treated with ICR); I (infected and
treated with ST and FR); and J (infected and treated with ST and ICR).
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Figure 1. Liver histology of mice infected by Toxoplasma gondii. Liver of mice treated with
the combination of drugs (Group I - ST and resveratrol) showed less and smaller areas with
foci of inflammatory infiltrates (A) compared to infected and untreated mice (B: group E).

BAR: 100um.
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4. DISCUSSAO

O T. gondii é um dos protozodrios de maior sucesso bioldgico ja reconhecidos
(SULLIVAN JR e JEFFERS, 2012), pois apesar de ser um parasita intracelular obrigatdrio,
este protozoario tem notavel transmissibilidade e permanentemente infecta diversos tipos de
células. Como ja bem elucidado, a habilidade do T. gondii de se encistar dentro das células e
se reconverter no estagio profilerativo propiciou para a reprodugdo sexuada e transmissao
deste parasita nas células hospedeiras. Em termos de salde humana e veterinaria, entender os
mecanismos de transmissdao, infeccdo e resposta imunoldgica sdo fatores chave para
minimizar as formas de transmisséo da toxoplasmose, os efeitos colaterais da quimioterapia e
contribuir com alternativas na terapia da toxoplasmose. Neste estudo, objetivamos verificar os
beneficios do resveratrol, um potente antioxidante naturalmente encontrado em uvas,
associado a quimioterapia convencional no tratamento da toxoplasmose a base de
sulfadiazina-trimetropim (ST) sobre parametros comportamentais, contagem de cistos
cerebrais, alteracdes histopatoldgicas, perfil oxidativo/antioxidante e niveis de citocinas em
camundongos experimentalmente infectados com cepa VEG de T. gondii.

Cepas da linhagem tipo Il como a VEG utilizada neste estudo, possuem baixa replicacdo e
rapido encistamento in vivo, o que permite reproduzir em roedores a forma de transmissdo que
ocorre em humanos prolongando a sobrevida dos animais em estudo e confirmando a
patologia através dos sinais clinicos encontrados (HOWE et al., 1997). A predilecdo dos
bradizoitos de T. gondii em ocorre principalmente no SNC (DUBEY, 1998), assim como
verificamos nesse estudo, pois 0s animais infectados e ndo tratados apresentaram grande
quantidade de cistos cerebrais.

Sabendo que a toxoplasmose latente é capaz de ocasionar mudancas emocionais, de
personalidade e alteragdes nos niveis de inteligéncia (FLEGR et al., 2003), a infeccdo por T.
gondii em camundongos representa um modelo chave para o estudo comportamental. Estudos
sugerem que o T. gondii altera o comportamento de roedores, aumentando a chance de serem
predados por felinos (WEBSTER et al., 1993; QUEIROZ et al., 2013). Tal constatacdo é
compativel com os resultados encontrados neste estudo, onde os animais infectados com T.
gondii exploraram mais vezes os bragos abertos no teste de cruz elevada demonstrando um
efeito ansiolitico & medida que a doenga evoluiu (31 dias ap0ds infeccao).

Ao administrar resveratrol livre e na forma de complexo de inclusdo em associagdo com

ST os animais ndo apresentaram atividade ansiolitica, pois ocorreu uma reducdo no tempo de
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permanéncia e numero de entradas nos bragos abertos em concordancia com os resultados
demonstrados por Gonzalez et al. (2007). A auséncia de resultados estatisticamente
significativos encontrados pelo modelo de Open Field excluem o efeito ansiolitico por
repressdo ou inducdo locomotora dos animais em estudo.

A memoria também foi avaliada nos animais e os resultados demonstraram uma
reducdo significativa da memoria a longo prazo nos animais infectados por T. gondii. O efeito
observado pode estar associado a area cerebral encistada conforme ja demonstrado por Di
Cristina et al. (2008). Quando a associacao de resveratrol nas formas livre e em complexo de
inclusdo com ST foi administrada, ndo houve alteracdo de memdria nesses animais. O
complexo de inclusdo parece responder melhor, j& que essa formulacdo libera a droga de
forma lenta, continua e em regiBes cerebrais especificas, diferentemente da forma livre que
rapidamente ¢ metabolizada no tecido hepatico (FROZZA et al., 2013). A ST, o resveratrol
livre e 0 complexo de incluséo, ndo apresentaram efeitos de forma isolada, assim como néo
foram capazes de reduzir o nimero de cistos cerebrais, levando a creer que a associacao é a
melhor opcdo terapeutica.

Tendo em vista que a conversao de bradizoitos em taquizoitos de T. gondii é mediada pela
liberacdo de espécies reativas ao oxigénio como o oxido nitrico (BOHNE et al., 1993), este
estudo suporta a idéia de que o aumento das citocinas pré-inflamatorias (IL-1, IL-6, IFN-y e
TNF-a) e a reducdo da citocina anti-inflamatéria (IL-4, 1L-10) em animais infectados com T.
gondii contribuiram para a inflamacdo e consequentemente para o0 estresse oxidativo e as
lesGes histopatoldgicas encontradas em nosso estudo e ja reportadas por Liesenfeld et al.
(1999); HUNTER e SIBLEY (2012). Os resultados histopatologicos em figado indicaram
focos de necrose e grande infiltrado inflamatério composto de linfécitos e macr6fagos em
animais infectados por T. gondii, provavelmente em resposta a proliferacdo de taquizoitos e a
intensa reacdo de células mononucleares (EVANS e SCHWARTZMAN, 1991). Essas lesdes
foram menores quando o tratamento associado de ST e resveratrol foi administrado.

A inducdo de uma resposta imunoldgica com producdo de citocinas pré-inflamatorias e
anti-inflamatorias foram responsdveis pelo controle da infeccdo (KAMIYAMA e
HAGIWARA, 1982). Os resultados revelaram ainda, que a ST isolada apresentou um efeito
anti-inflamatorio. A associacdo do complexo de inclusdo com resveratrol a ST reduziu 0s
niveis de citocinas pro-inflamatorias em animais infectados, sendo capaz de manter a niveis
similares ao controle (animais saudaveis).

Os tratamentos com resveratrol na forma livre e em complexo de inclusdo associado a ST,

reduziram o infiltrado inflamatério conforme ja mencionado, podendo sugerir um efeito anti-



82

proliferativo da associacéo, uma vez que a ST reduziu os niveis de citocinas pro-inflamatorias
em animais ndo infectados. A associagdo, ainda, foi capaz de reduzir o nimero de cistos
cerebrais em animais infectados com T. gondii. Estudos anteriores envolvendo a associagdo
da sulfadiazina e pirimetamina como realizados por Martins-Duarte et al. (2013), demonstram
um efeito terapéutico potencializado e aumento da longevidade de animais infectados que
receberam tratamento em combinagdo com a sulfadiazina.

Considerando as propriedades anti-inflamatdrias e antioxidantes do resveratrol, bem como
os efeitos benéficos na prevencdo e tratamento de inumeras complicacfes cerebrais,
utilizamos neste estudo o resveratrol nas formas livre e em complexos de inclusdo. Neste
estudo, pode-se verificar que doses baixas de resveratrol (100 mg kg?) foram capazes de
modular o perfil oxidativo e aumentar o status antioxidante em camundongos infectados com
T. gondii. Os resultados demonstraram que a ST e o resveratrol livre, assim como na
associagdo reduziram os niveis de AOPP em figado. Este resultado pode ser explicado pelo
sistema enziméatico do citocromo P450 (CYP), o qual é responsavel pelo metabolismo
oxidativo de centenas de drogas (COOPER et al., 1965; GUENGERICH, 2008) dentre elas a
isoforma C9 da sulfadiazina. A baixa expressdo de CYP pela acdo da ST sobre o citocromo
P450 estd associada diminuicdo da viabilidade celular, resultado em necrose e apoptose
celular (WU e CEDERBAUM, 2001; BUTURA et al., 2009) que continuaram presentes,
porém em menor grau na histopatologia de figado.

Além disso, no figado o resveratrol na forma livre, associado a ST e na forma de complexo
de inclusdo, diminuiu os niveis de AOPP. Isso pode ser explicado pela propriedade
antioxidante do resveratrol, o qual é metabolizado nas células hepaticas e contribui para a
inducdo de apoptose em animais infectados por T. gondii com consequente formacdo de
produtos protéicos (LANAGERMANS et al.,, 1999). Em contrapartida, o complexo de
inclusdo em associacdo a ST diminuiu os valores de AOPP, como ja demonstrado por estudo
realizado por Csiszér et al. (2014).

O resveratrol € capaz de prevenir danos relacionados ao estresse oxidativo em condigdes
fisiopatoldgicas, principalmente quando nanoencapsulado devido sua agdo antioxidante bem
estabelecida. Nas associagdes de resveratrol livre e em complexo de inclusdo com ST, o
aumento nos niveis de AOPP e TOS em cérebro pode estar relacionado a propria proteina
resultante da fagocitose do parasito pelos macrofagos, ja que nas associagdes o tratamento foi
mais eficaz reduzindo o nimero de cistos. Os niveis aumentados de TOS em deve-se ao

processo de remodelamento celular que o T. gondii realiza ao absorver os nutrientes
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necessarios para o crescimento do parasito, reduzindo dessa forma a disponibilidade de
aminoacidos em tecido cerebral (GASKELL et al., 2009).

Os niveis de TAC em figado e FRAP em cérebro aumentaram em camundongos infectados
com T. gondii, 0 que pode ser uma consequéncia do aumento dos niveis oxidantes no presente
estudo. Outra explicacdo, segundo Kwok et al. (2014) é que o parasito possui um sistema
antioxidante intrinseco através da expressdo da enzima catalase, similarmente ativada pelo
hospedeiro durante a resposta oxidativa, 0o que pode explicar os niveis antioxidantes
aumentados em animais infectados. O resveratrol livre e em complexo de inclusdo combinado
com a ST também foi capaz de proteger essas estruturas, sendo um provavel efeito
antioxidante do resveratrol, o qual protege o organismo do hospedeiro contra as espécies
reativas produzidas pelo T. gondii, como demonstrado nos resultados oxidantes.

Portanto, este estudo demostrou os efeitos do resveratrol associado a quimioterapia a base
de ST sobre reducdo no numero de cistos cerebrais, na modulacdo de alteracBes
comportamentais relacionados & memdria e a ansiedade. O tratamento influenciou no status
oxidativo/antioxidante, aumentando os niveis de antioxidantes, como um efeito protetor ao
animal infectado. Além disso, a ST combinada ao resveratrol causou uma redugdo nos niveis
de citocinas pro-inflamatérias quando comparado aos animais infectados e néo tratados o que
pode ser interpretado como ac¢do protetora, ja que o processo inflamatério durante a infec¢cdo
pelo parasito pode contribuir para o aumento dos danos teciduais. De modo geral, podemos
concluir que o protocolo terapéutico sugerido apresenta vantagens no tratamento da
toxoplasmose, sendo o complexo de inclusdo de resveratrol em associacdo a ST a melhor

opcao terapéutica.
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5. CONCLUSOES

1)

Os animais infectados com T. gondii desenvolvem alteracGes comportamentais, como
ansiedade e perda de memdria. Os tratamentos de forma isolados com sulfametoxazol-
trimetropim, resveratrol livre e nanocapsulas de resveratrol ndo foram capazes de
reverter as alteracbes de comportamento, porém a combinacdo da sulfametoxazol-
trimetropim e resveratrol livre demonstrou efeito protetor do resveratrol, com auséncia

da alteracdo comportamental conhecida como ansiedade.

2) Animais infectados com T. gondii estdo sujeitos a estresse oxidativo com aumento nos

3)

4)

5)

niveis de AOPP e TOS mais acentuado em células hepaticas do que tecido cerebral. O
sulfametoxazol-trimetropim e o resveratrol livre foram capazes de reduzir os niveis de
AOPP em figado em animais ndo infectados, demonstrando que o sulfametoxazol-

trimetropin, bem como resveratrol livre agem como potentes antioxidantes em figado.

O sulfametoxazol-trimetropim em combinacdo com o resveratrol na forma de
complexo de inclusdo provou ser a formulacdo terapéutica mais efetiva na reducédo do
namero de cistos parasitarios no cérebro de camundongos infectados com T. gondii.
Animais com a combinacdo de resveratrol livre associado a sulfametoxazol-
trimetropim, foi capaz de reduzir o nimero de cistos cerebrais quando comparado ao
controle positivo, revelando que o resveratrol atua diminuindo o nimero de cistos

cerebrais, porém por mecanismos ainda desconhecidos.

Focos de necrose e infiltrado inflamatorio consistente em animais infectados com T.
gondii ocorrem em figado, porém a terapia de sulfametoxazol-trimetropim isolada e
em associagOes com resveratrol livre e em forma de complexos de inclusdo parecem
proteger o Orgdo, pois raros e pequenos infiltrado inflamatério sdo observados,

reiterando a acdo anti-inflamatdria desses compostos.

Animais infectados com T. gondii apresentaram um aumento nas citocinas pro-

inflamatorias e reducdo na citocina anti-inflamatoria, como resposta ao controle da
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replicacdo do parasito. O aumento das citocinas pro-inflamatdrias contribuiu para a
inflamacdo tecidual revelada pela andlise histoldgica. O sulfametoxazol-trimetropim
revelou ter efeito anti-inflamatério por reduzir as citocinas pré-inflamatorias quando
isolado. O resveratrol livie e o complexo de inclusdo em associacdo ao
sulfametoxazol-trimetropim diminuiram os niveis de citocinas pré-inflamatorias e
aumentaram a citocina anti-inflamatoria, IL-10 em animais infectados com T. gondii,
demonstrando interferir sinergicamente na resposta imune do hospedeiro contra o

parasito.
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