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RESUMO
A doenca de Chagas é uma doenca negligenciada, causada pelo protozoario Trypanosoma
cruzi, afetando de 6 e 7 milhdes de pessoas em todo o mundo, principalmente na América
Latina. A atual terapia utiliza Nifurtimox ou Benznidazol que geram radicais livres e
provocam graves efeitos colaterais aos pacientes. Portanto, novos compostos contra este
parasito sdo necessarios. Metalocomplexos j& foram testados e se mostraram ativos contra
Leishmania spp. e Toxoplasma gondii, sendo uma alternativa interessante contra T. cruzi.
Aqui avaliou-se o efeito in vitro de dois complexos dinucleares de Fe(lll) contra
epimastigotas (cepa Y) em cultivo axénico e amastigotas (cepa Dm28c) de T. cruzi em
células epiteliais LLC-MK2. Também avaliamos a citotoxicidade dos compostos em células
LLC-MK2 usando o método MTT. Possiveis alteracbes morfofuncionais dos parasitos foram
analisadas por microscopia eletronica de transmissdo e confocal com o marcador JC-1. Os
menores valores de 1Cso foram obtidos ap0s tratamento de epimastigotas com complexo (1)
sendo de 99,0 = 3,0; 97,0 £ 2,0 e 110,0 £ 39,0 nM, apo6s 48, 72 e 120 h de tratamento,
respectivamente. Complexo (2) resultou em valores de ICso de 118,0 £ 5,0; 122,0 + 6,0 e
104,0 £ 29,0 nM para 0s mesmos tempos de tratamento. Tratamento de amastigotas com
complexo (1) gerou valores de ICso similares, de 61,3 +4,2 e 107,5 = 6,6 nM para 72 e 96 h
de tratamento, respectivamente. Complexo (2) gerou valores de 1Cso de 50,6 £ 2,2 e 173,00
+ 5,6 nM, para 0s mesmos tempos de tratamento. Os complexos resultaram em baixa
citotoxicidade para LLC-MK2 rendendo indices de seletividade impressionantes de 167,3,
complexo (1), e 454,3, o complexo (2), ap6s 96 h de tratamento. Tratamento com 0s
complexos resultou em epimastigotas e amastigotas com inchago de mitocdndrias visto pela
disposicdo anormal de sua membrana externa ao redor do cinetoplasto; epimastigotas
apresentaram reservossomos alterado com espiculas anormais, amastigotas apresentaram
estrutura nuclear alterada, com heterocromatina concentrada no envelope nuclear. O
tratamento com os complexos reduziu o potencial de membrana mitocondrial do parasito.
Os complexos foram ativos contra as duas formas de T. cruzi apresentando 1Cso na faixa de
nanomolar, alto indice de seletividade e afetando organelas essenciais para o parasito.
Portanto, os complexos podem atuar como novos prototipos de drogas contra T. cruzi

podendo ajudar no desenvolvimento de terapias para o tratamento da doenca de Chagas.

Palavras-chave: Doenga de Chagas. Metalocomplexos. Trypanosoma cruzi. Amastigotas.

Epimastigotas.
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ABSTRACT
Chagas disease is a neglected disease caused by the protozoan Trypanosoma cruzi, affecting
between 6 and 7 million people worldwide, mainly in Latin America. Current therapy uses
Nifurtimox or Benznidazole which generates free radicals and causes severe side effects to
patients. Therefore, new compounds against this parasite are needed. Metallocomplexes
have already been tested and appreciated as active against Leishmania spp. and Toxoplasma
gondii, being an interesting alternative against T. cruzi. Here we evaluated the in vitro effect
of two Fe(ll1) dinuclear complexes against epimastigotes (Y strain) in axenic culture and
amastigotes (Dm28c strain) of T .cruzi in LLC-MK?2 epithelial cells. We also evaluated the
cytotoxicity of the compounds in LLC-MK2 cells using the MTT method. Possible
morphofunctional alterations of the parasites were analyzed using transmission electron
microscopy and confocal with the JC-1 marker. The lowest ICso values were obtained after
treatment of epimastigotes with complex (1) being 99.0 + 3.0; 97.0 + 2.0 and 110.0 + 39.0
nM after 48, 72 and 120 h of treatment, respectively. Complex (2) resulted in 1Csg values of
118.0 £ 5.0; 122.0 + 6.0 and 104.0 + 29.0 nM for the same treatment times. Treatment of
amastigotes with complex (1) generated similar 1Cso values of 61.3 + 4.2 and 107.5 + 6.6
nM for 72 and 96 h of treatment, respectively. Complex (2) generated 1Cso values of 50.6 +
2.2 and 173.00 = 5.6 nM, for the same treatment times. The complexes resulted in low
cytotoxicity for LLC-MK?2 yielding impressive selectivity scores of 167.3 for complex (1)
and 454.3 for complex (2) after 96 h of treatment. Treatment with the complexes in
epimastigotes and amastigotes resulted in extension of mitochondria seen by the abnormal
arrangement of their outer membrane around the Kinetoplast; epimastigotes had altered
reservossomes with abnormal spicules, amastigotes had altered nuclear structure, with
heterochromatin concentrated in the nuclear envelope. Treatment with the complexes
reduced the mitochondrial membrane potential of the parasite. The complexes were active
against both forms of T. cruzi, presenting ICso in the nanomolar range, high selectivity index
and affecting essential organelles for the parasite. Therefore, the complexes may act as new
prototype drugs against T. cruzi and may help in the development of therapies for the

treatment of Chagas disease.

Keywords: Chagas disease. Metallocomplexes. Trypanosoma cruzi. Amastigotes.

Epimastigotes.
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1. INTRODUCAO

A doenca de Chagas (DC) representa um problema para satde publica, por sua grande
distribuicdo geografica e por gerar impacto socioeconémico (WHO, 2015). Protozoérios da
familia Trypanosomatidae sdo agentes causadores de doencas parasitarias que tém uma
incidéncia elevada e representam um impacto econdmico negativo nos paises em
desenvolvimento. A Leishmaniose, por exemplo, causada por vérias espécies de Leishmania,
afeta dezesseis milhes de pessoas na Africa, Asia, partes da Europa e América Latina. A
doenca do sono, causada pelo Trypanosoma brucei, acomete cerca de trés milhGes de pessoas
na Africa. Em relagio & DC, causada pelo protozoario parasito Trypanosoma cruzi, estima-
se que cerca de 6 a 7 milhdes de pessoas em todo o mundo, principalmente na América
Latina, estejam infectadas (WHO, 2016). No passado, a DC era restrita principalmente a
paises ndo desenvolvidos de clima tropical, como os da América do Sul. Atualmente a
doenca acomete também paises desenvolvidos como Canada e EUA, alem de muitos paises
europeus e africanos, do Mediterraneo Oriental e do Pacifico Ocidental devido a migragédo
de pacientes infectados (WHO, 2022).

A principal forma de transmissdo da DC € a vetorial, através de insetos triatomineos
hematofagos como a espécie Rhodnius prolixus, conhecidos popularmente como barbeiros.
Outros mecanismos de transmissdo possiveis sdo: transfusdo de sangue oriundo de um

doador contaminado, transplante de 6rgéos e transmissao vertical (NUNES et al., 2013).

A DC apresenta duas fases da infeccdo: a aguda (fase inicial) e a crénica. A maioria
dos casos na fase aguda sdo assintomaticos, e quando 0s pacientes apresentam sintomas,
estes sdo: hepatomegalia, edema subcutaneo (sinal de Romaria) e, em casos de transmissao
via vetor, sdo observados sinais da picada, por onde 0 parasito acessa 0 organismo
(TEIXEIRA et al., 2006).

Atualmente, existem apenas dois farmacos para tratamento na fase aguda da DC, sendo
estes Nifurtimox e Benznidazol. Ambos requerem acompanhamento prolongado e
extremamente cauteloso, pois conferem altos riscos e efeitos adversos aos pacientes. O
principal efeito citotoxico de ambos esta relacionado a atividade enzimatica da reducdo do
grupamento nitro que resulta na geracdo de radicais livres. Para tratar a fase crénica ainda
ndo existem opcles especificas de farmacos. Com isto, a busca por novas alternativas
terapéuticas, que oferecam tratamento para ambas as fases, com riscos baixos de efeitos
colaterais, se faz necessaria (CHAMOND et al., 2002). Os metalocomplexos vem se
apresentando como uma promissora alternativa em terapias antiparasitarias, e neste contexto,
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nosso grupo vem descrevendo esses complexos como alternativas promissoras para o
desenvolvimento de novos tratamento de algumas doengas (PORTES et al, 2018;
MOREIRA et al., 2021; CARDOSO et al., 2022).

1.1. Doenga de Chagas

A DC é uma doenca cronico-degenerativa descrita pela primeira vez em 1909 pelo
pesquisador brasileiro Carlos Ribeiro Justiniano Chagas (CHAGAS, 1909) e recebeu este
nome em homenagem ao médico e pesquisador que a descreveu. Durante o projeto de
erradicacdo da malaria em Minas Gerais, Chagas observara a existéncia de uma doenca
causada por um protozoéario flagelado. Chagas primeiro detectou estes protozoarios no
intestino de insetos conhecidos como barbeiros. Pesquisando possiveis hospedeiros
vertebrados para este parasito, encontrou Berenice, uma crianca de dois anos que se tornou
0 primeiro caso registrado de infeccdo aguda causada por este protozoario flagelado em
humanos. O parasito recebeu o nome, Trypanosoma cruzi, em homenagem a Oswaldo Cruz,

cientista pioneiro em medicina experimental no Brasil (RASSI JUNIOR et al., 2010).

A DC é também conhecida como a tripanossomiase americana, sendo uma doenca
potencialmente fatal. A principal forma de transmissdo da doenca € através do inseto vetor,
conhecido como barbeiro. Estes insetos geralmente habitam rachaduras de paredes de casas
de barro ou de madeira em areas rurais ou suburbanas. O vetor normalmente se esconde
durante o dia e se torna ativo a noite, quando vai a busca de alimentos como o sangue
humano. Os insetos costumam picar uma area exposta da pele, como a face, e no momento
do repasto sanguineo, defecam em éarea proxima a da picada. Os parasitos entram no
organismo quando a pessoa instintivamente coca o local da picada, ferindo a derme e assim
espalhando as fezes no local da picada, podendo o parasito também alcancar os olhos, a boca
ou qualquer outra parte com rupturas ou pequenas lesdes na pele como a prépria picada
(TONG et al., 1998; COURA, 2007).

1.2. Classificacdo taxonébmica

T. cruzi pertence ao reino Protista, filo Euglenozoa, classe Zoomastigophora, ordem
Kinetoplastidiae, familia  Trypanosomatidae, género  Trypanosoma, subgénero

Schizotrypanum, espécie Trypanosoma cruzi. O inseto vetor da doenca, pertence ao reino



Animalia, filo Arthropoda, classe Insecta, ordem Hemiptera, familia Reduviidae, géneros
Triatoma, Panstrongylus e Rhodnius (NEVES, 2005).

O género Trypanosoma € um dos mais importantes dentro da familia
Trypanosomatidae, por albergar espécies de importancia etiolégica, uma vez que provocam
diversas doencas tanto em humanos quanto em outros animais. Entre os parasitos deste
género esta T. cruzi, T. brucei rhodesiense (causador da doenca do sono da Africa oriental),
T. brucei gambiensis (agente etioldgico da doenca do sono da Africa ocidental), T. equinum
(causador do mal das cadeiras em equinos), T. equiperdum (Durina - Equinos e asininos),
entre outros (BRENNER et al., 2000).

1.3. Ciclo Bioldgico

O parasito exibe um ciclo biolégico complexo do tipo heterdxeno envolvendo estagios
morfologicos distintos no hospedeiro vertebrado (homem e mamiferos) como
tripomastigotas e amastigotas e no inseto vetor (triatomineos) como epimastigotas e
tripomastigotas metaciclicos. Entre os tripanosomatideos, T. cruzi apresenta um dos ciclos
de vida mais complexos, que envolve varios estagios de desenvolvimento do parasito
encontrados nos hospedeiros invertebrados e nos vertebrados (LIMA et al., 2008; NEVES,
2005) (Figura 1).

O ciclo se inicia quando o inseto da familia Reduviidae suga o sangue de vertebrados
infectados com formas tripomastigotas que circulam na corrente sanguinea, € Sa0 por isso
conhecidos como tripomastigotas sanguineos. Uma vez ingerido o0 sangue, O0S
tripomastigotas sdo lisados no estdmago do inseto (CASTRO et al., 2007). Ap6s poucos
dias, os tripomastigotas sobreviventes diferenciam-se em epimastigotas e migram para o
intestino, onde se dividem intensamente e aderem as membranas perimicrovilares, que sao
secretadas por células do intestino médio posterior do inseto (ALVES et al.,, 2007;
NOGUEIRA et al., 2007). Esta etapa € importante para desencadear 0 processo de
diferenciacdo dos epimastigotas, ndo-infectivos, em tripomastigotas metaciclicos, que sdo
altamente infectivos. O processo de adesdo de epimastigotas a membrana perimicrovilar
envolve a participacdo de glicoconjugados expostos a superficie, e proteinas encontradas na
membrana perimicrovilar parecem estar envolvidas nesse processo (ALVES et al., 2007).
Apos a metaciclogénese, 0s tripomastigotas metaciclicos permanecem na ampola retal até
gue ocorra um novo repasto sanguineo, momento em que essas formas serdo liberadas junto
com as fezes do inseto (GARCIA et al., 2007).



Os tripomastigotas metaciclicos infectam varias espécies de mamiferos, incluindo
humanos. Normalmente, a infecgdo de mamiferos ocorre no momento do repasto sanguineo
do inseto, e os tripomastigotas liberados nas fezes tem acesso ao organismo do hospedeiro
vertebrado ao penetrar na pele lesionada ou via mucosas e invadem as células no local da
picada como fibroblastos, macrofagos e células epiteliais. Dentro da célula hospedeira, 0s
tripomastigotas metaciclicos s&o inicialmente envolvidos por um vaclolo endocitico
conhecido como o vacuolo parasitéforo, mas logo conseguem escapar para o citosol, onde
se diferenciam em formas amastigotas, de modo que as formas amastigotas no citosol entram
em contato direto com as organelas das células hospedeiras. Apds varias divisdes celulares,
0s amastigotas se diferenciam em tripomastigotas sanguineos, que rompem a célula
hospedeira e séo liberados para o meio extracelular, alcancando novos tecidos através da
corrente sanguinea podendo ser ingeridos por um triatomineo novamente durante um novo
repasto sanguineo completando assim o ciclo de T. cruzi (CARVALHO & DE SOUZA,
1989).

Estagios no inseto triatomineo Estagios em humanos

O insato tristomineo f3z s2u repasto sanguwineo & em
seus dejetos encontrasse 3 fase tripomastigotas
metaciclicos que entram na ferida dia picada ou nas
membranas mucosas, como a conjuntiva.

Tripomastigotas metaciclicos penetram varnas
c2lulas no local da ferida. Dentro das cilulas
eles =& transformam em amastigotas.
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Figura 1 - Ciclo bioldgico do Trypanosoma cruzi. S8o apresentadas diferentes formas
evolutivas do parasito em hospedeiros invertebrados (triatomineos) e vertebrados
(mamiferos). Tripomastigotas metaciclicos ganham o organismo do hospedeiro vertebrado
através do repasto sanguineo do inseto vetor (1), posteriormente tripomastigotas
metaciclicos penetram em diferentes tipos celulares e se diferenciam em amastigotas (2).
Amastigotas se multiplicam (3) e se diferenciam em tripomastigotas sanguineos, durante
esse processo as células infectadas rompem liberando as duas formas (4). Tripomastigotas e
amastigotas infectam novas células, mas a primeira forma pode chegar ao sangue na
circulacdo periférica. O inseto vetor faz novo repasto sanguineo e com isso ingere
tripomastigotas sanguineos (5); no intestino do vetor essas formas se diferenciam em
epimastigotas (6). Epimastigotas se multiplicam (7) e se diferenciam novamente em
tripomastigotas metaciclicos no reto do vetor (8), completando o ciclo (Reproduzida a partir
da homepage do Center for Diseases Control).

1.4. Morfologia dos tripanosomatideos

Por serem eucariotos, 0s tripanossomatideos apresentam caracteristicas encontradas
nas células eucarioticas tipicas. T. cruzi possui variacbes morfologicas e funcionais,
alternando entre formas proliferativas, epimastigotas e amastigotas, e infectantes,

tripomastigotas (ZUMA et al., 2021) (Figura 2). Dentre as diversas organelas, nessa se¢ao

destacaremos algumas de maior relevancia a este trabalho.

Figura 2. Representacdes esquematicas das organelas do T. cruzi. (a) tripomastigota, (b)
amastigota e (c) epimastigota). Essas imagens foram feitas com base em micrografias de
microscopia de luz, bem como microscopia eletrdnica de varredura e transmissdo (Adaptado
de Teixeira et al., 2012).

1.4.1. Flagelo

O flagelo é uma organela caracteristica de todos os membros da familia

Trypanosomatidae. Existe apenas um flagelo por célula, mas em uma célula em diviséo,



podem ser observados dois flagelos. O flagelo de T. cruzi tem seu comprimento variavel de
acordo com o estagio de desenvolvimento que se encontra. E mais curto e internalizado em
amastigotas, que tem sua proliferagdo no interior da célula do hospedeiro. O aumento no
comprimento do flagelo ocorre durante a diferenciacdo de amastigotas em epimastigotas ou
tripomastigotas. Nessas duas Ultimas etapas, o flagelo se apresenta aderido ao corpo do
protozoario, terminando livremente na porcao anterior. Estudos anteriores mostraram que a
membrana flagelar é pobre em proteinas, mas apresenta alguns agregados que ajudam no
estabelecimento da tipica zona de fixacdo do corpo da célula flagelar. Esta organela se
apresenta sempre associada a bolsa flagelar e desempenha diversos papéis fisiologicos em
processos como locomocao, fixacdo, deteccdo e até producao de vesiculas extracelulares e
nanotdbulos que podem ser liberados para 0 meio extracelular. Durante o ciclo bioldgico, o
flagelo ndo se desprende da célula, é encurtado durante a diferenciagdo tripomastigota-
amastigota e cresce novamente durante a diferenciacdo amastigota-tripomastigota (DE
SOUZA & SOUTO-PADRON, 1980).

1.4.2. Microtubulos subpeliculares

Os denominados microtubulos subpeliculares se apresentam como uma rede de
tabulos formada por um arranjo longitudinal de heterodimeros de a e B tubulina, formando
um padréo helicoidal ao longo do longo eixo do corpo do protozoario. Esses microtibulos
se originam na regido anterior e se projetam para a regido posterior. Além disso, existem
outros microtubulos citoplasmaticos como um grupo de quatro microtubulos, conhecido
como “quarteto de microtibulos”, que se origina na regido onde esta localizado o corpo basal
e se estende para a regido anterior da célula, intimamente associado ao zona de fixacdo do
flagelo, que aparece como uma estrutura filamentosa (DE SOUZA & SOUTO-PADRON,
1980).

1.4.3. Mitocbndria

A mitocéndria € uma organela que converte energia necessaria para o crescimento,
diferenciacdo e homeostase do calcio nos tripanosomatideos. A mitocondria desta familia é
peculiar entre as células eucaridticas, visto que possuem apenas uma unidade, diferente das
maultiplas copias presentes nas células dos mamiferos, que nesse caso possibilitam que uma
compense a funcdo da outra quando danificada (CASSOLA, 2011). Além da quantidade,
outra caracteristica especial das mitocondrias dos tripanossomatideos é sua localizacéo
especificamente distribuida ao longo do corpo celular, proximo a membrana e sob o0s
microttbulos subpeliculares (FIDALGO & GILLE, 2011). A biogénese da mitocdndria
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nesses parasitos é coordenada com a divisdo da célula inteira, diferente do que é observado
em células de mamiferos. A primeira observacdo da mitocondria dos tripanossomatideos
sugeriu que havia apenas uma organela por célula, o que foi confirmado posteriormente
usando reconstrucdo 3D (CASSOLA, 2011; VAN HELLEMOND et al., 2005; DE SOUZA
et al., 2009). Essa organela € geralmente afetada durante tratamentos variados, apresentado
um inchamento que pode ser detectado pela andlise ultraestrutura do cinetoplasto (MENNA-
BARRETO et al., 2014; MOREIRA et al., 2021, ROCHA et al., 2023).

1.4.4. Cinetoplasto

O cinetoplasto se apresenta no interior da mitocéndria sendo constituido pelo DNA
mitocondrial, conhecido como kDNA que € composto por uma rede Gnica de DNA circular
exclusivo de organismos da ordem Kinetoplastida. O cinetoplasto se encontra proximo a
bolsa flagelar, perpendicular ao flagelo, e esta conectado ao corpo basal por filamentos de
proteinas (MORRIS et al., 2001). O arranjo do kDNA varia entre os membros da familia,
bem como entre 0s estagios de vida de uma mesma espécie. Por exemplo,
tripanossomatideos que contém uma bactéria endossimbiotica no citoplasma, como
Strigomonas culicis e Angomonas deanei, possuem um cinetoplasto arredondado e a rede €
mais frouxa em comparagdo com as formas epimastigota e amastigota do T. cruzi, cujo
KDNA €é mais compactado e se apresenta em formato de barra. Por outro lado,
tripomastigotas de T. cruzi apresentam um cinetoplasto globular com fibras frouxamente
arranjadas (DE SOUZA, 1984).

1.4.5. Reservossomo

O destino final do material internalizado pelos tripanosomatideos sdo 0s
reservossomos, grandes organelas capazes de acumular as macromoléculas ingeridas pelo
parasito por meio do processo de endocitose (GRUENBERG, 2001). Presentes em grande
namero na porcdo posterior do corpo do parasito, eles tém uma matriz densa, membranas
internas e inclusdes lipidicas (MONTEIRO et al., 2001; SANTOS et al., 2005). Essas
inclusdes lipidicas sdo compostas, em sua maioria, por colesterol e ésteres de colesterol,
derivados da endocitose de componentes séricos. Em condi¢cfes de privacdo de nutrientes,
as epimastigotas podem mobilizar essas reservas lipidicas para manter suas funcdes
fisiologicas (PARUSSINI et al., 2003). Reservossomos tém um pH &cido em torno de 6,0,
sendo inicialmente comparado aos endossomos tardios de células de mamiferos

(GRUENBERG, 2001). No entanto, organelas semelhantes aos lisossomos foram



recentemente considerados devido a sua intensa atividade proteolitica e capacidade de
armazenamento de nutrientes (SOARES & DE SOUZA, 1988).

1.4.6. Nducleo

O nucleo dos tripanossomatideos ocupa um grande espaco no citoplasma. E facilmente
visto por microscopia de luz e a microscopia eletronica de transmissdo mostra uma
morfologia tipica com bastante heterocromatina. Como em outros eucariotos, o nucleo dos
tripanossomatideos inclui o envoltério nuclear provido de poros, intermediando a
comunicacdo entre a matriz nuclear e o citoplasma, e uma membrana externa, que é continua
com o reticulo endoplasmatico. Porém, nesses protozoarios, essa organela se diferencia pelo
menor tamanho e pela auséncia de cromossomos condensados (DE SOUZA, 2002). Além
disso, nesses organismos, a divisdo do nucleo € altamente coordenada com outras estruturas,
como o cinetoplasto, o corpo basal e o flagelo (ELIAS et al., 2002). Vale ressaltar que nos
tripanossomatideos o nivel de condensagéo da cromatina varia de acordo com a fase do ciclo
biologico do parasito, como observado nos epimastigotas e tripomastigotas do T. cruzi. A
cromatina da forma proliferativa € menos condensada em compara¢do com a do estagio
infeccioso (ALSFORD et al., 2004; JANZEN et al., 2006). A condensacao da cromatina na
periferia nuclear, retracdo do citoplasma, fragmentacdo DNA, inchago mitocondrial e
ativacdo de caspases sdo caracteristicas tipicas de morte celular programada similar a
apoptose (SALVESEN & DIXIT, 1997; DEOLINDO et al., 2010)

1.5. Meios de transmisséo e sintomatologia

Além da transmissdo pelo inseto vetor, outros importantes mecanismos de transmissdo
devem ser considerados, como a transfusdo de sangue, transmissdo vertical e através de
transplante de érgdos. Atualmente estes mecanismos sdo muito menos frequentes devido a
programas de controle de vetores e maior seguranca bioldgica em processos de doacdo de
sangue. T. cruzi pode também ser transmitido, em menores ocorréncias, através do consumo
de alimentos contaminados pelas fezes do barbeiro e acidentes laboratoriais (DIAS et al.,
2008). No entanto, mostrou-se que o parasito pode ser transmitido por via oral (YOSHIDA,
2009), ocasionada principalmente pela ingestdo de caldo de cana, acgai e palmito de acaizeiro
contaminados e ndo pasteurizados (NOBREGA et al., 2009).

T. cruzi induz uma infecgdo aguda que dura menos de 90 dias, com elevada parasitemia

no sangue e sintomas geralmente brandos ou ndo especificos, o que faz com que o



diagndstico muitas vezes seja falho. No entanto, em alguns casos, a fase aguda pode ser fatal,
ou ainda levar a quadros de miocardite e meningoencefalite (BERN et al., 2008). No local
da entrada do parasito pode haver formacdo de uma lesdo inflamatoria, conhecida como
Chagoma de inoculacéo. Se o local da infec¢do for a mucosa ocular, o chagoma é chamado
de Sinal de Romarfia, um edema unilateral e bipalpebral. Dentro das células do organismo
hospedeiro, o parasito comeca a se multiplicar em ciclos assincrénicos, promovendo
destruicdo tecidual. Em muitos individuos a fase aguda apresenta sintomas bem discretos.
No entanto, quando ha manifestacdes, estas ocorrem em um periodo de 7 a 14 dias e incluem
febre, hepatoesplengomegalia, nauseas, vomito, diarreia, anorexia, irritacdo da meninge e
conjuntivite. Um pequeno nimero de pacientes desenvolve miocardite, podendo apresentar
taquicardia, cardiomegalia e faléncia cardiaca. A fase aguda é seguida por uma fase crénica
na qual a parasitemia diminui, atingindo niveis baixos que impedem a detec¢édo do parasito
por exames de sangue direto (TANOWITZ et al., 1992).

Na fase cronica da doenga, os parasitos estdo alojados principalmente no coragéo e
musculo liso do sistema digestivo. Até 30% dos pacientes sofrem de disturbios cardiacos e
até 10% sofrem de problemas no sistema digestivo (tipicamente alargamento do es6fago ou
do cdlon), ou alteracdes neuroldgicas mistas. Nos anos posteriores a infec¢do, pode ocorrer
morte sUbita ou insuficiéncia cardiaca causada por destruicdo progressiva do musculo

cardiaco e do seu sistema nervoso periférico (COURA, 2007).

1.6. Epidemiologia

A doenca é encontrada principalmente em areas endémicas de 21 paises da América
Latina, incluindo o Brasil. No entanto, nas ultimas décadas, tem sido cada vez mais
detectados casos da doenca nos Estados Unidos da América, Canada, em muitos paises
europeus e alguns paises do Pacifico Ocidental. Isto pode ser facilitado principalmente
devido a mobilidade da populacao entre a América Latina e os outros paises (WHO, 2022).
Segundo estimativas da Organizacdo Mundial de Saude (OMS), aproximadamente oito
milhdes de pessoas estdo cronicamente infectadas com T. cruzi e cerca de 10.000 — 14.000
mortes por ano sdo causadas por DC (Revisto por RASSI JUNIOR et al., 2012). Nas areas
endémicas, a doenca acomete mais frequentemente individuos residentes em areas rurais
devido a coabitacdo entre insetos vetores infectados, animais domésticos e o préprio homem
(DIAS, 2007).



Em paises anteriormente considerados livres da doenca, tais como Japdo e Austrdlia,
desde 2018 novos casos séo cada vez mais relatados (Figura 3). Em 2006, o Brasil foi
certificado pela OMS como uma area livre de DC em relagdo a transmissdo vetorial por
Triatoma infestans (RASSI, 2010; SILVEIRA & DIAS, 2011), e embora a prevaléncia da
DC tenha diminuido nas Ultimas décadas no Brasil, cerca de 2,4% ou 4,6 milhdes de
brasileiros estdo infectados por T. cruzi, dados de 2012 (MARTINS-MELO et al., 2014).
Dados recentes mostram que entre 2003 e 2018, foram notificados 4.556 novos casos de DC,

tendo maior incidéncia relatada na regido Norte do pais (BRASIL, 2019).

Global distribution of cases of Chagas disease, based on official estimates, 2018
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Figura 3 - Distribuicéo global de casos de DC. A propagacao da DC em diferentes
paises anteriormente considerados livres da doenca é problematica devido a presenca de
vetores nativos que podem propiciar a transmissdo de infeccdo (Adaptado de WHO - 2018).

1.7. Estratégias atuais de tratamento contra DC

Atualmente, o tratamento utilizado é mais focado nos sintomas do que na eliminagao
dos parasitos no organismo do hospedeiro. Assim, do ponto de vista sintomatico, procura-se
amenizar as diversas manifestacGes da doenca, através da administracdo de diuréticos para
o tratamento da insuficiéncia cardiaca congestiva. Do ponto de vista etioldgico, o Nifurtimox

(Lampit®, Bayer) e Benznidazol (Rochagan®, Roche) sdo os farmacos indicados ha mais

10



de trés décadas (DIAS & SCHOFIELD, 1999) (Figura 4). Entretanto, esses farmacos sao
ativos somente na fase aguda da doenca, e o Nifurtimox ndo é mais comercializado no Brasil,
Argentina, Chile e Uruguai. No Brasil, o benznidazol é produzido pelo Laboratério
Farmacéutico do Estado de Pernambuco (Lafepe) (FAIRLAMB, 1999; SCHOFIELD et al.,
2006).

O Nifurtimox (Nif, 3-metil-4-(5"-nitrofurfurilidenoamina) tetrahidro-4H-1,4-tiazina-
1,1-di6xido) é um nitrofurano que foi desenvolvido pela Bayer em 1967 e comercializado
como Lampit®. Age reduzindo o grupamento nitro para gerar nitro-anions que
posteriormente reagem com oxigénio molecular para produzir superéxido e peroxido de
hidrogénio, responsaveis por provocar efeitos citotdxicos as células (DOCAMPO &
STOPPANI, 1979). Hoje, Nifurtimox é produzido pela Bayer HealthCare na Corporacion
Bonima em EI Salvador.

O Benznidazol (Bz, N-benzil-2-nitroimidazol acetamida) é um nitroimidazol que foi
desenvolvido pela Roche em 1972 e foi anteriormente comercializado como Rochagan® ou
Radanil® (COURA & BORGES-PEREIRA, 2011). Assim como o Nifurtimox, o principal
efeito citotoxico do Benznidazol esta relacionado a atividade enzimatica da reducdo do

grupamento nitro que resulta em radicais livres (VIOTTI et al., 2009).
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Figura 4 — Estrutura quimica dos compostos Nifurtimox (A) e Benznidazol (B).
(Retirado de BOSCARDIN et al., 2009).

O tratamento também é indicado para aqueles em que a infeccéo foi reativada devido
a imunossupressdo. Para adultos infectados, especialmente em casos assintomaticos,
também deve ser oferecido o tratamento antiparasitario, pois pode prevenir a progressao da
doenca. Apesar dos beneficios potenciais da medicacdo para prevenir ou retardar o
desenvolvimento da DC, deve se considerar a longa duracdo do tratamento, de até 2 meses,
e as possiveis reacOes adversas, que ocorrem em até 40% dos pacientes tratados (MOREL,

1999).
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Tanto o Benznidazol como o Nifurtimox provocam sérios efeitos colaterais como
hiporexia, perda de peso, nduseas, vomitos, alergia cutanea e neuropatia periférica. Além
disso, esses medicamentos apresentam baixa eficacia, uma vez que algumas cepas estudadas
apresentam diferentes niveis de resisténcia para esses farmacos (VERONESI, 1991;
CINQUE et al.,1998; BUCKNER et al., 2001).

O Benznidazol e o Nifurtimox ndo devem ser utilizados para tratamento de mulheres
gravidas ou de pessoas com insuficiéncia renal ou hepatica. O Nifurtimox também é
contraindicado para pessoas com histérico de distarbios neurolégicos ou psiquiatricos
(MONCAYO & ORTIZ YANINE, 2006).

Com base no conhecimento atual das caracteristicas biolégicas do parasito e do
hospedeiro, um farmaco ideal para tratar a DC deveria apresentar 0s seguintes atributos:
atividade contra as diferentes formas evolutivas do parasito presentes nos hospedeiros
mamiferos e nos diferentes reservatorios do parasito, necessidade de administracao oral de
poucas doses, baixa toxicidade e um perfil de seguranca melhorado (incluindo possibilidade
de tratamento para criancas e mulheres em idade reprodutiva), baixo custo e estabilidade
adequada para manutencdo em temperaturas tropicais e que apresente niveis elevados de
acumulo nos tecidos e com meia-vida longa (NWAKA & HUDSON, 2006).

1.8. Metalocomplexos

Os metais de transicdo oferecem mais vantagens quando comparados a outros
farmacos comuns baseados em compostos organicos. Estas vantagens se devem ao fato de
0s metais possuirem diferentes possibilidades de coordenacéo e geometria com o ligante de
interesse, o farmaco, além de grande diversidade estrutural (VAN RIJT & SADLER, 2009).
Podem também apresentar diferentes estados de oxidacdo, além de interagirem e se
coordenarem comumente com moléculas ricas em elétrons, como proteinas e DNA (ORVIG
& ABRAMS, 1999).

A coordenacdo dos metais com os ligantes resulta em uma configuracdo
tridimensional, onde a molécula pode reconhecer alvo molecular e realizar a interacdo de
forma mais estavel e especifica (FRICKER, 2007). Esta coordenacdo pode alterar as
caracteristicas dos compostos utilizados, revertendo perfis de resisténcia da célula-alvo ao
composto utilizado. Esta reversdo do perfil de resisténcia pode ocorrer pelo fato de que 0s

mecanismos normalmente utilizados pelas células podem ndo ser ativados quando o
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composto esta ligado a um metal. Com isso, alguns efeitos colaterais gerados pelos
compostos ndo coordenados podem ser reduzidos apds a adicdo de um metal. Em alguns
casos ha sinergismo entre o metal e o ligante, levando & diminuicdo das concentracdes
necessarias para obter a acdo biologica desejada (MENDES et al., 2005; PEREZ-
REBOLLEDO et al., 2005). Os metais podem possibilitar o aumento da lipofilicidade do
farmaco apds sua coordenacdo ao mesmo, facilitando a difusdo através das membranas
biolégicas (BRUIININCX & SADLER, 2010).

Estes complexos metalicos tém sido estudados em diferentes aplicacdes bioldgicas
para combater os mecanismos de resisténcia desenvolvidos por alguns agentes causadores
de doengas (WRIGHT & SUTHERLAND, 2007). Dentre estes estudos, encontra-se a
conjugacéo destes complexos a antibidticos, os quais demonstram propriedades terapéuticas
mais eficazes quando comparado ao farmaco ndo coordenado. Complexos formados com o
metal de transicdo Pd e o antibidtico tetraciclina apresentaram atividade antibacteriana
contra linhagem resistente de Escherichia coli. O composto coordenado a tetraciclina

mostrou atividade 16 vezes maior do que a droga ndo coordenada (GUERRA et al., 2005).

Estudos prévios relatam metalocomplexos como alternativa a terapia anticancer
(BRUIININCX & SADLER, 2010). Um composto de coordenacao de Cu (1) com diferentes
ligantes provocaram uma inibicdo de 92,4% do crescimento do tumor em testes in vivo
(BORGES et al., 2016). Compostos de coordenacdo também de Cu (Il), com diferentes
ligantes, mostraram efeitos antiproliferativos contra linhagens celulares de leucemia, sendo
quase 4 vezes menos toxicos as células ndo cancerigenas do que a cisplatina (FERNANDES
et al., 2015).

Os metalocomplexos também se apresentam como alternativa na busca por compostos
que oferecam atividade antiparasitaria. Nos ultimos anos, nosso grupo vem desenvolvendo,
caracterizando e testando compostos de coordenacdo contendo ions de metais de transi¢éo
de primeira linha (Cu(l1), Co(ll), Zn(Il) e Fe(l11)) como uma classe quimica promissora com
potencial para ser aplicado na quimioterapia de doencas distintas, incluindo doencas
negligenciadas como toxoplasmose (PORTES et al., 2015) e leishmaniose (ROCHA et al.,
2023). Relatamos atividade anti-Toxoplasma gondii e analises ultraestruturais de dois
complexos de Cu(ll) (PORTES et al., 2017). Estes complexos também exibiram atividade
antitumoral relevante (FERNANDES et al.,, 2015). Ambos os complexos, que néo
apresentam Sulfadiazina (SDZ-) coordenada ao centro Cu(Il), controlam de forma

irreversivel o crescimento in vitro do parasito T. gondii causador da toxoplasmose,
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resultando em valores de ICso de 3,57 € 0,78 puM, apos 48h de tratamento. Observou-se que
esses compostos induzem a conversdo de parte dos parasitos da forma taquizoito para
bradizoito. A comparacéo entre os valores de 1Cso para 0s compostos sob investigacdo indica
melhor eficiéncia quando comparado com SDZ isoladamente, sugerindo um efeito da
natureza do metal e do ligante na atividade anti-Toxoplasma (PORTES et al., 2017).
Complexos de Zn e Fe(Ill), contendo SDZ— coordenado ao centro metalico, também
exibiram atividade anti-Toxoplasma in vitro (BATISTA et al., 2015; PORTES et al., 2018).
Recentemente, relatamos a atividade anti-Toxoplasma e estudos DFT de complexos
hidrossoltveis (Fe, Cu, Zn), que facilitam a absorcédo e transporte intracelular, contendo o
ligante N-2[(piridina-2-ilmetil)amino)etanol. Dentre todos os compostos investigados, 0
complexo Fe(lll) [Fe(HL1)CI3] apresentou a melhor atividade anti-Toxoplasma
(CARDOSO et al., 2022).

Também avaliamos os efeitos de dois compostos de coordenacdo Co(ll) na atividade
antiproliferativa in vitro contra a forma promastigota da L. amazonensis, causadora das
leishmanioses, mostrando um valor de 1Cso para 0 complexo (1) de 4,90 (24 h), 3,50 (48 h)
e 3, 80 uM (72 h), e para o complexo (2) de 2,09, 4,20 e 2,80 uM, respectivamente. O
complexo (1) foi capaz de elevar o potencial de membrana mitocondrial dos parasitos apds
o tratamento. A microscopia eletronica de transmissao revelou condensacao apoptdtica tipica
da cromatina, estruturas alteradas de cinetoplastos e mitocondrias, sugerindo que a morte
celular do protozoario semelhante a apoptose € provavelmente mediada por um mecanismo

apoptotico associado a disfungdo mitocondrial (ROCHA et al., 2023).

Baseado nos dados expostos sobre metalocomplexos mostrando vantagens quando
comparados a farmacos comuns e assim destacando suas propriedades quimicas e atividades
biolégicas, o0s compostos metalocomplexos sdo possiveis alternativas para o

desenvolvimento de uma nova estratégia de tratamento para a DC.
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2. OBJETIVO

2.1. Objetivo geral

> Analisar os efeitos in vitro de compostos dinucleres de Fe (I11) contra epimastigotas

e amastigotas de T. cruzi

2.2. Objetivos especificos

» Auvaliar o crescimento da populacdo de epimastigotas em cultivo axénico e
amastigotas de T. cruzi infectando células hospedeiras ap0s tratamento com 0s

compostos de Fe (111) em diferentes tempos de desenvolvimento dos parasitos.
» Auvaliar as alteragdes na morfologia e ultraestrutura de epimastigotas e amastigotas
de T. cruzi e viabilidade das celulas hospedeiras apds tratamento com 0s compostos

de Fe (111).

» Auvaliar o efeito dos compostos de Fe (I1I) sobre o metabolismo mitocondrial do

parasito, utilizando marcador especifico.
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Chagas disease is a neglected tropical disease caused by the protozoan pathogen Trypanosoma cruzi.
The disease is a major public health problem affecting about 6 to 7 million people worldwide, mostly in
Latin America. The available therapy for this disease is based on two drugs, nifurtimox and benznidazole,
which exhibit severe side effects, including resistance, severe cytotoxicity, variable efficacy and ineffi-
ciency in the chronic phase. Therefore, new drugs are urgently needed. Coordination compounds may be
an interesting alternative for antiparasite therapy against Leishmania spp., Toxoplasma gondii and T. cruzi.
Herein, we tested the in vitro effect on T. cruzi epimastigotes (Y strain) of two new p-oxo Fe(i) dinuclear
complexes: [(HL1)(ClFe(p-O)Fe(Cl)(HL2)I(Cl),(CH3sCH>OH),-H,O (1) and  [(HL2)(ClFe(u-O)Fe(CL(HL2)]
(Cl)2-H,0O (2) where HL1 and HL2 are ligands which contain two pyridines, amine and alcohol moieties
with a naphthyl pendant unit yielding a NzO coordination environment. Complexes (1) and (2), which are
isomers, were completely characterized, including X-ray diffraction studies for complex (1). Parasites were
treated with the complexes and the outcome was analyzed. Complex (1) exhibited the lowest ICsq values,
which were 99 + 3, 97 + 2 and 110 + 39 nM, after 48, 72 and 120 h of treatment, respectively. Complex
(2) showed ICsq values of 118 + 5, 122 + 6 and 104 + 29 nM for the same treatment times. Low cyto-
toxicity to the host cell LLC-MK2 was found for both complexes, resulting in impressive selectivity
indexes of 106 for complex (1) and 178 for (2), after 120 h of treatment. Treatment with both complexes
reduced the mitochondrial membrane potential of the parasite. Ultrastructural analysis of the parasite
after treatment with complexes showed that the mitochondria outer membrane presented swelling and
abnormal disposition around the kinetoplast; in addition, reservosomes presented anomalous spicules
and rupture. The complexes showed low nanomolar ICsq values affecting mitochondria and reservo-
somes, essential organelles for the survival of the parasite. The low ICsq and the high selectivity index
show that both complexes act as a new prototype of drugs against T. cruzi and may be used for further
development in drug discovery to treat Chagas disease.
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1. Introduction

Chagas disease (CD), also known as American trypanoso-
miasis, was first described in 1909 by the Brazilian
researcher Carlos Chagas. It is caused by the intracellular
obligate parasite Trypanosoma cruzi.' T. cruzi is a hemofla-
gellate protozoan of the Trypanosomatidae family,
Kinetoplastida order. CD is one of the 20 neglected tropical
diseases (NTDs) according to the World Health
Organization.” It can be transmitted through the faeces of
sucking insects belonging to the Triatominae subfamily,
blood transfusions, organ transplantation, oral contami-
nation, through laboratory accidents, congenital routes and
oral infection.” Endemic Chagas disease shows similarities
to a situation in both Latin America and the US between
today’s global Chagas disease epidemic and the first two
decades of the HIV/AIDS epidemic.*

The parasite exhibits a complex life cycle involving distinct
morphological stages during its passage through vertebrate
and invertebrate hosts, as epimastigotes and metacyclic trypo-
mastigotes in the insect vector, and as trypomastigotes and
amastigotes in the vertebrate host.>°

CD presents high morbidity and mortality load in endemic
countries.””® This disease is a major public health burden
because about 6 to 7 million people worldwide, mostly in
Latin America, are estimated to be infected.'®'! The geo-
graphic distribution of the disease prevails in Latin American
countries due to the presence of more than 140 species of
insect vectors (Triatominae, Hemiptera, Reduviidae); hence, it
is also called American trypanosomiasis.'” Because of human
migration, CD has also led to the appearance of several cases
in nonendemic areas and current major concerns related to
the mechanisms of transmission in these countries
include transmission by the transfusion with infected blood
and congenital transmission from mother-to-child during
pregnancy."?

This disease presents an acute and a chronic phase. The
former is short and marked by non-specific symptoms,
complicating the diagnosis. The chronic stage of CD may
generate severe intestinal and heart lesions. There is no
vaccine for preventing the infection, and the only drugs
that are currently used for the treatment of CD are two
nitroheterocycles: nifurtimox (Lampit, Bayer) and benznida-
zole (Rochagan, Roche). These drugs were empirically devel-
oped in the early 1960s and have limited efficacy and
induce several adverse effects, ranging from abdominal dis-
comfort to leukopenia or peripheral neuropathy.'* Both
available drugs for CD are ineffective in the chronic phase
and teratogenic, causing severe side effects such as anor-
exia, insomnia, nausea, headache, dizziness, asthenia, peri-
pheral neuritis, exfoliative dermatitis, thrombocytopenia,
allergic purpura, nervousness, hallucinations and convul-

and as a forcing treatment
115,16

sions;
withdrawa

The mechanism of action of nifurtimox and benznidazole
is still being discussed, although they have been in clinical use

consequence,
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for more than 5 decades.'”>° Both act through the formation
of free radicals and electrophilic metabolites by the reduction
of their nitro group to an amino group by nitroreductases.
These free radicals damage lipids, proteins, and DNA.>' The
efficacy of this treatment is limited to the acute phase,
although most patients are not treated at this stage, resulting
in great economic impact related to CD.**** Furthermore,
some 7. cruzi strains have exhibited drug resistance in in vitro
and experimental infections.>® These limitations have stimu-
lated research on novel therapeutic strategies and different
classes of compounds to improve the treatment of this
disease.”>*®

All these factors frame CD among the NTDs, and it is
known that in the period from 2009 to 2018, only 0.67% of the
total applied for all NTDs was addressed for CD.*® Thus, there
is a need to identify new active compounds against 7. cruzi. In
view of that, there is an agreement that the development of
new therapeutics is urgent because parasitic diseases are
among the most prevalent illnesses worldwide, emerging as a
global health problem with no clinical drugs available to treat
the chronic stage.*’

Coordination compounds have only recently emerged as a
promising class of chemicals with potential to be applied
in the chemotherapy of distinct disease including CD.
Copper(n) complexes with ligands 1-(bis(pyridin-2-ylmethyl)
amino)-3-(naphthalen-1-yloxy)propan-2-ol (HL1) and 1-(bis
(pyridin-2-ylmethyl)amino)-3-(naphthalen-2-yloxy)propan-2-ol
(HL2) (Scheme 1) have an antiproliferative effect
inducing apoptosis-like effect against leukemia cell lines.*!
The palladium and platinum complexes of the bioactive
ligand pyridine-2-thiol N-oxide showed high in vitro growth
inhibition activity (ICs5, of 67-200 nM) against epimastigotes
of the Tulahuen 2 strain.®* The antichagasic activity of Cu
(1) complexes was evaluated against the amastigote forms
of CL Brener strain and the ICs, ranged from 0.3 to
418 pM.>?

Metallic compounds based on palladium were able to
generate morphological changes such as shortening of the
cell body and inducing necrosis in 7. cruzi epimastigotes.*®
A gold(m) complex was effective against both the trypomas-
tigote and amastigote forms of T. cruzi. Despite its limited
reduction of the parasite load in the acute phase the
in vivo assays demonstrated reduction of the tissue parasit-
ism in addition to protecting the liver and heart from
tissue damage, leading to the survival of treated mice
during the acute phase.*

Toward developing new metallodrugs to tackle NTDs, we
have described several coordination complexes with action
against 7. gondii, the agent that causes toxoplasmosis, inhibit-
ing the proliferation and inducing cystogenesis.**® To con-
tribute in the compound search again CD, as well as, to
expand our understanding to changes within 7. cruzi epimasti-
gotes after treatment with coordination compounds, we have
synthesized two iron(ur) complexes (Scheme 1): [(HL1)(Cl)Fe(p-
O)Fe(Cl)(HL2)](Cl),:(CH;CH,0H),-H,O (1) and [(HL2)(Cl)Fe(p-
O)Fe(Cl)(HL2)](Cl),-H,O (2), in which HL1 = 1-(bis(pyridin-2-
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Scheme 1 Syntheses of complexes (1) prepared with ligand HL1 and (2) prepared with ligand HL2. The proposed structures are based on X-ray diffr-
action data recorded for complex (1) and theoretical calculations.

ylmethyl)amino)-3-(naphthalen-1-yloxy)propan-2-ol and HL2 =
1-(bis( pyridin-2-ylmethyl Jamino)-3-(naphthalen-2-yloxy)propan-
2-ol. As can be seen in Scheme 1, both ligands are isomers.
While HL1 contains the a-naphthoyl group, ligand HL2 con-
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tains the f-naphthoyl unit. These complexes were active against
T. cruzi epimastigotes presenting ICs, values in the nanomolar
range, acting on mitochondria and reservosomes, essential
organelles for the survival of the parasite.
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2. Experimental

2.1. Materials and methods

The ligands and their respective iron(u) complexes were syn-
thesized using commercial grade reagents. UV-Vis, electro-
chemical and ESI(+)-MS investigations were carried out
employing spectroscopic, HPLC or MS grade solvents. All
chemicals and reagents were purchased from Sigma-Aldrich
and used as such. 'H and "*C NMR spectra were recorded with
an NMR AS 400 spectrometer. Chemical shifts (§) are given in
ppm, and the spectra were recorded in appropriate, deuterated
solvents, as indicated. TMS (0 ppm) was employed as the stan-
dard. The elemental analysis (CHN) for the complexes was per-
formed with a PerkinElmer 2400 CHN analyzer. Infrared
spectra were recorded with a Shimadzu FT-IR 8300 spectro-
photometer. The solid samples were prepared in a KBr pellet
and the spectra were recorded over the frequency range of
400-4000 cm™'. UV-Vis spectra for the ligands and iron(um)
complexes were recorded in methanol, and stability studies
were performed in aqueous medium with 1% of DMSO, both
in a UV-Vis Varian, Cary 50 Bio. Full scan mass spectra (MS
mode) were obtained with a MicroTOF LC Bruker Daltonics
spectrometer equipped with an electrospray source operating
in positive ion mode. Samples were dissolved in a MeOH/H,O
(50/50) solution and were injected into the apparatus by direct
infusion. The determination of melting points was performed
in the Microquimica MQAPF - 307 apparatus.
Thermogravimetric analyses (TGA) were performed by using a
Shimadzu TGA-50 instrument. In summary, 5 mg of each
sample were placed in a platinum crucible and heated from 10
to 1000 °C at a heating and a volumetric flow rate of nitrogen
close to 10 °C min~" and 50 mL min ™", respectively.

Cyclic voltammograms (CVs) were recorded with an Autolab
PGSTAT 10 potentiostat/galvanostat in acetonitrile containing
0.1 mol dm™® tetrabutylammonium perchlorate (TBACIO,) as
the supporting electrolyte under an argon atmosphere at room
temperature. The electrochemical cell employed was a stan-
dard three-electrode configuration: a glassy carbon working
electrode, a platinum-wire auxiliary electrode and a commer-
cial Ag/AgCl electrode immersed in a salt bridge containing
0.1 mol dm™? TBACIO,. The formal potential of the ferroce-
nium/ferrocene couple was 0.426 V vs. the reference electrode
Ag/AgCl, being established as 0.400 V vs. NHE.*> Mossbauer
spectroscopy of *’Fe was performed at room temperature in
transmission geometry. The spectra were taken with the Co-57
Rh-matrix source and the powdered sample maintained at the
same temperature, moving in a sinusoidal mode. The isomer
shift (8) values are in relation to metallic iron. All the spectra
were fitted with only one paramagnetic component (doublet)
and the quadrupole splitting AE,, isomer shift §, the linewidth
I’ and the absorption area were the free fitting parameters.

2.2. Synthesis

2.2.1. Synthesis of the ligands. The ligands HL1 and HL2
(Scheme 1) were synthesized as described by us in the
literature.>*

This journal is © The Royal Society of Chemistry 2021
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2.2.2. Synthesis of [(HL1)(CI)Fe(p-O)Fe(CI)(HL2)]
(C1),:(CH3;CH,0H),-H,0 (1) and [(HL2)(Cl)Fe(p-O)Fe(Cl)(HL2)]
(C1),:H,O (2). Complex (1) was prepared by the reaction
between the ligand HL1 (1 mmol, 400 mg) and [Fe(H,0)s|Cl;
(1 mmol, 270 mg) in ethanol (20 ml). The mixture was refluxed
for 10 h. A brown solid was formed which was filtered off,
washed with cold propan-2-ol and recrystallized in ethanol,
affording complex (1) as red crystals. Yield: 240 mg
(20%). M. p. 192 °C. Anal. caled for [(HL1)(Cl)Fe(p-O)Fe(Cl)
(HL1)] (Cl),:(CH3CH,0H),-H,0 (1) (Cs4HgsFe,ClNgOg, MW =
1178.64 g mol™): C, 55.03; H, 5.47; N, 7.13. Found: C, 55.08;
H, 5.50; N, 7.22%.

Complex (2) was prepared by using the same procedure
employed for (1), but only an amorphous brown solid was iso-
lated. Yield: 121 mg (10%). M. p. 183 °C. Anal. calcd for [(HL2)
(Cl)Fe(u-O)Fe(Cl)(HL2)](Cl),-H,O (2) (Cs0Hs2Fe,ClyNsOs, MW =
1085.55 g mol™"): C, 55.32; H, 4.82; N, 7.74. Found: C, 55.34;
H, 4.85; N, 7.85%.

2.3. X-ray crystallography

Single crystals of the complex (1) were selected and X-ray diffr-
action measurements were performed using a Bruker D8
Venture diffractometer equipped with an INCOATEC Mo micro
source at room temperature. The unit cell parameters and data
integration of the reflections were performed with the
APEX3.%° All collected data were corrected for Lorentz and
polarization effects and for absorption using the SADABS
semi-empirical multi-scan method.*® The structure was solved
using SHELXT by intrinsic phasing methods.”* The structural
model was refined by full-matrix least-squares on F° using
SHELXL,"” embedded in Olex2.** The non-hydrogen atoms of
the solvent molecules and the chloride ion were found in the
Fourier maps. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Hydrogen atoms bonded to C
atoms were placed at their idealized positions using standard
geometric criteria. The hydrogen atoms linked to O atoms
were located from Fourier maps, analyzing the geometries of
the hydrogen bonds. The Uy, values for the hydrogen atoms
were fixed at 1.2 times (for aromatic complexes and methyl-
ene) and 1.5 times (for methyl and OH) the U, of the carrier
atom. The crystallographic data for the complex are given in
Table 1, and the relevant structural parameters are listed in
Table 3.

2.4. Computational details

Since the crystallographic structure of (1) is available, it has
been used as a reference model structure (Fig. 1), and in order
to simplify such a model, all counter-ions or solvent co-
ordinated molecules have been removed. The structure was
optimized with an extended-tight-binding method called
xTB**** under vacuum. A preliminary systematic confor-
mational search of complex (1) was then carried out using the
conformational search workflow called iMTD-GC, as
implemented in CREST software,*® which includes functional-
ities such as parallel optimization and screening functions for
GFNn-xTB.
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Table 1 Crystallographic data for complex (1)
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Chemical formula

Mw

Crystal system, space group
al/A

b/A

c/A

pre
Volume/A®
zZ

pcalc/ g cm™
w/mm™*
Crystal size/mm?®

26 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [I > 20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A~

3

Fig. 1 Representation of the unit cell of iron(m) complex (1) (ellipsoids
drawn at 50%).

Afterwards, the most stable conformers were selected for
full geometry optimization with the functional BP86,"” in con-
junction with the def2-TZVP*® basis set, D3BJ dispersion cor-
rection, and ZORA (Zero Order Regular Approximation)*® as a
relativistic approach in the ORCA program.’®>' The obtained
structures have been checked as corresponding to minima on
the potential energy surfaces, since no imaginary eigenvalues
in the hessian matrix have been obtained. Additionally, the
calculated normal modes are totally in line with the experi-
mental infrared values (Tables S1 and S21). The same pro-
cedure employed for the geometry optimization of (1) was
extended to complex (2). It is worth mentioning that no crystal-
lographic data are available for (2). In this case, the most
stable conformer of (1) has been selected as the reference
structure and the relative positions of naphthoyl groups
changed using Chemcraft software accordingly and the entire
structure was reoptimized by employing the same level of
theory as described above.
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[Fe,0(C5H,5N,0,)5(Cl),]Cly(H,0),(C,H;0H), Fe, CsHeeNOoCly
1196.62

Monoclinic, P2,/n

12.292(5)

19.974(9)

12.365(6)

110.669(18)

2840(2)

2

1.399
0.758

0.02 x 0.12 % 0.18

4.506 to 50.7
-14<h<14,-24<k<20,-14<1<14
30857

5188 [Rint = 0.0540, Ryigma = 0.0347]
5188/3/348

1.081

R; = 0.0457, WR, = 0.1003

R, = 0.0711, wR, = 0.1107

0.56/—0.36

2.5. Antitrypanosomal activity

2.5.1. Culture of parasite. Epimastigotes of T. cruzi from
the virulent Y strain were grown in 25 cm?® culture flasks (SPL
Life Sciences) in Liver Infusion Tryptose culture medium (LIT)
supplemented with 10% fetal bovine serum (FBS) at 28 °C.
Culture passages were performed every 3 or 4 days by passing
0.5 mL of the culture to 5 mL of new LIT supplemented with
FBS.

2.5.2. In vitro antitrypanosomal assay. For in vitro studies,
iron(m) complexes were dissolved in dimethyl sulfoxide and
Roswell Park Memorial Institute (RPMI) 1640 medium and
stored at —22 °C. The final concentration of DMSO in the
medium never exceeded 0.01% (v/v) and had no effect on the
proliferation of parasites. Parasites (1 x 10°) were added into
culture flasks containing LIT supplemented with FBS. After
24 h, complexes were added at different concentrations and
parasites were quantified every 24 h up to 120 h of treatment.
Quantification of the parasites was performed by direct count
through a phase light microscope in a Neubauer chamber in
triplicate. Parasites were first treated with 20 pM of the com-
plexes; in a second series of experiments the concentration of
the complexes varied from 10 nM to 200 nM and parasites
were treated up to 72 h; in a third series of experiments the
concentration of the complexes varied from 20 nM to 100 nM
and parasites were counted after 120 h of treatment.

Results are shown as the percentage of parasite growth at
different concentrations of the complexes in a distinct treat-
ment time period. The percentage of parasite growth allows a
clear observation of the treatment effect between early and late
treatment time points. To calculate the percentage of parasite
growth the number of the parasites of the non-treated control
was set to 100% and the values of treated parasites with dis-
tinct complex concentrations were derived proportionally. For
the calculations of the concentration that inhibits parasite
growth by 50% (ICs,), the percentage of parasite growth was
plotted as a function of the used concentration of the com-
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plexes and a non-linear regression curve was calculated. The
regression analyses were performed using Sigma Plot 8.0 soft-
ware (Systat Software Inc., Chicago, IL, USA). Eventually in the
longest treatment times the ICs, number was extrapolated®>
based on the regression curves calculated with Sigma Plot 8.0
software (Systat Software Inc., Chicago, IL, USA). The results of
the ICs, calculations are presented as means + SD of three
independent biological replicates.

2.5.3. Culture of LLC-MK2 cells. LLC-MK2 kidney epithelial
cells (Rhesus monkey, Macaca mulata) were cultured in 25 cm?
culture flasks with RPMI medium (Sigma Aldrich, EUA) sup-
plemented with 10% FBS at 37 °C under a 5% CO, atmo-
sphere. Every 48 h or after the formation of confluent mono-
layers, cultures were treated with trypsin/EDTA solution
(Sigma-Aldrich, USA) to obtain subcultures. Cell viability assay
was performed in subconfluent cultures in 96-well tissue
culture plates (SPL Life Sciences).

2.5.4. Cell viability assay. The effects of the complexes on
LLC-MK2 host cells were evaluated based on the reduction of
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl )-2-(4-
sulfophenyl)-2H-tetrazolium (MTS). MTS (CellTiter 96®
AQueous One Solution) is bioreduced by living cells into a for-
mazan product soluble in culture medium.> For this assay, 1
x 10° cells were seeded per well into 96-well plates and cul-
tured with RPMI medium supplemented with 5% FBS. After
24 h the cells were washed with RPMI medium and subjected
to treatment with the Fe(m) complexes at different concen-
trations ranging from 100 nM to 10 pM. As a negative control,
cells were cultured without the addition of the complexes in
RPMI medium supplemented with 5% FBS. As a positive
control, cells were cultured with 10% Triton X-100 in RPMI
medium. After 24 h, 72 h and 120 h of treatment, cells were
incubated with 20 pL of MTS One solution recently prepared
in RPMI medium (0.33 mg mL™") for 4 h at 37 °C and 5% CO,,
protected from light. The absorbance of the formazan product
at 490 nm was determined using a Versamax microplate reader
(Molecular Devices). To calculate the percentage of cell growth
the absorbance value obtained with the cells of the control (no
compound) was set to 100% and the values of treated cells
after distinct complex concentrations were derived proportion-
ally. The data presented were representative of at least three
independent experiments. When at least 25% toxicity in
relation to the non-treated control was detected, the CCs, was
obtained by calculating the non-linear regression curve after
plotting the absorbance readings of live cells by the concen-
tration of the complex. The CCjs, number was extrapolated>
based on the regression curves calculated with Sigma Plot 8.0
software (Systat Software Inc., Chicago, IL, USA). The selective
index was calculated by dividing the CCs, by the IC5,.*” The
results of the CCs, calculations are presented as means + SD of
three independent biological replicates.

2.5.5 Mitochondrial membrane potential by fluorescence
microscopy. The mitochondrial membrane potential of non-
treated and treated parasites (3 pM of complexes for 120 h)
was investigated using the fluorescent marker JC-1.
Differential interference contrast (DIC) microscopy images
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were used to visualize parasites. The parasites were incubated
with 10 ug ml™" of JC-1 in LIT for 20 min at 28 °C,** and were
analyzed using a Zeiss LSM-710 confocal laser scanning micro-
scope. Quantification of the mitochondrial membrane poten-
tial was performed using the fluorescence microscope by
directly counting 100 parasites for each experimental con-
dition in triplicate of three independent experiments. Parasites
presenting green fluorescence labeled mitochondria were con-
sidered “inactive/altered mitochondrial membrane potential”
while parasites with red labeled mitochondria were considered
with active mitochondrial membrane potential.

2.5.6. Electron microscopy analysis. For analysis of the
parasite ultrastructure, non-treated and treated parasites (100 nM
or 1 uM of complexes for 24 h up to 120 h) were fixed for 1 hin a
solution containing 2.5% glutaraldehyde and 4% recently pre-
pared formaldehyde in 0.1 mol L™ sodium cacodylate buffer, pH
7.4. After these procedures, the parasites were washed twice with
phosphate buffered saline (PBS) for 10 min and post-fixed for 1 h
in the dark with a solution containing 1% osmium tetroxide
(0s0,) and 1.6% ferrocyanide in 0.1 M sodium cacodylate buffer.
Subsequently, the parasites were washed in the same buffer, de-
hydrated in acetone, and embedded in Epon. Ultrathin sections
were stained with uranyl acetate and lead citrate and observed
under a FEI Tecnai Spirit 120 kV transmission electron micro-
scope at UEZO and at the National Center for Structural Biology
and Bioimaging (CENABIO) multiuser unit of UFR].

2.5.7. Data analysis. Means were analyzed by two-way
ANOVA with a Bonferroni multiple comparison post-test, using
GraphPad Prism Software, Version 5.0 (San Diego, CA, USA).

3. Results and discussion

3.1. Synthesis and characterization

Ligands HL1 and HL2 show a N3O coordination set provided
by two pyridyl, one tertiary amine and one alcohol groups.
These ligands were employed before in order to obtain copper
(1) complexes which induced apoptosis in leukemia cell
lines.®® We have observed that the presence of naphthoyl
groups has improved the biological activity of coordination
complexes, as was observed in the evolution of anticancer
activity of a family of platinum complexes.>

The reactions between the ligands HL1 and HL2 and the
[Fe(OH,)6]Cl; resulted in red or brown complexes, which were
characterized and identified as dinuclear p-oxo iron(m) com-
plexes. Both are stable in air and soluble in solvents such as
DMF, DMSO, CH;CN, ethanol, methanol and chloroform.
They are insoluble in pure water. This behavior is different
from that previously observed for iron complexes synthesized
with a similar ligand 1-(bis-pyridin-2-ylmethyl-amino)-3-chloro-
propan-2-ol, in which there is a chloro instead of the
naphthoyl group and also results in dinuclear p-oxo iron(ur)
complexes.’®”” This suggests that the lipophilicity of these
new complexes has increased due to the incorporation of the
naphthoyl group into the ligand structure. The CHN elemental
and TGA analyses confirm the nuclearity of the complexes. ESI
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(+)-MS data confirm that the dinuclear p-oxo core is stable in
solution.

Despite the attempts, no quality diffraction data were avail-
able for complex (2), so the proposal made here is based on
physico-chemical data and comparison to complex (1) which
was characterized by X-ray diffraction. Complexes (1) and (2)
are isomers and represent our first results obtained against
T. cruzi. So, our aim is to investigate the effect of these com-
plexes containing naphthoyl groups and the additional effect
of the isomerism on the antichagasic activity.

3.2. Description of the crystal structure of complex (1)

The single-crystal X-ray data revealed that (1) is a centro-
symmetric dinuclear Fe(m) complex. The Fe(ui) ions are hexa-
coordinated and connected through a linear oxo bridge
(Fig. 1). Each Fe(m) centre is also coordinated to three nitro-
gens atoms (N1, N2 and N3), and an oxygen of the ligand HL1.
One chloride ligand (Cl1) completes the coordination environ-
ment. The Fe(ur) centers have distorted octahedral geometries.
The coordination environment is exactly the same as that
observed for the complex [Cl(L)Fe(p-O)Fe(L)C1]2Cl-2H,O (L = 1-
(bis-pyridin-2-ylmethyl-amino)-3-chloropropan-2-ol.>®

The complex crystallizes in space group P2,/n. The oxygen
bridge (p-oxo) is located in a special position (0, 1, 1). Thus, the
asymmetric unit is formed by half of the molecular unity. The
molecular units are connected in the crystal by hydrogen
bonds through a C°(16) chain motif*® that extends along the
direction [010].

The formation of a 180° angle on the Fe(1)-O-Fe(1)' is
associated with the formation of a dinuclear complex, in
which the oxo group is acting as a bridge, linking two mono-
nuclear complexes. Table 2 presents the hydrogen bonds for
complex (1).

Table 3 presents bond lengths and angles for complex (1). A
wide range of Fe-O-Fe bond angles (from 115 to 180°) have
been reported for (p-oxo)di-iron(m) species.>® The Fe1-O1 and
Fe1'-O1 bond lengths of 1.7924(8) A and the Fe1-O1-Fel’
angle of 180.00(2) are in the region normally found for other
oxygen bridged di-iron species.”® All other Fe-N and Fe-Cl
bond lengths are also in the expected regions.

3.3. DFT study

Concerning the conformational search performed with CREST,
the structure (2a) is the nearby conformer from molecule (1),

Table 2 Hydrogen bonds in complex (1)

d(D-H)/ d(H--A) dD-A) D-H--A/
D-H - A A A A °
0O(4)-H(4A)---C1(2) 0.82 2.24 3.051(4) 1721
0(2)-H(2)---0(4) 085 1.77 2.616(4) 172.6
O(1 W)-H(1WA)---CI(2)'  0.85 2.29 3.136(4) 173.3
O(1 W)-H(1WB)---Cl 0.85 2.40 3.233(4) 166.8

—

2)"

.1 1 14,0101 1 1
Symmetry: (i)1+x,1 -y, -1+z ()l -x1+y1-2
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Table 3 Selected geometric parameters for the isomeric complexes (1)
and (2) and the comparisons with the available crystallographic data of
complex (1)

@) @)

(1) (Crystal structure)

Fe(1)-O(1) 1.728 1.720 1.7924 (8)
Fe(1)-0(2) 2.062 2.069 2.204(2)
Fe(1)-CI(1) 2.120 2.118 2.273(1)
Fe(1)-N(1) 1.960 1.958 2.206(3)
Fe(1)-N(2) 1.933 1.946 2.145(3)
Fe(1)-N(3) 1.928 1.922 2.152(3)
O(1)-Fe(1)-0(2) 173.33 174.34 169.20(7)
0O(1)-Fe(1)-CI(1) 87.23 93.87 86.01(7)
O(1)-Fe(1)-N(1) 94.94 95.08 94.04(8)
O(1)-Fe(1)-N(2) 86.04 94.55 89.68(7)
O(1)-Fe(1)-N(3) 92.44 95.22 94.10(8)
Fe(1)-0(1)-Fe(2) 171.71 174.33 180.00

as showed at superposed molecules in Fig. 2. Schematic repre-
sentation of optimized geometries of iron(m) complexes (1)
and (2) at the BP86 level of theory is presented®”®! in Fig. 3
and the energy scale of isomer (2) most stable conformers is
shown in Fig. 4. It is possible to conclude that the group with
more degrees of freedom in the molecule is the naphthoyl
moiety, which rotates in some directions, changing the mole-
cular stability. The conformer (2a) has more stabilizing hydro-
gen bonds and less steric repulsion, since the naphthoyl
groups are spatially arranged so that they are further away
from the remaining molecular structure. Structure (2b) has no
hydrogen bonds, and structure (2¢) has hydrogen repulsion
caused by the torsional angle in the naphthoyl group.
Conformer (2e) is the most unstable because of the decrease of
the naphthoyl group angle.

The calculated structure of complex (1) reveals an excellent
agreement with the available crystallographic data for this
complex (Table 3). For instance, the Fe-O-Fe calculated bond
angle of the oxo-bridge is very close to 180° degrees (171.1°).
The optimized structure of (1) recovers the main features of
the X-ray structure of (1), in which the Fe(m) metallic centres
are hexacoordinated and connected by an oxo bridge. The
overlay of both calculated and crystallographic structures for
complex (1) (Fig. 2a) reveals that root-mean-square distance
(RMSD) values between both structures are smaller than 0.015,
and for some individual groups of atoms as Fe, Cl, O, and N,
are even smaller (0.003; 0.008; 0.05; and 0.005, respectively),
confirming that the level of theory employed for geometry
optimizations is totally adequate. Similarly, the calculated
structure of isomer (2) shows slightly larger RMSDs for the
same groups of atoms Fe, Cl, O, and N (0.45; 0.42; 0.96; and
0.53, respectively), indicating that it differs more significantly
from (1) (Fig. 2b). For instance, the C-O-C angles of the
naphthoyl group in the crystallographic structure and opti-
mized structures of complexes (1) and (2) are, respectively,
114.31°, 117.21° and 121.03°, but in isomer (2), the naphthoyl
group is 90° rotated in relation to the same group in (1), as it
is possible to see in Fig. 2. Such differences are also confirmed
in terms of the difference of electronic energy between

This journal is © The Royal Society of Chemistry 2021
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(b)

Fig. 2 Comparison scheme of superposition between the crystallographic structure of complex (1) (red ball-stick) and the optimized structures
(colorful sticks) of (1) (a) and (2) (b), using the BP86/def2-TZVP level of theory.

isomers (1) and (2), complex (1) being 37.65 kcal mol™" more
stable than complex (2). Table 3 presents selected geometric
parameters for the isomeric complexes (1) and (2) and the
comparisons with the available crystallographic data of
complex (1).

3.4. Infrared, UV-Vis and TGA analyses

The IR spectra of the complexes exhibit similar bands around
3600-3100 (v OH), 3059 (v CH), 1(CH,), 2936 (v CH,), 1(CH,),
2877 (v CH,), (C=C and C=N), 1504 (s), 1485 (s), 1458 (s) and
1448 (s) (v C=C and C=N), 1(C-0-C), 1269 (s) (v (C-0-C), y
(CH), 762 and 803 (yCH), 828 cm™" (v,s Fe-O-Fe) for complex
(1) and »(OH), 3600-3100; v(CH), 3059; (CH,), 2926; 1(CH,),
2872; (C= and C=N), 1514 (s), 1482 (s), 1465 (s) and 1443 (s);
Y(C-0-C), 1257 (s); y (CH), 762 and 818; wv,(Fe-O-Fe),
839 cm™' for complex (2) (Fig. S1t). The similarity between
both IR spectra shows the similarity between the complexes.
The presence of a band at 820-840 cm™' is evidence of the
presence of the oxo bridge in both complexes, resulting in

This journal is © The Royal Society of Chemistry 2021

dinuclear p-oxo Fe(m) complexes, which is in agreement with
the structure solved by X-ray diffraction and the theoretical
calculation.

The electronic spectrum obtained in DMSO reveals that
complex (1) presents absorptions at 307 nm (e = 2 x 10> M™*
em™') attributed to intraligand & — n* and at 355 nm (e = 8 X
10° M™' em™') which is attributed to LMCT Cl—Fe(m) and
oxo—Fe(m) (LMCT = ligand to metal charge transfer) in com-
parison with similar complexes previously reported by us.”®
Complex (2) presents a similar spectrum, with absorption
bands at 281 (e = 2 x 10> M™" em™), 375 (¢ = 9 x 10° M™*
em™), and 329 (e = 1.3 x 10° M~' em™") nm (Fig. 5A and B).

The study of the stability in the medium employed in the
biological investigation is very relevant to understand the be-
havior of a metal-based drug. In order to detect any changes
after diluting the complexes in the aqueous medium (RPMI),
electronic spectra of both complexes were obtained in DMSO
and in H,O (the complexes are insoluble in water; then they
were dissolved previously in DMSO (0.01%). Fig. 5 shows the

Dalton Trans., 2021, 50, 12242-12264 | 12249
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(2)

Fig. 3 Schematic representation of optimized geometries of iron(i) complexes (1) and (2) at the BP86 level of theory. Color code: green: chloride
ions; grey: carbon atoms; blue: nitrogens; red: oxygens. H atoms are suppressed for the sake of clarity. The dotted red lines depict the hydrogen

bonds.

spectra obtained for both complexes in the range of
300-800 nm.

The comparison between the electronic spectra obtained in
DMSO (Fig. 5A and B), H,O (containing 0.01% DMSO) (Fig. 5C
and D) and in the RPMI medium (containing 0.01% DMSO)

12250 | Dalton Trans., 2021, 50, 12242-12264

(Fig. 5E and F) indicates that there are changes in the spectral
behavior, depending on the solvent used.

In water (with 0.01% DMSO) and in the RPMI medium
(containing 0.01% DMSO), changes in the spectral behavior
were verified with time and the bands differ from those

This journal is © The Royal Society of Chemistry 2021
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pared to (2a), the most stable. In y axis, it is shown the scale of molecular energy values of conformers of complex (2) in comparison with complex

(1).

obtained when only DMSO was used as a solvent, indicating
that changes may be occurring in the coordination spheres of
the compounds with time.

The spectrum of RPMI medium presents an absorption
band at 520 nm, which is attributed to the phenol-red, one of
the components of this medium. Interestingly, when in the
presence of the iron(m) complexes (1) and (2), this band is
shifted to 557 and 554 nm, respectively. Such effect indicates
that phenol-red is interacting with the iron(ui) centers promot-
ing changes in the coordination spheres of the complexes
which can result in higher solubility.

The TGA analyses were performed for both complexes and
the results are presented in Table S3 and Fig. S2, in the ESL}
Below 200 °C, three mass loss processes (2 CH;CH,OH and 1
H,0) are observed in compound (1), which agrees with one
water and two ethanol molecules. In the X-ray analysis, two
ethanol and two water molecules were observed. On the other
hand, the CHN analysis, performed with the same sample
used for TGA analysis, indicates the presence of two ethanol
molecules and one water molecule. So, there is a small discre-
pancy involving the X-ray and TGA analyses concerning the
number of crystallization solvents. The most intense peak in
the TGA analysis for compound (1) was observed between 205
and 505 °C, with a mass loss of 35.7%. Such mass loss agrees
with the oxidation of the two naphthoyl (C;,H;,0) and two
chlorides. Three other oxidation processes observed from 505
to 1000 °C are related to the oxidation of the ligand molecules.
In the end, a residue of 16.5% of the initial mass was
obtained, which agrees with the species Fe,Cl,O (17.2%). This

This journal is © The Royal Society of Chemistry 2021

result means that during the burn, the iron(m) centers were
reduced to iron(i). Although complex (2) is a structural isomer
of (1), it showed a different TGA behavior, mainly about the
oxidation of the ligand and the formed residue. While com-
pound (1) showed a mass loss of 35.7% in the range of
211-505 °C, showing an intense but broad signal in the first
derivative, compound (2) had a more significant mass loss
(43.4%) in the same temperature range and the first derivative
evidenced the presence of three successive burn steps.
Therefore, the mass loss above 500 °C was less intense in com-
pound (2) than in (1). Another discrepancy is related to the
formed residue, which was bigger for compound (2) (19.9%), in
agreement with the formation of the species Fe,Cl,0,, indicat-
ing that the iron centers were not reduced during the combus-
tion. A small signal was also observed below 130 °C for (2), indi-
cating the presence of one water molecule. The presence of this
water molecule was also confirmed in the CHN analysis.

3.5. ESI(+)-MS and ESI(+)-MS/MS

ESI(+)-MS and ESI(+)-MS/MS of [(HL1)(Cl)Fe(p-O)Fe(Cl)(HL2)]
(Cl),-CH3CH,0OH-2H,0 (1) present a characteristic set of isoto-
pologue ions due to mainly the presence of iron and chloro
atoms (Fig. 6). As complex (2) presents the same peaks
observed in the ESI(+)-MS spectra of complex (1), as a conse-
quence of the isomerism, just data concerning the characteriz-
ation of complex (1) will be presented. Data for complex (2) are
presented in the MS (Fig. S3 and S47).

The proposals for the main peaks, based on isotopic distri-
bution and MS/MS investigations of complex (1), are: [H2L1]"

Dalton Trans., 2021, 50, 12242-12264 | 12251
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Fig. 5 (A and B) Electronic spectra of complexes (1) and (2) in DMSO (100 pM). (C and D) Electronic spectra of complexes (1) and (2) in H,O (10 pM—

0.01% in DMSO). (E and F). Electronic spectra of complexes (1) and (2) in RPMI medium (10 pM-0.01% in DMSO).

(m/z 400), [(L1)Fe(m)(p-O)Fe(m)(LV)]** (m/z 462), [Fe(m)(L1)
(OH)]" (m/z 471), [Fe(u)(L1)(C)]" (m/z 489), [Fe(ur)(HL1)(Cl),]"
(m/z 525) [(C1)(L1)Fe(m)(p-O)Fe(I1(1.1)]" (m/z 959), and [(CI)(L1)
Fe(mr)(p-OH)Fe(III(L1)(C1)]" (m/z 995). MS/MS data for the
species with m/z 995 yield the species with m/z 959, 852, 562,
471 and 454 (Fig. S47).

3.6. Electrochemical characterization

Complexes (1) and (2), as a result of their structural simi-
larity, presented similar cyclic voltammograms. Fig. 7

12252 | Dalton Trans., 2021, 50, 12242-12264

shows the cyclic voltammogram of complex (1) at a scan
rate of 25 mV s~'. Complex (1) presents two irreversible
redox processes with E,. = —0.28 and at —1.00 V vs. Fc'/Fc
(A and B) attributed to Fe(ur)(Fe(m)/Fe(m)Fe(n) and Fe(m)Fe
(u)/Fe(u)Fe(n) redox couples, respectively. The anodic
process at 0.73 V vs. Fc'/Fc can be attributed to the oxi-
dation of chloride.

Complex (2) presents two irreversible redox processes with
E =-0.27 and at —0.61 V vs. Fc'/Fc (A and B) attributed to Fe

(ur)(Fe(m)/Fe(m)Fe(n) and Fe(m)Fe(u)/Fe(i)Fe(n) redox couples,

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Cyclic voltammogram of iron(i) complexes (1) (top) and (2)
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platinum; counter electrode: platinum; supporting electrolyte: tetra-
butylammonium hexafluorophosphate 0.1 mol dm~3; solvent CHsCN,
internal reference Fc*/Fc®. Scan rate: 100 mV s~
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respectively. The anodic process at 1.16 V vs. Fc'/Fc can be
attributed to the oxidation of chloride, as observed for
complex (1).

The presence of two redox processes supports the presence
of two iron(m) centers, in agreement with the X-ray data for
complex (1) and ESI(+)-MS data for both complexes, suggesting
the maintenance of the dinuclear arrangement in solution
(acetonitrile). These processes were attributed to the successive
one electron reduction 2Fe(m) + 1e”—Fe(u)Fe(m) and Fe(u)-Fe
() + 1e”—2Fe(u) redox couples, respectively (A and B, respect-
ively, see Fig. 5). The presence of low current intensity and the
irreversibility of the processes suggests that a partial decompo-
sition took place after the reduction of one Fe(m) site. In this
sense, it should be mentioned that the complex is unstable in
solution in its mixed-valence state (Fe(u)Fe(u)) or in its totally
reduced form (Fe(u)Fe(m)).

3.7. Mossbauer spectroscopy

The presence of iron(u) centers in both complexes was also
confirmed by *’Fe M&ssbauer spectroscopy. Only one doublet
was observed for each sample, indicating that iron(ur) centers
are equivalent, with the same coordination environment, in
good agreement with our proposal. Fig. 8 shows the
Mossbauer spectra of complexes (1) and (2), at room tempera-
ture. The spectrum for complex (1) was fitted with a single
doublet with parameters § = 0.36 (relative to alpha-iron) and
AE, = 1.11 mm s~ '. For complex (2) the spectrum was fitted
with two doublets with the parameters: § = 0.37 (relative to
alpha-iron) and AE, = 1.14 mm s~ (96% of Fe(ur)) and & = 0.35
(relative to alpha-iron) and AE, = 0.48 mm s~ (4% of Fe(u)).
The second doublet with a lower percentage (4%) could be
related to impurities since this complex is amorphous.
Comparing the Mossbaeur parameters for complex (1) and
those relative to the higher percentage of Fe(ur) in complex (2),
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Fig. 8 Modssbauer spectra of iron(in) complexes (1) and (2), at 300 K.

it is possible to infer that the electron densities on the iron
centers are similar and typical of high spin iron(um).
Furthermore, these parameters are similar to those fitted for
similar dinuclear p-oxo Fe(m) complexes to [(SO,)(L)Fe(p-O)Fe
(L)(SO4)]6H,0 (8 = 0.34 and AE, = 1.67 mm s~ ') and [CI(L)Fe(p-
O)Fe(L)CI]CL,-2H,0 (6 = 0.32 and AE, = 0.98 mm s™') where
L = 1-(bis-pyridin-2-ylmethylamino)-3-chloropropan-2-ol.°° The
values for quadrupolar splitting of 1.11 and 1.14 mm s,
respectively, for complexes (1) and (2) indicate that the iron
centre in complex (2) is slightly more distorted than in
complex (1), reflecting the isomerism of the ligand, since
complex (1) contains the ligand with the a-naphthoyl unit and
complex (2) contains the ligand with the p-naphthoyl unit.
Furthermore this distortion can be related to the difficulty in
getting good quality crystals for this complex, despite our
efforts. Then, the results of Mossbauer spectroscopy indicate
that the chemical environments for the Fe(m) centres in both
complexes are similar and that small differences in the quad-
rupole splitting values can be attributed to distortions in the
coordination environment of the metal center, which are more
prominent for complex (2). DFT calculations reveal substantial
differences in the arrangements of the two complexes, reinfor-
cing this analysis.

12254 | Dalton Trans., 2021, 50, 12242-12264
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3.8. Invitro antiproliferative activity

Possible parasite growth inhibition was initially accessed
employing 20 pM of the complexes. While non-treated para-
sites showed an exponential growth, parasites treated with
complexes (1) and (2) were eliminated from the cultures
(Fig. 9). Not even ghost cells, derived from treated parasites,
were observed after 72 h of treatment.

Based on the employed concentration of both complexes
which have eliminated the parasites, two sets of lower concen-
trations of the compounds were used to determine the ICsp.
The percentage of parasite growth was plotted over the used
concentrations of both complexes during the distinct treat-
ment periods (Fig. 10 and 11). After 48 h of treatment with
complex (1), parasite growth was lower than the control for all
concentrations tested; reduction in parasite growth was from
20 to 80% when the control was compared to parasites treated
with minimal and maximal concentrations, respectively;
similar values were observed for 72 h (Fig. 10a) and 120 h
(Fig. 10b). This shows that complex (1) was active after 48 h of
treatment and sustained its effect up to 120 h. A similar trend
was observed for complex (2) (Fig. 11), indicating that the
nature of the isomer (alpha or beta) presented slight influence
on the antitrypanosomal activity.

Complex (1) presented the lowest ICs, values of 99 + 3,
97 + 2 and 110 + 39 nM for 48, 72 and 120 h of treatment,
respectively. Complex (2) also presented low ICs, values of
118 + 5, 122 + 6 and 104 + 29 nM for the same treatment
times. The ICs, values of complexes (1) and (2) are promis-
ing when compared to some other metal complexes reported
in the literature. For example, other metal
(24.4 pM-31.2 pM) and the
(15.8 uM) present ICs, values in the micromolar range after
72 h of treatment for epimastigotes of Maracay strain;®* the
values observed for vanadium-based agents are in the range
of 6.2 ptM-10.5 pM while the ICs, observed for nifurtimox is
2.8 pM after 120 h of treatment for epimastigotes of CL
Brener strain.®

Some other complexes of metallic nature were active with
ICs, values in the nanomolar range, similar to the compounds
we are reporting. The palladium and platinum complexes
showed ICs, of 67-200 nM against epimastigotes of Tulahuen
2 strain®> and copper complexes against the amastigote forms
of CL Brener strain showed ICs, ranging from 0.3 to 418 pM.>*

Studies with compounds of a non-metallic chemical nature
also show high activity, such as new 4-minopyridine derivatives,
azoles and imidazoles 1 and 3-5 derivatives, which presented
ICs values in the low nanomolar concentration range (5.0 to 36.0
nM) against amastigotes from Tulahuen C2C4 strain. The (S)-1,
(83, and (S)-5 enantiomers showed (up to) a thousand-fold
higher activity than the reference drug benznidazole.®* Several
studies have revealed the trypanocidal activity of alkaloids. In this
context, quinoline derivatives have received great attention; thus
4’-odemethylancistrocladinium A, a naphythylisoquinoline alka-
loid isolated from the bark and leaves of Ancistrocladus cochinchi-
nensis, displayed an excellent effect against the amastigote of

complexes

medicine benznidazole

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 Antiproliferative effects of the iron(i) complex (1) on the epimastigote of Trypanosoma cruzi. Percentage of growth of epimastigotes of
T. cruzi after treatment with the complex at different concentrations for (a) 24 h, 48 h, and 72 h, (b) 120 h. After 24 h of culture, different concen-
trations of complex (1) were added to the cultures and parasite growth was evaluated every 24 h up to 120 h. The average of three independent
experiments and standard deviation is represented for each point. * P < 0.05, ** P < 0.01 and *** P < 0.001 in relation to the control.

T. cruzi, presenting an IC;, equal to 0.03 pM, being about 70-fold Another positive feature that must be highlighted is that
more potent than benznidazole.*® Therefore, these complexes both complexes presented low cytoxicity to LLC-MK2 host
may have potential as antitrypanosomal drugs. cells. Complex (1) (Fig. 12a) and complex (2) (Fig. 12b) did not

This journal is © The Royal Society of Chemistry 2021 Dalton Trans., 2021, 50, 12242-12264 | 12255
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Fig. 11 Antiproliferative effects of the iron(il) complex (2) on epimastigote forms of Trypanosoma cruzi. Percentage of growth of epimastigotes of
T. cruzi after treatment with the complex at different concentrations for (a) 24 h, 48 h, and 72 h, (b) 120 h. After 24 h of culture, different concen-
trations of complex (2) were added to the cultures and parasite growth was evaluated every 24 h up to 120 h. The average of three independent
experiments and standard deviation is represented for each point. * P < 0.05, ** P < 0.01 and *** P < 0.001 in relation to the control.

show cell toxicity at 24 and 72 h of treatment. However, a
reduction of 28% and 26% in cell viability was observed after
120 h of treatment with 10 pM of complexes (1) and (2),
respectively (Fig. 12). Complex (1) and complex (2) presented
CCs values of 12 + 1 pM and 18 + 2 uM for 120 h of treatment,
respectively. The selective index for 120 h was 106 for complex
(1) and 178 for complex (2). For benznidazole, the selective
index value obtained may vary from 1% to 11.26,°° depending
on cell lines. Thus, complexes were more selective than benz-
nidazole against the parasites, demonstrating that they are
more safe than this current drug. While complex (1) is slightly
more active against the parasite, complex (2) shows a better
selective index.

Mitochondria are essential organelles involved in energy
conversion, cell cycle, signaling and cell death.®” Due to differ-
ences between mammalian and trypanosomatids mitochon-
dria, this organelle is an excellent target for therapeutic inter-
ventions.®® Thus, possible mitochondria impairment after
treatment with the complexes was analyzed by first assaying
the membrane potential of this organelle, employing staining
with JC-1, a lipophilic cationic fluorescent mitochondrial viabi-
lity marker. Mitochondria concentrate JC-1 according to their
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inner membrane potential. In low concentrations JC-1 is a
monomer that emits green fluorescence (530 nm). At higher
concentrations JC-1 forms J-aggregates in the mitochondria,
emitting red fluorescence (590 nm), indicating the mitochon-
drial energized state.>* Non-treated parasites presented normal
mitochondrial function (Fig. 13A and B). Reduction in mem-
brane potential was observed in parasites treated with the com-
plexes (Fig. 13C-F). In addition, treatment with both com-
plexes caused structure deformation and rounding of the para-
site (Fig. 13C-F).

Parasites with damaged mitochondria were quantified after
JC-1 labeling. In non-treated cells, 22% of the parasites
showed a reduction in their mitochondrial membrane poten-
tial, possibly due to the normal parasite’s cell cycle (Fig. 13G).
Reduction in mitochondrial membrane potential reached 66%
and 55% of the parasite populations after treatment with com-
plexes (1) and (2), respectively, after 120 h at a concentration of
3 uM. Both complexes were capable of affecting a central orga-
nelle of the parasite possibly impairing energy metabolism
and other functions of the mitochondria.

The parasite ultrastructure was evaluated to find possible
T. cruzi cellular targets affected by the treatment with the iron

This journal is © The Royal Society of Chemistry 2021
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Fig. 12 Cytotoxic effects of iron(i) complexes on LLC-MK2 cells. Percentage of growth of LLC-MK2 cells treated with different concentrations of
(a) complex (1) and (b) complex (2). Negative control: cells were cultured in RPMI medium with FBS without complexes. Positive control: cells were
cultured with 10% Triton X-100 in RPMI medium. * P < 0.05 and ** P < 0.001 in relation to the control (-).

(1) complexes. Although both complexes were capable of redu-
cing mitochondrial membrane potential of the parasite, only
complex (2) promoted morphological changes which were seen
in mitochondria and their kinetoplast (mitochondrial DNA).
Non-treated parasites presented characteristic morphology,
with well arranged and preserved organelles, such as plasma
membrane, nucleus, kinetoplast and mitochondria; a clear
outer mitochondrial membrane around a well organized kine-
toplast was seen (Fig. 14A and B). After treatment with
complex (2) (1 pM for 120 h), mitochondria presented swelling
and abnormal disposition in the kinetoplast region (Fig. 14C-
F). The kinetoplast also presented changes in its arrangement
(Fig. 14D and F) including lower condensation in its extremi-
ties (Fig. 14F). Complex (2) was capable of affecting the para-
site organelle that produces ATP; however, complex (1) did not
alter or changes were not found in mitochondria. Thus, func-
tional and ultrastructural assays corroborate the effect of
complex (2) on the mitochondria, possibly altering its
function.

Another organelle that presented ultrastructural changes
was reservosomes. Reservosomes are endo-lysosomal essential
organelles that store proteins and lipids for future use, which

This journal is © The Royal Society of Chemistry 2021

are present in the posterior end of T. cruzi epimastigotes.®’
Non-treated parasites showed characteristic reservosome mor-
phology (Fig. 15A and B). However, parasites treated with both
complexes at a low concentration (100 nM) revealed ultrastruc-
tural alterations in the reservosomes, which presented spicules
inside after treatment with complex (1) (Fig. 15C and D) and
complex (2) (Fig. 15E and F). Interestingly, it was not possible
to observe reservosomes in most parasites treated with 1 pM of
the complexes, suggesting that at higher concentration these
organelles were totally degraded, suggesting that endocytosis
stopped in most treated parasites. These organelles are round
membrane structures with lipid reserves in their dense elec-
tron lumen.”””" Lysosome proteases, such as cruzipain, the
main 7. cruzi cysteine protease,”> are concentrated in the reser-
vosomes and digest endocytozed material, although the reser-
vosomes are also capable of storing macromolecules such as
cholesterol for future mobilization when necessary.”® The
changes in reservosomes caused by the treatment with the
iron complexes possibly caused an imbalance in nutrient
endocytosis, digestion and reserve, consequently affecting the
energy metabolism of the parasite. Thus, these complexes
have potential as antitrypanosomal drugs.
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Fig. 13 Mitochondrial membrane potential, revealed by JC-1 labeling, of epimastigote forms of Trypanosoma cruzi treated or not with iron(in) com-
plexes (1) and (2). Parasites were treated for 120 h with complexes (1) and (2) at 3 yM and were visualized using confocal microscopy. (A, C and E)
Differential interference contrast (DIC) microscopy images. (B, D and F) Fluorescence microscopy after JC-1 labeling. Non-treated parasites show
normal mitochondrial membrane potential (A and B) (red fluorescence) and parasites treated with complex (1) (C and D) or complex (2) (E and F) lost
mitochondrial membrane potential. Note also that treated parasites become rounded. Bars: 10 um. (G) Quantification of epimastigote with normal
mitochondrial membrane potential after treatment with complexes (1) and (2) at 3 pM and JC-1 labeling. The data are representative of three inde-
pendent experiments. * P < 0.001 in relation to the control.
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Fig. 14 Transmission electron microscopy of epimastigote forms of Trypanosoma cruzi treated or not with iron(i) complex (2). (A and B) Untreated
parasites present a normal ultrastructure of organelles such as kinetoplast and nucleus. (C—F) Parasites treated with the complex (2) at 1 uM for
120 h. Note that the parasite’s mitochondria (arrows) shows changes on its membrane, with swelling and abnormal disposition around the kineto-
plast (asterisk). Kinetoplast also presented changes in its arrangement (arrowhead). Bars: 500 nm and 200 nm.
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Fig. 15 Transmission electron microscopy of epimastigote forms of Trypanosoma cruzi treated or not with iron(i) complexes (1) and (2). Non-
treated parasites (A and B) were cultured for 72 h. Parasites were treated for 72 h with complex (1) (C and D) and complex (2) (E and F), both at 100
nM. Reservosomes of the treated parasites present spicules and degradations in their structure (arrows in C—F). Bars: 1 pm, 500 nm and 200 nm.
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4. Conclusions

Two new p-oxo-diiron(m) complexes have been prepared and
successfully characterized using tripodal tetradentate ligands
that show N3O coordination sets. The ligands are isomers: the
ligand HL1 has an o-naphthoyl pendent group while the
ligand HL2 possesses a p-naphthoyl unit. The physical and
chemical properties of the iron(u) centres are similar since the
coordination environment is the same, as observed by X-ray
diffraction studies performed for complex (1) and theoretical
calculations. Both complexes were active against T. cruzi epi-
mastigotes at concentrations in the nanomolar range (ICs, =
97-122 nM), showing low cytotoxicity to the host cells
LLC-MK2, resulting in a high selectivity index for both com-
plexes (106 and 178 for complexes (1) and (2), respectively).
The antitrypanosomal activity seems to be independent of the
nature of the isomer (alpha or beta) complex (1) being slightly
more active against the parasite, and complex (2) presenting
higher therapeutic safety. Treatment with both complexes at
nanomolar concentrations generated important changes in
mitochondria and reservosome of the parasite, which are
essential organelles for their survival. A reduction in mito-
chondrial membrane potential after treatment with both com-
plexes was detected. Mitochondria impairment after treatment
was confirmed for complex (2) by the observation of alterations
and abnormal swelling and disposition of the mitochondria
around the kinetoplast and changes in arrangement of kineto-
plast were also observed. In addition, the formation of spicules
in the lumen of reservosomes was detected after treatments
with both complexes. Thus, both complexes tested affected orga-
nelles involved with essential cell function as energy conversion,
nutrient digestion and reserve of the parasite. These complexes
have relevant potential to be further evaluated in CD since there
is no effective current treatment for the chronic phase of this
disease and unfortunately trypanosomatid diseases continue to
cause significant morbidity and mortality, especially among the
impoverished. Despite the in vitro efficacy of these complexes,
many questions remain unanswered regarding the molecular
mechanisms involved in their action against 7. cruzi. However,
these findings open interesting perspectives for investigating
in vitro the efficacy of metallic complexes against the intracellu-
lar amastigote life cycle form of the parasite and, after that,
against infective trypomastigote form in vitro and in in vivo
infection models, as well as for a more complete description of
the mechanism of action of these complexes.
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ABSTRACT

Chagas disease is a neglected tropical disease caused by the protozoan pathogen
Trypanosoma cruzi. The disease is a major public health problem affecting about 6 to 7
million people worldwide, mostly in Latin America. Only two antiquated nitroheterocyclic
drugs, benznidazole and nifurtimox, are available for the treatment of Chagas disease and
there is no vaccine for preventing the infection. These drugs require prolonged treatment,
are effective only in the acute phase of the disease, and have severe toxic effects.
Therefore, new drugs are urgently needed. It has been shown that coordination compounds
are effective against intracellular protozoans such as Leishmania spp., Toxoplasma gondii
and T. cruzi. Herein, we tested the in vitro effect on T. cruzi amastigotes (Dm28c strain) of
two p-oxo  Fe(Ill)  dinuclear complexes:  [(HL1)(Cl)Fe(u-O)Fe(CIl)(HL2)
(C)2:(CH3CH20H)2:H20 (1) and [(HL2)(Cl)Fe(u-O)Fe(Cl)(HL2)] (CH2-H20 (2).
Parasites were treated with the complexes and the outcome was analyzed. Complex (1)
exhibited the lowest ICso values, which were 61.29 + 4.21 and 107.48 + 6.60 nM for 72
and 96 h of treatment, respectively. Complex (2) showed ICso values of 50.64 + 2.20 and

173.00 = 5.60 nM for the same treatment times. Light microscopy images revealed that
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treatments with the Fe(l1l) complexes for 96 h caused amastigotes to change to a spindle-
form inside the host cells. Low cytotoxicity to the host cell LLC-MK2 was found for both
complexes, resulting in impressive selectivity indexes of 167.28 for complex (1) and
454.28 for complex (2), after 96 h of treatment. Ultrastructural analysis of the parasite after
treatment with the complexes showed that the mitochondria outer membrane presented
swelling and abnormal disposition around the kinetoplast. In addition, altered nucleus
structure, with heterochromatin concentrated in patches at the nuclear envelope were
observed. Furthermore, treatment with both complexes reduced the mitochondrial
membrane potential of the parasite as seen by JC-1 dye. The complexes showed low
nanomolar 1Cso values affecting mitochondria and nucleus, essential organelles for the
survival of the parasite. The possible mechanism of action could be the induction of an
apoptotic-like cell death process. The low ICso and the high selectivity index show that
both complexes act as a new prototype of drugs against T. cruzi and may be used for

further development in drug discovery to treat Chagas disease.

1. INTRODUCTION

Chagas disease (CD) is a chronic degenerative disease described over a century ago and
caused by the protozoan Trypanosoma cruzi (Chagas, 1909). This disease is a major public
health burden because it is estimated that 67 million people, globally, are infected with T.
cruzi and many more are exposed to risk of infection, mostly in Latin America (WHO,
2019; Rassi Jr. et al., 2012). Routes of primary infection consist of direct transmission by
triatomine vector, consumption of food contaminated with feces of infected triatomines,
transfusion of blood from infected donors, and vertical transmission from infected mothers
to their newborns illness (Coura et al., 2015). Clinically, CD displays 2 phases, acute and
chronic. The initial, acute phase of infection with T. cruzi lasts for 4-8 weeks, and the
chronic phase persists for the host's lifespan (Dias, 1984; WHO, 2019). The initial, acute
phase is characterized by high parasitemia, where the parasite assumes the trypomastigote
form and invades cells of the liver, gut, spleen, lymphatic ganglia, CNS, and skeletal and
cardiac muscles tissue (Rassi Jr. et al., 2010). The acute phase is usually asymptomatic or
might present a mild febrile illness, complicating the diagnosis. About 30% of infected
patients develop chronic CD, in which the parasites cause damage to target organs (Perez
et al., 2015).

Challenges still exist concerning CD, such as the difficulty for early diagnosis and in

finding efficient antitrypanosomal drugs for the treatment, since current treatment requires
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extended durations, have side effects and are unable to eliminate all parasites in some
patients (Chatelain, 2014; Dias et al., 2016). Only two old nitroheterocyclic drugs,
benznidazole (Rochagan, Roche) and nifurtimox (Lampit, Bayer), are available for the
treatment of CD and there is no vaccine for preventing the infection. These treatments
were developed over 40 years ago and benznidazole is the only drug that is approved by
US Food and Drug Administration to treat T. cruzi infection (CDC, 2019). These drugs
require prolonged treatment (60 to 90 days), are effective only in the acute phase of the
disease, and have severe toxic effects (Molina et al., 2015; Forsyth et al., 2016; Kratz et
al., 2018).

In recent years, our group has been developing, characterizing and testing coordination
compounds containing the first row transition metal ions (Cu(ll), Co(Il), Zn(ll) and Fe(l11))
as a promising class of chemical with potential to be applied in the chemotherapy of
distinct diseases, including neglected diseases such as Toxoplasmosis (Portes et al., 2015),
Leishmaniasis (Rocha et al., 2023) and CD (Moreira et al., 2021). We reported anti-
Toxoplasma activity and ultrastructural analyzes of two Cu(ll) complexes (Portes et al.,
2017). These complexes had also exhibited relevant antitumor activity (Fernandes et al.,
2015). Both complexes, which do not present Sulfadiazine (SDZ—) coordinated to the
Cu(Il) center, irreversibly control the growth of the parasite T. gondii in vitro that causes
toxoplasmosis, resulting in I1Cso values of 3.57 and 0.78 pmol L™ !, after 48 h of treatment.
It was observed that these compounds induce conversion of part of the parasites from the
tachyzoite form to bradyzoite, with their subsequent death. The comparison between the
ICso values for the compounds under investigation indicates better efficiency when
compared with SDZ alone, suggesting an effect of the nature of the metal and the ligand on
the anti-Toxoplasma activity (Portes et al., 2017). Zn and Fe(lll) complexes, containing
SDZ— coordinated to the metal center, also exhibited anti-Toxoplasma activity in vitro
(Batista et al., 2015; Portes et al., 2018). Recently, we reported the anti-Toxoplasma
activity and DFT studies of water-soluble complexes (Fe, Cu, Zn) containing the ligand N-
2[(pyridine-2-ylmethyl)amino)ethanol. Among all compounds investigated, the Fe(lll)
complex [Fe(HL1)CI3] showed the best anti-Toxoplasma activity (Cardoso et al., 2022).
We also evaluated the effects of two Co(ll) coordination compounds in vitro
antiproliferative activity against the promastigote form of Leishmania amazonensis, that
causes Leishmaniases, showing an 1Cso value for complex (1) of 4.90 (24 h), 3.50 (48 h)
and 3. 80 pmol L™ ! (72 h), and for complex (2) of 2.09, 4.20 and 2.80 pmol L™ !,

respectively. Complex (1) was able to elevate mitochondrial membrane potential of the
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parasites after treatment. Transmission electron microscopy revealed typical apoptotic
condensation of chromatin, altered kinetoplast and mitochondria structures, suggesting that
apoptosis-like cell death of the protozoa is probably mediated by an apoptotic mechanism
associated with mitochondrial dysfunction (Rocha et al., 2023).

In 2021 we reported the antichagasic activity of two isomeric Fe(lll) complexes against T.
cruzi epimastigotes at the nanomolar range concentration, showing low cytotoxicity to the
host cells LLC-MKZ2, resulting in a high selectivity index. Treatment with both complexes,
at nanomolar concentrations, generated important changes in essential organelles for
parasite survival. After treatment with complex (2), mitochondria presented swelling and
abnormal disposition around the Kkinetoplast and still changes in arrangement of
Kinetoplast. In addition, the formation of spicules in the lumen of reservosomes was
detected after treatments with both complexes (Moreira et al., 2021). Here, we tested the
effect of both complexes on intracellular amastigotes of T. cruzi in LLC-MK2 host cells.

2. MATERIALS AND METHODS

2.1. Metallocomplexes
The compounds used were Fe-a-Nafttol BMPA and Fe-f-Nafttol BMPA, which have an
iron centers and the organic ligand BMPA, and were named as complex (1) and complex
(2), respectively. These compounds were synthesized and chemically characterized
previously (MOREIRA et al., 2021). They were diluted in dimethylsufoxide (DMSO)
solvent and added directly to the culture medium. The DMSO concentration did not exceed

0.01%, avoiding interference with the viability of the parasites and host cells.

2.2. Host cells culture
LLC-MK2 cells (ATCC® CCL-7™_ Rockville, MD, USA) were cultured in 25 cm? cell
culture flasks (SPL Life Sciences) in Dulbecco's Modified Eagle Medium (DMEM)
(Sigma Aldrich, USA), supplemented with 10% or 5% fetal bovine serum (FBS) (Thermo
Fisher Scientific, USA). The cultures were maintained at 37 °C under an atmosphere of 5%
COs.. Every 48 h or after the formation of confluent monolayers, cultures were treated with
trypsin/EDTA solution (Sigma-Aldrich, USA) to obtain subcultures.

2.3. Cell viability
The viability of host cells after treatment with the compounds was evaluated based on the
reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma
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Aldrich, USA) (KUMAR et al., 2018). In 96-well plates, 1 x 10° cells per well were grown
in DMEM supplemented with 5% FBS. After 24 h, the cells were washed and treated with
compounds at different concentrations. As a negative control, cells were cultured under the
same conditions without the addition of compounds. As a positive control, cells were
treated with 10% Triton X-100.

After 24 h of treatment, 15 pl of MTT solution (5 mg/ml in DMEM) was added over the
cells in each well of the plate, incubated for 4 h at 37 °C and 5% CO.. The formed
formazan crystals were solubilized by the addition of 100 pl of DMSO. A 100 pl volume
of supernatant from each well was transferred to a new 96-well plate and read at 570 nm in
a microplate reader VersaMax (Molecular Devices) using SoftMax Pro 6.0 software. Data
were plotted using GraphPad Prism 5.0 software. The data presented were representative of

at least three independent experiments.

2.4. Epimastigotes culture
T. cruzi (strain Dm28c) epimastigotes forms were maintained in vitro in 25 cm? cell culture
flasks in Liver Infusion Tryptose (LIT) culture medium (DIFCO) (CAMARGO, 1964)
supplemented with 10% FBS and hemin (20 pg/mL). The cultures were maintained at 28
°C and every 72 or 96 h, when the parasites were in the exponential growth phase,

subcultures of these cells were performed.

2.5. Metacyclogenesis
Epimastigotes of T. cruzi (strain Dm28c) were maintained as previously described (item
2.4) for 168 h reaching the transition between the logarithmic and stationary phases of
growth. After this period, the parasites were transferred to Triatomine Artificial Urine
(TAU) medium for 2 h at 28 °C and then to TAU-3AAG medium for 120 h (JORGE &
CASTRO, 2000). At the end of this process, metacyclic trypomastigotes were recovered
from the middle portion of the culture supernatant, centrifuged (1500 g, at 5 °C, for 15

min), resuspended in DMEM and counted with a Neubauer chamber.

2.6. Infection of host cells with trypomastigotes
Metacyclic trypomastigotes of T. cruzi (strain Dm28c), obtained from in vitro
metacyclogenesis, were used to infect LLC-MK2 host cells. These cells were previously
cultivated (1 x 10%) for 24 h over sterile coverslips in a 24-well plate, and infected using a

ratio of 10:1 (parasite:host cell). After 2 h of interaction, cells were washed with PBS to
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remove non-internalized parasites and further cultured for 24 h with DMEM supplemented
with FBS. After this time of infection, it was possible to observe amastigotes inside the
host cells. Infected cultures had their DMEM supplemented with 5% FBS changed every
48 h. Similar procedure was performed with cells cultured in 25 cm? culture flasks for

electron microscopy analysis.

2.7. Amastigote antiproliferative assay
After 24 h of infection, compounds were added to host cells infected with amastigotes at
concentrations of 0, 5, 50, 100, 500 nM and 1 uM and maintained for up to 96 h of culture
at 37 °C and 5% CO.. Assays were in duplicates and at least three independent experiments

were performed.

2.8. Bright field light microscopy

Infected and treated host cells were fixed in a 4% formaldehyde solution in PBS for 1 h,
washed with PBS, stained with 10% Giemsa in distilled water for 10 min, and dehydrated
through a graded series of acetone-xylene. Slides were mounted by placing the coverslips
over a drop of Entellan. Slides were observed in the light microscope Axioplan - ZEISS.
The infection index (I.1.) were obtained by quantifying the number of infected cells and the
number of parasites per cell, using the following calculation: I.1.= % infected cells x mean
number of parasites per infected cell. For the determination of the ICso (growth inhibitory
concentration at 50%) of the compounds against amastigotes, the values of I.I. obtained
with the five different concentrations used were plotted and a non-linear curve analysis
performed using the Sigma Plot 8.0 program (Systat Software Inc., Chicago, IL, USA). For
the significance tests, the data were analyzed by the Two-way ANOVA quantitative
analysis of variance with Bonferroni's multiple comparison post-test using the Graph Pad
Prism 5.0 program, Version 5.0 (San Diego, CA, USA). The results of the ICso calculations
are presented as means £ SD of three independent biological replicates. The selectivity
index (SI) was calculated by dividing the CCso (concentration that inhibits the proliferation
of host cells by 50% of the host cells) by the 1Cso (PORTES et al., 2017).

2.9. Electron Microscopy Analysis
For analysis of the parasites’ ultrastructure, infected cells that were treated or not with the
compounds cultured for 72h in 25 cm? culture flasks (120 nM and 200 nM of complexes

(1) and (2), respectively), were fixed for 1 h in a solution containing 2.5% glutaraldehyde
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and 4% recently prepared formaldehyde in 0.1 mol L™ sodium cacodylate buffer, pH 7.4.
After fixation, cells were mechanically removed from the culture flasks with a cell scraper
and washed twice with PBS and post-fixed for 1 h in the dark with a solution containing
1% osmium tetroxide (OsO4) and 1.6% ferrocyanide in 0.1 M sodium cacodylate buffer.
Subsequently, the parasites were washed in the same buffer, dehydrated in a graded series
of acetone, and embedded in Epon. Ultrathin sections were stained with uranyl acetate and
lead citrate and observed under a JEOL JEM 1400 Plus transmission electron microscope
(MOREIRA et al., 2021).

2.10. Mitochondrial membrane potential by fluorescence microscopy
The mitochondrial membrane potential of infected host cells and parasites treated or not
with the compounds [120 nM and 200 nM of complexes (1) and (2), respectively;] for 96
h) was investigated using the fluorescent marker JC-1. The parasites were incubated with
40 pg/ml of JC-1 in DMEM at 37 °C for 20 min (Macedo-Silva et al.,2011) and were
analyzed using a Zeiss LSM-710 confocal laser scanning microscope. Quantification of the
mitochondrial membrane potential was performed by measurement of fluorescence
intensity in ZEN Microscopy Software for each experimental condition in triplicates of
three independent experiments. Parasites presenting red fluorescence labeled mitochondria

were considered with active mitochondrial membrane potential.

3. RESULTS

The effect of the Fe(lll) complexes was investigated against intracellular amastigotes
growth for 96 h. No significant difference was found at 24 and 48 h, but after 72 h and 96 h
of treatment a concentration-dependent inhibition of the growth of the parasite was
detected (Figure 1). In the presence of 5 nM of complex (1) after 72 h of treatment, the
infection index of amastigotes corresponded to 60% of the untreated group (control). At
the same treatment time with 50, 100, 500 nM and 1 uM, the percentage of infection index
was 36, 18, 3 and 2%, respectively, compared to the control group (Figure 1a). At 96 h of
treatment, with the same treatment concentrations the infection index was 41, 39, 13, 1 and
1% of the control group, respectively (Figure 1a). A similar trend was observed for
complex (2) (Figure 1b), indicating that the nature of the isomer (alpha or beta) presented
slight influence on the antiamastigotal activity. In the presence of 5 nM of complex (2)
after 72 h of treatment, the infection index of amastigotes corresponded to 60% of the
control group (Figure 1b). After the same treatment time with 50, 100, 500 nM and 1 pM,
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the infection index was 50, 38, 6 and 3%, respectively, compared to the control group. At
96 h of treatment, the infection index was 68, 56, 28, 15 and 1% of the control group,
respectively, for the same treatment concentrations (Figure 1Db).

Complex (1) presented ICso values of 61.29 + 4.21 and 107.48 + 6.60 nM for 72 and 96 h
of treatment, respectively. Complex (2) also presented a low ICs values of 50.64 + 2.20
and 173.00 £ 5.60 nM for the same treatment times. The I1Csg values of complexes (1) and
(2) are promising when compared to some other metal complexes reported in the literature.
The cytotoxicity of iron complexes to LLC-MK2 was evaluated after 72 and 96 h of
treatment to obtain the CCso value on mammalian cells and the SI of the compounds.
Complex (1) presented CCsp values of 29.26 + 0.44 and 17.98 + 0.24 uM for 72 and 96 h
of treatment, respectively. Complex (2) also presented low CCsg values of 189.1 + 15.8 and
78.59 £ 3.56 uM for the same treatment times. Based on these data, the selectivity indexes
values were 477.4 and 167.28 for complex (1), and 3734.2 and 454.28 for complex (2),

against amastigotes, for 72 and 96 h of treatment, respectively (Table 1).
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Figure 1. Antiproliferative effects of the Fe(lll) (a) complex (1) and (b) complex (2) on
amastigote of Trypanosoma cruzi in LLC-MK2 host cell line. After 24 h of infection,
different concentrations of the complexes (1) and (2) were added to the cultures and the
infection index evaluated at 72 h and 96 h. Mean and standard deviation of three
independent experiments. * P < 0.05 ** P < 0.01 and *** P < 0.001 in relation to the

control.
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Figure 2. Cytotoxic effects of Fe(lll) complexes on LLC-MK2 cells. Percentage of growth
of LLC-MK2 cells treated with different concentrations of (a) complex (1) and (b)
complex (2). Negative control: cells were cultured in DMEM medium with FBS without
complexes. Positive control: cells were cultured with 10% Triton X-100 in DMEM
medium. * P <0.05 ** P <0.01 and *** P <(.001 in relation to the control (-).

Table 1. Cytotoxicity to amastigotes of Trypanosoma cruzi and to LLC-MK?2 host cell line

and Selective Index of the iron complexes

ICso (NM) T. cruzi amastigote CCso (UM) LLCMK2 Sl
72 h 96 h 72 h 96 h 72 h 96 h
Complex (1) 61.29 £4.21 107.48 +6.60 29.26 +0.44 17.98 +£0.24 477.40 167.28
Complex (2) 50.64 +2.20 173.00 +5.60 189.10 + 15.8 78.59+356 | 3734.20 454.28

ICso: concentration that inhibits 50% of the proliferation of the replicative fo
CCso: concentration that inhibits the proliferation of 50% of the host cells.
Sl: selectivity index.

rm.
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Complex (1) - 100 nM - 96h Control - 96 h

Complex (2) - 100 nM - 96h

Light microscopy images revealed that treatments with the Fe(lll) complexes for 96 h
affected the characteristic organization of amastigotes inside the host cells. As expected, in
untreated cells, numerous parasites were distributed throughout the cytoplasm (Figures 3A
and 3B). However, after treatment with complex (1) (Figure 3C and 3D) and complex (2)
(Figure 3E and 3F), number of parasites drastically reduced, confirming that the Fe(lll)
complexes lowered the growth of T. cruzi. In addition, treatment generated amastigotes

with a fusiform shape (Figure 3C to 3F).
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Figure 3. Bright field light microscopy of amastigote of Trypanosoma cruzi (arrows) in
LLC-MK2 host cell line treated or not with Fe(lll) complexes (1) and (2). Non-treated
parasites (A and B) cultured for 96 h. Parasites were treated for 96h with complex (1) (C
and D) and complex (2) (E and F), both at 100 nM. After treatment, parasite numbers
clearly reduced and they became elongated. Bars: 50 pm

Transmission electron microscopy showed that untreated parasites presented normal
ultrastructure, with well-arranged and preserved organelles, such as plasma membrane,
nucleus, kinetoplast and mitochondria (Figure 4A and 4B). However, after treatment with
complex (1) for 72 h (Figure 4C, D and E) and complex (2) for 72h (Figure 4F, G and H)
parasites displayed an elongated shape (Figure 4C and F), their nucleus structure was
altered with heterochromatin concentrated in patches at the nuclear envelope (Figures 4D,
E and G), and the mitochondria swelled as seen by the abnormal disposition of their
membrane around the kinetoplast (Figures 4E and 4H).
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Figure 4. Transmission electron microscopy images of intracellular amastigote of
Trypanosoma cruzi in LLC-MK2 host cell line treated or not with Fe(ll1l) complexes (1)
and (2). (A and B) Untreated cells present parasites with normal ultrastructure of
organelles such as the mitochondria membrane around the kinetoplast and nuclear
chromatin. Parasites treated with complex (1) at 120 nM for 72 h (C, D and E) and
complex (2) at 200 nM for 72h (F, G and H). Note that treatment induced swelling and
abnormal disposition around the kinetoplast of the parasite mitochondria membrane
(arrows) and altered nucleus structure, with heterochromatin concentrated in patches at the
nuclear envelope (arrowhead). Bars: 5 um and 1 um.

Confocal laser scanning microscopy images showed significant loss of mitochondrial
membrane potential in parasites treated with complexes (1) and (2) (at concentrations of
120 nM and 200 nM, respectively), and subsequently incubated with the mitochondrial
functional marker JC-1. Untreated parasites presented normal mitochondrial function (Fig.
5A, B and C). After treatment with complex (1) for 96 h (Figure 5D, E and F) the
reduction in mitochondrial membrane potential reached 15% (Figure 5J), when compared
to the control. Parasites treated with complex (2) for 96h (Figure 5G, H and I), showed a
more expressive reduction reaching 31% (Figure 5J). Thus, treatment with the compounds
directly interfere with energy metabolism of the parasite.
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Figure 5. Mitochondrial membrane potential, revealed by JC-1 labeling, of amastigote
forms of Trypanosoma cruzi in LLC-MK2 host cells treated or not with Fe(111) complexes
(1) and (2). Parasites were treated for 96 h with complexes (1) and (2) at 120 nM and 200
nM, respective, and were visualized by light microscopy. Non-treated parasites (arrows)
show normal mitochondrial membrane potential (A, B and C) and parasites (arrows)
treated with complex (1) (D, E and F) or complex (2) (G, H and I) lost mitochondrial
membrane potential as seen by low red JC-1 fluorescence. Bars: 10 pum. Ratio between the
intensity of the green fluorescence with the red fluorescence of amastigotes JC-1 labeled
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showing the status of the mitochondrial membrane potential after treatment with
complexes (1) and (2). * P <0.05 ** P <0.01 in relation to the control.

4. DISCUSSION

Based on the need to develop and test new drugs to treat CD, we show here that dinuclear
Fe(lll) complexes (1) and (2) are effective in the treatment of T. cruzi amastigotes. The
complexes showed low nanomolar 1Csp values, with a concentration-dependent inhibition
of the growth of the parasite. Cytotoxicity test of the iron complexes for LLC-MK2 host
cell resulted in high CCso values and, consequently, high SI for both complexes. The
Fe(111) complexes also affected the characteristic organization of parasites inside the host
cells, generating amastigotes with a fusiform shape. Ultrastructural analysis of the parasites
treated with the complexes, in addition to confirming the elongation of their structure, also
showed heterochromatin in the periphery of the nuclear envelope and swelled
mitochondria. The treatment with both complexes was also able to reduce the
mitochondrial membrane potential of the amastigotes. These findings show that Fe(lll)
complexes in nanomolar concentrations are capable of killing T. cruzi amastigotes,
generating mitochondrial alterations and suggesting cell death by an apoptosis-like
mechanism.

Compounds of metallic nature already present high antitripanosomal activity. Palladium
and platinum complexes showed 1Cso values in the nanomolar range (67—200 nM) against
epimastigotes of the Tulahuen 2 strain (Vieites et al., 2008). Copper complex were also
able to control the amastigote infection of the CL Brener strain with an 1Cs ranging from
0.3 to 418 pM (Paixéo et al., 2019). We previously chemically characterized complexes
(1) and (2) and showed an 1Csp values in the nanomolar scale (97-122 nM) after treatment
of T. cruzi epimastigotes (Y strain) (Moreira et al., 2021). These results corroborate and
reinforce the importance of the 1Cso values present here against intracellular amastigote
form of T. cruzi (Dm28c). These results showing that these complexes were able to
penetrate the host cell plasma membrane and reach the parasite maintaining their
efficiency.

Evaluations of the cytotoxicity of complexes (1) and (2) in LLC-MK2 cells were
performed up to 120 hours of treatment. Both complexes showed low cytoxicity to the host
cell for treatments of 96h; significant toxicity was detected by 120h of treatment and in
concentrations above 1000 times the 1Cso values for the parasite. Low values of I1Cso and
high values of CCso resulted in high selectivity indexes (167 and 454, complexes (1) and
(2), respectively). Thus, indicating high therapeutic safety for these drugs as prototypes.
Benznidazole Sl values are reported varying from 1 (Caballero et al., 2011) to 11.26
(Fonseca-Berzal et al., 2016) depending on the cell lineage. For complexes (1) and (2) the
Sl was about 15 and 40 times higher, respectively, which indicates an efficient selectivity
index against the pathogenic agent and demonstrating that they are safer than this current
drug. While complex (1) is slightly more active against the parasite, complex (2) has a
better SI.

We have shown that amastigotes of T. cruzi when treated with complex (1) or (2) undergo
morphological changes, as seen in light microscopy images, losing their rounded shape and
presenting themselves with a fusiform shape. Possibly this is due to a strategy of the
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parasite to differentiate itself in order to survive, but additional tests still need to be
performed. In addition, amastigotes also show ultrastructural changes as the mitochondria
swelled as seen by the abnormal disposition of their membrane around the kinetoplast and
their nucleus structure was altered with heterochromatin concentrated in patches at the
nuclear envelope. Ultrastructural changes such as mitochondrial swelling and
heterochromatin concentrated in patches at the nuclear envelope have already been
reported as typical morphological characteristics of cell death promoted by apoptosis-like
in trypanosomes and mammalian cells (Salvesen & Dixit, 1997; Deolindo et al., 2010;
Rocha et al., 2023).

The ultrastructural alterations observed in mitochondria after treatment with both
complexes were probably impairing the function of this organelle. This was confirmed by
analyzing the mitochondrial membrane potential with the JC-1 marker, a lipophilic cationic
fluorescent dye, which is used to monitor mitochondrial potential (Macedo-Silva et al.,
2011; Moreira et al., 2021). JC-1 assay showed significant loss of mitochondrial
membrane potential in parasites treated with complexes (1) and (2). Trypanosomatids
presents a single mitochondria, an organelle that plays an important role in energy
metabolism, and the dysfunction of this organelle can lead to parasite death (Pedra-
Rezende et al., 2022). These results showed that both complexes were capable of affecting
a central organelle of the parasite possibly impairing energy metabolism and other
functions of the mitochondria.

5. CONCLUSION

As previously described against epimastigotes forms of T. cruzi (Moreira et al., 2021),
complexes (1) e (2) were active against T. cruzi amastigotes at concentrations in the
nanomolar range, showing low cytotoxicity to the host cells LLC-MKZ2, resulting in a high
selectivity index for both complexes. Treatment with both complexes at nanomolar
concentrations generated important changes in mitochondria and nuclear heterochromatin
of the parasite, suggesting cell death of the parasite promoted by apoptosis-like. A
reduction in mitochondrial membrane potential after treatment with both complexes was
detected. Thus, both complexes affected an organelle involved with essential cell function.
The antitrypanosomal activity of Fe(lll) complexes, previously demonstrated in
epimastigotes forms, was also presented, for the first time, against amastigotes forms of the
parasite, leading to a lethal action due to the imbalance of the energetic system. These
findings open interesting perspectives for investigating the efficacy of metallic complexes
against trypomastigote form in in vivo models, as well as for a more complete description
of the mechanism of action of these complexes against amastigotes.
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4. DISCUSSAO

Tomando como base a necessidade de desenvolver e testar novos farmacos para
tratar a DC, mostramos aqui a eficacia dos complexos dinucleares de Fe(lll) (1) e (2) no
tratamento de epimastigotas e amastigotas de T. cruzi, apresentando desempenho
promissor no desenvolvimento de uma nova terapia. Os complexos apresentaram baixos
valores de ICsp na escala nanomolar, com inibicdo do crescimento do parasito dose-
dependente. O teste de citotoxicidade dos complexos de Fe para célula hospedeira LLC-
MK?2 resultou em altos valores de CCsg e, consequentemente, alto indice de seletividade
(IS) para ambos os complexos. Os complexos de Fe(lll) também afetaram a organizacao
caracteristica dos parasitos dentro das células hospedeiras, gerando amastigotas com
formato fusiforme. A analise ultraestrutural dos parasitos tratados com os complexos, além
de confirmar o alongamento de sua estrutura, também mostrou heterocromatina na
periferia do envelope nuclear, mitocdndrias inchadas e formacdo de espiculas no interior
dos reservossomos. O tratamento com ambos os complexos também foi capaz de reduzir o
potencial de membrana mitocondrial de epimastigotas e amastigotas. Esses achados
mostram que complexos de Fe(l11) em concentracdes nanomolares séo capazes de eliminar
epimastigotas e amastigotas de T. cruzi, gerando alteracdes em organelas importantes para
a sobrevivéncia do parasito e sugerindo morte celular por um mecanismo semelhante a

apoptose.

Compostos de natureza metalica possuem uma significativa importancia no
desenvolvimento farmacoldgico, devido as diversas aplicacbes em diferentes areas,
principalmente contra agentes infecciosos. As estratégias na terapia contra T. cruzi se
baseiam em trés principios: coordenacdo de um ligante metéalico com atividade tripanocida,
coordenagdo de compostos metélicos intercalantes de DNA e de compostos inibidores
diretos de enzimas do parasito (FRICKER et al., 2008). Estudos mostram que a utilizacdo
de compostos em coordenagdo a metais trazem beneficio e agregam vantagens aos
farmacos, que se tornam mais ativos que os compostos sozinhos (ndo coordenados a
metais) e mais eficazes que fArmacos da clinica, como os compostos de Pt e Pd, que foram
mais ativos em testes in vitro contra a forma epimastigota de T. cruzi do que o Nifurtimox
(OTERO et al., 2006; VIEITES et al., 2011).

Os compostos com nucleo de Fe estudados aqui, apresentaram baixos valor de 1Cs,
em concentracBes na escala nanomolar (50-173 nM), para os testes in vitro contra as

formas epimastigota (cepa Y) e amastigotas (cepa Dm28C) de T. cruzi. PORTES e
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colaboradores (2015), também mostraram o efeito de complexos com ndcleo de Fe sobre
taquizoitas de Toxoplasma gondii in vitro, por até seis dias de tratamento. Este composto
apresentou um valor de 1Csp na faixa de micromolar, provocando alteragGes no citoplasma
e na membrana que indicam morte por um mecanismo similar a apoptose, além de induzir
cistogénese. Esse composto provocou o aumento de producdo de espécies reativas de
oxigénio nas células infectadas e tratadas, e foi capaz de reduzir a atividade de enzimas
antioxidantes importantes para o parasito. Apesar de atingir o parasito T. gondii, 0
composto apresentou baixa citotoxicidade para as células hospedeiras, assim como vimos
neste trabalho com os compostos testados. Os valores de 1Cso dos complexos de Fe (111) (1)
e (2) séo promissores quando comparados a alguns outros complexos metalicos relatados
na literatura. Caballero e colaboradores (2011) mostraram em seu trabalho valores de ICso
na faixa micromolar de trés diferentes complexos metalicos (24,4 uM a 31,2 uM) e o
medicamento Benznidazol (15,8 uM) apds 72 h de tratamento para epimastigotas (cepa
Maracay) (CABALLERO et al., 2011); os valores observados para agentes a base de V
também estdo na faixa de 6,2 uM - 10,5 uM, enquanto o ICso observado para Nifurtimox é
de 2,8 uM apos 120 h de tratamento para epimastigotas (cepa CL Brener) (SCALESE et
al., 2018). Alguns outros complexos de natureza metélica foram ativos com valores de ICsp
na faixa nanomolar, semelhantes aos compostos que estamos relatando. Os complexos de
Pd e Pt apresentaram ICso de 67 - 200 nM contra epimastigotas (cepa Tulahuen 2)
(VIEITES et al., 2008) e o complexo de Cu também foi capaz de controlar a infec¢do de
amastigotas (cepa CL Brener) com um ICso variando de 0,3 a 418 uM (PAIXAO et al.,
2019).

Estudos com compostos de natureza quimica ndo metalica também mostram alta
atividade, como novos derivados 4-minopiridinicos, derivados azélicos e imidazdis 1 e
3-5, que apresentaram valores de ICsg na faixa de concentracdo em nanomolar (5,0 a 36,0
nM) contra amastigotas (cepa Tulahuen C2C4). Os enantidomeros (S)-1, (S)-3 e (S)-5
mostraram uma atividade mil vezes maior do que o medicamento de referéncia
Benznidazol (FRIGGERI et al., 2013). Varios estudos revelam a atividade tripanocida de
alcaldides. Neste contexto, os derivados da quinolina tém recebido grande atencdo, como o
4”-Odemethylancistrocladinium A, um alcal6ide naphythylisoquinoline isolado da casca e
das folhas de Ancistrocladus ochinchinensis, que apresentou excelente efeito contra
amastigotas de T. cruzi, apresentando um ICsp igual a 0,03 uM, sendo cerca de 70 vezes
mais potente que o Benznidazol (BRINGMANN et al., 2011). Portanto, esses complexos
podem ter potencial como drogas anti-Trypanosoma.

62



No primeiro trabalho exposto aqui, caracterizamos quimicamente os complexos de
Fe(I11) (1) e (2) e mostramos valores de I1Cso na escala nanomolar apos o tratamento de
epimastigotas de T. cruzi (cepa Y). Esses resultados corroboram e reforcam a importancia
dos valores de 1Cso, também na escala nanomolar presentes no segundo trabalho contra a
forma intracelular amastigota de T. cruzi (cepa Dm28c). Esses resultados mostram que
esses complexos foram capazes de penetrar na membrana plasmatica da célula hospedeira

e atingir o parasito mantendo sua eficiéncia.

As avaliacdes da citotoxicidade dos complexos de Fe(lll) (1) e (2) em células LLC-
MK?2 foram realizadas em até 120 horas de tratamento. Ambos 0s complexos apresentaram
baixa citotoxicidade para a célula hospedeira para tratamentos de 96h; toxicidade
significativa foi detectada a partir de 120h de tratamento e em concentra¢des 1000 vezes
acima dos valores de ICso para o parasito. Valores baixos de ICsg e altos valores de CCso
resultaram em altos IS (167 e 454, complexos (1) e (2), respectivamente). Assim,
indicando alta seguranca terapéutica para esses farmacos, ndo oferecendo risco ao
hospedeiro e agindo de forma mais seletiva contra o parasito. Os valores de IS para o
Benznidazol s&o relatados variando de 1 (CABALLERO et al., 2011) a 11,26 (FONSECA-
BERZAL et al., 2016), dependendo da linhagem celular. Para os complexos (1) e (2) o IS
foi cerca de 15 e 40 vezes maior, respectivamente, o que indica um IS eficiente contra o
agente patogénico e assim demonstrando que sdo mais seguros que a droga de escolha para
o tratamento atual para a DC. Enquanto o complexo (1) se mostrou um pouco mais ativo

contra o parasito, o complexo (2) tem um IS melhor.

Investigamos aqui o efeito dos compostos de Fe(lll) (1) e (2) sobre a ultraestrutura
do parasito, utilizando a microscopia eletronica de transmissao, que permite a observacgao
detalhada de organelas e outras estruturas celulares. Esse tipo de analise pode auxiliar no
esclarecimento de questBes relacionadas a mecanismos de acdo desses quimioterapicos
como ja foi visto em alguns trabalhos (CARDOSO et al., 2022; ROCHA et al., 2023).
Com isso podemos observar alteracGes importantes em epimastigotas e amastigoras de T.
cruzi ap6s o tratamento com ambos o0s complexos em organelas esséncias para a
sobrevivéncia dos parasitos como mitocondrias, reservossomos e nucleo. Mostramos que
tanto epimastigotas quanto em amastigotas de T. cruzi, quando tratadas com o complexo
(1) ou (2) sofrem alteragdes em suas mitocondrias gerando inchaco e disposi¢do anormal
de sua membrana ao redor do cinetoplasto, que por sua vez também apresentou menor
condensacdo em seu arranjo. As mitocondrias sdo organelas essenciais envolvidas na

conversdo de energia, ciclo celular, sinalizacdo e morte celular. A mitocdndria deste
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parasito encontra-se intimamente associada ao cinetoplasto (ou DNA mitocondrial), e
abriga diferentes enzimas do metabolismo oxidante e energético e devido as diferencas
entre as mitocondrias de mamiferos e tripanosomatideos, esta organela é um excelente alvo
para intervencdes terapéuticas (MENNA-BARRETO et al., 2014). Portanto, nosso trabalho
mostra que os complexos sdo capazes de atingir um alvo farmacologico de destaque,

possivelmente gerando impacto no metabolismo energético dos parasitos.

Outra organela que apresentou alteracdes ultraestruturais foram 0s reservossomos
dos epimastigotas de T. cruzi, como o rompimento desta organela e o surgimento de
cristais em seu lumen. Os reservossomos sdo organelas lisossdmicas essenciais para o
metabolismo energético, que estdo presentes na parte posterior dos epimastigotas de T.
cruzi e estdo presentes de forma exclusiva nessas formas. Estas organelas sdo estruturas de
membrana arredondada com reservas lipidicas em seu Ilimen com aspecto elétrondenso
(SANT'ANNA et al., 2008; SOARES et al., 1992). Proteases do lisossomo, como a
cruzipaina, principal cisteina protease de T. cruzi (CAZZULO et al., 1990), estdo
concentradas nos reservossomos, para digerir o material endocitado, embora o0s
reservosomos também sejam capazes de armazenar macromoléculas, como o colesterol,
para mobilizagdo futura quando necessario (PEREIRA et al., 2011). As alteragdes nos
reservossomos de epimastigotas, causadas pelo tratamento com os complexos de Fe
mostradas nesse trabalho, possivelmente causaram um desequilibrio na endocitose,
digestdo e reserva de nutrientes, afetando consequentemente o metabolismo energético do

parasito.

O ndcleo de amastigotas tratadas com ambos 0s complexos também sofreu alteracdes
em sua heterocromatina, ficando concentrada em manchas no envelope nuclear. AlteracGes
ultraestruturais, como inchago mitocondrial e heterocromatina concentrada em manchas no
envelope nuclear, ja& foram relatadas anteriormente como caracteristicas morfologicas
tipicas de morte celular promovida por apoptose em tripanossomatideos e células de
mamiferos (SALVESEN & DIXIT, 1997; DEOLINDO et al., 2010; ROCHA et al., 2023).
Portanto, podemos inferir que o mecanismo de morte celular dos parasitos provocado pelos

complexos de Fe possivelmente € por apoptose like.

Os danos mitocondriais observados nas analises ultraestruturais de epimastigotas e
amastigotas apds o tratamento com ambos os complexos indicam prejuizos na funcéo dessa
organela. Isso foi confirmado pela analise do potencial de membrana mitocondrial com o

marcador JC-1, um marcador de viabilidade mitocondrial fluorescente cationico lipofilico,
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usado para monitorar o potencial de membrana mitocondrial. As mitocdndrias concentram
JC-1 de acordo com seu potencial de membrana interna. Em baixas concentracfes JC-1 é
um monomero que emite fluorescéncia verde (530 nm) e em concentragcdes mais altas
guando se acumula em mitocdndrias ativas, JC-1 forma J-agregados, emitindo
fluorescéncia vermelha (590 nm), indicando o estado mitocondrial energizado (MACEDO-
SILVA et al., 2011). Os tripanossomatideos apresentam uma Unica mitocéndria, organela
que desempenha importante papel no metabolismo energético, e cuja disfuncdo pode levar
a morte do parasito (PEDRA-REZENDE et al., 2022). Esses resultados mostraram que
ambos o0s complexos foram capazes de afetar uma organela central do parasito,
prejudicando o metabolismo energético e outras fungdes da mitocéndria de epimastigotas e

amastigotas de T. cruzi.

Apesar da eficacia in vitro desses compostos metélicos de Fe, muitas questdes
permanecem sem resposta a respeito dos mecanismos moleculares envolvidos na agéo dos
mesmos contra T. cruzi. Porém, estes resultados abrem perspectivas interessantes para a
investigacdo da eficacia dos compostos em modelo de infeccdo in vivo, bem como para

uma descri¢do mais completa do mecanismo de acdo dos compostos sobre o parasito.
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5. CONCLUSAO

Foram apresentados dois novos complexos de Fe (I11), complexos (1) e (2). Ambos
os complexos foram ativos contra epimastigotas e amastigotas de T. cruzi em
concentracBes na faixa nanomolar, apresentando baixa citotoxicidade para as células
hospedeiras LLC-MK2, resultando em um alto indice de seletividade para ambos os
complexos. A atividade anti-Trypanosoma parece ser independente da natureza do isbmero
(alfa ou beta) sendo complexo (1) ligeiramente mais ativo contra o parasito, e complexo
(2) apresentando maior seguranca terapéutica.

O tratamento com ambos os complexos em concentragfes nanomolares gerou
alterac@es importantes nas mitocondrias, reservossomos e nlcleo, organelas essenciais para
sobrevivéncia do parasito. As alteracbes nas mitocondrias de formas epimastigotas e
amastigotas ap0s o tratamento com ambos 0os complexos incluiram inchago mitocondrial e
disposicdo anormal da membrana externa ao redor do cinetoplasto e também alteragbes no
arranjo do cinetoplasto. Os danos mitocondriais observados por ultraestrutura corroboram
a reducdo no potencial de membrana mitocondrial detectado apds o tratamento de ambas as
formas do parasito com os complexos. Além disso, a formacédo de espiculas no lumen dos
reservossomos de epimastigotas foi detectada apos tratamentos com ambos os complexos.
E nas amastigotas, os complexos foram capazes de gerar alteracdes nucleares, com a
condensacao da heterocromatina no envoltorio nuclear, sugerindo morte celular do parasito
semelhante a apoptose. Assim, ambos o0s complexos testados afetaram organelas
envolvidas com funcdes celulares essenciais na conversdo de energia, digestdo de
nutrientes e reserva do parasito.

Esses complexos tém potencial relevante para serem avaliados como futuros
farmacos na terapia contra DC, uma vez que ndo ha tratamento atual eficaz para a fase
crénica dessa doenca e, infelizmente, as doencas causadas por tripanossomatideos
continuam causando morbidade e mortalidade significativas, especialmente entre os mais
pobres. Apesar da eficacia in vitro desses complexos, 0s mecanismos moleculares
envolvidos em sua acao contra T. cruzi ainda necessitam de investigacdo. No entanto, esses
achados abrem perspectivas interessantes para investigar a eficacia de complexos metalicos
contra a forma tripomastigota infecciosa in vitro e em modelos de infecgéo in vivo, bem

como para uma descricdo mais completa do mecanismo de a¢do desses complexos.
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