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RESUMO

As leishmanioses compreendem um grupo de doencas infecto parasitdrias negligenciadas,
cronicas e ndo contagiosas, ocasionadas por protozodrios do gé€nero Leishmania. A
leishmaniose visceral tem atualmente ocorréncia descrita em 102 paises. O Brasil se destaca
com altas taxas de casos dessa doenca, sendo registrado, na tltima década (2008 a2017), 37.639
casos e 2.735 o6bitos. Devido ao aumento de casos refratarios aos antileishmaniais de primeira
escolha, a miltefosina foi introduzido como tratamento oral em paises como India, Bangladesh
e Nepal, desde 2002. Entretanto, muito pouco € conhecido sobre a acdo da droga, inclusive sua
interacdo com o material genético. Assim, neste estudo foi avaliado o efeito genotoxico e
mutagénico desse farmaco, e os mecanismos celulares e moleculares envolvidos na sua acao
antileishmanial. Para tanto, foram realizados ensaios in vitro e in vivo para avaliar a capacidade
da miltefosina em induzir instabilididade gendmica, de aumentar a frequéncia de microntcleos
e de causar morte celular. Além disso, foi também determinada a carga parasitdria nos animais
infectados e tratados com o antileishmanial, bem como foi avaliado o efeito antigenotéxico do
acido ascorbico, reconhecido antioxidante, nos animais tratados com miltefosina, sob diferentes
condi¢des de tratamento (dose unica, doses repetidas, pré tratamento, pds tratamento e
tratamento concomitante). Adicionalmente, foi determinada a atividade das enzimas
antioxidantes SOD, CAT e GPx e a expressao de genes relacionados ao sistema de reparo do
DNA (OGGI, MUTYH e NUDTI) a fim de identificar possiveis mecanismos moleculares
relacionados a acdo da miltefosina. Demonstramos inicialmente que a miltefosina causa lesdes
genOmicas por oxidagdo de bases puricas e pirimidicas do DNA, bem como € indutor de
apoptose e necrose em células de mamiferos. Posteriormente, verificamos que esse dano pode
ser modulado pelo 4cido ascérbico e que o antioxidante ndo interfere na eficicia antileishmanial
da droga. Por fim, verificamos que, em resposta as injdrias oxidativas, a célula responde

aumentando a atividade das enzimas SOD e a expressdo do gene de reparo OGGI.

Palavras-chave: Genotoxicicidade; Estresse oxidativo; Antioxidante; Enzimas antioxidantes;

Expressao génica; Leishmania.



ABSTRACT

Leishmaniasis is a group of neglected non-contagious, parasitic and chronic infectious diseases
caused by protozoa of the genus Leishmania. Visceral leishmaniasis is currently reported in 102
countries. Brazil has high rates of disease cases, registering only in a decade (2008 to 2017),
37,639 cases and 2,735 deaths. Due to increased relapses to first-choice antileishmanial drugs,
since 2002, miltefosina has been introduced as oral treatment in countries such as India,
Bangladesh and Nepal. However, little is known about the action of the drug and its interaction
with the genetic material. Thus, in this study the genotoxic and mutagenic effect of this drug
was evaluated, as well as the cellular and molecular mechanisms involved in its antileishmanial
action. For this, in vitro and in vivo assays were performed to evaluate the ability of miltefosina
to induce genomic instability, to increase the frequency of micronuclei and to cause cell death.
Furthemore, the parasite load was also determined in infected animals and treated with
antileishmanial, as well as was evaluated the antigenotoxic effect of ascorbic acid, recognized
antioxidant, in animals treated with miltefosina under different treatment conditions (single and
repeated doses, simultaneous, pre and post treatment). In addition, the activity of the antioxidant
enzymes SOD, CAT and GPx and the expression of genes related to the DNA repair system
(OGG1, MUTYH, NUDTI) were determined in order to identify possible molecular
mechanisms related to the action of miltefosina. We initially demonstrated that miltefosina
causes genomic lesions by oxidation of purine and pyrimidine bases of DNA, as well as
inducing apoptosis and necrosis in mammalian cells. Subsequently, we verified that this
damage can be modulated by ascorbic acid and that the antioxidant does not interfere with the
antileishmanial efficacy of the drug. Finally, we verified that, in response to oxidative stress,
the cell responds by increasing the activity of the SOD enzymes and the expression of the OGGI

repair gene.

Key-words: Genotoxicity; Oxidative stress; Antioxidant; Antioxidant enzymes; Gene

expression.
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As leishmanioses compreendem um grupo de doencas infecto parasitdrias,
negligenciadas, crOnicas, ndo contagiosas, ocasionadas por protozodarios do género Leishmania.
Tratam-se de patologias com distintas manifestacdes clinicas, sendo reconhecidas quatro
formas principais: leishmaniose cutanea (LC), leishmaniose mucocutanea (LMC), leishmaniose

visceral (LV) e leishmaniose dérmica pds calazar (LDPC) (WHO, 2016).

A LV possui ampla distribui¢cdo, com ocorréncia descrita em 102 paises, sendo que
94% dos casos ocorreram em paises como: Brasil, Etidpia, India, Quénia, Somalia, Sudao do
Sul e Sudao (WHO, 2019). Estima-se que surjam cerca de 500 mil novos casos por ano da
doenca, com incidéncia de 20 a 30 mil mortes (WHO, 2016). No Brasil, a LV atinge em média
3.763 pessoas por ano e o estado do Maranhdo representa 15% desses casos (BRASIL, 2019).

O tratamento para leishmaniose divide-se em duas linhas farmacoldgicas: os
antimoniais € os ndo antimoniais. Os antimoniais pentavalentes continuam sendo bastante
utilizados, embora estudos tenham relatado sua alta toxicidade (DEMICHELI et al., 2002;
KATO et al., 2014) bem como sua capacidade de induzir danos genotéxicos (LIMA et al., 2010;
MOREIRA et al.,, 2017; de JESUS et al., 2018). Além disso, foi demonstrado varios
mecanismos de resisténcia do parasita ao antimonio, como dele¢do ou expressdo reduzida do
gene responsavel pelo influxo de droga na célula (AQP1), metabolizacdo diminuida de SbV e
aumento dos niveis de tripanotiona (PONTE-SUCRE et al., 2017). Dentre os antileishmaniais

ndo antimoniais, destacam-se a anfotericina B, a pentamidina e a miltefosina.

Diante da crescente resisténcia ao tratamento com antimoniais, desde 2002 paises
como India, Alemanha, Bangladesh e Nepal comegaram a utilizar a miltefosina para tratamento
antileishmanial (SUNDAR; OLLIARO, 2007; SINGH et al., 2016). Seu uso foi considerado
vantajoso por apresentar menor toxicidade e menos efeitos adversos que os antimonios

pentavalentes, além de ser administrado por via oral (PRASAD et al., 2004).

Embora nos ultimos anos o efeito antileishmanial da miltefosina tenha sido
extensivamente estudado, sobretudo como alternativa farmacoldgica nos casos de resisténcia
medicamentosa, permanecem pouco esclarecidos os mecanismos pelos quais ele exerce seu
efeito. Considerando que estudos prévios sugeriram que um dos possiveis mecanismos de a¢ao
da droga seria a producdo de espécies reativas de oxigénio (ROS) (VINCENT et al., 2014;
CARNIELLI et al., 2014), neste trabalho € avaliado, pela primeira vez, se o estresse oxidativo
causado pela miltefosina poderia induzir danos genéticos em células de mamiferos in vitro e in
vivo. Essa hipétese também foi testada avaliando-se a capacidade do antioxidante acido

ascorbico em reverter o efeito genotéxico da droga.
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2.1 Leishmanioses

A transmissdo das leishmanioses ocorre por meio da picada de fémeas de flebotomineos
pertencentes ao género Phlebotomus, encontradas no Velho Mundo, e as do género Lutzomyia,
no Novo Mundo, que transmitem o parasita para os animais domésticos/silvestres ou humanos,
através do repasto sanguineo, principalmente em regides tropicais e subtropicais. O parasita
pertence a familia Trypanosomatidae, subfamilia Phlebotominae, ordem Kinetoplastida e
género Leishmania (BRASIL, 2014). Nas Américas, Leishmania (Leishmania) infantum é o
agente de VL (BRASIL, 2016). A LV € considerada um grave problema de saide publica
devido a sua magnitude, expansio geografica e controle complexo. E uma doenca relacionada

a urbanizacao e atinge principalmente populagdes de baixa renda (BRASIL, 2011).

Dentre as quatro principais formas de manifestacdo da leishmaniose, a LV, conhecida
popularmente como calazar, é considerada fatal para o homem se nio tratada adequadamente
(WHO, 2016). Atualmente essa doenga tem ocorréncia descrita em 102 paises, sendo que, no
ano de 2017, 94% dos casos somente em sete paises: Brasil, Etidpia, India, Quénia, Somalia,

Sudao do Sul e Suddao (WHO, 2019) (Figura 1).

Countries reporting
imported VL cases

Number of new VL cases
reported, 2016
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W 500-999

Bl w0oia B No sutochthonous cases reported &

B <00 [ Nodats /
- [] Notappikcable

o

Figura 1. Distribui¢cao de leishmaniose visceral no mundo.
FONTE: https://www.who.int/leishmaniasis/burden/en/ (Acesso em 18/02/2019)
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Na América Latina, a doenga ja foi descrita em pelo menos 12 paises (WHO, 2019). No

Brasil foram registrados de 2008 a 2017, 37.639 casos de LV, com ocorréncia de 2.735 Gbitos

(BRASIL, 2019) (Figura 2).
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Figura 2. Ocorréncia de casos e 6bitos de leishmaniose visceral no Brasil, entre o periodo de

2008 a 2017.

FONTE: Dados colhidos do portal SINAN, atualizado até 04/02/2019 (http://portalsinan.saude.gov.br)

O estado do Maranhdo abrange cerca de 15% do total de casos de LV no Brasil. Somente

entre os anos de 2008 e 2017, foram registrados 5.705 casos de LV no estado, com 366 mortes

nesse mesmo periodo (BRASIL, 2019) (Figura 3).
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Figura 3. Ocorréncia de casos e 6bitos de leishmaniose visceral no estado do Maranhao,

Brasil, entre o periodo de 2008 a 2017.

FONTE: Dados colhidos do portal SINAN, atualizado até 04/02/2019 (http://portalsinan.saude.gov.br)
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2.2 Tratamento
O tratamento para leishmaniose consiste em duas linhas: os antimoniais € os ndo

antimoniais.

2.2.1 Antimoniais

Dentre os compostos antimoniais, destacam-se os complexos de antimonio trivalentes
tais como o tartarato antimonial de potdssio (Tartarato emético), antimoniato de bis-catecol-
3,5-dissulfonato sédico e tioglicolato de sdédio e antimOnio, bem como antimoniais
pentavalentes, como o antimoniato de N-metilglucamina, gluconato de antiménio V sddico
(estibogluconato sédico) e ureia estibamina (Estibamine) (RATH et al., 2003). Entretanto,
devido a cardiotoxicidade e intolerancia gastrintestinal dos antimoniais trivalentes (SbllI), sdo
os antimoniais pentavalentes (SbV) que apresentam maior uso terapéutico. Atualmente existem
no mercado duas formulagdes de SbV: Estibogluconato de sédio (Pentostan®) e o antimoniato
de N-metil-glucamina (Glucantime®), ndo parecendo existir diferengas quanto a eficécia

terapéutica destas formulacdes (BRASIL, 2014).

Desde a década de 40 os antimoniais pentavalentes sdo utilizados no tratamento das
leishmanioses. Atualmente a tnica formulacdo disponivel € o antimoniato de N-metil-
glucamina, cujo mecanismo de ac¢do ndo estd totalmente elucidado. Porém, sabe-se que esta
droga atua nas formas amastigotas do parasita, inibindo a atividade glicolitica e a via oxidativa
de 4acidos graxos dos parasitas (BRASIL, 2014), além de causar oxidag@o de bases nitrogenadas
do DNA (MOREIRA et al., 2017; de JESUS et al., 2018). A farmacocinética dos antimoniais
pentavalentes administrados por via intramuscular pode ser dividida em trés fases: 1) fase de
absor¢do, com meia vida de 0,85h; i1) fase de eliminagdo rdpida, com meia vida de 2,02h; e,
111) fase de eliminagdo mais lenta, com meia vida de cerca de 76 h. Por outro lado, quando
administrado intravenosamente, cerca de 80% do antimonial pentavalente é eliminado em até

8h (GIL et al., 2007).

Devido a essa caracteristica, sdo necessdarias doses elevadas deste fadrmaco para garantir
a eficdcia do tratamento, o que pode acarretar diversos efeitos colateriais, tais como dores
articulares, dores musculares, ndusea e vomito, cefaleia, febre, anorexia, alteracdes nos testes
de funcdo hepaitica, niveis de lipase e amilase, leucopenia. Além disso, os antimonios sdo
contra-indicados em caso de insuficiéncia renal, insufici€ncia hepdtica, insuficiéncia cardiaca,
gravidez, idade maior de 50 anos e hipersensibilidade aos componentes da formulacdo

(BRASIL, 2011; BRASIL, 2014). Contudo, em razao de sua toxicidade, a OMS preconiza que
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a dose desse antimonial ndo ultrapasse 20 mg SbV/Kg/dia, pela via intramuscular ou

intravenosa por, no minimo, 20 e no maximo, 40 dias (BRASIL, 2014).

2.2.2 Nao antimoniais
As drogas ndo antimoniais mais comumente utilizadas no tratamento de leishmanioses

sdo a anfotericina B, a pentamidina e a miltefosina.

A anfotericina B é um antibi6tico macrociclico, poliénico, com atividade antifiingica
e antileishmanial, produzido pela bactéria filamentosa Streptomyces nodosus. Atualmente, € o
medicamento nao animonial mais utilizado no tratamento de LV no Brasil e € considerado a
droga mais potente disponivel comercialmente, atuando nas formas promastigotas e
amastigotas de leishmania. Seu mecanismo de acdo se d4 através da ligacao preferencial com
ésteres (ergosterol ou episterol) presentes na membrana plasmaética da leishmania (BRASIL,
2014). A escolha entre o antimonio e a anfotericina B leva em consideracdo a faixa etdria,
presenca de gravidez e comorbidades. Atualmente, existem duas apresentacdes de anfotericina
B: o desoxicolato de anfotericina B e a anfotericina B lipossomal, com eficdcias comparaveis,

sendo que esta ultima apresenta menor toxicidade (BRASIL, 2011).

No Brasil, a anfotericina B € considerada como droga de primeira escolha no
tratamento de gestantes, e de segunda escolha, quando ndo € obtida resposta ao tratamento com
o antimonial pentavalente ou na impossibilidade de seu uso. Nos casos de resposta insatisfatdria
aos antimoniais, a anfotericina B deve ser utilizada na dose de 1mg/kg/dia, em dias alternados
(maximo de 3g de dose total). Doses acima das recomendadas podem ser usadas em casos
especiais. Em criancas, a anfotericina B deve ser utilizada na dose total de 15 a 25 mg/kg de

peso, administrada em dias alternados (BRASIL, 2014).

Embora requeira administracdo parenteral, anfotericina B lipossomal é uma opg¢ado
terapéutica para pacientes que apresentem insuficiéncia renal, refratariedade ou toxicidade ao
uso de antimoniais, idade superior a 50 anos e transplantados renais, cardiacos e hepéticos
(BRASIL, 2011). Seus efeitos colaterais sao todos dose-dependentes, sendo altamente toxico
para as cé€lulas do endotélio vascular. Se administrado rapido (menos de 1 hora), a anfotericina
B pode causar cefaleia, febre, calafrios, astenia, dores musculares e articulares, vOmitos,
hipotensdo e alteragdes cardiovasculares, com parada cardiaca. Alteragdes pulmonares e

complicacOes renais também sdo relatados (BRASIL, 2014).
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A pentamidina é um derivado sintético da amidina e pertence ao grupo das diamidinas
aromiticas. Usado principalmente na Europa e na Africa, este antileishmanial possui duas
formulacdes comerciais: isotionato e mesilato. A eficdcia da pentamidina é inferior a dos
antimoniais pentavalentes e anfotericina B, porém seus paraefeitos sdo maiores. A dose
recomendada € de 4mg/kg/dia em dias alternados no total de 15 doses, ndo devendo ultrapassar
a 2g como dose total. Seus efeitos colaterais mais comumente encontrados sao anorexia, astenia,
ndusea, dor abdominal, taquicardia e outras arritmias, insuficiéncia renal em 25% dos pacientes,
geralmente reversivel, e pancreatite que pode levar ao aparecimento de Diabetes mellitus, em

10 a 15% dos casos (BRASIL, 2014).

2.3 Miltefosina

A miltefosina pertence a classe dos tensoativos zwitteriOnicos e € estruturalmente
semelhante aos fosfolipidios presentes na membrana biolégica (CASTRO et al., 2001) (Figura
4). Tem a capacidade de interagir com a membrana das células dos protozodrios, atingindo
rapidamente outras membranas subcelulares, sendo capaz de afetar o metabolismo em
diferentes niveis (HUANG et al., 2005; MARCO et al., 2009). Desse modo, a membrana celular
€ considerada o sitio de acdo primdria desse farmaco, o qual € inserido na membrana
fosfolipidica pela miscibilidade e pela interagio com esteréis da membrana
(RAKOTOMANGA et al.,, 2004). Seu transporte para dentro da célula ocorre através da
maquinaria de transporte e do complexo proteico, localizado na membrana plasmatica do

parasita (FDA, 2013).

Desenvolvido inicialmente para ser uma droga antitumoral (CROFT; ENGEL, 2006), a
descoberta da miltefosina como agente antileishmanial (Impavido®) foi considerado um grande
avango para o tratamento da leishmaniose, por ser uma droga oral e efetiva, inclusive em casos
de infeccOes resistentes ao antimonio pentavalente (SUNDAR et al., 2002). A importancia de
uma droga de uso oral e efetiva contra a leishmaniose se destaca pelo fato dessa doenca ser
mais prevalente em regides mais pobres, onde a adesdo ao tratamento é comprometida devido
a questdes econdmicas e de infra-estrutura bdsica, como dificuldades de deslocamento dos

pacientes ao local do tratamento (COSTA-FILHO et al., 2008).
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Figura 4. Semelhanca entre a estrutura quimica dos principais fosfolipidios de membrana e a
molécula da miltefosina (hexadecilfosfocolina).

FONTE: O autor

A miltefosina é bem absorvida por via oral sendo rapidamente distribuido por todo o
organismo, acumulando-se em 6rgdos como figado, bago, rins, pulmao e glandulas adrenais, e
€ lentamente metabolizado por fosfolipases hepaticas, apresentando excre¢do urindria minima
(MORE et al., 2003; AGRAWAL; SINGH, 2006). Requer tratamento prolongado (28 dias) e
tem uma meia-vida longa (cerca de 150 horas) (PEREZ-VICTORIA et al. 2006b).

Na India, devido a ocorréncia de recidiva e resisténcia contra o tratamento tradicional
utilizando antimoniais pentavalentes, passou-se a utilizar outras drogas com agdo
antileishmanial. Nesse cendrio a miltefosina se destacou pelos seus resultados satisfatorios e

alto percentuais de cura no tratamento da leishmaniose (SUNDAR et al., 2002).

Somente apds uma década de uso da miltefosina como antileishmanial, a OMS o incluiu
na lista de medicamentos essenciais (FDA, 2013). No Brasil, em 2010, o Ministério da Satde
aprovou o uso da miltefosina para o tratamento de leishmaniose tegumentar. Entretanto, a

incorporagio do medicamento pelo Sistema Unico de Sadde (SUS) nio foi implementada
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(BRASIL, 2016). Em 2015, a Fundacdo Oswaldo Cruz emitiu um parecer técnico cientifico
recomendando o uso da miltefosina para tratamento de leishmaniose cutinea, devido apresentar
eventos adversos de menor gravidade comparado a meglumina e por ser uma op¢ao por via oral
(FIOCRUZ, 2015). Ap6s esse parecer técnico, novamente o Ministério da Satide recomendou
a incorporacdo da miltefosina para o tratamento de pacientes com leishmaniose tegumentar
(BRASIL, 2016). Todavia, até o momento, a miltefosina nao estd incluido na Rela¢do Nacional

de Medicamentos Essenciais (Rename) e nem possui registro na Anvisa.

Ap6s uma década de uso da miltefosina no subcontinente indiano para tratamento de
LV, verificou-se uma diminui¢do nas taxas de cura e o dobro de aumento nas taxas de recaida.
Na India, Bangladesh e Nepal, cerca de 7% a 10% dos pacientes desenvolveram recaida clinica
de LV no prazo de 6 meses ap0ds o tratamento com miltefosina, com taxas de recaida atingindo
20% no Nepal apés acompanhamento de 12 meses (SUNDAR et al., 2012; RIJAL et al., 2013;
DORLO et al., 2014). Uma das hipéteses para o surgimento de resisténcia do parasita aa
miltefosina pode estar relacionada a eliminacdo da droga que é extremamente lenta, podendo
ainda ser detectada no plasma humano seis meses ap6s o final do tratamento (DORLO et al.,

2012).

Ainda assim, foi notéria uma melhora no quadro geral da doenca nesses paises, pois
num intervalo de sete anos (2010-2017) cinco estados do norte da India registraram mais de 80%
de reducdo de novos casos de LV, sem ocorréncia de ébitos (SINGH et al., 2016; SINGH;
SINGH, 2019); Bangladesh atingiu metas de eliminacdo da doenga em 90% das regides; €, no

Nepal, a eliminagao foi alcancada a nivel distrital (SINGH et al., 2016).

Para LC e LMC, a miltefosina demonstrou eficacia variavel. Resultados obtidos na
Colombia mostrou taxas de cura maior que 80% para L. panamensis (SOTO et al., 2004). Mais
tarde, outro estudo realizado também na Colombia encontrou taxas de cura de 69,8% a 70%
e uma maior propor¢cdo de casos infectados por L. braziliensis (VELEZ et al., 2010). Na
Guatemala obteve-se taxas de cura de 50% para L. braziliensis e L. mexicana (SOTO et al.,
2004). Na Bolivia, onde os casos de LC sao predominantemente causados por L. braziliensis, a
miltefosina mostrou 80% de taxa de cura (SOTO et al., 2008). No Brasil, a taxa de resposta
para L. braziliensis foi de 75% (MACHADO et al., 2010) e 71,4% para L. guyanensis
(CHRUSCIAK-TALHARI et al., 2011). Na Alemanha foi encontrado taxa de cura de 63% em
8 casos de leishmaniose cutanea importados causadas por L. braziliensis em viajantes

provenientes da Bolivia, Costa Rica, Peru, Equador e Brasil (HARMS et al., 2011).
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Sobre os efeitos adversos da miltefosina, os mais comumente relatados estdo
relacionados ao trato gastrointestinal como anorexia, nduseas, vomitos e diarreia (van THIEL
et al., 2010). Pandey et al. (2013) relataram um caso de pancreatite aguda fatal, com aumentos
nos niveis de aminotransferase e creatinina sérica, porém essa alteracdo é considerada ligeira,
reversivel e dependente da dose. H4 ainda estudos relatando risco teratogénico, sendo, portanto,
contra-indicado no periodo gestacional (SINDERMANN; ENGEL, 2006). Durante a
amamentagdo a miltefosina também nao € recomendado por nao haver dados sobre o risco para

a crianga (SCHLOSSBERG; SAMUEL, 2011).

O mecanismo de a¢do da miltefosina ndo estd totalmente esclarecido. Mas sabe-se que
ao entrar na corrente sanguinea, a miltefosina fica sob a forma micelar (ALONSO et al., 2012)
ou se liga a proteina albumina, disponivel no plasma, que atua como um reservatorio para a
droga (RAKOTOMANGA et al., 2005). Ocorre entido, um equilibrio entre as moléculas da
miltefosina que se ligam 2 albumina e aquelas que se ligam 4 membrana plasmatica (PEREZ-
VICTORIA et al., 2006b) (Figura 5), onde serdo solvatadas/particionadas, especialmente nas
camadas lipidicas ricas em colesterol (MALTA de SA et al., 2015).

? MIL

@ MIL micelle

(81 6

Figura S. Ligacdo e captacdo da miltefosina.
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LEGENDA: (A) Ligag¢ao do farmaco ao folheto externo da membrana de plasma. A miltefosina fora da célula fica
sob a forma micelar ou € recrutado pela albumina sérica bovina, que atua como um reservatdrio para a droga. (B)
A miltefosina ligado as membranas celulares € internalizado através da proteina flipase (F) num movimento
chamado flip-flop.

FONTE: Pérez-Victoria et al. (2006b).

A droga penetra na membrana celular do macréfago por miscibilidade, através do seu
componente lipidico e interage com esterdis e com cadeias laterais hidrofébicas na interface
lipidio-proteina (RAKOTOMANGA et al., 2004; MOREIRA et al., 2013). Neste momento a
metabolizacdo da miltefosina pode ser iniciada na membrana pela acdo da fosfolipase D, que
converte a miltefosina em colina, a qual € incorporada nos tecidos, e hexadecanol, que é oxidado
a dacido palmitico (FDA, 2013). Porém, enquanto permanecer na bicamada lipidica, a
miltefosina pode fazer modificacdes furnover na membrana celular (van der LUIT et al., 2007;

JIMENEZ-LOPEZ et al., 2010).

Nas membranas, a acdo primdria da miltefosina é a inibicdo da sintese de
fosfatidilcolina por meio da inativacdo da CDP:colina (citidina 5'-difosfocolina) pela Via
Kennedy (RAKOTOMANGA et al., 2007). A Via Kennedy € a principal via para producdo de
fosfatidilcolina a partir da colina, sendo predominante em eucariotos superiores (CARRASCO

et al., 2008; JIMENEZ-LOPEZ et al., 2010).

Além de interferir na sintese de fosfatidilcolina, a miltefosina prejudica a entrada do
colesterol no reticulo endoplasmético, levando a uma deple¢do de colesterol nessa organela e,
consequentemente, a uma desregulacdo da biossintese de colesterol (JIMENEZ-LOPEZ et al.,
2010; MALTA de SA et al., 2015). Tanto a inibicdo da sintese de fosfatidilcolina (WRIGHT;
HOWE; ZAREMBERG, 2004), quanto o estresse no reticulo endoplasmatico (NIETO-
MIGUEL et al., 2007), tem sido relacionados a inducao de apoptose pela miltefosina. Outras
evidéncias sugerem que esta classe de drogas interfere também com vias de sobrevivéncia
bioquimica (tais como a Akt-mTOR) e em proteinas envolvidas na transducdo de sinal, tais
como a protefna quinase C, fosfolipase C e fosfolipase D (van BLITTERSWIJK; VERHEIJ,
2013; PACHIONI et al., 2013).

A miltefosina também se acumula na membrana dos parasitas (VINCENT et al., 2014),
na qual interage através da modulacdo da superficie celular e ativacdo de fosfolipase (SINGH

et al., 2014). Semelhante ao que ocorre nos macréfagos, a droga afeta a membrana celular dos
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parasitas através da reducdo no teor de fosfatidilcolina e no aumento de fosfatidiletanolamina e

lisofosfatidilcolina (RAKOTOMANGA et al., 2007).

A leishmania tem alta capacidade de internalizar a miltefosina, especialmente devido
4 acdo de proteinas transportadoras da miltefosina (PEREZ-VICTORIA et al., 2003),
identificadas em algumas espécies do parasita, tais como em L. donovani (LdAMT/LdRos3)
(PEREZ-VICTORIA et al., 2006b), L. braziliensis (LbMT/LbRos3) (SANCHEZ-CANETE et
al., 2009) e L. infantum LiMT/LiRos3 (MONDELAERS et al., 2016). Apds internalizado, a
miltefosina pode induzir danos as organelas celulares (SANTA-RITA et al., 2000; CROFT et
al., 2003).

Alguns estudos t€ém demonstrado uma correlacdo entre a acumulacdo da miltefosina
dentro do parasita e sua eficicia antileishmanial (PEREZ—VICTORIA et al., 2006a; SHAW et
al.,, 2016). Dessa forma, os mecanismos que inibem a internalizacdo da miltefosina ou
aumentam o seu efluxo, conduziria a uma falha do tratamento (RAI et al., 2013; RIJAL et al.,
2013), como demonstrado com a inativagdo das proteinas de membrana LAMT e LdRos3

(SEIFERT et al., 2007).

2.4 Mutagenicidade

O material genético da maioria dos organismos vivos, apesar de encontrar-se no
interior das células protegido por membranas, imerso no citoplasma e com uma maquinaria de
reparo, ndo esta livre de sofrer alteracOes, ou seja, mutacdes (LIRA, 2007). Estas alteracdes
podem ser decorrentes de processos celulares normais (mutagdes espontaneas) ou devidas a
exposi¢do do organismo a agentes quimicos ou fisicos (mutagdes induzidas) (GRIFFITHS,

2013).

Estamos constantemente em contato com agentes mutagénicos, entre eles a radiacao
solar, poluentes presentes no ar € na dgua ou mesmo elementos presentes em nossa dieta
(GRIFFITHS, 2013). Esses agentes induzem diferentes tipos de lesdes no DNA da célula, as
quais podem ndo ser reparadas ou reparados erroneamente. Lesdes reparadas erroneamente
levam a efeitos bioldgicos tais como morte celular, aberragdes cromossdmicas, mutagdes, entre
outras (NATARAJAN; PALITTI, 2008). Além disso, considerando que 80% dos agentes
mutagénicos sdo potencialmente causadores de cancer, estudos de mutagenicidade de
medicamentos em célula de mamiferos sdo importantes para o conhecimento de seus efeitos

durante o tratamento de pacientes e para estudos de terapia combinada.
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Dentre os ensaios de mutagénese, o ensaiodo cometa ou Single Cell Gel
Electrophoresis (SCGE), é amplamente empregado para avaliar dano ao DNA e reparacdo em
células eucaridticas. E um método muito til para estudar a genotoxicidade e
antigenotoxicidade, in vivo e in vitro, de células expostas a uma variedade de agentes quimicos

e fisicos, pois podem ser observadas lesdes genomicas diretas (TICE et al., 2000).

Basicamente existem dois protocolos principais para a execucdo do teste padrdo: a
versdo neutra, conforme o método original aprimorado por Ostling e Johanson em 1984, no
qual se utiliza eletroforese em tampao de pH entre 7 e 8 para deteccao de quebras duplas nas
fitas de DNA e ligacdes cruzadas DNA-DNA, DNA-proteina, DNA-xenobidtico (OSTLING;
JOHANSON, 1984); e a versdo alcalina, que realiza eletroforese em pH maior que 13,
desnaturando o DNA, podendo detectar quebras de fita dupla, fita simples, sitios dlcali-labeis,
sitios de reparo por excisdo incompletas, danos oxidativos em bases do DNA, crosslinks em
DNA-DNA, DNA-proteina e DNA-xenobidtico (BOLOGNESI et al., 2004; WITTE et al.,
2007).

A versdo alcalina do ensaio do cometa € utilizada para estudos de toxicogenética devido
as suas peculiaridades e vantagens quando comparado a outros testes para deteccdo de
substancias genotdxicas. O teste € utilizado para detectar lesdes gendmicas que, apds serem
processadas, podem resultar em mutagdes. Diferente das mutacdes, as lesdes detectadas por
este teste sdo passiveis de reparo. Desta maneira, o teste pode também ser utilizado para estudos
de reparo do DNA, trazendo informacdes importantes sobre a cinética e o tipo de lesdo reparada

(GONTIO; TICE, 2003).

Uma nova versido do ensaio do cometa, bastante utilizada nos ultimos anos, utiliza
enzimas de restricdo que removem bases oxidadas do DNA. As mais usadas sdo a
formamidopirimidina glicosilase (FPG) que removem purinas oxidadas e a endonuclease III
(ENDOIII) que removem pirimidinas oxidadas. Através dessa modificacdo do ensaio do cometa
€ possivel verificar se uma substancia ou droga causa estresse oxidativo com oxidacao de bases

puricas, pirimidicas ou ambas (de JESUS et al., 2018; MOREIRA et al., 2017).

Outro teste bastante utilizado em ensaios de mutagénese € o teste do microntcleo.
Diferente do ensaio do cometa, cujo dano é considerado genotdxico, ou seja, passivel de
correcdo pelo sistema de reparo do DNA, o teste do microntdcleo é considerado um teste
mutagénico, pois as mutagdes estio fixadas. Este teste foi criado para identificar danos no DNA
a partir da andlise e quantificacdo de estruturas citoplasmdticas, denominadas de microntcleo,

encontrados em populacdes celulares em divisdao (SCHMID, 1975). Micronucleos sdo
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corpusculos celulares que ndo foram incorporados no interior do nicleo durante a divisdo
celular, permanecendo no citoplasma (BOMBALIL et al., 2001). E semelhante em aparéncia ao
nicleo celular e geralmente é resultado de quebras cromossdmicas, gerando fragmentos sem

centromero (ALBERTINI et al., 2000).

Uma das principais vantagens do teste do micronucleo € a sua simplicidade e facilidade
de execugdo. Segundo Mersch et al. (1996), a observacdo de micronticleos em organismos
expostos a determinados compostos, pode ser uma resposta entre a atividade genotdxica e os
mecanismos de defesa fisiol6gicos como a metabolizacdo, eliminacdo de células afetadas,
dentre outros. Entretanto, este teste ndo pode ser aplicado em populagdes de células que nao
estejam em divisdao ou em que células onde os mecanismos de divisdo celular ndo sejam

conhecidos ou controlados (FENECH, 2000).

Embora a miltefosina estivesse sendo extensivamente estudado nos altimos anos, sao
escassos dados sobre seu efeito sobre o material genético. A dnica descricao de possivel efeito
mutagénico da droga encontra-se em um relatério, no qual foram realizados sete testes de
mutagenicidade. Destes, apenas um mostrou positividade, no entanto, ndo € detalhada a
metodologia utilizada nesses testes (FDA, 2014), de modo a ndo ficar claro se os testes
realizados foram testes in vitro ou in vivo, em procarioto ou eucarioto, € as condicdes

experimentais utilizadas.

2.5 Morte celular

Os tipos de morte celular sdo classificados de acordo com critérios morfoldgicos,
enzimadticos (sem envolvimento de nucleases ou com o envolvimento de distintas classes de
proteases, como caspases, catepsinas e transglutaminase) e aspectos funcionais (morte
programada ou acidental, fisiolégico ou patoldgico) (KROEMER et al., 2009; GALLUZZI;

KROEMER, 2008). A seguir, serdo explanados os tipos de morte celular por apoptose e necrose.

2.5.1 Apoptose
A molécula de DNA sofre constante agressdo. Uma variedade de compostos fisicos e
quimicos, sejam eles endogenos ou exdgenos, assim como proprios erros nos processos de
metabolismo de DNA, geram diariamente milhares de lesdes na sua estrutura (BATISTA, 2008).

Quando hd um excesso de danos ao DNA, de modo que o sitema ndo seja capaz de corrigi-los,
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¢ acionado um mecanismo celular de morte a fim de que mutagcdes nao sejam replicadas,

denominado apoptose (GRIVICICH; REGNER; ROCHA, 2007).

De modo geral, a apoptose é um fendmeno bastante rdpido e pode ser reconhecido por
caracteristicas morfolégicas muito marcantes e coordenadas: ocorre uma retracio da célula que
perde aderéncia a matriz extracelular e células vizinhas. As organelas celulares mantém a sua
morfologia, com exce¢do, em alguns casos, das mitocondrias, que podem apresentar ruptura da
membrana externa. A cromatina sofre condensagdo e se concentra junto a membrana nuclear,
que se mantém intacta. A seguir, a membrana celular forma prolongamentos (blebs) e o nicleo
se desintegra em fragmentos envoltos pela membrana nuclear. Os prolongamentos da
membrana celular aumentam de nimero e tamanho, rompem, originando estruturas contendo o
conteddo celular. Estas porcdes celulares envoltas pela membrana celular sdo denominados
corpos apoptéticos, que sdo rapidamente fagocitados por macrofagos e removidos sem causar

um processo inflamatério (OUYANG et al., 2012).

Alguns estudos demonstraram a inducdo de apoptose pela miltefosina em células de
mamiferos (WRIGHT; HOWE; ZAREMBERG, 2004; ZUO et al., 2011) e em formas
amastigotas (VERMA; DEY, 2004) e promastigotas (PARIS et al., 2004; MARINHO et al.,
2011) de leishmania. Entretanto, como esta familia de compostos induz apoptose, tanto em
células de parasitas quanto de mamiferos, ainda ndo estd totalmente esclarecido. A hipétese
mais prevalente € a inibicao da sintese de fosfatidilcolina, um elemento essencial para a sintese
e a integridade das membranas celulares e uma fonte de moléculas sinalizadoras (WRIGHT;
HOWE; ZAREMBERG, 2004; JIMENEZ-LOPEZ et al., 2010). A diminui¢do da sintese de
fosfatidilcolina, pode levar a diminui¢do da sintese de esfingomielina e, consequentemente, ao
aumento dos niveis de ceramida, um conhecido indutor de apoptose (WRIGHT; HOWE,;

ZAREMBERG, 2004).

A miltefosina também induz apoptose por disfun¢do mitocondrial relacionado a
inibicdo do citocromo c oxidase, que € liberado no citoplasma apds a ruptura da membrana
mitocondrial externa por estimulos apoptoticos e € uma caracteristica importante da apoptose
metazodria (VERMA et al., 2007; LUQUE-ORTEGA; RIVAS, 2007; ZUO et al., 2011); e pela
via PI3BK/AKT através da dimunuicdo da proteina AKT, que é importante para a via de

sinalizagdo intracelular da fosfatidilinositol-3-quinase/AKT, caminho essencial para a

sobrevivéncia celular (CHAKRABANDHU et al., 2008; VINCENT et al., 2014).
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2.5.2 Necrose
A necrose é um processo que envolve a perda da integridade da membrana celular,
com inchaco citoplasmético, formagado de vactuolos, reticulo endoplasmatico inchado, distencao
ou rompimento mitocondrial, lise dos lisossomos e liberacao do contetido citoplasmatico para
o tecido circundante levando a inflamagdo (KUROSAKA et al., 2003; GOLSTEIN;
KROEMER, 2007; OUYANG et al., 2012).

Durante muito tempo a necrose foi considerada como um mecanismo de morte celular
acidental. Atualmente estd claro que ela pode ocorrer de forma regulada, a partir de um
mecanismo chamado necroptose, cujo papel € importante em processos fisiolégicos e
patolégicos (FULDA, 2013). O termo necroptose tem sido utilizado como um sinénimo de
necrose programada que depende da atividade da Proteina Quinase e da Interagdo com

Receptor-1 (RIPK1) (KROEMER et al., 2009).

Marcadores cldssicos de apoptose, como condensacdo de cromatina e fragmentacao
nucleossomal de DNA ndo sdo vistos em morte via necrose (BROWN; ATTARDI, 2005).
Entretanto, semelhantes a apotose, células necréticas externalizam a fosfatidilserina antes da
permeabilizacdo da membrana plasmadtica, promovendo, assim, o seu reconhecimento pelos

fagocitos (GALLUZZI; KROEMER, 2008).

2.6 Estresse oxidativo e defesa antioxidante
O estresse oxidativo resulta do desequilibrio entre espécies reativas de oxigénio (ROS),
de nitrogénio (RNS) e de outras espécies reativas com o sistema de defesa antioxidante, seja

por geracdo excessiva de radicais livres ou pelo detrimento da velocidade de remocdo desses,

induzindo danos as biomoléculas (BARBOSA et al., 2010; D’ AMICO et al., 2013).

A miltefosina induz a produ¢do de ROS (VINCENT et al., 2014; CARNIELLI et al.,
2014), que esta relacionado a atividade antiliehsmanial da droga (HORTA et al., 2012), mas
também a capacidade de causar danos ao DNA (MOREIRA et al., 2011). O dano mais
importante causado por ROS no DNA ¢ a oxidagdo das bases guanina, adenina e timina
(GARRE et al., 2011). A oxidagao da guanina € o dano melhor caracterizado produzindo 8-
oxoguanina (8-0xoG) no DNA e 8-hidroxi-guanina (8-OH-dGTP) em nucleotideos livres. A 8-
0x0G ocasiona transversdes do tipo G:C para T:A nas fitas do DNA, que ocorrendo em
oncogenes ou genes supressores de tumor pode levar a carcinogénese (GARRE et al., 2011;

NASCIMENTO et al., 2017)
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O sistema de excisdo de bases (BER) € a via primdria de reparo do DNA conhecido por
atuar princialmente em modifica¢ds causadas por agentes endégenos (BERRA; MENCK; Di
MASCIO, 2006). Ele tem papel fundamental na preservacdo da integridade do DNA, corrigindo
bases oxidadas submetidas a acdo deletéria de ROS. Os principais genes do sistema BER sao
OGGI, MUTHY e NUDTI. Os genes MUTHY e OGGI codificam DNA-glicosilases que t€ém
como funcdo remover as bases oxidadas erroneamente pareadas, assegurando a manutencao da
integridade das fitas do DNA (NASCIMENTO et al., 2017). O gene NUDT1 age indiretamente
no sistema BER e codifica uma enzima que hidrolisa 8-0xo-dGTP para 8-oxo-dGMP,
previnindo, assim, a incorpora¢do de 8-0xoG no DNA durante a replicacio (BURTON; RAI,
2015).

O gene hOGGI (8-oxoguanina DNA glicosilase 1) localiza-se no braco curto do
cromossomo 3 (3p26.2). E formado por 12 éxons e codifica a enzima 8-oxoguanina glicosilase.
Estima-se que essa enzima contenha 424 aminodcidos em sua molécula e peso molecular de
47kD (NASCIMENTO et al., 2017). A enzima transcrita promove a hidroxilacao das ligacdes
glicofilicas formadas entre a 8-0xoG e a fracdo de acticar da base nitrogenada, removendo a
molécula da 8-0x0G e formando um sitio apurinico na fita do DNA que, apds a excisdo, é
preenchido com a base nitrogenada correta. Assim, o gene OGGI evita transversdes do tipo
G:C para T:A. Por seu papel fundamental no sistema BER, a ocorréncia de mutagdes e
polimorfismos em OGGI sdo considerados eventos que aumentam a susceptibilidade a varias
formas de cancer (ZOU et al., 2016). Os polimorfismos mais comuns (S326C e R46Q)
diminuem ligeiramente a capacidade da enzima em suprimir mutagdes (GARRE et al., 2011;

KABZINSKI et al., 2014).

O gene hMUTYH (muty DNA glicosilase) localiza-se no braco curto do cromossomo 1
(1p 32-34) e possui 16 éxons. Ele codifica uma DNA-glicosilase formada por 535 aminoécidos,
com peso molecular de 39 kD, denominada MUTHY -glicosilase. Essa enzima age removendo
as bases de adenina mal pareadas com a 8-0x0G. A enzima corrige este erro para que ndo sejam
fixadas mutacdes por transversdes do tipo G:C para T:A (NASCIMENTO et al., 2017). O
polimorfismo comum do gene MUTYH, Gly396Asp, também estd associado com risco de

cancer (GARRE et al., 2011).

O gene NUDTI (nudix hidrolase 1), também conhecido como MTHI (human MutT
Homolog 1) localiza-se no cromossomo 7 (7p22.3) e possui seis éxons. Em mamiferos, a
enzima € um importante desintoxicante dos precursores da oxida¢do do DNA porque hidrolisa

os nucleotideos livres 8-0x0-dGTP, 8-oxo-dATP e 2-OH-dATP, formando monofosfatos,
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evitando, assim, a incorporac¢do incorreta desses trifosfatos de nucleosideos de purina no DNA
e a subsequente ocorréncia de transversdes A:T para C:G ou G:C para T:A (BURTON; RAI,
2015). O gene NUDTI ¢ antimutagénico e suprime a disfuncdo celular e/ou a morte induzida
pelo estresse oxidativo. Consequentemente, sua defici€ncia aumenta a suscetibilidade das
células a disfuncdo mediada pelo dano oxidativo. A enzima NUDTI1 € encontrada
principalmente no citoplasma, mas também no nicleo e nas mitocondrias, com niveis mais altos
de expressao em tecidos como o timo, testiculo e embrido. O polimorfismo mais comum desse
gene (Aspl42Asp) resulta na produgdo de uma isoforma adicional e mais longa (p26) e estd

relacionado ao risco de desenvolvimento de cancer (GARRE et al., 2011).

Para controlar a formacgdo de espécies reativas, as células possuem dois sistemas de
defesa antioxidante: enzimético e ndo enzimético. O primeiro € representado, principalmente,
pelas enzimas antioxidantes: superoxido dismutase (SOD), que sdo metaloproteinas que
catalisam a dismutacdo do superéxido (O?") em oxigénio (O.) e peréxido de hidrogénio (H202);
catalase (CAT) que atua na decomposicdo de H2O2 em O: e H:O; e, glutationa peroxidase
(GPx), que atua sobre peroxidos em geral (MARfN et al., 2006; VASCONCELOS et al., 2007;
CAYMAN CHEMICAL, 2018). O sistema antioxidante ndo enzimdtico € formado por diversas
substancias, como a glutationa (GSH), 4cido drico, B-caroteno tocoferdis (vitamina E), acido

ascoOrbico (vitamina C) e outros (VASCONCELOS et al., 2007; NIMSE; PAL, 2015).

O 4cido ascérbico é um importante antioxidante, cuja atividade tem sido associada ao
combate a diversos tipos de cancer, doencas cardiovasculares e outras doencgas associadas ao
estresse oxidativo e, embora os seres humanos sejam incapazes de sintetizar esse antioxidante,
ele participa de diversas atividades fisiol6gicas, como: sintese do coldgeno; reciclagem da
vitamina E; diminuicdo do colesterol e resisténcia a infeccdes, modulando a atividade
imunolégica (CERQUEIRA et al.,, 2007; GRANGEIRO et al., 2013). Por outro lado, ¢
reconhecido que o dcido ascorbico pode apresentar efeito toxico quando em excesso, passando

a ter acdo pré-oxidante (HALLIWELL, 2001; KATO et al., 2014).

A propriedade antioxidante do 4cido ascérbico em eliminar radicais livres sugere que
essa molécula pode modular danos oxidativos ao DNA em células de mamiferos. Sabendo que
a miltefosina produz ROS (VINCENT et al., 2014; CARNIELLI et al., 2014) e que esse radicais
estdo associados a atividade antileishmanial da droga (HORTA et al., 2012), € interessante
investigar se esse antioxidante tem capacidade de diminuir os danos causados pela miltefosina,

sem interferir na eficdcia da droga como antileishmanial.
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3.1 Objetivo Geral
Investigar se o antileishmanial miltefosina induz danos genéticos em células de
mamiferos in vitro e in vivo, bem como avaliar a capacidade do antioxidante dcido ascérbico

em modular esses danos.

3.2 Objetivos especificos

e Avaliar o efeito genotéxico e mutagénico da miltefosina em leucdcitos humanos in
vitro;

e Verificar se a miltefosina induz morte celular (apoptose e necrose) em leucocitos
humanos in vitro;

e Avaliar o potencial genotoxico e mutagénico da miltefosina em camundongos Swiss
(tratamento de dose tnica) in vivo;

e Averiguar se a miltefosina induz danos no DNA por oxidagdo de suas bases
nitrogenadas;

e Avaliar o potencial genotoxico e mutagénico da miltefosina em camundongos Balb/c
(tratamento de doses repetidas) infectados com L. infantum;

e Verificar o efeito do antioxidante dcido ascorbico nos animais infectados com L.
infantum e tratados com miltefosina;

e Verificar a carga parasitdria nos animais infectados com L. infantum e tratados com
miltefosina e 4cido ascérbico;

e Verificar a atividade das enzimas antioxidantes SOD, CAT e GPx nos animais
infectados com L. infantum e tratados com miltefosina e dcido ascorbico;

e Verificar a expressdo diferencial dos genes de reparo NUDTI, OGGI e MUTHY em

animais infectados com L. infantum e tratados com miltefosina e dcido ascérbico
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Esta tese foi desenvolvida com base no seguinte desenho experimental: inicialmente
foram realizados testes de viabilidade celular em leucécitos humanos para determinacdo das
concentracoes da miltefosina a serem utilizadas nos ensaios in vitro. Uma vez determinadas as
concentracdes, foram realizados os ensaios de genotoxicidade e de morte celular. Nesses
ensaios, a miltefosina revelou seu potencial genotdxico e mutagénico por oxidacio de bases do
DNA, bem como sua capacidade de induzir apoptose e necrose (resutados descritos no capitulo

1).

A partir desses reultados, investigou-se a capacidade do antioxidante dcido ascérbico
em proteger o DNA do estresse causado pela miltefosina. Para isso, utilizou-se duas linhagens
de camundongos com diferentes backgrounds, Swiss e Balb/c (ndo susceptivel e susceptivel a
infeccdo por leishmania, respectivamente), sob tratamento agudo (simultineo, pré e pods
tratamento com Aacido ascorbico) e crénico (tratamento simultineo com miltefosina e acido
ascorbico), e diferentes vias de administracao (oral e intraperitoneal). Assim, foram realizados
ensaios de antigenotoxicidade para verificar se o 4cido ascérbico era capaz de reverter os danos
genOmicos induzidos pelo antileishmanial. Além disso, foi avaliada a resposta celular as
agressoes do antileishmanial em animais tratados. Para tanto, foi medida a atividade de enzimas
antioxidantes no soro, bem como foi determinada a carga parasitdria por meio do ensaio de

diluicao limitante (resutados descritos no capitulo 2).

Finalmente, foram realizados ensaios de expressdo diferencial dos principais genes
relacionados ao sistema de reparo do DNA para avaliar possiveis mecanismos moleculares
envolvidos na resposta celular ao estresse oxidativo e lesdes gendmicas induzidas pelo

antileishmanial mltefosine (resutados descritos no capitulo 3).

Abaixo sdo descritos os métodos utilizados em cada ensaio experimental.

4.1 Ensaios in vitro

Para obtencao dos leucécitos foram coletados 20ml de sangue periférico em tubos
heparinizados, de seis doadores voluntdrios, trés de cada sexo, entre 19 e 30 anos, saudaveis,
ndo fumantes, sem uso de medicamentos e ndo expostos a tratamento quimioterapico ou por
radiacdo nos tltimos seis meses (Parecer Consubstanciado do Comité de Etica n° 1.284.493-
UFMA, ANEXO A). As células foram separadas com Ficol Paque™ Plus, posteriormente

diluidas uniformemente em 5 ml de meio de cultura RPMI e imediatamente tratadas.
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O tratamento com miltefosina aconteceu no tempo 0 (inicio da cultura das células) e as
células ficaram expostas ao medicamento por 3 e 24 horas para os ensaios do cometa e
viabilidade celular e 48 horas para os ensaios de morte celular (Figura 6). O controle negativo
consistiu de meio RPMI 1640 e o controle positivo de 10 pL. de peréxido de hidrogénio (H202)
10V (30 mg/mL), que agiu por 10 minutos.

Figura 6. Esquema representando os tempos e ensaios realizados.

Ensaios de
Viabilidade celular morte celular
Tratamento dos Ensaio do Cometa in vitro
leucdcitos I
. |
0 3 24 48 horas

4.1.1 Viabilidade celular (ELIA et al., 1993)

A viabilidade celular foi determinada adicionando 10 pl de azul de trypan (0,4%) em 10
pl da suspensao celular. Essa mistura foi gotejada em uma lamina de microscopia e as células
vidveis e as ndo vidveis foram imediatamente diferenciadas e contadas em microscopio de
fluorescéncia (BX51/BX52-Olympus; filtro 516-560nm; barreira de filtro de 590nm, objetiva
de 40x). Foram analisadas 100 células de cada grupo de tratamento e considerou-se o indice de

viabilidade minimo de 70% de células viaveis.

As concentracOes da miltefosina (Impavido®) foram definidas através de testes piloto.
Inicialmente foram utilizadas 5 concentracdes (100 pg/ml, 50 ug/ml, 25 pg/ml, 10 ug/ml e 1,0
pg/ml) para avaliagdo da viabilidade dos leucécitos acima de 70%. Somente a concentragio 1,0
pg/ml manteve a viabilidade celular desejada, a partir da qual foram definidas as concentragdes

para este estudo: C1 (0,25 pg/ml), C2 (0,5 pg/ml) e C3 (1,0 pg/ml).

4.1.2 Ensaio do cometa (SINGH et al., 1988; TICE et al., 2000)

Ap6s 3 e 24 h de cultura, 100 pl da suspensao celular foi adicionada a 200 ul de agarose
baixo ponto de fusdo (0,5%). Esta mistura foi aplicada a duas laminas pré-tratadas com agarose
ponto de fusdo normal (1,5%). Em seguida, laminulas (24 x 60 mm) foram sobrepostas nessas

laminas e refrigeradas por 5 min. Apds a solidificagdo, as 1aminas foram imersas em solugdo

de lise (2,5 M de NaCl, 100 mM de EDTA, 10 mM de Tris, 10% de dimetilsulféxido, 1% de
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Triton X-100, pH 10) e refrigeradas overnight a 4°C. Posteriormente, as laminas foram
incubadas em soluc¢do alcalina (NaOH 10 M, 0,2 M EDTA e dgua destilada, pH 13) durante 20
minutos a 4°C, seguida por eletroforese a 25 V e 300 mA durante 30 min. As laminas foram
neutralizadas (0,4 M de Tris/HCI, pH 7,5), secadas a temperatura ambiente e fixados em etanol
100% por 4 minutos. Em seguida, as laminas foram coradas com 30 uL de brometo de etidio
(20 pg/mL), cobertas com laminula (24 x 60 mm) e analisadas sob microscopio de fluorescéncia
(Olympus BX61). Todos os procedimentos foram executados sem a incidéncia direta de luz

sobre as preparacdes.

Cem nucleoides foram analisados por animal considerando o tamanho e a quantidade de
DNA presente na cauda do cometa. Os danos foram classificados em 5 niveis: Classe O -
nenhum dano (<5%); Classe 1 - baixo nivel de danos (5-20%); Classe 2 - nivel moderado de
danos (20-40%); Classe 3 - alto nivel de danos (40-94%); Classe 4 - dano total (> 95%) (Figura
7) (SPEIT; HARTMANN, 1995).

O escore de danos foi obtida através da multiplicacdo do ndmero de nucleoides em cada

classe pelo respectivo valor da classe, usando a equacao:

Escore = [(0xn0)+ (1 xnl) + (2xn2)+ (3 xn3)+ (4 xn4)]/total do nimero de células

Figura 7. Diferentes classes de danos no DNA de animais tratados com miltefosina.

Classe 0 Classe 1 Classe 2 Classe 3 Classe 4

FONTE: O autor.

4.1.3 Ensaio de morte celular (DIVE et al., 1992, com modificacdes)

Ap6s 48 horas de cultura, 50 uLL da suspensdo celular foi corada com 2,5 mL de uma
mistura de corantes fluorescentes (25 uL de iodeto de propidio 5 pL/mL, 50 uL de diacetato de
fluoresceina 15 pg/ml, 10 uLL de Hoechst 3334 2ug/ml e 15 pl de PBS, pH 8) incubou-se a
37 °C durante 5 min em banho-maria. Dessa suspensao, 15uL foram colocados em uma lamina,

que foi posteriormente coberta por uma laminula (24 x 60 mm). A contagem das células foi



40

feita em microscopio de fluorescéncia (Olympus BX61) utilizando filtro triplo (DAPI, Iodeto

de propidio e FITC- Isotiocianato de Fluorceina).

Para cada grupo de tratamento foram realizadas seis repeticdes, sendo analisados 500
células por animal, totalizando 3000 células analisadas por grupo, conforme férmula abaixo.
As células foram classificadas como normais (ndcleos esféricos corados em azul e, citoplasma
em verde), necréticas (ntcleo esférico corado em vermelho) e apoptéticas (nicleo corado em
azul com corpos apoptéticos e, citoplasma verde) utilizando microscépio de fluorescéncia

(filtro triplo) (HASHIMOTO et al., 2003).

Células apoptéticas = n° total de células apoptéticas x 100

n° total de células contadas

4.2 Ensaios in vivo

4.2.1 Animais

Foram utilizados camundongos machos (n = 5 por grupo) Swiss Mus musculus,
provenientes do Biotério Central da Universidade Federal do Maranhdo (Maranhdo, Brasil) e
camundongos Balb/c Mus musculus provenientes do Biotério da Universidade de Campinas
(Sao Paulo, Brasil) com peso médio corporal de 30g e cerca de 60 dias de vida. Os animais
foram mantidos em caixas de policarbonato em condi¢des controladas: temperatura em torno
de 21 +2°C e ciclo alternado de claro/escuro de 12 horas. Este projeto foi aprovado pelo Comité
de Etica em Experimentacdo Animal (CEUA) da UFMA (Protocolos n°. 23115-009229/2014-
21 - ANEXO B e n°23115.029807/2018-70 - ANEXO C).

4.2.2 Parasitas
Formas promastigotas de L. infantum (MHOM/BR/1970/BH46) foram cultivadas em
meio Schneider (Sigma, St Louis, MO, USA), suplementado com 10% de soro fetal bovino
inativado (GIBCO) e acondicionadas em estufa a 27°C. Para os ensaios, os camundongos
Balb/c foram infectados na pata traseira direita com 107 promastigotas em fase estacionaria de
L. infantum. A infeccdo foi mantida por 28 dias e no 29° dia foram realizados os tratamentos

com o antileishmanial.
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4.2.3 Doses e tratamento

Inicialmente foram realizados ensaios de dose tnica, nos quais as doses da miltefosina
(Impavido®) foram determinadas com base na dose recomendada para tratamento humano de
leishmaniose, segundo a OMS, ou seja, 2,5 mg/kg durante 28 dias, totalizando 70mg/kg. Assim,
foram administradas trés doses por gavagem, a saber: D1 (35 mg/kg); D2 (70 mg/kg); D3 (140
mg/kg). O grupo controle negativo recebeu dgua destilada por via oral e, o grupo controle

positivo foi tratado com ciclofosfamida (50 mg/kg), por via intraperitoneal (Capitulo 1).

Em outro ensaio, os animais foram divididos em dois grupos. 1) camundongos Swiss
sem infeccdo que receberam dose unica (70 mg/kg) da miltefosina (Chemical Cayman
Company, MI, USA, lote 0463792-1) conforme descrito no pardgrafo anterior (CASTELO
BRANCO et al.,, 2016); 2) camundongos Balb/c infectados que receberam miltefosina
(Impavido®) na dose de 2,5 mg/kg durante 28 dias; e, outro grupo, recebeu 5,0 mg/kg durante
14 dias, todos por gavagem. Para avaliar o efeito protetor do acido ascorbico (Sigma-Aldrich,
St. Louis, MO, Lote 69085) sobre os danos causados pela miltefosina, os animais em tratamento
agudo receberam o antioxidante (30, 60 e 120mg/kg, via oral e intraperitoneal) simultaneamente
com o antileishmanial. Além disso, a dose intermediaria do acido ascorbico foi administrada
24 horas antes da miltefosina (grupo pré-tratamento), bem como 24 horas ap6s (grupo pos-
tratamento). Em relacdo ao efeito do dcido ascérbico no tratamento cronico, os camundongos
infectados receberam, simultaneamente, 2,5 mg/kg da miltefosina e 15 mg/kg de &cido
ascoOrbico por gavagem, diariamente, por 28 dias. Foram utilizados também os grupos controle
negativo (dgua destilada), controle infectado (animais apenas com a infecc¢ao por L. infantum)

e controle positivo (miltefosina) (Capitulo 2).

Por fim, no terceiro ensaio, os animais (Mus musculus Balb/c) foram divididos em
cinco grupos de tratamento: Grupo NC — controle negativo (animais nao infectados que
receberam 4gua destilada); Grupo IC — controle infectado (animais infectados que receberam
dgua destilada); Grupo MT — animais infectados com L. infantum tratados com miltefosina (30
mg/Kg/dia durante 28 dias, gavagem); Grupo MT + AA — animais infectados com L. infantum
tratados com miltefosina (30 mg/Kg/dia durante 28 dias, via oral) mais dcido ascorbico (30
mg/Kg/dia durante 28 dias, via i.p.); Grupo AA — animais infectados tratados com acido
ascorbico (30 mg/Kg/dias durante 28 dias, via i.p.). Para a quantificagdo da carga parasitaria foi
incluido um grupo de animais (Grupo IC-i), sacrificados 28 dias apds a infeccdo. A dose
utilizada da miltefosina foi baseada na conversao da dose humana, recomendada pela OMS,

para a dose animal (Nair e Jacobe, 2016). Para isso, multiplicou-se a dose da miltefosina (2,5
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mg/Kg/dia) pela constante da dose equivalente para camundongo (12,3), obtendo-se 30
mg/Kg/dia. A dose de 30 mg/Kg via i.p. do dcido ascorbico foi baseada em um estudo anterior,
onde detectou-se seu feito antioxidante (CASTELO BRANCO et al., 2019). Ambas as drogas
foram dissolvidas em 4dgua destilada (Capitulo 3) (Tabela 1).

4.2.4 Ensaio do cometa (SINGH et al., 1988; TICE et al., 2000)

O ensaio do cometa alcalino convencional foi realizado em células do sangue periférico
dos camundongos. Ap6s 24 horas do tratamento foi feita uma pequena excisdo na extremidade
da cauda dos animais para coletar SuL. de sangue periférico, os quais foram misturados com
100uL de agarose de baixo ponto de fusdo (0,5%). Em seguida, essa mistura foi transferida para
uma lamina pré-revestida com agarose de ponto de fusdo normal (1,5%). Os passos

subsequentes foram similares ao descrito anteriormente para Ensaio do Cometa in vitro.

Para o ensaio do cometa modificado utilizou-se as enzimas formamidopirimidina
glicosilase (FPG) e endonuclease III (ENDOIII). Ap6s o periodo na solugdo de lise, as 1aminas
foram lavadas, trés vezes de 5 minutos cada, com tampao (40 mM HEPES, 0,1M KCl, 0,5mM
EDTA, 0,2 mg/mL BSA, pH 8 com KOH). As enzimas foram diluidas conforme recomendacgao
do fabricante e acrescentadas nas 1aminas (50 pl de ENDO Il e 75 pl de FPG). Posteriormente,
foram incubadas por 30 minutos (FPG) e 45 minutos (ENDO III) a 37°C (New England
Biolabs®). As laminas foram lavadas uma vez com tampao PBS e colocadas em cuba de

eletroforese conforme as demais etapas do ensaio do cometa descritas anteriormente.



Tabela 1. Grupos experimentais utilizados para avaliacio do potencial toxicogenético da

miltefosina e efeito protetor do dcido ascérbico.

Grupo Agente Quimico Doses (respectivamente) Via de Administracio
Capitulo 1
Ensaios in vitro
CN agua destilada - -
cpP H,0, (10 vol) 30 mg/mL -
Cc1 miltefosina (Impavido®) 0,25 pg/mL -
Cc2 miltefosina (Impavido®) 0,5 pug/mL -
Cc3 miltefosina (Impavido®) 1,0 ug/mL -
Ensaios in vivo
CN agua destilada gavagem
cpP ciclofosfamida 50 mg/kg ip
D1 miltefosina (Impavido®) 35 mg/kg gavagem
D2 miltefosina (Impavido®) 70 mg/kg gavagem
D3 miltefosina (Impavido®) 140 mg/kg gavagem
Capitulo 2
Swiss (tratamento de dose Unica)
NC agua destilada - gavagem
AA acido ascorbico 60 mg/kg gavagem
MT miltefosine 70 mg/kg gavagem
So30 acido ascorbico + miltefosine 30 mg/kg + 70 mg/kg gavagem
So60 acido ascorbico + miltefosine 60 mg/kg + 70 mg/kg gavagem
S0120 acido ascorbico + miltefosine 120 mg/kg + 70 mg/kg gavagem
PRE acido ascorbico (24h antes) + miltefosine 60 mg/kg + 70 mg/kg gavagem
POS miltefosina (24h antes) + acido ascérbico 70 mg/kg + 60 mg/kg gavagem
Si30 acido ascorbico + miltefosine 30 mg/kg + 70 mg/kg ip + gavagem
Si60 acido ascoérbico + miltefosine 60 mg/kg + 70 mg/kg ip + gavagem
Si120 acido ascoérbico + miltefosine 120 mg/kg + 70 mg/kg ip + gavagem
Balb/c (tratamento de doses repetidas)
NC agua destilada --- (28 dias) gavagem
IC agua destilada --- (28 dias) gavagem
MT5.0 miltefosina (Impavido®) 5,0 mg/kg (14 dias) gavagem
MT2.5 miltefosina (Impavido®) 2,5mg/kg (28 dias) gavagem
AA acido ascorbico 15 mg/kg (28 dias) gavagem
MT+AA acido ascoérbico + miltefoine (Impavido®) 15 mg/kg + 2,5mg/kg (28 dias) gavagem
Capitulo 3
NC agua destilada --- (28 dias) gavagem
IC agua destilada --- (28 dias) gavagem
IC-i agua destilada --- (28 dias) gavagem
MT miltefoine (Impavido®) 30 mg/kg (28 dias) gavagem
MT+AA acido ascoérbico + miltefoine (Impavido®) 30 mg/kg cada (28 dias) gavagem +ip
AA acido ascorbico 30 mg/kg (28 dias) ip
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4.2.5 Ensaio do microntcleo (SCHMID, 1975)

O ensaio do microntcleo foi realizado em células da medula 6ssea de camundongos.
Foram utilizados os mesmos animais e tratamentos para o ensaio do cometa. Resumidamente,
apos a coleta de sangue para a realizacdo do teste do cometa, os animais foram eutanasiados
por overdose anestésica (xilazina - 60 mg/Kg e ketamina 300 mg/Kg). Em seguida, os fémures
foram removidos, retirada toda a musculatura e cortadas as epifises. A medula éssea foi
removida por aspiracdo com soro bovino fetal. A suspensao celular foi centrifugada por 5 min
a 1000 rpm. O sobrenadante foi descartado e com o restante do material, confeccionou-se o
esfregaco em lamina. O material foi fixado em metanol absoluto, por 10 minutos, e em seguida
as ldminas foram coradas com o kit hematoldgico Pandtico (Laborclin), de forma a diferenciar

eritrocitos policromédticos (PCE) dos eritrécitos normocromaticos (NCE).

Para investigar os microndcleos, 2000 eritrécitos policrométicos por animal foram
analisados em aumento de 1000x em microscépio 6ptico (Carl Zeiss Primo Star) (Figura 8). A
razdo PCE/NCE (eritrécitos policromdticos e eritrocitos normocromdticos) foi calculada
utilizando 1000 eritrécitos por animal para estimar a toxicidade da miltefosina e do 4cido

ascorbico.

A porcentagem de reducdo de danos causados pela miltefosina modulada pelo dcido
ascorbico foi calculada de acordo com Waters et al. (1990) usando a seguinte férmula: %
Redugdo = (CP-CT/CP-CN) x 100, onde CP corresponde a média de danos do grupo tratado
apenas com miltefosina, CT € a média de danos observada nos grupos tratados com acido
ascorbico mais miltefosina e, CN corresponde a média de danos observada no controle negativo

(4gua destilada).

Figura 8. Formacdo de microndcleo pelo antileishmanial miltefosina.
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Fonte: O autor.
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4.2.6 Dosagem de enzimas antioxidantes
A dosagem das enzimas antioxidantes SOD, GPx e CAT foi realizada a partir do plasma
dos animais, seguindo-se as recomendacdes do fabricante (Cayman Chemical, Ann Arbor, M1,

USA).

4.2.7 Ensaio de dilui¢do limitante (RODRIGUES et al., 2009)

Resumidamente, o bago e o linfonodo foram colhidos assepticamente e homogeneizados
individualmente em 1,0 ml de meio Schneider's Drosophila (Sigma-Aldrich, EUA)
suplementado com 10% de soro fetal bovino inativado (GIBCO). Este ensaio foi realizado em
duplicata. A suspensdo com o 6rgdo homogeneizado foi diluida em 1:2 no primeiro poco,
contendo 100 ul do meio, totalizando um volume de 200 ul de suspensdo. Do primeiro poco
retirou-se 100 pl da suspensdo e continuou-se a dilui¢do de 1:2 até o 12° pogo da placa de 96
pocos. Apos 14 dias, analisou-se a amostra de cada poco e definiu-se como positivo ou negativo
dependendo da presenca ou auséncia de promastigotas no pogo. O titulo final foi definido como
a diluicdo mais elevada para a qual o poco continha pelo menos um parasita ativo. O nimero
de parasitas por grama do 6rgdo homogeneizado foi calculado como se segue: a reciproca do
ultimo titulo positivo pelo total do volume homogeneizado do 6rgao x fator de dilui¢do dividido
pelo peso em gramas do 6rgdo homogeneizado. A carga parasitdria vidvel foi expressa como o

nimero de leishmania por grama de 6rgao homogeneizado.

4.2.8 Expressao génica por PCR em tempo real (LIVAK; SCHMITTGEN, 2001).

O RNA foi extraido do figado dos animais (100 mg) usando Trizol® (Invitrogen) de
acordo com as recomendagdes do fabricante. A transcri¢do reversa foi realizada utilizando-se
o kit High Capacity cDNA Reverse Transcription Kit™ (ThermoFisher™). A reacao foi feita
de acordo com a especificacdo do fabricante. O cDNA obtido foi diluido em dgua destilada

estéril na razao 1:5.

As reacoes de PCR quantitativa em tempo real foram realizadas em sistema TagMan
Universal PCR Master Mix (Applied Biosystems, EUA). Utilizou-se 2 uL. de cDNA de cada
amostra mais 8 uLL do mix (2,5 pL de nuclease free water, 5,0 uL de Tagman Universal PCR
Master Mix e 0,5 uLL de cada primer), com volume total de 10 uLL por reacdo. Todas as reagdes
foram feitas em triplicata. As condi¢cdes de amplicacdo seguiram as recomendacgdes do

fabricante.
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Em cada ensaio, utilizou-se como amostra de referéncia o pool de DNA dos animais do
grupo CN (grupo nido infectado e nao tratado). Os dados foram normalizados com o gene
gliceraldeido-3-fosfato-desidrogenase (GAPDH) amplificado em cada ensaio para o calculo da

expressao relativa dos genes de reparo OGGI, MUTYH, NUDTI (ThermoFisher™).

4.3 Anilise Estatistica

A normalidade dos dados foi analisada pelo teste de Kolmogorov-Smirnov. Quando
paramétricos, os ensaios com dados numéricos (ensaio de viabilidade celular, ensaio do cometa,
dosagem de enzimas antioxidantes, ensaio de dilui¢do limitante e expressdo génica) foram
submetidos a andlise de variancia 1 critério (ANOVA), seguido do pds-teste de Tukey; quando
ndo paramétricos, os ensaios com dados numéricos foram submetidos ao teste de Kruskal-
Wallis, seguido pelo pés-teste de Dunn. A comparacao entre o escore de danos nos testes do
cometa alcalino convencional e modificado pelas enzimas FPG e ENDO III foi realizada pelo
teste T de Student pareado. Os ensaios do micronucleo e morte celular foram analisados pelo
teste do qui-quadrado. Todos os dados foram analisados utilizando o software GraphPad Prism

6.01, com valores considerados significativos quando p < 0,05.
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CAPITULO 1

The antileishmanial drug miltefosina (Impavido®) causes oxidation of DNA bases,
apoptosis, and necrosis in mammalian cells. Mutation Research - Genetic Toxicology and
Environmental Mutagenesis, 806:34-9, 2016.
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Miltefosine was developed to treat skin cancer; further studies showed that the drug also has activity
against Leishmania. Miltefosine is the first oral agent for treating leishmaniasis. However, its mechanism
of action is not completely understood. We have evaluated the induction of DNA damage by miltefosine.
Cytotoxicity and genotoxicity (comet assay) tests were performed on human leukocytes exposed to the
drug in vitro. Apoptosis and necrosis were also evaluated. In vivo tests were conducted in Swiss male
Keywords: mice (Mus musculus) treated orally with miltefosine. Oxidation of DNA bases in peripheral blood cells
g:;:f;:::;g was measured using the comet assay followed by digestion with formamidopyrimidine glycosylase (FPG),
Ml s et which removes oxidized guanine bases. The micronucleus test was performed on bone marrow erythro-

cytes. Miltefosine caused DNA damage, apoptosis, and necrosis in vitro. Mice treated with miltefosine
showed an increase in the DNA damage score, which was further increased following FPG digestion. The

micronucleus test was also positive.

© 2016 Elsevier BV. All rights reserved.

1. Introduction

Miltefosine (hexadecylphosphocholine) was developed as an
anticancer drug. The antileishmanial activity of this agent was dis-
covered through in vitro and in vivo tests [1]. Miltefosine has been
in use since 2002 as the first and only orally administered drug to
treat leishmaniasis, in India, South America, and Germany [2]. In
2011, miltefosine was included as an antileishmanial drug in the
World Health Organization list of essential medicines [3].

Miltefosine is a simple, very stable, relatively safe, and highly
effective drug. Cure rates in India are 97% for Leishmania dono-
vani, 91% for L. panamensis in Colombia, and 53% for L. braziliensis
and L. mexicana in Guatemala [4]. In Brazil, the response rate for L.
braziliensis is 75% [5] and 71.4% for L. guyanensis [6].

Miltefosine belongs to the class of zwitterionic surfactants; it
is structurally similar to biological membrane phospholipids [7].
It interacts with protozoan cell membranes, then quickly reaches

* Corresponding auther at: Av dos Portugueses, 1966, Cidade Universitaria do
Bacanga. S3o Luis - MA. CEP 65080-805, Brazil.
E-mail address: ifepv@yahoo.com.br (P.V. Castelo Branco).

http://dx.doi.org/10.1016/j.mrgentox.2016.06.007
1383-5718© 2016 Elsevier B.V. All rights reserved.

subcellular membranes, where it can affect metabolism [8,9].
Hence, the cell membrane is considered the main site of action;
mitelfosine is inserted in the phospholipid membrane by miscibil-
ity and through interaction with membrane sterols [10]. The drug is
transported into the cell through a protein complex in the parasite’s
plasma membrane [3].

The use of miltefosine for the treatment of leishmaniasis is con-
sidered very beneficial due to its lower toxicity and side effects
compared to those of pentavalent antimonials and also due to its
easier administration [ 11]. Effective oral medication against leish-
maniasis is critical because this disease is prevalent in poor regions,
such as India, Bangladesh, Nepal, and Brazil; oral administration
would increase adherence to the treatment [12].

Miltefosine is well absorbed orally and is rapidly distributed
throughout the body. It accumulates in the liver, spleen, kidneys,
lungs, and adrenal glands; it is slowly metabolized by liver phos-
pholipases, and urinary excretion is minimal [13,14]. Prolonged
treatment (28 d) is reguired and the drug has a long half-life
(approximately 150h) [15].

Pentavalent antimonial agents are the most commonly used
antileishmanial drugs worldwide, despite studies that have
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reported their high toxicity [ 16,17 ], genotoxicity, and mutagenicity
[18].

The Food and Drug Administration (FDA) described possible
mutagenic effects of miltefosine, based on seven mutagenicity
tests. Only one of the tests gave positive results [ 19]. The objective
of the present study was to evaluate the interaction of miltefosine
with the genetic material.

2. Materials and methods

Miltefosine capsules (Impavido®-50 mg) were kindly provided
by Prof. Dr. Carlos Costa from the Leishmaniasis Laboratory (Labo-
ratorio de Leishmanioses — [LabLeish]) of the Federal University of
Piaui (UFPI), Brazil. For the assays, capsules were dissolved in dis-
tilled water. All concentrations were previously assayed for cellular
viability based on the World Health Organization recommended
dose of 2.5 mg/kg/day.

2.1. Invitro assays

All in vitro assays were carried out on peripheral blood leuko-
cytes obtained from three male and three female volunteers.
Inclusion criteria were: 19-30 years of age, healthy, non-smoker,
medication-free, and chemotherapy- or radiation therapy-free for
the last six months (Ethics Committee Opinion n° 1.284.493-
UFMA). Peripheral blood (20 mL) was collected from each subject in
heparinized tubes; leukocytes were obtained using Ficol Paque™
Plus. Cells were uniformly diluted in RPMI culture medium, 5 mL,
exposed to the drug immediately (time 0), and harvested after 3
and 24 h (for the comet assay and cell viability) and after 48 h for
the cell death assays. For the negative control, cells were grown
in RPMI 1640 medium alone. For the positive control, cells were
treated with Hy05, 10vol (30 mg/mL), 10 p.L, for 10 min.

2.1.1. Cell viability

Cell viability was determined in a pilot test (100, 50, 25, and
10 pg/mL) by adding trypan blue (0.4%, 10 L) to cell suspension,
10 p.L. One hundred cells were counted for each treatment and the
cultures had to have >70% viable cells to be used [20]. We performed
cytotoxicity tests at both exposure times (3 and 24 h). The final
concentrations established were C1 (0.25 pg/mL), C2 (0.5 pg/mL),
and C3 (1.0 pg/mL).

2.1.2. Comet assay

Leukocytes were grown for 3 and 24h in PB-MAX™ medium
(Gibco® Life Technologies™ ), Then, low-melting-point agarose
(0.5%, 200 L) was added to cell suspension, 100 L. This mix-
ture was dropped on slides pre-treated with normal melting point
agarose (1.5%) and cooled for 5 min. After solidification, the slides
were immersed in lysis buffer (2.5 M NacCl, 100 mM EDTA, 10 mM
Tris, 10% dimethyl sulfoxide, 1% Triton X-100, pH 10.0) and refrig-
erated overnight at 4°C. Subsequently, the slides were incubated
in alkaline solution (10 M NaOH, 0.2 M EDTA, and distilled water,
pH 13.0) for 20min at 4°C. Electrophoresis was performed for
25min/25V (0.72V/cm)/300mA. Slides were neutralized (0.4 M
Tris/HCl, pH 7.5), dried at room temperature (22-25°C) and fixed
in 100% ethanol for 4 min. Then, slides were submitted to 20 p.g/mL
ethidium bromide [21,22] and analyzed under a fluorescence
microscope (Olympus BX61).

One hundred nucleoids were analyzed by considering size and
amount of DNA present in the comet tail. The damage was classi-
fied into five levels: Class 0, no damage (<5%); Class 1, low damage
(5-20%); Class 2, moderate damage (20-40%); Class 3, high damage
(40-94%): Class 4, total damage (>95%) [23]. The damage score was

obtained by multiplying the number of nucleoids in each class by
the respective class value, according the equation:

Score = [(0xmp) + (1xm) + (2xmy) + (3xny) + (4xny)]/ total number of cells

2.1.3. Cytotoxicity assay

After 48 h culture, an aliquot (50 L) of cell suspension was
stained with 2.5 p.L of a fluorescent dye mixture (5 p.g/mL propid-
ium iodide, 15 pg/mL fluorescein diacetate, 2 pg/mL Hoechst 3334
and 15 pLPBS, pH 8.0) and then incubated at 37 =C for 5 min [24]. Six
repetitions were performed for each treatment; 500 cells from each
animal were analyzed using a fluorescence microscope (triple-band
filter), totaling 3000 cells per treatment group. Cells were classified
as normal (spherical nuclei stained in blue and cytoplasm stained
in green), necrotic (spherical nuclei stained in red), or apoptotic
(blue-stained nucleus with apoptotic bodies and green cytoplasm)
[25].

2.2. Invivo assays

2.2.1. Animals

The Animal Ethics Committee of the Federal University of
Maranhdo (Protocol no. 23115-009229/2014-21) approved all
experimental procedures. Male Swiss Mus musculus mice (n=25)
weighing 30 g were obtained from the Animal Breeding Unit (Fed-
eral University of Maranhdo, Sdo Luis, MA, Brazil). The animals
were kept in a well cross-ventilated room at 21 +2°C with rela-
tive humidity 44-56% and light and dark cycles of 12 h. They had
access ad lib to sterilized food and water.

2.2.2. Doses and treatment

To perform in vivo tests, miltefosine (Impavido®) doses were
established based on the recommended dose for treating leishma-
niasis, according to the WHO, which is 2.5 mg/kg over 28 d, for
cumulative dose=70 mg/kg. Thus, each group of animals received
an acute treatment at one of three doses (35; 70; and 140 mg/kg).
All treatments were administered orally in volumes of 0.1 mL/10g
of body weight. The negative control group received distilled
water and the positive control group received cyclophosphamide
(50 mg/kg) intraperitoneally. The animals were euthanized 24 h
after receiving the drug.

2.2.3. Comet assay

The standard alkaline comet assay was performed using periph-
eral blood cells. After 24 h treatment, a small incision was made on
the extremity of the animal’s tail to collect 5L peripheral blood,
which was mixed with 100 p.L low-melting-point agarose (0.5%).
Then, this mixture was transferred to slides with normal-melting-
point agarose (1.5%). The subsequent steps were as previously
described for the comet assay in vitro.

The comet assay was followed by FPG (formamidopyrimidine-
DNA glycosylase) digestion to test whether miltefosine induces
DNA damage by base oxidation. The FPG FLARE™ kit (Trevigen,
Gaithersburg, MD) was used following the protocol described by
Gajski et al. [26]. After the lysis step, the slides were immersed in
1 x FLARE TM (Trevigen) for 30 min. Then, each slide was treated
with 150 pL FPG solution, covered with a coverslip, and incubated
at 37°C for 45 min in a moist chamber. The coverslips were then
removed and the electrophoresis, neutralization, fixation, staining,
and analysis steps were performed as previously described for the
in vitro comet assay.

2.24. Micronucleus test
The micronucleus test was performed in bone marrow cells col-
lected from the same animals used for the comet assay. Briefly,
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Fig. 1. Cell viability (%) detected in human leukocytes (n=6 volunteers) in vitro treated with different concentrations of miltefosine (Impavido®) for 3 and 24 h. A: concen-

trations lower than 70% viability; B: concentrations higher than 70% viability. NC: negative control (water).

Table 1
DNA damage scores (mean + 5D) and frequency of comet classes detected in human leukocytes treated with different concentrations of miltefosine (Impavido®) in vitro for
3and 24h.
Groups Class (%) Scores Mean +5D
1] 1 2 3 4
3h
NC B6.5 ¥ ] 20 1.8 22 0.26+0.01%
PC 0.0 0.0 0.2 11.6 882 3.88 £ 0.06%
Cc1 79.0 128 36 16 3.0 037+0,172
2 80.2 105 i3 3.0 3.0 0.38+0.187
& 80.5 92 32 28 43 0.41+0.157
F=762.35
p<0.0001
24h
NC B6.7 78 1.7 1.8 2.0 0.25+0.15%
PC 0.0 0.2 07 103 B33 3.88 +0.08F
c 61.1 202 5.0 7.5 62 0.83+0.28°
2 587 184 iz 107 8.5 0.77 +0.28°
(6 64.9 13.1 45 9.0 8.5 0.83 +0.23°
F=259.14
p<0.0001

Different letters denote statistical difference among groups (p< 0.01 by Tukey test).
F refers to the ANOVA's statistic.

NC: negative control (water); PC: positive control (cyclophosphamide 50.0mgfkg); C1: 0.25 pg/mL; C2: 0.5 pg/mL; C3: 1.0 pg/mL

after collecting blood, the animals were euthanized by anesthe-
sia overdose (xylazine, 1 mL/kg and ketamine, 0.1 mL/kg). Next,
femurs and muscles were removed, and epiphyses were cut. The
bone marrow was removed by aspiration with fetal bovine serum.
The cell suspension was centrifuged for 5min at 1000 rpm. The
supernatant was discarded and a slide smear was made with the
remaining material. The material was fixed in absolute methanol
for 10 min, and then stained with May Grunwald-Giemsa diluted
in a phosphate buffer (pH 6.8). This stain differentiates young or
polychromatic erythrocytes (PCEs) (light, purplish blue) from nor-
mochromatic erythrocytes (NCEs) (light red) [27].

The toxicity of miltefosine (Impavido®) was estimated using
1000 erythrocytes per animal by calculating the PCE/NCE ratiMore-
over, 20000. Moreover, 2000 PCE for each animal were analyzed to
determine the frequency of micronucleated cells.

2.3. Statistic analysis

The normality of the data was analyzed by the Shapiro-Wilk
test. The nonparametric Kruskal-Wallis test was applied to analyze
the comet assay data, followed by Tukey's test. The comparison
between the damage score obtained from both the comet assays
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S 1S

DMA damage scores (mean + SD) and frequency of comet classes detected by the alkaline comet assay in peripheral blood of Swiss Mus musculus mice treated with different

doses of miltefosine {Impavido®) for 24 h.

Groups Classes (%) Scores Mean + 5D
(1] 1 2 3 4

NC 50,0 374 58 32 3.6 0.73+0.1*

PC 302 238 184 11.8 158 1.58+0.3%

D1 21.6 154 13 124 344 22040277

D2 19.0 15.8 12 114 372 227 +0.1

D3 18.2 15.2 120 136 370 232402
F=534.1067
p<0.0001

Different letters denote statistical difference among groups (p< 0.05 by Tukey test; * p<0.05, ** p<0.01).

F refers to the ANOVA's statistic.

NC: negative control (water), CP: positive control (cyclophosphamide 50 mgfkg), D1: 35 mglkg, D2: 70 mgfkg, D3: 140mg/kg.
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Fig. 2. Cell death induced by miltefosine {Impavido®) in human leukocytes from
volunteers (n=6) treated for 48 h in vitro.

x2 test * p< 0.05; ** p<0.0001.

MC: negative control (culture medium RPMI 1640), C1: 0.25 pg/mL, C2: 0.5 pgfmL,
3: 1.0 pg/mL

(standard and FPG version) was performed by Student-T test. The
micronucleus and the cell death assays were analyzed by Chi-
square test (p<0.05) [28].

3. Results
3.1. Cell viability

Viability tests were initially performed in cells treated with mil-
tefosine at concentrations of 100, 50, 25, and 10 pg/mL, which
revealed cell viability lower than 70% (Fig. 1A). The final concentra-
tions were established as 0.25, 0.5, and 1.0 pg/mL, which revealed

35

3

15

o

2
- [ ]

=

n

FC

CICOMETA ALCALING

no cytotoxicity after 3h and 24 h of exposure, compared to the
negative control. The viability values were 82.8%, 82.2%, 81.2% and
89.3%, respectively. Similarly, 24 h exposure to miltefosine resulted
in 80.0%, 79.5%, 80.0%, and 85.8% viability, respectively (Fig. 1B).

3.2. Miltefosine (Impavido® ) induces DNA damage in vitro

Table 1 shows the damage scores obtained from the comet assay.
Significant differences in the damage scores were not observed
at 3 h for any concentrations (0.25, 0.5, and 1.0 g/ mL). However,
when cells were exposed for 24 h, there was a significant increase
in the damage scores at all concentrations tested (p<0.01) com-
pared to the negative control, providing evidence of miltefosine
genotoxicity.

3.3. Miltefosine (Impavido® ) induces cell death by necrosis and
apoptosis

Significant increases in the frequencies of necrotic and apoptotic
cells were observed for all miltefosine (Impavido® ) concentrations
(0.25, 0.5, and 1.0 pg/mL) when compared to the negative con-
trol group (p< 0.05); Fig. 2. However, no differences were observed
among the concentrations.

3.4. Miltefosine (Impavido®) induces DNA damage in vivo

Table 2 shows the DNA damage scores calculated from the stan-
dard comet assay data. Miltefosine was genotoxic to all groups (35,
70, and 140 mg/kg) (p<0.01), but significant differences were not
observed among the three doses. The miltefosine damage score was

ol D2 o3

m COMETA ALCALING = FFG

Fig. 3. DNA damage scores detected by conventional alkaline comet assay and the comet sssay followed by Formamidopyrimidine-DNA glycosylase (FPG) digestion (n=5

animals per group).
*ttest p<0.05

NC: negative control {water), PC: positive control (cyclophosphamide 50.0mg'kg). D1: 35 mg/kg, D2: 70mgfkg. D3: 140 mgfkg.
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Table 3

Frequency of micronucleated polychromatic erythrocytes (MNPCE) in bone marrow
of swiss mice (n=5 animals per group) treated intraperitoneally with miltefosine
(Impavido®).

Grupos PCE PCEMNs %. MEDIA +DP PCE/NCE
NC 10000 26 2.6+0.04 1.03

PC 10000 202 2020317 0.65

01 10000 a4 9.4+£037 114m=
D2 10000 95 9.5+0.40 1.01™
03 10000 91 8.1+032 0.86™

%2 test * p< 0.0001 compared to the negative control group.

NC: Negative control (water), PC: positive control (50.0 mg cyclophosphamide/kg)
D1: 35 mglkg, D2: 70mg/kg, D3: 140 mg/kg: ns: no significant difference compared
with NC.

also significantly higher than that for the positive control group
(cyclophosphamide).

3.5. Miltefosine (Impavido®) induces DNA damage by oxidation
of its bases

Based on the previous results, the comet assay with Fpg diges-
tion was performed. The data showed an increase in DNA damage
in the positive control and at the two higher doses of miltefos-
ine (p<0.05). On the other hand, there was no difference for the
negative control (Fig. 3).

3.6. Miltefosine (Impavido® ) induces micronuclei in vivo

The PCE/NCE ratio demonstrates that miltefosine (Impavido®)
was not cytotoxic at any of the three doses (p>0.05). The fre-
quencies of micronuclei in the negative and positive controls
were within the expected range. A significant increase (p<0.05)
in PCEMN is observed at the three miltefosine doses when com-
pared to the negative control. Statistically-significant differences
were not observed among the miltefosine doses (Table 3).

4. Discussion

Our data demonstrate that miltefosine (Impavido®) is geno-
toxic. The in vitro comet assay indicates that DNA damage did
not occur during the 3h treatment time at any concentrations
(0.25, 0.5, and 1.0 pg/mL). However, cells exposed to all miltefo-
sine concentrations for 24 h had significant damage compared to
the negative control. High frequencies of necrotic and apoptotic
cells were observed after 48 h drug exposure. These findings cor-
roborate the results of Jiménez-Lopez et al. [29], who observed
cytostatic and apoptotic activity in HepG2 cells (human hepatoma)
treated with miltefosine. These authors [30] suggested that pro-
gramed cell death processes may be related to specific changes in
lipid metabolism. This hypothesis was confirmed when the authors
observed that miltefosine alters cholesterol metabolism, which
prevents its transport from the plasma membrane to the endoplas-
mic reticulum. They concluded that miltefosine leads to apoptosis
due an accumulation of compounds in membrane regions rich in
cholesterol and sphingolipids.

The strong interaction of miltefosine withbilayers rich in choles-
terol was also noted by Sa et al. [31]. The authors confirmed
that cholesterol depletion in the endoplasmic reticulum inhibits
cholesterol esterification and, hence, signaling cell death by apo-
ptosis. These studies support the findings of Li et al. [32], who
demonstrated that cholesterol-depleting agents induce apoptosis
in cancer cells, which have lipid regions rich in cholesterol. Consid-
ering that miltefosine is a cholesterol-depleting agent, these data
may suggest the possible efficacy of miltefosine as an antitumor
agent.

We also noted a high frequency of necrotic cells. According to
Elmore [33], this type of cell death is related to direct damage
inflicted on the cell membranes when their integrity is broken. Fur-
thermore, the necrosis is also related to the removal of cancer cells
[34,35], which once again supports the action of miltefosine as an
antitumor agent.

Our results also demonstrated increases of genomic insta-
bility in mice receiving miltefosine at all doses (35, 70 and
140 mg/kg), revealing a damage score higher than the positive
control treated with cyclophosphamide (50 mg/kg), a known muta-
gen and carcinogen. In addition, the in vivo comet assay followed
by formamidopyrimidine DNA glycosylase (FPG) digestion was
performed to determine the mechanism by which this damage
occurs. FPG is a repair endonuclease which recognizes oxidized
purine bases, particularly 7,8-dihydro-8-oxoguanine (8-0xo0G). FPG
removes the products of guanine oxidation, causing more DNA
fragmentation and an increased damage score compared to the
standard comet assay [36]. At 70 and 140 mg/kg miltefosin, a signif-
icant increase in damage was seen with FPG treatment, indicating
that the drug causes DNA oxidation. Our data suggest that cell
death induced by miltefosine may result from DNA damage due
to oxidation of purine bases.

Genomic lesions induced by the accumulation of 8-o0xoG are
usually repaired by base excision, which functions to maintain the
integrity of the genome and reduce the rate of mutations [ 37 ]. How-
ever, if damage levels are high and DNA is not repaired, mutations
may become permanent. DNA damage activates checkpoint regula-
tors, such as p53, SMC1, FANCD2, BRCA1, that promote interruption
of the cell cycle and apoptosis. Impairment of any of these regula-
tors increases mutagenesis, which can lead to carcinogenesis [38].
In this study, we also noted a high frequency of micronucleated
cells following miltefosine treatment. This suggests that the dam-
age observed in the comet assay was not repaired and, therefore,
the resulting mutations were fixed.

In summary, our findings demonstrate genotoxic and mutagenic
effects of miltefosine. We also suggest that the mechanism of geno-
toxic action for miltefosine may be purine base oxidation. Other
authors have reported that miltefosine leads to production of reac-
tive oxygen species in yeast [39]. Our data indicate cell death by
necrosis, which can be explained by the action of miltefosine on
lipid membranes, as proposed by other authors. These results pro-
vide insight into the mechanisms of action of miltefosine and may
assist the development of strategies to reduce its side effects and
improve treatment efficacy.

The present study is the first to assess the genotoxic and muta-
genic effects of miltefosine in animals treated with an acute dose.
Pre-clinical studies are needed to evaluate the genotoxic effects of
this drug under chronic-use conditions. Since miltefosine is already
being used to treat leishmaniasis, monitoring its possible genotox-
icity in patients is recommended.
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ARTICLE INFO ABSTRACT

Keywords: Leishamaniasis is a neglected disease caused by over 20 Leishmania species, occurring in more than a hundred
Antigenotovicity countries. Miltefosine (hexadecylphosphocholine) is the single oral drug used in treatment for leshmaniases,
Antimuta genicity including cases of infections resistant to pentavalent antimony. Our group has recently demonstrated the ability
Antioxidant

of miltefosine to cause genomic lesions by DNA oxidation. Acknowledging that antioxidant compounds can
potentially modulate Reactive Oxygen Species (ROS), owr study verified whether ascorbic acid reduces the
genotoxic and mutagenic effects caused by miltefosine, and whether it interferes with drug efficacy. For this
purpose, uninfected Swiss mice received simultaneous (single dose treatment) miltefosine and ascorbic acid
(gavage and intraperitoneally), besides pre and post treatments (ascorbic acid 24 h before and after drug ad-
ministration); furthermore, Balb/c mice infected with Leishmania infannom received miltefosine plus ascorbic
acid (repeated doses treatment). We conducted comet assays, micronucleus tests, dosages of superoxide dis-
mutase enzyme and parasitic burden by the limiting dilution assay. We observed that ascorbic acid administerad
intraperitoneally displayed a protective effect over damage caused by miltefosine. However, this effect was not
not observed when the same doses were administered via gavage, possibly due to low serum levels of this
antioxidant. Ascorbic acids protective effect reinforces that miltefosine damages DNA by oxidizing its ni-
trogenous bases, which is reduced by ascorbic acid due to its ability of protecting genetic material from the
action of ROS. Therefore, our results show that this drug is efficient in reducing parasitic burden of L. infantm.

Leishmanin, Impavido®

1. Introduction Treatment for leishmaniasis is very restricted, consisting mostly of
two pharmacological lines: antimonials (meglumine antimoniate and
sodium stibogluconate) and non-antimonials (pentamidine, amphoter-

icin B, paromomyein and miltefosine). Pentavalent antimonials are still

Leishmaniasis comprise a group of non-contagious, highly ne-
glected, parasitic and chronic infectious diseases caused by protozoa of

the genus Leishmania (Brasil et al., 2017). There are three main forms of
the disease: cutaneous leishmaniasis, the most common form, which
causes skin lesions; mucocutaneous leishmaniasis, which leads to par-
tial or total destruction of mucous membranes; and visceral leishma-
niasis, which is fatal if not treated appropriately. Visceral leishmaniasis
is broadly distributed and recorded in 102 countries, with over 90% of
the cases oceurring in the following countries: Bangladesh, Brazil,
Ethiopia, India, South Sudan and Sudan. We estimate that around 700
thousand to 1 million new cases of this disease surface every year, out
of which 500 thousand correspond to the visceral form of leishmaniasis,
generating 20 to 30 thousand deaths a year (WHO, 2017).

commonly used (Almeida and Santos, 2011), even if several studies
have already declared them highly toxic (Demicheli et al., 2002; Kato
et al., 2014) and mutagenic (Lima et al., 2010; Cantanhé&de et al., 2015;
Moreira et al., 2017; de Jesus et al., 2018).

In the past decade, a non-antimonial drug has gathered attention in
treatment of leishmaniasis: miltefosine (hexadecil 2- (trimethylazionyl)
ethyl phosphate). Also known as hexadecylphosphocholine, miltefosine
was created in the United States, in the 1980, originally for treatment
of skin cancer. Following studies demonstrated that it also presented
antileishmanial activity and, in 2002, countries such as India, Nepal
and Bangladesh introduced it in treatment of leishmaniasis (Moore and

* Corresponding author. Av dos Portugueses, 1966, Cidade Universitiria do Bacanga, Sao Luis, MA, CEP 65080-805, Brazil.

E-mail address: silma.pereira@ufma.br (S.R. Ferreira Pereira).

https://doi.org/10.1016/].ijpddr.2018.12.002

Received 14 September 2018; Received in revised form 6 December 2018; Accepted 12 December 2018

Available online 13 December 2018

2211-3207/ © 2018 Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access article under the CC BY-NC-ND license

(http://creativecommaons.org/ licenses/BY-NC-ND/4.0/).



P.V. Castelo-Branco et al

Lockwood, 2010). In 2011, miltefosine (Impavido”) was included in a
list of essential medications by the World Health Organization as an
antileishmanial drug and is currently the single antileishmanial drug of
oral administration (FDA, 201 3), prominent for being an alternative in
the maintenance of treatment, including cases of infections resistant to
conventional therapy with the pentavalent antimonial (Sundar and
Chatterjee, 2006).

Recently, our laboratory demonstrated the ability of this antl-
eishmanial to cause apoptosis, necrosis and genomic lesions with oxi-
dation of purine bases in mammalian cells (Castelo Branco etal., 2016).
Oxidation of bases occurs due to the oxidative stress caused by the
imbalance between the Reactive Oxygen Species (ROS) and the anti-
oxidant defense system, with a predominance of ROS (Vasconcelos
et al., 2007).

To control the formation of ROS and other reactive species, cells
have an antioxidant defense system classified as enzymatic and non-
enzymatic. The enzymatic system is represented mainly by the ant-
oxidant enzymes: superoxide dismutase (SOD), which are metallopro-
teins that catalyze the dismutation of superoxide (027) in oxygen (02)
and hydrogen peroxide (HaOs); catalase (CAT) that acts on the de-
composition of HyOz into O; and Hy0; and glutathione peroxidase
(GPx), which acts on peroxides in general (Marin et al, 2006;
Vasconcelos et al., 2007). The non-enzymatic antioxidant system con-
sists of several substances, such as glutathione (GSH), the main in-
tracellular antioxidant compound, p-carotene tocopherols (vitamin E),
ascorbic aecid (vitamin C) and others (Vasconeelos et al., 2007; Nimse
and Pal, 2015).

Ascorbie acid is an important antioxidant in the combat against
certain types of cancer, cardiovascular diseases and other diseases as-
sociated with oxidative stress (Harrison, 2012). Even though humans
are unable to synthesize this antioxidant, it participates in several
physiological activities, such as: collagen synthesis; ability to recyele
vitamin E; promoting cholesterol reduction and resistance to infections
by participating in the immunological activity of leukocytes (Cerqueira
et al., 2007; Grangeiro et al., 2013). On the other hand, itis also known
that ascorbic acid can be toxic in large quantities, instead taking pro-
oxidant action, which actually favors the occurrence of oxidative stress
(Halliwell, 2001; Kato et al., 2014).

The antioxidant property of ascorbic acid in eliminating free radi-
cals suggests that this molecule can modulate oxidative damage to DNA
in mammalian cells. Thus, this study investigated the ability of ascorbic
acid to decrease the genotoxic and mutagenic effects caused by milte-
fosine in the in vive system, with and without Leishmania infantum in-
fection, as well as to verify whether it interferes with the antileishma-
nial action of the drug.

2. Material and methods
2.1. General study design

To evaluate the capacity of ascorbic acid to protect the DNA damage
caused by miltefosine, two strains of mice presenting different genetic
backgrounds, Swiss and Balb/c (non-susceptible and susceptible to
Leishmania infection), were treated with both compounds using single
(simultaneous, pre and post treatment) and repeated doses. Thus, the
effect of ascorbic acid on DNA damage was assessed under different
conditions.

Firstly, considering that miltefosine causes genomic instability and
mutations in uninfected Swiss mice (Castelo-Branco et al, 2016), the
ability of ascorbic acid to protect the DNA was assessed by comet assay
and micronucleus test. For that, Swiss mice received single dose of both
compounds in simultaneous, pre and post treatments. After 24 h, per-
ipheral blood was obtained from the tail of each animal to perform the
comet assay. Thereafter, the animals were euthanized by anesthetic
overdose (Xylazine - 60 mg/kg and Ketamine - 300 mg/kg) and then the
fermnurs were removed to carry out micronucleus test.

LIP: Drugs and Drug Reststance 9 (20190 8-15

Secondly, to evaluate the effects of ascorbie acid in infected animals,
Balb /c mice were treated using repeated doses, according to the World
Health Organization for human treatment. Toxicogenetic tests were
performed by comet and micronueleus assays, and the parasite burden
was determined in lymph node and spleen by limiting dilution.
Moreover, considering previous data that showed miltefosine causes
oxidation of DNA bases (Castelo-Branco et al., 2016), enzyme super-
oxide dismutase activity was measured in serum. Briefly, on 14th and
28th days after treatments, peripheral blood was obtained from the tail
of each animal to perform comet assay. Then, the animals were an-
esthetized (Xylazine-20mg/kg and Ketamine-100 mg/kg) to collect
bood for the measurement of superoxide dismutase activity. Therefore,
the femurs were removed to carry out micronucleus test and, finally,
the spleen and lymph node were removed to determine parasite burden
by limiting dilution assay.

2.2, Animals

Male Swiss Mus musculus mice (n= 5/group) were obtained from
the Central Bioterium of the Federal University of Maranhdo - UFMA
(Maranhao, Brazil) and Balb/c Mus musculus mice were obtained from
the Bioterium of the University of Campinas (Sao Paulo, Brazil), all
weighting 30 g and aging around 60 days. Animals were kept in poly-
carbonate boxes under controlled conditions: temperature around
21 + 2°C and alternated 12h light-dark cycle. Our project has been
approved by the Animal Experimentation Ethics Committee (CEUA) of
UFMA (n" 23115.009229,/2014-21).

2.3. Parasites

Promastigotes of L. infantum (MHOM/BR/1970/BH46) were cul-
tured in Schneider's medium (Sigma, St Louis, MO, USA), which was
supplemented with 10% Heat-Inactivated Fetal Bovine Serum (GIBCO)
at 27 *C. To perform the tests, Balb/c mice were infected in the right
hind footpad with 107 promastigotes in stationary phase of L. infantum,
as mentioned by de Jesus Pereira et al. (2015) and Martins et al. (2015).
The infection was maintained for 28 days (Marques-da-Silva et al.,
2005; Serafim et al., 2010) and on the 29th day the antileishmanial
treatments were performed.

2.4. Drugs and treatment

Assays with miltefosine were conduected under different treatment
conditions. For this purpose, animals were divided into two groups: 1)
uninfected Swiss mice receiving a single dose (70 mg/kg) of miltefosine
(Chemical Cayman Company, ML, USA, batch 0463792-1) as previously
deseribed (Castelo Branco et al., 2016); 2) infected Balb/c mice which
received miltefosine (Impavido™) at 2.5mg/kg for 28 days, as re-
commended by the World Health Organization for human treatment;
and another group that received 5.0 mg/kg for 14 days. In both assays,
the drug was dissolved in distilled water and administered via gavage.
Miltefosine capsules (batch 1C2130A) were gently conceded by Prof.
Dr. Carlos Costa from Federal University of Piaui, Brazil.

To evaluate protective effect of ascorbic acid (Sigma-Aldrich, St
Louis, MO, batch 69085) over DNA damage induced by miltefosine,
Swiss mice received single doses (30, 60 and 120 mg/kg) of ascorbic
acid simultaneously to the antileishmanial (70mg/kg). In order to
evaluate the effect of the ascorbic acid exposure route, one group of
these animals received the antioxidant via gavage (So30, So60 and
50120 groups) and another group received via intraperitoneal (Si30,
Si60 and Si120 groups). Besides, intermediate dose (60 mg/kg) was
administered 24 h before (pre treatment) and 24 h after (post treat-
ment) miltefosine administration. The doses of ascorbic acid were based
on previous study (de Jesus et al., 2018). The negative control (NC)
group was administered distilled water.

Concerning the effect of ascorbic acid in repeated dose treatment,

57



P.V. Castelo-Branco etal

IJP: Drugs and Drug Restsance 9 (2019) 8-15

Table 1

Experimental groups used to evaluate protective effect of ascorbic acid over genetic damage induced by miltefosine.
Group Chemical Agents Doses (respectively) Exposure route
Swiss (acute treatment)
NC distilled water - gavage
A ascorbic acid 60 mg/kg gavage
MT miltefosine 7o mg/kg gavage
5030 ascorbic acid + miltefosine 30 mg/kg + 70 mg/kg gavage
5060 ascorbic acid + miltefosine 60 mg/kg + 70 mg/kg gavage
Sol20 ascorbic acid + miltefosine 120 mg/kg + 70 mg/kg gavage
PRE ascorbic acid (24 h before) + miltefosine 60 mgkg + 70 mgkg gavage
POS miltefosine (24 h before) + ascorbic acid 70 mgkg + 60 mgkg gavage
5i30 ascorbic acid + miltefosine 30 mg/kg + 70 mgskg ip. + gavage
5i60 ascorbic acid + miltefosine 60 mgkg + 70 mgkg ip. + gavage
5i120 ascorbic acid + miltefosine 120 mg'kg + 70 mg/kg ip. + gavage
Balb/c (repeated doses treatment)
NC distilled water — (28 days) gavage
IC distilled water — (28 days) gavage
MT5.0 Impavido® 5.0mg/kg (14 days) gavage
MT25 Impavido® 25mg/kg (28 days) gavage
An ascorbic acid 15 mg kg (28 days) gavage
MT + AA Impavido® + ascorbic acid 25 mg/kg + 15 mg/kg (28 days) gavage

infected Balb/c mice received, simultaneously, 2.5 mg/kg miltefosine
and 15 mg/kg ascorbic acid every day for 28 days; another group re-
ceived only ascorbic acid in the same dose and in the same period of
time. The dose of ascorbic acid was based on study of Kato et al. (2014).
Negative control (distilled water) and infected control (animals with L.
infantum infection) were also used. Treatment groups and doses are
listed in Table 1.

2.5, Assays

2.5.1. Comet assay

It was collected from the tail of each animal approximately 5l
peripheral blood and mixed with 100 pl low melting point agarose
(0.5%). This mixture was then applied to pre-gelled slides with regular
melting point agarose (1.5%). Then, coverslips were superimposed on
these slides and refrigerated for 5 min. After solidification, slides were
immersed in cold lysis solution (2.5M NaCl; 100 mM EDTA; 10 mM Tris
(pH 10); 10% DMSO and 1% Triton X-100) and refrigerated for over-
night at 4 ‘C. Slides were then incubated for 20 min in alkaline buffer
(10M NaOH, 0.2M EDTA and distilled water, pH 13.0) followed by
electrophoresis for 25min at 25V (0.72V/cm)/300 mA. Slides were
neutralized (0.4M Tris/HCl, pH 7.5), dried at room temperature and
fixed with absolute ethanol for 4 min (Singh et al,, 1988; Tice et al.,
2000). Slides were stained with ethidium bromide (20pg/ml) and
analyzed by fluorescence microscopy (Olympus BX61).

For each animal, we analyzed 100 nucleoids, considering their size
and quantity of DNA in the comet. DNA damage was classified in five
levels: Class 0: no damage (< 5%); Class 1: low damage (5-20%); Class
2: medium damage (21-40%); Class 3: high damage (41-94%) e Class
4: total damage (> 95%). Damage scores were calculated by multi-
plying the number of nucleoids in each class by their respective class
value, using the following equation:

Score = [(0xn0) + (1 xnl) + (2xn2) + (3xn3) + (4 xnd)] / total
cell number

2.5.2. Micronucleus test

The femurs were removed for extraction of the bone marrow using
1ml fetal bovine serum. Cell suspension was centrifuged for 5min at
1000 rpm and the supernatant was discarded. Slide smearing (Schmid,
1975) was conducted with the remaining material. Slides were stained
using hematological dye Panoptic kit (Laborclin, Pinhais, Parand,
Brasil) to differentiate polychromatic erythrocytes (PCE) from normo-
chromatic erythrocytes (NCE).

To investigate micronucleus, 2000 polychromatic erythrocytes were
analyzed for each animal in optical microscope magnification of 1000x
(Carl Zeiss Primo Star). The ratio PCE/NCE (polychromatic ery-
throcytes and normochromatic erythrocytes) was calculated using 1000
erythrocytes for each animal to estimate toxicity for miltefosine and
ascorbic acid.

Percentage of reduction in DNA damage induced by miltefosine,
modulated by ascorbic acid, was calculated according to Waters et al.
(1990) using the following formula: % Reduction = (CP - CT/CP - CN)
x 100, where CP corresponds to the average damage of the group
treated only with miltefosine, CT is the average damage observed in
groups treated with ascorbic acid plus miltefosine and CN is the average
damage observed in the negative control (distilled water).

2.5.3. Limiting dilution assay

Parasitic burden of infected animals was determined by the limiting
dilution assay. Organs were collected and homogenized individually in
1.0ml Schneider's Drosophila medium (Sigma-Aldrich, USA) supple-
mented with 10% inactivated fetal bovine serum (GIBCO, USA). The
suspension with the homogenized organ was diluted 1:2 in the first
well, which contained 100 pl of the medium, making up a total volume
of 200 pl of suspension. From the first well, 100 pl of the suspension was
withdrawn and the 1:2 dilution continued until the 12th well of the 96-
well plate. This assay was conducted in duplicates. After 14 days, the
sample from each well was analyzed and defined as positive or negative
depending on the presence or absence of promastigotes in the well. The
final titre was defined as the highest dilution for which the well con-
tained at least one active parasite. The number of parasites per gram of
the homogenate was calculated as follows: the reciprocal of the last
positive titre by the total homogenized volume of the organ x dilution
factor divided by the weight in grams of the homogenized organ. The
viable parasitic burden was expressed as the number of leishmania per
gram of homogenized organ (Rodrigues et al., 2009).

2.5.4. Superoxide dismutase activity

To analyze Superoxide Dismutase (SOD) activity, we collected blood
from infected animals via cardiac puncture. Blood remained at rest for
30 min at 25 “C. It was then centrifuged at 2,000 g for 15 min at 4 “C and
the serum was withdrawn. Subsequently, the Superoxide Dismutase
Assay Kit (Chemical Cayman, MI, USA) was employed following the
manufacturer’s instructions.
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Fig. 1. Analysis of the antigenotoxic activity of ascorbic acid administered by gavage and intraperitoneally in Swiss mice on the genotoxic damages induced by the

acute treatment with miltefosine (Chemical Cayman).

2.6. Statistical analysis

Data normality was assessed by Kolmogorov-Smirnov test. Numeric
data obtained by comet assays, citotoxieity, parasitic burden and SOD
Activity had a normal distribution and were submitted to one-way
analysis of variance (ANOVA), followed by Tukey's ad hoc test.
Micronucleus data were submitted to chi-square test (y*). All data were
analyzed using GraphPad Prism 6.01 software, with values considered
significant when p < 0.05.

3. Results

Through the comet assay, our results show that ascorbic acid did not
have a protective effect over damage caused by miltefosine at the dose
of 70mg/kg (MT) when animals were treated via gavage and simulta-
neously (30, 60 and 120 mg/kg) (Fig. 1A and B). There was also no
reduction in damage when ascorbic acid was administered 24 h prior to
the MT group (PRE). However, the group treated with ascorbic acid
24 h after treatment with miltefosine (POS) showed reduction of da-
mage near baseline (Fig. 1C and D).

The PCE/NCE ratio revealed that miltefosine and ascorbic acid were
not cytotoxic at any of the doses tested (p > 0.05). When analyzing the
antimutagenic activity of the ascorbic acid administered via gavage,
none of the treatments (So30, So60, So120, PRE and POS) showed a
protective effect of this antioxidant on DNA damage caused by milte-
fosine (Table 2).

When the same doses were tested intraperitoneally, we observed the
protective effect of ascorbic acid over genotoxic damage caused by
miltefosine, so that the higher dose (120 mg/kg) significantly reduced
DNA damage at baseline, even though damage reduction could be ob-
served from the intermediate dose (Fig. 1E and F).

The antimutagenic activity of ascorbic acid when administered in-
traperitoneally in mice was also analyzed. The same groups (Si60 and
§i120) showed a significant decrease in micronuclei frequency, with
70.4% and 77.8% reduction, respectively, revealing the protective ef-
fect of ascorbic acid at these doses when administred intraperitoneally.
The PCE/NCE ratio again demonstrated that miltefosine and ascorbic
acid were not cytotoxic at any of the doses tested (p > 0.05), as shown
in Table 3.

Based on these results, we sought to investigate whether this
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Table 2

Analysis of the protective effect of orally administered ascorbic acid in Swiss
mice on the mutagenic damage induced by acute treatment with miltefosine
(Chemical Cayman).

GROUPS PCEMMNs % MEDIA + SD PCE/NCE
NC 26 26 * 0.42° L00

AR 25 25 + 0.35° L16 =
MT 53 5.3 = 1.40" 087 ™
5030 50 5.0 * 215" 114
5060 17 17 + 0.91" 133
50120 40 44 + 231" 073 ™=
PRE 44 4.4 *+ 0.65" 116
POS 45 45 = 0.79" 117 ™

Different letters denote statistical difference between the groups by % test.

™ absence of statistical difference when compared to the negative control group
by ANOVA, followed by Tukey's ad hoc test.

NC: negative control (distilled water); AA: ascorbic acid (60 mg,/kg); MT: mil-
tefosine (70 mg/kg); 5030, 5060 and Sol20: groups treated simultaneously
with miltefosine (70 mg /kg) and ascorbic acid via gavage at the doses of 30 mg/
kg, 60 mg/kg and 120 mg/kg, respectively; PRE: Group pretreated (24 h) with
ascorbic acid (60 mg/kg) and later with miltefosine (70 mg/kg); and, POS:
Group treated with miltefosine (70 mg/kg) and later (24 h) with ascorbic acid
(60 mg/kg). To determine micronuclei frequency, 2000 polychromatic ery-
throcytes were counted per animal, and 1000 cells were counted for poly-
chromatic and normochromatic erythrocytes ratio (PCE/NCE).

Table 3

Protective effect of ascorbic acid administered intraperitoneally in Swiss mice
on the mutagenic damage induced by acute treatment with miltefosine
(Chemical Cayman).

GROUPS PCEMNs % MEDIA + SD % DAMAGE REDUCTION  PCE/NCE
NC 26 26 + 0.42° - 100

AM 25 25 + 035" - L16 =
MT 53 5.3 = L40" = 087 ™=
5i30 49 4.9 + 108" - 130 =
Si60 34 3.4 + 096" 70.4 ) Er fg
§i120 32 3.2 + L20° 77.8 128 ™

Different letters denote statistical difference between the groups by %~ test.

™ absence of statistical difference when compared to the negative control group
by ANOVA, followed by Tukey's ad hoc test.

NC: negative control (distilled water); AA: ascorbic acid (60 mg/kg); MT: mil-
tefosine (70 mg/kg); Simultaneous treatment with miltefosine (70 mg/kg) and
ascorbic acid via i.p. at the doses of 30 mg/kg (Si30), 60 mg/kg (5i60) and
120 mg/kg (8i120). To determine micronuclei frequency, 2000 polychromatic
erythrocytes were counted per animal, and 1000 cells were counted for poly-
chromatic and normochromatic erythrocytes ratio (PCE/MNCE).

protective effect of ascorbic acid also occurred in animals infected with
L. infantum. Our results showed that in both doses tested (5.0 and
2.5mg/kg/day), miltefosine (Impavide”) causes genomic lesions
(p < 0.01). The genotoxic effect of miltefosine is observed both at the
lowest dose with higher exposure (2.5 mg/kg for 28 days) and at twice
the dose and half the treatment time (5.0 mg/kg for 14 days). Itis also
observed in Fig. 2 that animals receiving daily doses of miltefosine
(2.5 mg/kg) and ascorbic acid (15mg/kg) had a reduction in the da-
mage score, reaching the basal levels of the negative control
(p = 0.05). Table 4 shows that these same animals presented no in-
crease in micronucleus frequency, revealing that at the tested doses
miltefosine does not induce mutations. Likewise, neither L infantum
infection nor tested doses of miltefosine and ascorbic acid were able to
alter the activity of the SOD enzyme (p > 0.05) (Fig. 3).

The action of miltefosine (Impavido®) on parasitic burden in animals
infected with L. infantum is shown in Fig. 4, which shows that milte-
fosine (Impavido”) was effective in reducing the parasitic burden on the
lymph node (p < 0.0001) by 86% and 88% at doses of 5 mg/kg and
25mg/kg, respectively. When ascorbic acid was administered

JP: Drugs and Drug Restsmance 9 (2019) 8-15

concurrently with antileishmanial miltefosine (Impavido”) (MT + AA),
we found that there was no interference in drug efficacy, resulting in
81% reduction in parasite burden. Animals treated only with ascorbic
acid (AA) also had a significant reduction in the parasitic burden of the
lymph node (84%). In the spleen, only the 5.0 mg/kg dose (MT5.0) was
effective in reducing parasitic burden, resulting in 99% Leishmania re-
duction (p =< 0.05).

4. Discussion

Many studies have investigated ascorbic acid's potential in mod-
ulating the harming effects of free radicals through its antioxidant ac-
tivity, helping to prevent or delay the development of certain cancers
(da Mata et al., 2016), cardiovascular diseases (Zhang et al., 2014) and
other diseases related to oxidative stress (Harrison, 2012), in addition
to aging (Monacelli et al., 2017).

Taking into consideration that our previous study demonstrated that
miltefosine can induce oxidation in the nitrogenous bases of DNA
(Castelo Branco et al., 2016), this work evaluated the ability of ascorbic
acid to reduce the genetic damage caused by this antileishmanial. For
this, the erythropoietic cytotoxicity of miltefosine and ascorbic acid was
initially evaluated, in which no change in PCE/NCE ratio was observed
in any of the treatment groups, which shows that the doses studied were
not cytotoxic.

Firsty, the antioxidant effect of ascorbic acid was evaluated for both
vias, gavage and i.p. routes, when administered simultaneously with
miltefosine in uninfected animals. The results revealed that ascorbic
acid does not present antigenotoxic properties for any of the doses
tested when given via gavage. On the other hand, through via ip.,
highest doses (60 and 120 mg/kg) presented a protective effect over
DNA, corroborating with other studies that reported the antigenotoxic
effect of ascorbie acid when administered intraperitoneally (Devi and
Latha, 2011; Garcia-Rodriguez et al., 2016; de Jesus et al., 2018). These
findings are justified by the fact that intravenous administration of
ascorbic aeid produces plasma concentrations of 30-70 times higher
than gavage doses (Padayatty et al., 2004; Chen et al., 2007; Kato et al,,
2014).

Besides simultaneous treatment, we also analyzed two other forms
of animal treatment with ascorbie acid: pre and post treatment. In the
pre treatment group, no protective effect of ascorbic acid was observed,
which may be related to the low plasma concentration added to the
short half-life of this antioxidant, which is of approximately 10h
(Schwedhelm et al., 2003). Studies demonstrating the antimutagenic
capacity of ascorbic acid in pre treatment have administered the anti-
oxidant more than once before reatment and simultaneously with the
drug (Giri et al., 1998; Vijayalaxmi and Venu, 1999; Cheng et al., 2003;
Franke et al.,, 2005; Roy et al., 2008). On the other hand, in the post
treatment group there was a reduction in genotoxic damage (Fig. 1D),
which approached baseline control, with an increase in class 0 score
(Fig. 1C). However, in this group, the frequency of micronucleated cells
was not reduced, which may be related to the low serum level of as-
corbic acid in this exposure route.

Based on the results obtained in uninfected animals, the ascorbic
acid response was investigated in animals infected with L. infantum
under repeated doses treatment with miltefosine (hnpavidn'_]. We ob-
served that, although there was no significant difference between the
damage scores (Fig. 2), ascorbic acid (15 mg/kg/day) showed a slight
reduction in the damage caused by the drug (2.5 mg/kg/day). In ad-
dition, corroborating with single dose treatment data, in the repeated
doses treatment the miltefosine (Impavido”) was genotoxic, although it
was not mutagenic at the doses studied (5.0 and 2.5 mg/kg/day)
(Table 4). Both damage (genotoxic and mutagenic) induced by milte-
fosine (Impavido”) were demonstrated by our group in single dose
tretament. We have suggested that miltefosine (Impavido®) is a drug
that damages DNA by oxidative stress, with guanine oxidation being the
most common damage, forming 8-0x0-7,8-dihydroguanine (Castelo
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Fig. 2. Analysis of the antigenotoxic activity of ascorbic acid in Balb/c mice infected with L. infantum on the genotoxic damages induced by the cronic treatment with

miltefosine (Impavido®).

Different letters denote statistical difference between the groups by ANOVA, followed by Tukey's ad hoc test.

A: Frequency of nucleoid classes observed by the Comet Assay; B: and their respective damage scores.

NC: negative control (distilled water): IC: infected control; MT5.0: treatment with miltefosine (5.0 mg/kg for 14 days); MT2.5: treatment with miltefosine (2.5 mg/kg
for 28 days); AA: treatment with ascorbic acid (15 mg/kg for 28 days); MT + AA: treatment with ascorbic acid + miltefosine (15 mg/kg + 2.5 mg/kg for 28 days,

respectively).

Table 4

Percentage of micronucleated cells in the bone marrow of Balb/c mice, infected
with L. infantum, in chronic treatment with orally introduced miltefosine
(Impavido") and antioxidant effect of ascorbic acid.

GROUPS PCEMNs % MEDIA = SD PCE/NCE
NC 27 2.7 + 0.89° 099

IC 31 31 + 1.92° 114 ™
MT5.0 35 4.4 * 1.50° 105 ™
MT25 2.8 + 2.30° 127 ™
An 28 35 * 2.16* 106 ™
MT + Ah 2 28 + 2.08* 100 ™

2 Absence of statistical difference between the groups by ¥~ test.

™ absence of statistical difference (p > 0.05) compared to the negative control
group by ANOVA, followed by Tukey's ad hoc test.

NC: negative control (distilled water); IC: infected control; MT5.0: treatment
with miltefosine (5.0 mg/kg for 14 days); MT2.5: treatment with miltefosine
(2.5mg/kg for 28 days); AA: treatment with ascorbic acid (15mg/kg for 28
days); MT + AA: treatment with miltefosine + ascorbic acid (2.5 mg/
kg + 15 mg/kg for 28 days, respectively). To determine micronuclei frequency,
2000 polychromatic erythrocytes were counted per animal, and 1000 cells were
counted for polychromatic and normochromatic erythrocytes ratio (PCE/NCE).

0.4 9

SOD activity (U/mL)

NC Ic

MT5.0 MT2.5 AA MT+AA

Fig. 3. Activity of antioxidant enzyme Superoxide dismutase (SOD).

Branco et al., 2016).

In response to this stress and to maintain genomic stability, cells
activate DNA repair processes and transcription factors, which in turn
modulate ROS-scavenging expression levels. Among them, the 8-ox-
oguanine glycosylase (OGG1), muty DNA glycosylase (MUTYH) and
homologous mutT 1 (MUTH1) enzymes, which constitute the 8-0x0G

repair pathway (Barnes and Lindahl, 2004), are activated, as well as the
transcription factor Yapl, which positively regulates several genes re-
lated to the antioxidant defense (catalase, superoxide dismutase and
glutathione peroxidase) (Rowe et al., 2008). Thus, our data suggest that
genomic damage induced by miltefosine (Impavido”) may have been
efficiently corrected by the DNA repair cell system, probably because
the doses in the animals were lower than the equivalent therapeutic
doses used in humans, as reported by Nair and Jacob (2016). In addi-
ton, we did not observe an increase in the activity of the SOD enzyme
(Fig. 3), supporting the lack of mutagenic effect of this antileishmanial,
including in the group with the infection alone (IC). Similar results
were obtained by Moreira et al. (2017) who also found that the infec-
tion alone does not affect the levels of this enzyme.

Considering that some antileishmanial drugs exert their activity
through the induction of oxidative stress (Basu et al, 2006; Castelo
Branco et al., 2016; Moreira et al., 2017), we also evaluated whether
the antioxidant action of ascorbic acid interferes with the antil-
eishmanial activity of miltefosine. Our results have shown that the
concurrent administration of ascorbic acid and miltefosine (Impavido™)
did not interfere in the drug efficacy, as we have verified a reduction of
81% in the lymph node parasitic burden (Fig. 4). Similar results were
observed in mice treated with antileishmanial Glucantime” and treated
with the same dose of ascorbic acid used in this study (Kato et al.,
2014); furthermore, the authors still observed that the antioxidant
improved the drug's efficacy in suppressing parasites. It is also inter-
esting to highlight that in the present study we also observed that in-
fected animals treated only with ascorbic acid also had a significant
reduction of L. infantumn in the lymph node (84% reduction), showing
that this antioxidant contributes to the fight against infection (Fig. 4).

In infected animals treated only with the drug, we found that, even
at a dose lower than the equivalent human dose, miltefosine
(Impavido”) was effective in reducing the parasite burden of L. in-
fantum, with a reduction of 86% (at a dose of 5.0 mg/kg) and 88% in
the lymph node (2.5 mg/kg) and 99% in the spleen (5.0 mg/kg) (Fig. 4).
Other studies have also shown the efficacy of miltefosine action on the
parasite burden in the spleen of L. infantum infected animals, with a
reduction of 70 and 75% (10 and 20 mg/kg respectively for 5 days)
(Kuhlencord et al, 1992), 78% (20 mg/kg for 5 days) (Le Fichoux et al.,
1998) and 86% (20 mg/kg for 10 days) (Reimao et al., 2015). There-
fore, our data show that lower doses of miltefosine during 14 days of
treatment have equal or better efficacy in reducing parasitic burden.

In summary, our data showed that ascorbic acid was able to reduce
the parasite load, besides protecting the mammalian DNA against
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Fig. 4. Effect of ascorbic acid on the parasite load of Balb/c mice infected with L. infantum and treated with miltefosine (Impaﬁdo.) and ascorbic acid.

genotoxic damage caused by the antileishmanial, opening perspectives
for future studies in order to minimize the harmful effects on DNA,
besides being potentially capable of reducing infection.

5. Conclusion

Our data show that ascorbic acid reduces the genetic damage in-
duced by miltefosine, without decreasing its antileishmanial activity. In
addition, the results reveal that miltefosine is effective in reducing the
parasitic burden of L. infantum at lower doses than others previously
reported.
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RESUMO

As leishmanioses compreendem um grupo de doencgas infecto parasitdrias e cronicas
nao contagiosas, altamente negligenciadas, ocasionadas por protozodarios do género Leishmania.
A leishmaniose visceral tem atualmente ocorréncia descrita em 102 paises. O Brasil se destaca
com altas taxas de casos dessa doenca, sendo registrado somente em uma década (2008 a 2017),
37.639 casos e 2.735 o6bitos. A miltefosina € antileishmanial de uso oral usado desde 2002 em
paises como India, Bangladesh e Nepal. Demonstramos inicialmente que a miltefosina causa
lesdes gendmicas em células de mamiferos com oxidacdo de bases do DNA e que esse dano
pode ser modulado pelo 4dcido ascorbico. Assim, este trabalho verificou como se comportam as
enzimas antioxidantes SOD, CAT e GPx, bem como os genes do sistema de reparo OGGI,
MUTHY e NUDTI, em animais infectados com Leishmania infantum sob tratamentos com
miltefosina e dcido ascérbico. Nossos resultados reafirmaram a genotixicidade da miltefosina
e revelaram a oxidagdo de bases piricas e pirimidicas. O dcido ascérbico também atuou como
genotoxico, causando estresse oxidativo por oxidacao de bases puricas somente. Porém, o acido
ascorbico ndo interferiu na eficacia da miltefosina e modulou positivamente o sistema de reparo

antioxidante contra os radicais livres produzidos pela miltefosina.

Palavras-chave: Leishmaniose, 4cido ascorbico, enzimas antioxidantes, expressdo génica.
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1. Introducao

As leishmanioses compreendem um grupo de doencas infecto parasitdrias e cronicas
ndo contagiosas, ocasionadas por protozodrios do género Leishmania. Tratam-se de patologias
com distintas manifestacdes clinicas, sendo reconhecidas quatro formas principais:
leishmaniose cutanea (LLC), leishmaniose mucocutinea (LMC), leishmaniose visceral (LC,

também conhecida como calazar) e leishmaniose dérmica p6s calazar (LDPC) (WHO, 2016).

A LV tem atualmente ocorréncia descrita em 102 paises, sendo 94% dos casos no
Brasil, Etiopia, India, Quénia, Somalia, Sudao do Sul e Sudao (WHO, 2019). O Brasil se destaca
com altas taxas de casos dessa doenca, onde registrou-se, somente em uma década (2008 a

2017), 37.639 casos e 2.735 6bitos (Brasil et al., 2019).

Um dos medicamentos recomendados pela OMS para o tratamento de leishmanioses
no Brasil € o antimoniato N-metil glucamina (Brasil, 2014), embora estudos tenham relatado
sua alta toxicidade (Demicheli et al., 2002; Kato et al., 2014), bem como sua capacidade de
induzir danos genotéxicos e mutagénicos (Lima et al., 2010; Moreira et al., 2017; de Jesus et
al., 2018). Além disso, foi demonstrado véarios mecanismos de resisténcia do parasita ao
antimonio, como diminui¢io da internaliza¢do do farmaco, dele¢do ou expressao reduzida do
gene AQPI, reducdo bioldgica diminuida de SbV para Sblll e aumento dos niveis de

tripanotiona (Ponte-Sucre et al., 2017).

Diante de um cendrio parecido, com resisténcia ao tratamento com N-metil-glutamina,
desde 2002 paises como India, e, posteriormente, Bangladesh e Nepal comegaram a utilizar a
miltefosina para tratamento antileishmanial (Sundar e Olliaro, 2007; Singh et al., 2016). A
descoberta da miltefosina como agente antileishmanial (Impavido®) foi considerado um grande
avango para o tratamento da leishmaniose, por ser uma droga oral e efetiva, inclusive em casos
de infeccOes resistentes a terapia convencional com antimonial pentavalente (Sundar et al.,

2002).

Devido a falta de estudos sobre o efeito genotdxico da miltefosina, nosso laboratério
investigou como essa droga interagia com o DNA. Assim, foi demonstrado que a miltefosina
(Impavido®) causa lesdes gendmicas em células de mamiferos, com oxidacao de bases puricas
do DNA (Castelo Branco et al., 2016). A oxida¢do de bases € decorrente do estresse oxidativo
e € causada pelo desequilibrio entre espécies reativas de oxigénio (ROS) e o sistema de defesa
antioxidante, danificando as principais biomoléculas como proteinas, lipidios (Bento et al.,

2013) e o DNA (de Jesus et al., 2018; Castelo Branco et al., 2016).
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O dano mais importante causado por ROS no DNA € a oxidacao da guanina, produzindo
8-oxoguanina (8-0x0G) no DNA e 8-hidroxi-guanina (8-OH-dGTP) em nucleotideos livres. A
8-0x0G ocasiona transversdes do tipo G:C para T:A nas fitas do DNA, que em oncogenes ou
genes supressores de tumor pode levar a carcinogénese (Garre et al., 2011; Nascimento et al.,

2017).

Para prevenir mutagdes por transversdes, o DNA possui um sistema de reparo que retira
as bases pareadas erroneamente, chamado sistema de excisdo de bases (BER). O sistema BER
¢ a via primdria de reparo do DNA (Berra et al., 2006) e seus principais genes sdo OGGI (8-
oxoguanina DNA glicosilase 1), MUTHY (muty DNA glicosilase) e NUDTI (nudix hidrolase
1). Os genes MUTHY e OGGI codificam DNA-glicosilases que t€ém como fun¢do remover as
bases oxidadas erroneamente pareadas, evitando mutagdes por transversdes do tipo G:C>T:A
(Nascimento et al., 2017). O gene NUDT1 age indiretamente no sistema BER e codifica uma
enzima que hidrolisa 8-0x0-dGTP para 8-oxo-dGMP, previnindo, assim, a incorporagdo de 8-

0x0G no DNA durante a replicacao (Burton e Rai, 2015).

A produgdo de ROS pode também ser equilibrada pela existéncia de defesas
antioxidantes, incluindo enzimas que removem ROS (superéxido dismutase, catalase,
peroxidase, etc.), proteinas que sequestram fons de metais de transi¢do (ferritina, transferrina),
peptideos de baixo peso molecular e cofatores (glutationa, NADPH, tiorredoxina, etc.) e agentes
dietéticos de baixo peso molecular soluveis em dgua que limpam espécies reativas de oxigénio
e nitrogénio (vitamina E, vitamina C, beta-caroteno, etc.) (Vasconcelos et al., 2007; Nimse e

Pal, 2015).

Nosso grupo tem demonstrado que o acido ascorbico (vitamina C) € um importante
antioxidante contra o estresse oxidativo causado por drogas antileishmaniais, sem diminuir a
eficacia da droga (de Jesus et al., 2018; Castelo Branco et al., 2019). Sabe-se que o 4cido
ascorbico participa da neutralizagdo de formas reativas de oxigénio e nitrogénio que surgem no
metabolismo celular. Através da doacao de hidrogénio, ele neutraliza os radicais hidroxila de
curta duragdo, oxi-dlcool, superéxido e nitrogénio, com a formacdo de radicais ascorbidos
estaveis e nao reativos (Konopacka, 2004). Porém, dependendo do ambiente fisiol6gico, o dcido
ascorbico pode agir como antioxidante (doador de elétrons) ou pré-oxidantes (receptor de

elétrons) (Harréus et al., 2005).

Sabendo que a miltefosina induz estresse oxidativo e visando analisar a participacdo de

vitaminas antioxidantes na manuten¢cdo da integridade do genoma celular, este trabalho
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verificou como se comportam as enzimas antioxidantes SOD, CAT e GPx, bem como os genes
do sistema de reparo OGGI, MUTHY e NUDTI, em animais infectados com Leishmania

infantum sob tratamentos com miltefosina e dcido ascérbico.

2 MATERIAL E METODOS
2.1 Animais

Foram utilizados camundongos machos (n = 5 por grupo) Balb/c Mus musculus
provenientes do Biotério da Universidade de Campinas (Sao Paulo, Brasil) com peso médio
corporal de 30g e cerca de 60 dias de vida. Os animais foram mantidos em caixas de
policarbonato em condi¢des controladas: temperatura em torno de 21 + 2°C e ciclo alternado
de claro/escuro de 12 horas. Este projeto foi aprovado pelo Comité de Etica em Experimentacio

Animal (CEUA) da UFMA (n° 23115.029807/2018-70).

2.2 Parasitas

Formas promastigotas de L. infantum (MHOM/BR/1970/BH46) foram cultivadas em
meio Schneider (Sigma, St Louis, MO, USA), o qual foi suplementado com 10% de soro fetal
bovino inativado (GIBCO) e acondicionadas em estufa a 27°C. Para os ensaios, 0S
camundongos foram infectados na pata traseira direita com 10’ promastigotas em fase
estaciondria de L. infantum. A infeccao foi mantida por 28 dias e no 29° dia foram realizados

0s tratamentos com o antileishmanial.

2.3 Tratamento

Os animais foram divididos em cinco grupos de tratamento: Grupo NC — controle
negativo (animais ndo infectados que receberam agua destilada); Grupo IC — controle infectado
(animais infectados que receberam dgua destilada); Grupo MT — animais infectados com L.
infantum tratados com miltefosina (30 mg/Kg/dia durante 28 dias, via oral); Grupo MT + AA
— animais infectados com L. infantum tratados com miltefosina (30 mg/Kg/dia durante 28 dias,
via oral) mais 4cido ascorbico (30 mg/Kg/dia durante 28 dias, via 1.p.); Grupo AA — animais
infectados tratados com 4cido ascérbico (30 mg/Kg/dias durante 28 dias, via i.p.). Para a
quantificacdo da carga parasitéria foi incluido um grupo de animais (Grupo IC-i), sacrificados

28 dias ap06s a infecgao.

A dose utilizada da miltefosina (Impavido® - lote 1C2130A) foi baseada na conversao

da dose humana, recomendada pela Organizacao Mundial de Saude (WHO), para a dose animal
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(Nair e Jacobe, 2016). Para isso, multiplicou-se a dose da miltefosina (2.5 mg/Kg/dia) pela
constante da dose equivalente para camundongo (12.3), obtendo-se 30 mg/Kg/dia. A dose de
30 mg/Kg via i.p. do dcido ascérbico (Sigma-Aldrich, St. Louis, MO, lote 69085) foi baseada
em um estudo anterior, onde detectou-se seu feito antioxidante (Castelo Branco et al., 2019).

Ambas as drogas foram dissolvidas em dgua destilada.
2.4 Ensaios

Ao final de 28 dias de tratamento os animais foram submetidos aos ensaios.
Inicialmente realizou-se o teste do cometa para avaliacao genotdxica. Posteriormente os
animais foram anestesiados com xilazina (20 mg/Kg) e ketamina (100 mg/Kg) para coleta do
sangue por punc¢do cardiaca, seguindo-se os ensaios para dosagem de enzimas antioxidantes,

avaliacdo da carga parasitdria e expressao génica, conforme descrito a seguir.
2.4.1 Ensaio do cometa (Singh et al. 1988; Tice et al. 2000)

Para a andlise da genotoxicidade da miltefosina e do 4cido ascorbico foi realizado o
ensaio do cometa com sangue da cauda dos animais e misturado com 100 pl de agarose baixo
ponto de fusdo (0,5%), sendo essa mistura transferida para uma lamina pré-revestida com
agarose com ponto de fusdo normal (1,5%). Em seguida, laminulas foram sobrepostas nessas
laminas e refrigeradas por 15 min. Apds a solidificagdo, as 1aminas foram imersas em solu¢@o
de lise (2,5 M de NaCl, 100 mM de EDTA, 10 mM de Tris, 10% de dimetilsulféxido, 1% de
Triton X-100, pH 10) e refrigeradas overnight a 4°C. Posteriormente, as l&minas foram
incubadas em soluc¢do alcalina (NaOH 10 M, 0,2 M EDTA e dgua destilada, pH 13) durante 20
minutos a 4°C, seguida por eletroforese a 25 V e 300 mA durante 30 min. As laminas foram
neutralizadas (0,4 M de Tris/HCI, pH 7,5), secadas a temperatura ambiente e fixadas em etanol
100% por 4 minutos. Em seguida, as ldminas foram coradas com 20 pg/mL de brometo de

etidio e analisadas em microscépio de fluorescéncia (Olympus BX61).

Para o ensaio do cometa modificado utilizou-se as enzimas formamidopirimidina
glicosilase (FPG) e endonuclease III (ENDOIII), apds o periodo na solugdo de lise, as laminas
foram lavadas, trés vezes de 5 minutos cada, com tampao (40 mM HEPES, 0,1M KCl, 0,5mM
EDTA, 0,2 mg/mL BSA, pH 8.0 com KOH). As enzimas foram diluidas conforme
recomendacao do fabricante e acrescentadas nas laminas (50 pl de ENDO III e 75 ul de FPG).
Posteriormente, foram incubadas por 30 minutos (FPG) e 45 minutos (ENDO III) a 37°C (New
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England Biolabs®). As laminas foram lavadas uma vez com tampao PBS e colocadas em cuba

de eletroforese, seguindo-se as demais etapas do ensaio do cometa descritas anteriormente.

Duzentos nucleoides foram analisados por animal considerando o tamanho e a
quantidade de DNA presente na cauda do cometa. Os danos foram classificados em 5 niveis:
Classe 0 - nenhum dano (<5%); Classe 1 - baixo nivel de danos (5-20%); Classe 2 - nivel
moderado de danos (20-40%); Classe 3 - alto nivel de danos (40-94%); Classe 4 - dano total (>
95%) (Speit e Hartmann, 1995). O escore de danos foi obtido através da multiplicacdo do

nimero de nucleoides em cada classe pelo respectivo valor da classe, usando a equagao:
Escore = [(0xn0)+ (1 xnl) + (2xn2)+ (3xn3)+ (4 xn4)]/total do nimero de células

2.4.2 Dosagem de enzimas antioxidantes

A dosagem das enzimas antioxidantes SOD, GPx e CAT foi realizada a partir do plasma
dos animais, seguindo-se as recomendacdes do fabricante (Cayman Chemical, Ann Arbor, MI,

USA).

2.4.3 Ensaio de Diluicdo Limitante (Rodrigues et al., 2009)

Resumidamente, o bago e o linfonodo foram colhidos assepticamente e homogeneizados
individualmente em 1.0 ml de meio Schneider's Drosophila (Sigma-Aldrich, EUA)
suplementado com 10% de soro fetal bovino inativado (GIBCO). Este ensaio foi realizado em
duplicata. A suspensdo com o 6rgao homogeneizado (25 ul) foi diluida em 1:8 no primeiro
poco, contendo 175 ul do meio, totalizando um volume de 200 ul de suspensdo. Do primeiro
poco retirou-se 100 pl da suspensdo e realizou-se a dilui¢cao de 1:2 até o 12° poco da placa de
96 pogos. Apds 14 dias, analisou-se a amostra de cada pogo e definiu-se como positivo ou
negativo dependendo da presenga ou auséncia de promastigotas no poco. O titulo final foi
definido como a dilui¢do mais elevada para a qual o poco continha pelo menos um parasita
ativo. O numero de parasitas por grama do 6rgao homogeneizado foi calculado como se segue:
a reciproca do ultimo titulo positivo pelo total do volume homogeneizado do 6rgdo x fator de
diluicao dividido pelo peso em gramas do 6rgao homogeneizado. A carga parasitéria vidvel foi

expressa como o nimero de leishmania por grama de érgdo homogeneizado.
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2.4.4 Expressao génica por PCR em tempo real (Livak e Schmittgen, 2001).

O RNA foi extraido do figado dos animais (100 mg) usando Trizol® (Invitrogen) de
acordo com as recomendacgdes do fabricante. A transcri¢do reversa foi realizada utilizando-se
o kit High Capacity cDNA Reverse Transcription Kit™ (ThermoFisher™). A reacao foi feita
de acordo com a especificagdo do fabricante. O cDNA obtido foi diluido em 4gua destilada
estéril na razdo 1:5.

As reagdes de PCR quantitativa em tempo real foram realizadas em sistema TagMan
Universal PCR Master Mix (Applied Biosystems, EUA). Utilizou-se 2 uL de cDNA de cada
amostra mais 8 uL do mix (2,5 uL de nuclease free water, 5,0 uL de Tagman Universal PCR
Master Mix e 0,5 uL de cada primer), com volume total de 10 uL por reacdo. Todas as reacdes
foram feitas em triplicata. As condi¢des de amplicagdo seguiram as recomendacdes do

fabricante.

Em cada ensaio, utilizou-se como amostra de referéncia o pool de DNA dos animais do
grupo CN (grupo ndo infectado e nao tratado). Os dados foram normalizados com o gene
gliceraldeido-3-fosfato-desidrogenase (GAPDH) amplificado em cada ensaio para o calculo da

expressao relativa dos genes de reparo OGGI, MUTYH, NUDTI (ThermoFisher™).

2.5 Analise Estatistica

A normalidade dos dados foi analisada pelo teste de Kolmogorov-Smirnov. Os dados
numéricos obtidos pelos ensaios do cometa, ensaio de dilui¢do limitante, dosagem de enzimas
antioxidantes e expressdo génica foram submetidos a andlise de variancia 1 critério (ANOVA),
seguido do pods-teste de Tukey. Os dados do cometa seguido de digestdo enzimadtica foram
submetidos ao teste T pareado. Todos os dados foram analisados utilizando o software

GraphPad Prism 6.01, com valores considerados significativos quando p < 0.05.

3 RESULTADOS
Miltefosina causa oxidaciao de purinas e pirimidinas

O ensaio do cometa convencional mostrou que a miltefosina, assim como o 4cido
ascorbico, apresentam ac¢ao genotoxica (p < 0.05) nas condicdes experimenatis testadas (Figura

1A). Nesses grupos verificou-se principalmente aumento de danos de classes 2 e 3 (Figura 1B).
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No ensaio do cometa modificado, a adi¢do de ambas as enzimas de reparo, FPG e ENDO 111,
revelou danos oxidativos causados pela miltefosina (p < 0.05), inclusive na presenca do dcido
ascorbico (Figura 1C e 1D). Observa-se também que os animais tratados somente com acido

ascorbico induzem danos oxidativos apenas na presenca da enzima FPG.

Figura 1. Escore de danos no DNA detectado pelo ensaio do cometa convencional (A e B) e pelo ensaio do cometa
seguido da digestdo das enzimas FPG (C) e ENDO III (D) em camundongos Balb/c infectados com L. infantum e

tratados com miltefosina e acido ascorbico.
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LEGENDA: A: Frequéncia de classes de nucleoides observadas pelo ensaio do cometa; B: Ensaio do cometa sem
adicdo de enzima. ANOVA seguido do pés teste de Tukey.

C e D: Ensaio do cometa com adi¢do das enzimas FPG e ENDO II1, respectivamente. Teste T pareado.

*p <0.05; ** p < 0.01; Letras diferentes denotam diferenca estatistica (p < 0.05),

NC: controle ndo infectado e ndo tratado; IC: controle infectado com L. infantum; MT: grupo tratado com
miltefosina (30 mg/Kg durante 28 dias); MT + AA: grupo tratado com miltefosina e dcido ascérbico (30 mg/Kg
durante 28 dias cada); AA: grupo tratado com 4cido ascérbico (30 mg/Kg durante 28 dias).

O acido ascorbico ndo interfere na eficacia da miltefosina

Também demonstramos que tanto nos animais tratados somente com miltefosina

quanto nos animais tratados simultanemente com miltefosina e acido ascérbico houve reducido
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significativa da carga parasitdria no linfonodo, enquanto no baco essa reducdo ndo foi

estatisticamente significativa (Figura 2).

Figura 2. Efeito do 4cido ascérbico na carga parasitdria do linfonodo (A) e bago (B) de camundongos Balb/c

infectados com L. infantum tratados com miltefosina.
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LEGENDA: ** p <0.01, ANOVA seguido pelo p6s-teste de Tukey.
IC-i: controle infectado com L. infantum (28 dias de infec¢do somente); IC: controle infectado com L. infantum
mais 28 dias recebendo dgua destilada; MT: grupo tratado com miltefosina (30 mg/Kg durante 28 dias); MT +

AA: grupo tratado com miltefosina e dcido ascérbico (30 mg/Kg durante 28 dias cada); AA: grupo tratado com
acido ascorbico (30 mg/Kg durante 28 dias).

Miltefosina aumenta a atividade da enzima SOD

A Figura 3 mostra que o antileishmanial miltefosina aumentou a atividade da enzima

SOD (p < 0.05), enquanto o 4cido ascorbico foi capaz de modular esse feito (Figura 3). Para as

enzimas GPx e CAT ndo houve alteragdo da atividade enzimatica em nenhum dos grupos (p >

0.05).

Figura 3. Efeito do dcido ascérbico na atividade das enzimas antioxidantes glutationa peroxidase (A), catalase

(B) e superoxido dismutase (C) em camundongos Balb/c infectados com L. infantum tratados com miltefosina.
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NC: controle nio infectado e ndo tratado; IC: controle infectado com L. infantum; MT: grupo tratado com
miltefosina (30 mg/Kg durante 28 dias); MT + AA: grupo tratado com miltefosina e 4cido ascérbico (30 mg/Kg
durante 28 dias cada); AA: grupo tratado com 4cido ascérbico (30 mg/Kg durante 28 dias).

Miltefosina aumenta a atividade do gene de reparo OGG!

Os animais infectados e tratados com miltefosina apresentaram maior expressao do
gene OGGI (p < 0.001). Interessantemente, quando esses animais foram tratados
simutanemente com miltefosina e dcido ascérbico ndao foi observada alteracdo na expressao
desse gene (Figura 4). Os genes NUDTI e MUTHY ndo apresentaram expressao diferenciada

em nenhum dos grupos.

Figura 4. Expressio diferencial dos genes de reparo NUDT1, OGGI E MUTHY em camundongos Balb/c

infectados com L. infantum tratados com miltefosina e dcido ascérbico.
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LEGENDA: *** p <0.001, ANOVA seguido do pds-teste de Tukey.

NC: controle nio infectado e ndo tratado; IC: controle infectado com L. infantum; MT: grupo tratado com
miltefosina (30 mg/Kg durante 28 dias); MT + AA: grupo tratado com miltefosina e acido ascérbico (30 mg/Kg
durante 28 dias cada); AA: grupo tratado com 4cido ascorbico (30 mg/Kg durante 28 dias).

4 DISCUSSAO

Nos dltimos anos tem sido demonstrado o efeito genotéxico e mutagénico de drogas
antileishmaniais. Nosso grupo mostrou que tanto o N-metil-glutamina (Glucantime®) (Lima et
al., 2010; de Jesus et al., 2018; Moreira et al., 2017) quanto a miltefosina (Impavido®) (Castelo
Branco et al., 2016) causam lesdes gendmicas. Além disso, demonstrou-se que essas lesoes
decorrentes de estresse oxidativo sdo passiveis de correcdo pelo sistema antioxidante nao
enzimatico, como isoflavonas (Cantanhéde et al., 2015), genisteina ou dcido ascorbico (de Jesus

et al., 2017; Castelo Branco et al., 2019). Neste trabalho, sob condi¢do de tratamento multiplo
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e utilizando dose huamana equivalente, ratificamos os danos genotéxicos causados pela
miltefosina em bases purinas do DNA (Castelo Branco et al., 2016), além de demonstrarmos

que a miltefosina também causa oxidag@o de bases pirimidinas.

Mostramos também que o acido ascdrbico, na dose utilizada, apresentou atividade
genotdxica. Outros autores ja relataram que o 4dcido ascérbico pode ter propriedade pro-
oxidante (Duarte e Lunec, 2005; Harréus et al., 2005; Ergul et al., 2010), o que justifica que
neste trabalha ndo tenha sido observada sua atividade antigenotdxica. Sabe-se que o 4cido
ascorbico contribui para a formacio do dano oxidativo pela redugio de fons férrico Fe** para
Fe’* e Cu** a Cu'", o que, por sua vez, pode reduzir peréxido de hidrogénio (H202) a radicais
hidroxila (OH-). No entanto, em geral, essas reacOes, conhecidas como reagdes de Fenton,
quando mediadas pelo 4cido ascérbico s@o controladas no corpo humano devido ao sequestro
eficiente de ferro por proteinas como ferritina e transferrina (Duarte e Lunec, 2005). Dessa
forma, o estresse oxidativo observado pode ter sido ocasionado pela alta dose administrada nos
animais somado a capacidade natural destes em sintetizar esse antioxidante (Drouin et al., 2011).
De todo modo, o acido ascérbico ndo interferiu na eficidcia da miltefosina no combate aos

parasitas do linfonodo (Figura 2).

Outro dado importante demonstrado neste estudo é o aumento da atividade da enzima
SOD causado pela miltefosina, sendo este diminuido significativamente na presenca de acido
ascorbico (Figura 3). Sabe-se que a SOD tem papel crucial no controle do estresse oxidativo
em células eucaridticas (Van Assche et al., 2011) e que sua atividade € aumentada na presenca
de radicais superoxido (O2") (Ergul et al., 2010), transformando-os em oxigénio (O>) e peréxido
de hidrogénio (H202). Segundo Smirnoff (2018) o 4cido ascorbico, em altas concentragdes, na
sua forma ionizada (ascorbato) reage com radicais superoxido complementando a SOD na

remocgao de superdxido in vivo, justificando nossos achados.

Para restabelecer o equilibrio redox na célula, a enzima CAT e/ou GPx deveria
transformar o H,O, em H>O + O». Porém, nio houve aumento de atividade dessas enzimas em
nenhum dos grupos, sugerindo que o H>O> produzido apds a reagdo de dismutagcdo do radical
O2 possa ter sido transformado, pelas reagdes de Fenton ou Haber-Weiss, em radical hidroxila
(OH-), que € altamente reativo podendo causar danos em todos os tipos de biomoléculas,
incluindo proteinas, lipidios e DNA e ndo apresenta defesa enzimadtica especializada (Ribeiro

et al., 2008).
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Além disso, ndo foi observada alteracdo em nenhuma dessas enzimas nos animais do
grupo controle infectado, diferente dos resultados de Moreira et al. (2017) que mostrou que L.
infantum per se alterou os niveis das trés enzimas. Isso se deve talvez ao periodo de infec¢ao
dos animais antes de receber tratamento antileishmanial, 45 dias, enquanto neste trabalho foi

de apenas 28 dias.

Por fim, verificamos aumento na expressdo do gene de reparo OGGI no grupo de
animais tratados com a miltefosina e a diminui¢do da expressdo desse gene nos animais co-
tratados com dcido ascorbico. Esse gene codifica uma proteina que tem como funcio remover
8-0x0G. A o0x0-G facilmente pareia-se com a adenina, provocando durante a replicacio
transversdes do tipo G:C—>T:A (Nascimento et al., 2017). Corroborando nossos resultados,
Tarng et al. (2004) relataram ndo apenas uma regulacdo positiva da expressdo de mRNA de
hOGG]I 24 h ap6s a administragdo de dcido ascérbico, mas também uma diminui¢@o nos niveis

de 8-0x0-dG.

Por outro lado, ndo houve expressao diferencial dos genes NUDT1 e MUTYH (dados
nao mostrados). O gene NUDTI previne a incorporacdo de 8-oxoG no DNA durante a
replicacdo (Burton e Rai, 2015), enquanto o gene MUTYH atua retirando a adenina pareada
erroneamente a 8-0xoG. Como o gene NUDT nao atuou, a 8-0xoG incorporou-se no DNA, dai
a regulacdo positiva da expressdao do gene OGG/. Por sua vez, com o funcionamento correto
do gene OGGI, as bases oxidadas 8-0x0G sdo retiradas, ndo permitindo que a adenina faga o

pareamento incorreto, onde atuaria o MUTYH.

Com base no exposto, talvez a estratégia mais promissora para o tratamento da
leishmaniose seja a combinacdo de multiplas terapias para aumentar a eficiéncia, diminuir o
tempo do tratamento e resisténcia aos medicamentos. Diversos estudos t€m demonstrado que a
miltefosina € um antileishmanial efetivo, enquanto o 4cido ascorbico, na dose adequada,
protege as células contra estressores causados pela miltefosina, atuando como potente

antioxidante e aumentando a capacidade de reparo celular.

5 CONCLUSAO

Neste trabalho demonstramos que a miltefosina causa danos ao DNA por oxidacdo de
pirimidicas, além de bases puricas. O 4cido ascérbico também atuou como genotdxico,

causando estresse oxidativo por oxidacdo de bases puricas. Contudo o 4cido ascérbico nao
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interferiu na eficicia da miltefosina e modulou positivamente a enzima antioxidante SOD e o

gene de reparo OGG1 contra os radicais livres produzidos pela miltefosina.
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No Brasil, o antimoniato de meglumina ainda é o medicamento de primeira escolha no
tratamento das leishmanioses. Porém o aumento de casos de morbidade e mortalidade revelam
as falhas de tratamento decorrentes do uso desse antimonio. A miltefosina é uma droga ndo
antimonial, de uso oral, considerada eficaz para o tratamento das leishmanioses. Com apenas
uma década e meia de uso, sua eficicia foi bastante relatada em diversos trabalhos no mundo,
embora seus primeiros relatos de recidivas e resisténcias também. Contudo, ndo havia relatos
sobre a interacdo desta droga com o material genético. Neste trabalho demonstramos que a
miltefosina causa danos ao DNA por oxidacao de bases puricas e pirimidicas, além de apoptose
e necrose. Demonstramos ainda que o antioxidante dcido ascOrbico consegue reparar esses
danos, ndo interferindo na eficdcia da droga, modulando positivamente a enzima antioxidante

SOD e o gene de reparo OGG/ contra os radicais livres produzidos pela miltefosina.
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ANEXO A. Parecer consubstanciado do Comité de Etica em Pesquisa Humana.

UNIVERSIDADE FEDERAL DO Plataforma
MARANHAO/MA %oﬂl

PARECER CONSUBSTANCIADO DO CEP

DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: TOXICOGENETICA DE MEDICAMENTOS ANTILEISHMANIAIS E ANTIHANSENICOS
Pesquisador: SILMA REGINA FERREIRA PEREIRA

Area Tematica:

Versao: 2

CAAE: 48119215.6.0000.5087

Instituigao Proponente: FUNDACAO UNIVERSIDADE FEDERAL DO MARANHAO

Patrocinador Principal: FUND DE AMPARO A PESQUISA AC DESEN CIENTIFICO E TECNOLOGICO
DO MARANHAO - FAPEMA

DADOS DO PARECER

Ndamero do Parecer: 1.284.493

Apresentagao do Projeto:

As leishmanioses e a hanseniase sdo endémicas no Maranhdo, sendo que os tratamentos dessas doencas
sao realizados por medicamentos recomendados pela OMS e Ministério da Saude, apesar dos seus
reconhecidos efeitos toxicos. Os mecanismos de acdo desses farmacos tambem ndo sao completamente
esclarecidos, inclusive a interacao desses compostos com o material genético, apesar de que, desde a
década de 1980, os

orgaos de salde publica e as agéncias ambientais, em varios paises industrializados, acrescentaram a
mutagenicidade a lista das propriedades toxicas a serem avaliadas antes que agentes quimicos, aditivos
alimentares e medicamentos fossem introduzidos no mercado uma vez que estudos mostram que cerca de
80 dos agentes mutagénicos sdo carcinogénicos. A caréncia de trabalhos que investiguem os danos
genéticos que os antileishmaniais e antihansénicos podem causar nos pacientes reflete a falta de politica
das indulstrias farmacéuticas em avaliar os efeitos colaterais de produtos utilizados no tratamento de
doencas negligenciadas prevalentes em paises em desenvolvimento. Tdo pouco ha investimento
significativo na busca de novas drogas para tratamento dessas doencas. Considerando-se a escassez de
trabalhos investigando os mecanismos pelos quais as drogas antileishmaniais e antihansénicas agem, bem
como a crescente busca de medidas que reduzam os efeitos toxicos desses medicamentos, propomos o
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desenvolvimento deste trabalho a fim de esclarecer o possivel efeito genotdxico nos pacientes infectados e
em

tratamento, no Estado do Maranhdo, bem como avaliar se agentes reconhecidamente antimutagénicos,
como a genisteina e a vitamina C, sdo capazes de agir como quimioprotetores sobre a genotoxicidade
induzida por esses farmacos.

Objetivo da Pesquisa:

Objetivo Primario:

Avaliar a genotoxicidade e mutagenicidade de antileishmaniais (Glucantime e Metilfosine) e antihansénicos
(Rifampicina, Dapsona e Clofazimina) de modo a determinar o potencial risco de inducido de lesdes
gendmicas em pacientes sob tratamento com esses medicamentos.

Objetivo Secundario:

- Analisar os efeitos da vitamina C sobre a modulag@o da genotoxicidade induzida pelo Glucantime® em
camundongos.

- Avaliar o potencial genotdxico e mutagénico do farmaco miltefosina em cultura de células humanas in vitro.
- Analisar os efeitos genotoxicos e mutagénico do tratamento com poliquimioterapia MB e PB em pacientes
com hanseniase.

Avaliacao dos Riscos e Beneficios:

Riscos:

Este projeto confere riscaos minimos aos voluntarios uma vez que sera feita apenas uma punc¢do venosa
para retirada de 5ml de sangue. E garantida a manutencéo do sigilo e da privacidade dos participantes da
pesquisa durante todas as fases da pesquisa. Os resultados das analises genéticas para fins de divulgacao
cientifica sempre serdo feitos considerando-se o grupo amostral, e ndo individualmente. Esses
procedimentos garantem a

confidencialidade e a privacidade, a protecdo da imagem e a ndo estigmatizacdo dos participantes da
pesquisa, garantindo a ndo utilizacdo das informagdes em prejuizo das pessoas, inclusive em termos de
auto-estima.

Beneficios:

- Conhecimento do potencial genotoxico e mutagénico de medicamentos utilizados no tratamento de
doencas infecciosas endémicas no Maranhéo.

- Consolidacdo de Grupo de Pesquisa no Maranhdo que se dedica a caractenzacdo e avaliagdo de atividade
biclogica de compostos quimicos fortalecendo cooperacdes cientificas e transferéncia de tecnologias entre a
Universidade Federal do Maranh&o e outros centros do pais.
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Comentarios e Consideragdes sobre a Pesquisa:

asil

Rgrad

A pesquisa esta muito bem elaborada com solido suporte cientifico excelentes objetivos e materiais e

metodos de excelente padrao.

Consideragoes sobre os Termos de apresentagiao obrigatoria:

Todos os termos foram apresentados e estdo de acordo com a resolucdo 466/12 do CNS.

Recomendagdes:
N&o existem recomendacdes.

Conclusoes ou Pendéncias e Lista de Inadequagodes:
Todas as pendéncias foram acatadas e corrigidas pela pesquisadora.

Consideragoes Finais a critério do CEP:

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipo Documento Arquivo Postagem Autor Situacdo
Informagdes Basicas|PB_INFORMACOES_BASICAS_DO_P | 06/10/2015 Aceito
do Projeto ROJETO 535372 pdf 174711
Folha de Rosto Folhaderosto_pdf 06/10/2015 |SILMA REGINA Aceito

17:39:65 |FERREIRA
Projeto Detalhado / | Projeto Fapema 2014 universal 01/08/2015 Aceito
Brochura Plataforma Brasil pdf 10:30:23
Investigador
Projeto Detalhado / | Projeto Fapema 2014 universal 01/08/2015 Aceito
Brochura Plataforma Brasil.doc 10:29:39
Investigador
TCLE / Termos de | TCLE prof.docx 22/07/2015 Aceito
Assentimento / 13:36:21
Justificativa de
Auséncia
Outros termo-de outorga - universal 2014 pdf 21/07/2015 Aceito
11:14:35
Outros FORMULARIO CEUA 11/06/2015 Aceito
231150092292014 SILMA pdf 10:49:49

Situagido do Parecer:
Aprovado

Necessita Apreciagao da CONEP:

N&o

Enderego:

UF: MA
Telefone:

Avenida dos Portugueses, 1866 CEB Velho

Bairro: Bloce C,Sala 7, Comitg de Etica
Municipio:

(98)3272-8708

CEP: 65.080-040
SAO LUIS
Fax: (98)3272-8708

E-mail:

cepufma@ufma.br
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FRANCISCO NAVARROQ
(Coordenador)
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UNIVERSIDADE FEDERAL DO MARANHAD

COMITE DE ETICA EM EXPERIMENTACAD ANIMAL

PARECER COMSUBSTANCLADC INICIAL

PROJETO DE PESOUISA

TOXICOGEMETICA DE MEDICAMENTOS
ANTILEISHMAMIAIS E ANTIHANSENICOS

N do parecer: 17

Registro do CEUA: 17714

N do Protocolo: 23115009229,/ 2014-21
Data de entrada no CEUA: 31,0614

Farecer: APROVADD

| —ldentificagdo

Titulo do projeto:

TOXICOGEMNETICA DE MEDICAMENTOS ANTILEISHMANIAIS E ANTIHANSENICOS

Identificacio da equipe executora:

Colaboradores:

Wanessa Ribeiro Maoreira

Patricia Valeria Gomes Castelo Branco
Rossy-Eric Pereira Soares

Elisabeth Coelho Morais

Luis Claudio Lima de Jesus

Poena Pereira da Sikva

Antonio Augusto Lima Teixeira Junior

Profa. Dra. Silma Regina Ferreira Pereira {coordenador)

Instituicdo onde sera realizado:

Universidade Federal do Maranhdo

Ciéncias Biologicas

Area tematica: Multicentrico:

Data de recebimento:

30/06/2014




Cooperacao estrangeira: Data de devolucao

20052015

Il — Objetivos:

Avaliar 3 genotoxicidade & mutagenicidade de antileishmaniais (Glucantime e Metilfosing] e
antihansenicos [Rifampicina, rapsona e Clofazimina) de modo a determinar o potencial risoe
de inducdo de lestes gendmicas em pacientes sob tratamento com esses medicamentos.

1l — Sumario do projato:

0 projeto destaca duas doencas endémicas no Estado do Maranh2e, como leishmanioses e a
hanseniase sendo o tratamento, mesmo reconhecido pela OMS, apresenta uma elevada
toxicidade. Meste contexto o projeto se subdivide em um estudo clinico e pré-clinico, sendo
este ultimo com o objetive de avaliar os efeitos de toxicidade génica de drogas
antileishmaniais [Glucantime & Metilfosineg) e antihansenicos [Rifampicina, Dapsona e
Clofazimina) atraves do tratamento de animais para posterior analise pelo teste de cometa e
micronucles. O projeto propoe 14 ensaios subdivididos em 5 grupos contendo 5
animais/grupo, totalizando 350 camundongos Swiss.

IV — Comentario do relator frente 3 resolucdo N2 779 - COMSEPE & complementares am
particular sobre:

O projeto apresenta uma tematica relevante, fundamentado em com uma proposta que
colabora n@o s0 no aspecto cientifico, mas na melhoria do tratamento de doencas
endémicas no Estado do Maranhdo. Os objetivos s3o claros, entretanto na  descricao do
metodo nao fica claro, pelo contexto fundamentado, a importancia de todos os grupoes. Os
controles negativo (agua) e positive [cclofosfamida) s30 os mesmos para todos os grupos,
nao sendo claro a necessidade da repeticdo.

V - Pendéncias
VI - Recomendagbes

Vil — Parecer consubstanciado do CEUA

530 Luls 20 ! 05 - L

Profa Dra Lucilens Amorim Silva
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ANEXO C. Parecer consubstanciado do Comité de Etica em Experimentacio Animal:

Potencial Toxicogenético do Antileishmanial Miltefosina (hexadecilfosfocolina)

e UNIVERSIDADE FEDERAL DO MARANHAD

COMBSSAO DE ETICA NO USO DE ANIMALS- CEUA “’u
: : & CIAEP: 01.0341.2014
'|._h J:'\.
N e ¥ iy e b e de b,
CERTIFICADOD

Certificamos que a proposta intinilada:® POTENCAL TOXICOGENETICD DO
ANTILEISHMANIAL MILTEFOSINE [HEXADEQLFOSFOCOLINA)Y", Processo n?
23115029807 72018-70, sob a responsabilidade da Profa. Dra Silma Begima
Ferreira Pereira, que envolve a producio, manutencis ou uillizacio de animais
pertencentes 20 filo Chordata, subfils Vertebrata [exreto humanos), para fins de
pesguisa dentfica (ou ensing) - encontra-se de acordo com o5 preceitos da Lei n®
11,794, de B de oatubro de 2008, do Derreto n® 6899, de 15 de jutho de 2009, e com
s normas editadas pelo Conselho Nagional de Comtrole de Experimentacio Animal
[COMNCEA), e foi considerado APROVADO pela Comissdo de Eticano Uso de Animais
(CEUA - UPMA) da Universidade Federal do Maranhio,

FINALIDADE { VEMSING [0 PESQUISA [ ) EXTENSAD

Wi ia da autorizacan 20,/0272019 a 20,/02/2021

Tﬂffﬁﬂuﬁ&m,-‘mga L AMmACEDS — Mus muscules — Balb)c

WE de animais 25 animais

Pesoldade 25 a30g - 60 dias

Texn HMachos

Origem Centro MulGdisdplinar pera InvesEzacao
Bioldgica - CEMIB, Umiversidade de
Camgpinas - UNICAMP.

\Pow—_

Prof D, Cardaso Carvalio
Presidente da Comissio de Etica no use de Animais — CEUA/UFBMA




97

ANEXO D. Co-autoria em artigo publicado: Genistein and Ascorbic Acid Reduce
Oxidative Stress-Derived DNA Damage Induced by the Antileishmanial Meglumine
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Genistein and Ascorbic Acid Reduce Oxidative Stress-Derived
DNA Damage Induced by the Antileishmanial Meglumine

Antimoniate

Luis Claudio Lima de Jesus,® Rossy-Eric Pereira Soares,® Vanessa Ribeiro Moreira,® Raissa Lacerda Pontes,?

Patricia Valéria Castelo-Branco,® ©”Silma Regina Ferreira Pereira®

3| aboratdrio de Genética e Biologia Molecular, Departamento de Biologia, Universidade Federal do Maranhao,
Cidade Universitaria Dom Delgado, Sao Luis, Maranhao, Brazil

ABSTRACT Meglumine antimoniate (Glucantime) is a pentavalent antimonial used
to treat leishmaniasis, despite its acknowledged toxic effects, such as its ability to
cause oxidative damage to lipids and proteins. Recently, our group demonstrated
that meglumine antimoniate causes oxidative stress-derived DNA damage. Knowing
that antioxidants modulate reactive oxygen species, we evaluated the capacity of
genistein and ascorbic acid for preventing genotoxicity caused by meglumine anti-
moniate. For that, mice (n = 5/group) received genistein (via gavage) in doses of 5,
10, and 20 mg/kg for three consecutive days. After this period, they were treated
with 810 mg/kg meglumine antimoniate via intraperitoneal (i.p.) route. Furthermore,
mice (n = 5/group) simultaneously received ascorbic acid (i.p.) in doses of 30, 60,
and 120 mg/kg and 810 mg/kg meglumine antimoniate. We also conducted post-
and pretreatment assays, in which animals received ascorbic acid (60 mg/kg) 24 h
prior to or after receiving meglumine antimoniate. Genomic instability and mutagen-
icity were analyzed through conventional comet assay and enzymatic assay using
formamide pyrimidine DNA glycosylase (Fpg) enzyme, as well as the micronucleus
test, respectively. Meglumine antimoniate induced an increase in the DNA damage
after digestion with Fpg, reinforcing its mutagenic potential by oxidizing DNA bases,
which was prevented by genistein. Similarly, ascorbic acid was capable of reducing
mutagenic effects in simultaneous treatment as well as in posttreatment. Therefore,
our results demonstrate that both compounds are efficient in preventing mutations
in mammalian cells treated with meglumine antimoniate.

KEYWORDS antioxidants, antimutagenicity, soy isoflavone, vitamin C, pentavalent
antimonial

eishmaniases are chronic and noncontagious infectious diseases that are broadly
ldistributed around the world and caused by more than 20 species of protozoans
from the genus Leishmania (1). Clinical manifestations vary according to the parasite
species causing the disease, with three main forms: (i) cutaneous leishmaniasis (CL), the
most common form, which causes ulcers in the skin; (i) mucocutaneous leishmaniasis
(ML), which affects skin and mucous membranes, causing total or partial damage to
affected areas; and (iii) visceral leishmaniasis (VL), also known as kala-azar, which is the
most serious clinical form and affects internal organs, sometimes being fatal if not
adequately treated (1, 2). Estimates of about 50,000 to 90,000 new cases of VL
throughout the world are predicted every year. In 2015, over 90% of all cases were
recorded in Brazil, Ethiopia, India, Kenya, Somalia, Sudan, and South Sudan. Regarding
CL, about 0.6 to 1 million new cases occur yearly, of which 2/3 are from six countries
located in South America, the Mediterranean bay, the Middle East, and Central Asia (1).

Despite its high incidence and alarming clinical consequences, leishmaniasis is still
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a neglected disease. Meglumine antimoniate (Glucantime) is one of the drugs most
used to treat leishmaniasis by recommendation of the World Health Organization (3-5),
even though its mechanisms of action are still unclear and its toxic effects are well
known (6, 7). Among the main hypotheses on the mechanism of action of meglumine
antimoniate, one suggests that SbY acts as a prodrug, which is metabolized and
reduced to its more toxic trivalent form (Sb'"). In vertebrates, this reduction can be
mediated by thiols, such as glutathione (GSH) and cysteine or cysteine-glycine, pre-
sented in the cytosol and phagolysosomes of the macrophages, respectively. On the
other hand, the reduction can occur within the parasite through the trypanothione-
and thiol-dependent reductase enzyme (8-10). Hence, the antimonial induces the
production of reactive oxygen species (ROS) and, consequently, oxidative stress (10—
14). This leads to disturbances in the normal redox state of the cell, damaging the main
biomolecules such as proteins, lipids (15), and DNA (16).

To control generation of ROS, cells possess an elaborate enzymatic system involving
many enzymes with antioxidant activities, such as glutathione peroxidase (GPx), super-
oxide dismutase (SOD), glutathione S-transferase (GST), and catalase (CAT), whose
function is to the stop buildup of ROS in the organism and prevent these agents from
causing damage to biomolecules (17, 18). Some nonenzymatic compounds also show
antioxidant activity and are obtained mainly through diet, such as «-tocopherol
(vitamin E), ascorbic acid (vitamin C), carotenoids, and flavonoids, as well as peptides
with thiol groups, such as GSH, among others (19, 20). Interestingly, studies have
demonstrated that antioxidant compounds such as ascorbic acid and genistein can also
reduce mutations induced by different mutagens (21, 22).

Considering that our research group has demonstrated that meglumine antimoniate
causes oxidation of nitrogenous bases on DNA and alters oxidant enzymes activities in
BALB/c mice infected by Leishmania (Leishmania) infantum, leading to genomic insta-
bility and mutation fixation (23), and keeping in mind that antioxidant compounds
neutralize deleterious actions of ROS on biomolecules (24, 25), the aim of this study was
to evaluate the potential of two acknowledged antioxidants (genistein and ascorbic
acid) in modulating genetic damage caused by the antileishmanial meglumine anti-
moniate.

RESULTS

Meglumine antimoniate induces oxidative stress-derived DNA damage. Figure
1 shows the frequencies of nucleoid classes observed by the conventional comet assay
(Fig. 1A) and by comet assay followed by digestion using Fpg enzyme (Fig. 1B) in
peripheral blood leukocytes from healthy mice treated with meglumine antimoniate.
The frequency of the highest nucleoid classes (3 and 4) increased when comparing the
group treated using meglumine antimoniate to the negative control (NC) (P < 0.05).
There also was no significant difference between the positive control (PC) and the
group treated with the antimonial, reiterating the drug's genotoxic potential (Fig. 1C).
On the other hand, the comet assay followed by digestion with Fpg enzyme showed an
increase in frequency for classes 2, 3, and 4 (Fig. 1B) compared to that found by
conventional comet assay. This novel damage class distribution is reflected in DNA
damage scores (Fig. 1), in which the level of damage increased significantly after
digestion with the endonuclease Fpg (P < 0.001), thus reinforcing that this antileish-
manial causes damage to DNA by oxidation of bases.

Genistein and ascorbic acid reduce genotoxic damage caused by meglumine
antimoniate. The comet assay in peripheral blood leukocytes of mice treated with
genistein and meglumine antimoniate revealed an increase in the frequency of nucle-
oids 2, 3, and 4 in the group treated with meglumine antimoniate in relation to the
vehicle control (VC) group (P << 0.05) (Fig. 2A). On the other hand, there is a significant
difference (P < 0.05) between damage scores from the group receiving meglumine
antimoniate (GLU group) (1.53 = 0.30) and those obtained from groups pretreated with
genistein at 5 mg/kg (1.11 = 0.08), 10 mg/kg (0.9 = 0.11), and 20 mg/kg (0.98 = 0.06)
(Fig. 2B). These results reveal the ability of genistein to reduce genomic instability
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FIG 1 Frequencies of nucleoid classes observed in peripheral blood leukocytes from uninfected Swiss mice treated with
meglumine antimoniate (n = 5 per group) by conventional comet assay (A) and comet assay followed by Fpg digestion
(B) and their respective DNA damage scores (mean * standard deviation [SD]) (C). Statistical differences were calculated
using the Student t test (*, P < 0.05). NC, negative control (distilled water); PC, positive control (50 mg/kg cyclophospha-
mide); GLU, meglumine antimoniate (810 mg/kg).

induced by the antileishmanial, which showed a reduction of DNA damage of 51%,
78%, and 68%, respectively.

Regarding ascorbic acid, our data show an increase of class zero nucleoids in the
groups treated simultaneously (51, 52, and S3) (Fig. 3A) compared to the group treated
with meglumine antimoniate (P < 0.05). Hence, damage scores from groups treated
simultaneously with meglumine antimoniate and ascorbic acid (0.36 = 0.09, 0.27 =
0.11, and 0.39 = 0.12) were significantly lower than those from the GLU group (0.70 =
0.03) (P < 0.01), reaching a basal damage level similar to that for the negative control
(0.25 = 0.07) (Fig. 3B). Considering the percentage of DNA damage reduction (76%,
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FIG 2 Frequency of nucleoid classes observed by comet assay in peripheral blood leukocytes of Swiss mice treated using
genistein and meglumine antimoniate (A) and their respective damage scores (mean + SD) (B) (n = 5 per group). Different
letters (a, b, and ¢) indicate statistically significant differences (P < 0.05) by ANOVA followed by Tukey's ad hoc test. VC,
vehicle control (1% DMSO); PC, positive control (50 mg/kg cyclophosphamide); GLU, meglumine antimoniate (810 mg/kg);
G1, 5 mg/kg genistein plus 810 mg/kg meglumine antimoniate; G2, 10 mg/kg genistein plus 810 mg/kg meglumine
antimoniate; G3, 20 mg/kg genistein plus 810 mg/kg meglumine antimoniate).
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FIG 3 Frequencies of nucleoid classes and their respective DNA damage scores (mean = SD) obtained by comet assay in peripheral blood
leukocytes in Swiss mice treated with ascorbic acid and meglumine antimoniate. (A and B) Simultaneous treatment. $1, 30 mg/kg; S2, 60 mg/kg;
53, 120 mag/kg ascorbic acid plus 810 mg/kg meglumine antimoniate (n = 5 animals per group). (C and D) Pretreatment (60 mg/kg ascorbic acid
24 h prior to meglumine antimeniate [810 mg/kg]) and posttreatment (60 mg/kg ascorbic acid 24 h after meglumine antimeniate [810 mg/kg])
(n = 5 animals per group). Different letters (a, b, and ¢) indicate statistical difference (P < 0.05) by ANOVA followed by Tukey's ad hoc test.

95%, and 70%, respectively), we evaluated the effects of the intermediate dose (60
mg/kg) in simultaneous treatment, pretreatment, and posttreatment. The distribution
of classes and respective damage scores are shown in Fig. 3C and D. Scores obtained
from simultaneous treatment (0.27 = 0.11) and posttreatment (0.22 = (0.14) are
significantly lower than those from the group treated with meglumine antimoniate
(0.70 = 0.03) and do not differ between each other or from those for the negative
control. The procedures are thus equally efficient in reducing genomic damage caused
by the antileishmanial. On the other hand, ascorbic acid administration prior to
meglumine antimoniate did not present antigenotoxic action (score equal to 0.60 *
0.16).

Genistein and ascorbic acid decrease the frequency of micronucleated cells.
Meglumine antimoniate did not have a cytotoxic effect on erythrocytes since the ratio
of polychromatic erythrocytes (PCE) to normochromatic erythrocytes (NCE) was similar
to that for the control. The frequencies of micronuclei in the positive control (50 mg/kg)
and in the meglumine antimoniate group (810 mg/kg) also confirmed the mutagenic
effect of these compounds. On the other hand, the three genistein doses were capable
of significantly decreasing the antileishmanial-induced frequency of micronucleated
cells (P < 0.001), reaching the basal levels in the vehicle control (Table 1). Tables 2 and
3 show the data from animals treated with ascorbic acid and meglumine antimoniate
in simultaneous treatment and under pre- and posttreatment conditions. For the
groups treated simultaneously, the three ascorbic acid doses showed efficiency in
reducing meglumine antimoniate-induced micronuclei (Table 2). Notably, the interme-
diate dosage was able to decrease the frequency of micronuclei and also showed the
highest potential to reduce DNA damage. Based on our results from simultaneous
treatment, the protective effect of ascorbic acid was also evaluated under pre- and
posttreatment conditions with the intermediate dose. We observed a decrease in the
frequency of micronucleated cells in posttreatment, which did not show any significant
difference from the simultaneous treatment. On the other hand, pretreatment with
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TABLE 1 Frequency of micronucleated polychromatic erythrocytes and PCE/NCE ratio in
the bone marrow of Swiss mice treated with genistein and meglumine antimoniate and
of their respective controls

Group? No. MnPCE, % (mean = SD)b PCE/NCE ratioc
vC 33 33+x050a 0.99

PC 306 306 404 b 0.93 (ns)

GLU 144 144143 ¢ 0.96 (ns)

G1 60 60*+012a 0.99 (ns)

G2 42 42+007a 1.00 (ns)

G3 33 33x005a 0.99 (ns)

an = 5 animals/group; 2,000 erythrocytes per animal. VC, vehicle control (1%); PC, positive control (50 mag/kg
cyclophosphamide); GLU, meglumine antimoniate (810 mg/kg); G1, genistein (5 mg/kg) plus meglumine
antimoniate (810 mg/kg); G2, genistein (10 mg/kg) plus meglumine antimoniate (810 mg/kg); G3, genistein
(20 mg/kg) plus meglumine antimoniate (810 mg/kg).

bMNPCE, micronucleated polychromatic erythrocytes. Different letters indicate a statistically significant
difference (P < 0.05) by ANOVA followed by Tukey's ad hoc test; F = 164.9.

ns, no statistically significant difference compared to VC.

ascorbic acid was not able to reduce the mutagenic effect of the antileishmanial
(Table 3).

DISCUSSION

Many studies have proposed that meglumine antimoniate acts as a prodrug. This
model suggests that the pentavalent antimonial (SbY) is converted into its more toxic
trivalent form (Sb™) by thiols (8, 9). Evidence indicates that Sb"' compromises the redox
potential of the cell, leading to ROS production and, consequently, increasing the
oxidative stress (10-12, 15). Hence, the reduction of Sb" has been mentioned as one
possible mechanism for the drug’s toxicity and for its therapeutic activity. This hypoth-
esis is corroborated by our previous study, in which it was demonstrated that meglu-
mine antimoniate induces mutations in vivo but not in vitro (16). These data also
support a previous study that related genetic risk and oxidative stress in workers
exposed to antimony trioxide (26).

The association between genetic alterations and oxidative damage was reinforced
by a study by Cantanhéde and collaborators (27), who demonstrated that soy isofla-
vones are effective in reducing genomic lesions as well as the frequency of micronu-
cleated cells induced by meglumine antimoniate. More recently, this idea was sup-
ported by demonstrating that meglumine antimoniate causes genetic instability by
oxidation of nitrogenous bases in infected BALB/c mice treated for 20 days (20
ma/kg/day) (23). The score of damage caused by the antileishmanial increased in the
comet assay that uses Fpg repair endonucleases. This assay allows recognition and
removal of products generated from the oxidation of purine bases, therefore increasing

TABLE 2 Frequency of micronucleated polychromatic erythrocytes and PCE/NCE ratio in
the bone marrow of Swiss mice treated simultaneously with ascorbic acid and
meglumine antimoniate and of their respective controls

Group? No. MnPCE, % (mean = SD)b PCE/NCE ratioc
NC 33 35+x050a 1.00

PC 306 306 +404b 0.93 (ns)

GLU 144 144143 ¢ 0.96 (ns)

51 76 76+129d 0.98 (ns)

S2 64 64+1193a,d 0.93 (ns)

53 103 103 +148d 0.87 (ns)

9n = 5 animals/group; 2,000 erythrocytes per animal. NC, negative control (distilled water); PC, positive
control (50 mg/kg cyclophosphamide); GLU, meglumine antimoniate (810 mg/ka); 51, ascorbic acid (30 mg/
kg) plus meglumine antimoniate (810 mg/kg); 52, ascorbic acid (60 mg/kg) plus meglumine antimoniate
(810 mg/kg); 53, ascorbic acid (120 mg/kg) plus meglumine antimoniate (810 mg/kg).

“MNPCE, micronucleated polychromatic erythrocytes. Different letters indicate a statistically significant
difference (P < 0.05) by ANOVA followed by Tukey's ad hoc test; F = 120.4.

ns, no statistically significant difference compared to NC.
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TABLE 3 Frequency of micronucleated polychromatic erythrocytes and PCE/NCE ratio in
the bone marrow of Swiss mice treated with ascorbic acid and meglumine antimoniate
under simultaneous treatment, pretreatment, and posttreatment conditions, with their
respective controls

Group~ No. MnPCE, % (mean = SD)* PCE/NCE ratioc
NC 35 3.5+x050a 1.00

PC 306 306+ 404 b 0.93 (ns)

GLU 144 144+143 c 0.96 (ns)

52 64 64+1.194a,d 0.93 (ns)

PRE 110 11.0*+1.00c e 0.93 (ns)

POS 81 81+096d,e 0.95 (ns)

an = 5 animals/group; 2,000 erythrocytes per animal. NC, negative control (distilled water); PC, positive
control (50 mg/kg cyclophosphamide); GLU, meglumine antimoniate (810 mg/kg); 52, ascorbic acid (60 mg/
kg) plus meglumine antimoniate (810 mg/kg); PRE, ascorbic acid (60 mg/kg) plus meglumine antimoniate
(810 mg/kg); POS, meglumine antimoniate (810 mg/kg) plus ascorbic acid (60 mg/kg).

BMnPCE, micronucleated polychromatic erythrocytes. Different letters indicate a statistically significant
difference (P < 0.05) by ANOVA followed by Tukey's ad hoc test; F = 129.2.

‘ns, no statistically significant difference compared to NC.

DNA fragmentation and, consequently, the damage score detected by the conventional
comet assay (28).

This present study focused on the capacity of recognized antioxidants to modulate
DNA damage induced by meglumine antimoniate. First, our data show that pentavalent
antimony causes damage to the DNA of mice treated intraperitoneally with a high dose
and for a short period of time. These results support that the reduction of pentavalent
antimony occurs, at least in part, in phagolysosomes of macrophages (8), since our
experimental model allows a greater and faster exposure of the peritoneal macro-
phages. Furthermore, some studies found large amounts of residual Sb'" in pentavalent
antimony, up to 15 to 30% (14, 29, 30). Hence, considering that animals received nearly
195 mg/kg of Sb', the genotoxicity observed in the present study could also be due to
the high level of residual trivalent antimony in the commercial meglumine antimoniate.

Second, considering that the mutagenic effects of meglumine antimoniate are
mediated by oxidative processes, here we investigated the capacity of two antioxi-
dants, genistein and ascorbic acid, to reduce/prevent antileishmanial meglumine
antimoniate-induced genetic damage. The first one, genistein, is a soybean-derived
isoflavonoid that is considered an important agent in cancer prevention (31, 32); this
effect is associated with its recognized antioxidant capacity (33-36).

Our data demonstrated that pretreatment with doses of 5 mg/kg, 10 mg/kg, and 20
mg/kg genistein was capable of decreasing meglumine antimoniate-induced genotox-
icity, revealing that the pretreatment with genistein was able to modulate the reactive
oxygen species generated by the antileishmanial meglumine antimoniate. We suggest that
the genistein antimutagenic activity is correlated with its capacity to capture free radicals
generated after metabolic activation from the pentavalent antimonial form to its trivalent
form, thus protecting genetic material from oxidative damage. Corroborating this idea,
Pugalendhi et al. (22) verified that a dose of 20 mg/kg genistein was able to protect from
mutagenic effects induced by 7,12-dimethylbenzo[a]anthracene. Furthermore, Ali et al. (37)
verified that genistein administration for 21 days reduced lipid peroxidation, protein
carbonylation, and DNA damage induced by N-nitrosodiethylamine (0.1 mg/ml) in rat
hepatocytes.

According to Ding and Liu (38), genistein acts by increasing the expression of genes
involved in the detoxification of ROS, such as superoxide dismutase, glutathione
peroxidase, and catalase. This hypothesis is supported by Suzuki et al. (39), who
observed that genistein was able to significantly increase expression of the gene GPx-1
in human prostate cancer cell lines (LNCaP and PC-3), contributing to antioxidant
defense and inhibition of proliferation of these cells. Gong et al. (40) also verified an
increase in the activity of these enzymes by genistein against cadmium-induced
neurotoxic damage in Wistar mice, thus demonstrating the protective potential of this
isoflavonoid and its capacity to maintain redox equilibrium.
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Another possible mechanism to explain the antimutagenic effect of genistein is
related to its ability to stimulate expression of genes involved in DNA repair, such as
BCRAT (41) and ATM and p53 (42). This mechanism was also reported by Song et al. (43),
who studied the effect of genistein in preventing and repairing radiation-induced DNA
damage in HL-7702 cells. The authors noted that genistein was able to increase
expression of genes involved in DNA repair, such as hHR23A, HUST, RADT, and RADS9.
Therefore, the data here presented support the hypothesis that the antileishmanial
causes DNA damage by oxidation of its nitrogenous bases, which was reduced by
genistein through its antioxidant activity.

Qur data also revealed that ascorbic acid was able to reduce meglumine
antimoniate-induced genomic damage, corroborating previous studies that observed a
protective effect of ascorbic acid against mutagenic damage induced by other stressors
such as cyclophosphamide (44), arsenic trioxide (45), 3,5-dimethylaminophenol (46),
and vanadium pentoxide (47). Ascorbic acid is a nonenzymatic antioxidant obtained
from the diet and is essential to humans due to its participation in several physiological
activities (48). This vitamin promotes beneficial effects on health, since its antioxidant
activity prevents development of certain types of cancer, cardiovascular diseases, and
other illnesses related to oxidative stress (49-51). According to Vijayalaxmi and Venu
(21), as well as Farghaly and Abo-Zeid (52), the antigenotoxic and antimutagenic
abilities are due to its capacity to convert reactive compounds to less toxic and more
easily excreted products, as well as to capture free radicals before they interact with
other molecules, protecting them from oxidative damage.

Our data also agree with those of Kato et al. (14), who demonstrated that ascorbic
acid promotes hepatoprotection in animals treated with meglumine antimoniate due
its capacity to decrease the peroxidase enzyme activity. In addition, these authors
showed that cotreatment with ascorbic acid and meglumine antimoniate did not
interfere with the antileishmanial activity of the drug in mice infected by Leishmania
infantum, suggesting that this antioxidant may be part of a therapeutic strategy
effective against toxicity caused by meglumine antimoniate. Here, our data emphasize
that this protection includes DNA protection against oxidative stress.

Besides its well-known ability to eliminate ROS (21, 46, 47), other studies suggest
that ascorbic acid can act as a cofactor of transcription factors, upregulating genes
involved in DNA repair (53-55). These authors demonstrated that ascorbic acid is able
to increase expression of SOD3 (encoding superoxide dismutase 3) and OGG1 (encod-
ing 8-oxoguanine DNA glycosylase) by activation of NRF2 (factor 2 nuclear transcription
factor related to erythroid 2). Moreover, Alevva et al. (56) have verified that dietetic
ingestion of ascorbic acid (600 mg/day) in cells from volunteers treated with hyperbaric
oxygen (HBO) induced the expression of important genes for cell detoxification, such
as GSTZ1 (encoding glutathione S-transferase zeta 1), genes encoding multifunctional
enzymes important to detoxification of electrophilic molecules, and NUDTT (encoding
nucleoside diphosphate linked moiety X motif 1), a gene encoding 7,8-di-hydro-8-
oxoguanine triphosphatase, which hydrolyzes oxidized purines. Additionally, Cooke
et al. (57) observed a significant decrease of 8-0x0-G in DNA of cells from volunteers
supplemented with ascorbic acid (500 mg/day), thus highlighting that ascorbic acid
probably stimulates repairs to oxidized bases in DNA due to its redox properties.

Briefly, based on our data regarding antigenotoxic and antimutagenic effects de-
tected in simultaneous treatment, we suggest that ascorbic acid, a strong reducing
agent, acts by eliminating reactive oxygen species generated during conversion of
pentavalent antimonial to its trivalent form, thus protecting genetic material from
oxidative damage. Additionally, ascorbic acid administered 24 h after the antileishma-
nial was able to reduce DNA damage, suggesting that this antioxidant also acts by
repairing damage, possibly by inducing expression of genes related to the DNA repair
system, halting mutation fixation. Therefore, the protective effect of ascorbic acid
against oxidative stress-derived DNA damage caused by meglumine antimoniate may
be due to both mechanisms. Future studies must be performed to evaluate the
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differential expression of genes involved in both molecular responses to oxidative DNA
damage caused by meglumine antimoniate.

We have also shown that ascorbic acid (60 mg/kg) is not able to decrease the
deleterious effects on genomic instability when administered 24 h prior to the muta-
genic drug. This probably occurs due to ascorbic acid's half-life; it is eliminated from an
organism 10 to 12 h after consumption (58, 59). In addition, we emphasize that the
antigenotoxic effects of genistein and ascorbic acid were observed at all doses, but
there was no dose-response effect. Many different factors can be related to this fact,
such as the pathological and physiological conditions of the organism, pharmacoki-
netics and biocavailability of the drugs, dosage, route of administration, interaction with
other compounds, and time of exposure (60, 61). In addition, antioxidants may not
exhibit antimutagenic effects or even act as pro-oxidants (62-65). The literature re-
garding the effects of antioxidants is still controversial, so further investigations are
necessary to better understand their interaction with meglumine antimoniate and its
lack of dose-response effects.

In conclusion, since genistein and ascorbic acid, two recognized antioxidants, were
able to reduce the DNA damage caused by meglumine antimoniate, the present data
support that the antileishmanial induces oxidative stress-derived DNA damage by
promoting overactivation of the SOD-CAT axis. Additionally, our data reinforce the
protective potential of these two compounds against reactive oxygen species, opening
up perspectives for novel therapeutic strategies to minimize the side effects caused by
meglumine antimoniate, including protection against genotoxic damage.

MATERIALS AND METHODS

Animals. To evaluate the antigenotoxic effects of genistein and ascorbic acid on genetic damage
induced by meglumine antimoniate, five Swiss Mus musculus mice (male, healthy, 30 g, 8 weeks old) were
used per treatment group; they were obtained from the Central Bioterium of the Federal University of
Maranhao (UFMA) (S3o Luis, Maranhdo, Brazil). Animals were kept in polycarbonate boxes under
controlled conditions: temperature around 21 = 2°C, 12-h light-dark cycle, and water and food ad libitum.
All procedures were done according to guidelines of the Brazilian College of Animal Experimentation
(COBEA) and were approved by the Animal Experimentation Ethics Committee (CEUA-UFMA, no.
23115.012909-2013-41).

Chemical agents. Meglumine antimoniate (Glucantime) was from the pharmacy of the University
Hospital Presidente Dutra (HUUFMA) (batch 246888; Sanofi-Aventis, 5ao Paulo, Brazil), genistein (4',5,7-
trihydroxyisoflavone; molecular weight, 270.24 g/mol) was obtained from Sigma-Aldrich (St. Louis, MO,
USA), and ascorbic acid was obtained from Dindmica Quimica Contemporinea Ltd. (Sio Paulo, Brazil). For
the positive control, we used the mutagen cyclophosphamide (batch 43H0269) obtained from Sigma-
Aldrich (5t. Louis, MO, USA].

Treatments and doses. The dosage for meglumine antimoniate was estimated from the maximum
recommended dosage for treatment of patients with leishmaniasis, that is, 20 mg/Sb"/kg/day for 20 days
(16). Doses for cyclophosphamide, ascorbic acid, and genistein were based on work conducted by
Cantanhéde et al. (27), Vijayalaxmi and Venu (21), and Pugalendhi et al. (22), respectively.

For this study, we opted for an acute treatment using 810 mg/kg body weight of meglumine
antimoniate (16). To evaluate the occurrence of dose-dependent effects, we used three different doses
of the antioxidants, as follows: ascorbic acid, 30 mg/kg, 60 mg/kg, and 120 mg/kg; genistein, 5 mg/kg,
10 mg/kg, and 20 mg/kg. The negative control (NC) group was administered distilled water. The vehicle
control (VC) group received 1% dimethyl sulfoxide (DMSO), the same concentration used to dilute
genistein. The positive control (PC) group was treated with a single dose of 50 mg/kg cyclophosphamide.
The meglumine antimoniate group (GLU group) was treated with a single dose of 810 mg/kg meglumine
antimoniate (Table 4).

To evaluate the protective effect of genistein, groups G1, G2, and G3 received 5 mg/kg, 10 markg,
and 20 mg/kg genistein, respectively, for three consecutive days. On the third day, animals received their
respective doses of genistein together with 810 mg/kg of meglumine antimoniate. To evaluate the
protective effect of ascorbic acid, three types of treatment were conducted: the pretreatment group
(PRE) received a single dose of ascorbic acid (60 mg/kg) and 24 h later received a single dose of
meglumine antimeniate (810 mg/kg); the posttreatment group (POS) received a single dose of meglu-
mine antimoniate (810 mg/kg) and 24 h later received a single dose of ascorbic acid (60 mg/kg); and
groups with simultaneous treatment (51, S2, and 53) received simultaneously a single dose of 30 mg/kg,
60 mg/kg, and 120 mg/kg ascorbic acid, respectively, and 810 mg/kg meglumine antimoniate (Table 4).

Doses of meglumine antimoniate, cyclophosphamide, and ascorbic acid were administered intra-
peritoneally, standardized in solutions of 0.1 ml per 10 g body weight. Doses of genistein and 1% DM50
were administered via gavage.

Comet assay. For the comet assay (66, £7), after 24 h of treatment, peripheral blood (10 pl) was
obtained and mixed with 100 wl low-melting-point agarose (0.5%). This mixture was then applied to
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TABLE 4 Experimental groups and their respective treatments

Antimicrobial Agents and Chemotherapy

Group Chemical agent(s) Dose (mg/kg) Administration

Genistein
VvC DMSO 1% Gavage
PC Cyclophosphamide 50 Intraperitoneal
GLU Meglumine antimoniate 2810 Intraperitoneal
G1 Genistein + meglumine antimoniate 5+ 810 Gavage + intraperitoneal
G2 Genistein + meglumine antimoniate 10 + 810 Gavage + intraperitoneal
G3 Genistein + meglumine antimoniate 20 + 810 Gavage + intraperitoneal

Ascorbic acid

NC Distilled water

PC Cyclophosphamide 50

GLU Meglumine antimoniate 810

S1 Ascorbic acid + meglumine antimoniate 30 + 810
S2 Ascorbic acid + meglumine antimoniate 60 + 810
S3 Ascorbic acid + meglumine antimoniate 120 + 810
PRE Ascorbic acid + meglumine antimoniate 60 + 810
POS Meglumine antimoniate + ascorbic acid 810 + 60

Intraperitoneal
Intraperitoneal
Intraperitoneal
Intraperitoneal
Intraperitoneal
Intraperitoneal
Intraperitoneal

pregelled slides with high-melting-point agarose (1.5%). Slides, in duplicate, were covered with cover-
slips and refrigerated for 5 min. After solidification, slides were immersed in cold lysis solution (2.5 M
NaCl, 100 mM Na,EDTA, 10 mM Tris [pH 10], 10% DMSO, and 1% Triton X-100) and refrigerated for 12
h at 4°C. Slides were then incubated for 20 min in alkaline buffer (10 M NaOH, 0.2 M EDTA, and distilled
water, pH 13), followed by electrophoresis for 20 min at 25 V (0.72 V/cm) and 300 mA. Slides were
neutralized (0.4 M Tris-HCl, pH 7.5) for 15 min and fixed with absclute ethanol for 4 min. The slides were
stained with ethidium bromide (20 pg/ml) and analyzed by fluorescence microscopy (BX51/BX52-
Olympus; 516- to 560-nm filter, 403< lens). For each animal, we analyzed 100 nucleoids. Each nucleoid
was classified according to DNA damage at five levels: class 0, no damage (<5%); class 1, low damage
(5 to 20%); class 2, medium damage (21 to 40%); class 3, high damage (41 to 94%); and class 4, total
damage (>95%). Damage scores were calculated by multiplying the number of nucleoids in each class
by their respective class value (68).

The percentage of reduction in meglumine antimoniate-induced genotoxic damage was calculated
as described by Waters et al. (69): percent reduction = (GLU — TG/GLU — NC) = 100, where GLU
corresponds to the average damage in the group treated solely with meglumine antimoniate, TG is the
average damage observed in groups treated using genistein with meglumine antimoniate or ascorbic
acid with meglumine antimoniate, and NC corresponds to the average damage observed in the negative
control or vehicle control group.

Comet assay followed by Fpg enzyme. To evaluate oxidative damage to DNA caused by meglu-
mine antimoniate, we also conducted a comet assay using formamide pyrimidine DNA glycosylase (Fpg)
(Fpg Flare assay kit; Trevigen, Gaithersburg, MD) (70). After lysis in lysis solution (2.5 M NaCl, 100 mM
EDTA, and 10 mM Tris [pH 10] with 10% dimethyl sulfoxide and 1% Triton X-100), slides were dipped in
1 Flare buffer (Trevigen) for 30 min. Each slide was then treated with 150 pl Fpg enzyme solution (0.5
U), covered with coverslips, and incubated at 37°C for 45 min in humid chamber. After incubation, the
coverslips were carefully removed, and electrophoresis, neutralization, fixation, staining, and data
analysis were conducted as described above.

Micronucleus test. For the micronucleus test (71), after blood collection for the comet assay, animals
were euthanized by anesthetic overdose (1 ml/kg xylazine and 0.1 ml/kg ketamine), and bone marrow
was extracted using 1 ml fetal bovine serum. The cell suspension was centrifuged for 5 min at 1,000 rpm.
The supernatant was discarded, and cell pellet smearing was conducted. Slides were stained using the
hematological dye Panoptic (Laborclin) to differentiate polychromatic erythrocytes (PCE), colored in light
purplish blue, from normochromatic erythrocytes (NCE), which stain in light red.

To investigate the micronucleus, 2,000 polychromatic erythrocytes were analyzed for each animal in
an optical microscope at a magnification of 1,000 (Carl Zeiss Primo Star). The PCE/NCE ratio was
calculated using 300 erythrocytes from each animal to estimate toxicity for cyclophosphamide, meglu-
mine antimoniate, and meglumine antimoniate associated with genistein and ascorbic acid.

Statistical analysis. Data normality was assessed by the Kolmogorov-Smirnov test. Data with a
normal distribution were tested by analysis of variance (ANOVA) followed by Tukey's ad hoc test. A P
value of <0.05 was considered significant. The comparison between the damage scores obtained from
both the comet assays (standard and Fpg version) was performed by the Student ¢ test. All data were
evaluated using GraphPad Prism 6.
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Munim River is a small basin (15.918.04 km?,
320.000 inhabitants) in northeastern Brazil (Maranhdo
state), whose water quality has been threatened by
pesticides, untreated domestic and industrial wastewater
discharges. and solid waste disposal (Presoti and Cutrim.
2011). These pollutants may bring several problems to the
aquatic biota, such as mutagenic and carcinogenic effects
(Bolognesi and Hayashi. 2011) including risks to human
health. Therefore, it 1s eritieal to understand the potential
impacts of xenobiotics on this river basin, especially their
genotoxic and mutagenic effects. We investigated the
genotoxic and mutagenic potential of the Munim River
waters to assess the impact of the presence of xenobiotics
on the aquatic biota.

We collected water from two sampling sites (Figure 1)
i September 2015 (dry season). As test organism, we
used 40 juvenile Nile tilapia (Oreochromis niloticus)
obtained from local fish farms. which were acclimatized to
experimental conditions for 30 days in a 1,000-L (Liter) tank
and maintained with constant filtration and aeration system.
Fish were fed three times a day with commercial fish food
at a proportion of 5% of their biomass. Four 80-L water
glass tanks contaming ten fish each were used, as follows:
a) negative control (tap water from a well): b) positive
control (intraperitoneal injection of cyclophosphamide at
50 mg/'kg): ¢) Water from Sampling site 1: and d) Water
from Sampling site 2. Fish were exposed to treatments for
72 hours without the provision of food in a static system
with constant aeration (Ethics Committee Permit: CEUA
#23115.008075/2016-12).

We measured genotoxic and mutagenic effects of
water samples on the erythrocytes from tilapias using
the comet assay (Singh et al.. 1988; Tice et al., 2000)
and the micronueleus test (Hooftman and Raat. 1982).
respectively. For comet assay. we acquired the damage
scores by observing the number of nucleoids in each damage
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class (0 to IV) per sample under fluorescence microscopy.
The damage score was calculated by multiplying the number
of nucleoids in each class by the respective class value
according to Speit and Hartmann (1995). DNA damage
scores revealed a normal distribution (Shapiro-Wilk test)
and were analyzed by ANOVA (analysis of variance)
followed by Tukey test (p <0.05). The frequency of
micronuelei was determined by observing 1000 cells per
sample under light microscope. Because data did not fit
mto normal distribution. we applied the Kruskal-Wallis
test, followed by Student-Newman-Keuls test (p <0.05).

Water from both sampling sites proved to be genotoxic
and mutagenic to O. niloticus. Cells showed high DNA
damage, showing high genotoxicity (Figure 2A), similar to
the positive control (p <0.05). We also found a significant
inerease in the frequency of micronuclei when all groups
are compared to the negative control (p <0.05) (Figure 2B).

Sampling sites are 181 km apart and showed the same
level of DNA damage and mutagenic effects, revealing that
harzadous xenobiotics are widely dispersed along the basin.
Both sites are located in a region characterized by small
subsistence agriculture and discharge of untreated sewage.
The city of Chapadinha (Sample site 1) and others regions
from Middle-Upper Munim drainage are also affected by
large scale transgenic soybean cultures (Presoti and Cutrim,
2011) dependent on the use of the glyphosate herbicid,
which has been shown to be genotoxic and mutagenic to
fish. even at low concentrations (Moreno et al., 2014).
Other studies have showed that several compounds, even in
small concentrations, may be associated with genotoxieity
and mutagenicity on aquatic organisms (Barberio et al.,
2009). Some compounds, such as surfactants, phenols, and
metals, together with untreated domestic and industrial
wastewater discharges are also associated to genotoxic
and mutagenic effects in fishes and might be present in
the Munim waters (Steffens et al., 2015).
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Figure 1. Location of Munim River Basin, in Maranhdo State, and cities where water samples were collected. Sampling
site 1: Chapadinha (3°50°47.69”S, 43°19°12.13”"W), in the Upper-Middle Munim River; Sampling site 2: Cachoeira Grande

(3°8°30.167S, 43°54°19.86”"W), in the Lower Munim River.
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Figure 2. (A) Scores of DNA damage measured by the comet assay on erythrocytes of O. niloticus exposed to water samples
from the Munim Ruver for 72 h. Different letters indicate statistically significant differences between groups; (B) Frequency
of micronucleti in erythrocytes of O. niloticus exposed to water samples from the Munim River for 72 h. Different letters
indicate statistically significant differences between groups. NC: Negative Control (well water); PC: Positive Control
(Cyclophosphamide at 50 mg/kg); Sampling site 1: Chapadinha; Sampling site 2: Cachoeira Grande.

This is the first time that genotoxic and mutagenic
effects of waters from the Munim River are demonstrated.
Our results suggest the presence of xenobiotic agents
affecting the DNA of the aquatic biota. We emphasize
that many other neotropical river basins. like Munim.
are exposed to similar anthropogenic activities, thus
we suggest the need for monitoring water quality (and
sediment) in order to identify xenobiotics and its impacts

2/3

on the biota. as well as on human populations who utilizes
these hydric resources.
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Soy isoflavones have antimutagenic activity on DNA damage induced
by the antileishmanial Glucantime (meglumine antimoniate)
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Branco, and Silma Regina Ferreira Pereira
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Abstract

lsoflavones are phytoestrogens reported to be potent antioxidant agents. In contrast, the
antileishmanial meglumine antimoniate has mutagenic activities. This study evaluated the
ability of soy koflavones to reduce DMA damage induced by meglumine antimoniate.
Antimutagenic effects (by micronucleus test) were tested using Swiss mice divided into seven
groups treated with meglumine antimoniate (425mg/kg bw pentavalent antimony); cyclo-
phosphamide (50 mg/kg bw); water (negative control); single isoflavones dose (1.6 mg/kg bw),
and three groups received one dose of isoflavones via gavage (04 mg/kg bw, 0.8 mg/kg bw or
1.6mg/kg bw) plus meglumine antimoniate via intraperitoneal, simultaneously. To evaluate
antigenotoxicity (by Comet assay), each group with 10 animals received the above-mentioned
control dases; single dose of isoflavones 0.8 mg/kg bw, and three groups received isoflavones
(0.8mg/kg bw) by gavage along with intraperitoneal meglumine antimoniate, which were
treated with isoflavones 24 h before or after receiving meglumine antimoniate (pre-treatment
and post-treatment, respectively) or simultaneously. Cells were harvested 24h after the
treatment, and the data were evaluated by ANOVA followed by Tukey's test (p < 0.05). The data
from the simultaneocus treatment by micrenucleus test revealed that isoflavenes (0.4 and
0.8 mg/kg) were able to reverse the mutagenic effect of Gluantime. Moreover, all regimes of
the treatment with 08 mg/kg bw dose were able to reduce the genotoxicity caused by
meglumine antimoniate. It is suggested that the protective effect of isoflavones against DNA
damage is related to their ability to reduce oxidative stress caused by the trivalent Sbilll)
metabolite of meglumine antimoniate,
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Introduction Although epidemiological and clinical studies have been
conducted to study the effects of isoflavones on diabetes,
cancer, osteoporosis and cardiovascular diseases, further
study is still needed to understand the mechamisms of action
of these compounds and their safety for therapeutic use
(Kalaiselvan et al., 2010). Studies have reported that flavon-
oids may have genotoxic properties (Fox et al, 2012;
Lehmann et al., 2005) and may act as pro-oxidants (Michels
et al., 2005; van Zanden et al., 2003), or they may have
significant protective effects against oxidative damage (Hagen
et al., 2012; Sato et al., 2011; Widyarni et al., 2012; Yen &
Lai, 2003).

Glucantime® is a pentavalent antimoniate that presents
antimony coordinated with several N-methyl-D-glucamine
(meglumine antimoniate) salt molecules, and it coexists in
equilibrium with complex structure oligomers. Meglumine
antimoniate 1s soluble in water and slightly soluble in organic
compounds (Roberts et al., 1998; Sereno et al., 2001). Even

Isoflavones, which are abundant in soybeans, are phenolic
chemical compounds belonging to the flavonoids class of
plant secondary metabolites. Isoflavones display wide vari-
ation in their chemical structure, and the soybean alone has
three types of isoflavones with four isomeric forms. Daidzein,
genistein, and glycitein are present in greater proportions, and
isoflavones also occur in the form of glycosides (Duncam
et al., 2003). These compounds have structural and functional
similarity to estradiol. Indeed, these compounds bind to the
estrogen receptors, and many studies have evaluated their
effects and benefits on health and hormone replacement
therapy. However, the effectiveness of the phytohormonal
therapy is still uncertain (Bolafios-Diaz et al, 2011;
Carmignani et al., 2010; Levis et al., 2011; Molla et al.,
2011: Szkutnik-Fiedler et al., 2010).
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Biology, Federal University of Maranhio, Av. dos Portugueses, 1966,
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though pentavalent antimonials are the first choice of drug for
the treatment of leishmaniasis, these compounds have limited
efficacy. Treatment failures occur due to low dosage,
interrupted treatment, as well as the emergence of resistant
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forms of Leishmania. Patients most commonly exhibit
skeletal and muscle aches, nausea, vomiting, diarrhea,
abdominal pain, headache, anorexia, asthenia, fever, fatigue,
exanthema, erythema and urticaria. These patients may
develop cardiac, liver and kidney abnormalities, and these
effects usually manifest themselves at the end of the treatment
(Oliveira et al., 2011; Sundar & Chakravarty, 2010; Valencia
et al., 2012).

Despite being used for over six decades, the mechanism of
action of pentavalent antimonials is unclear, and at least three
possible mechanisms of action have been suggested (Haldar
et al, 2011). According to the *‘Prodrug Model”, the
pentavalent antimony Sb(V) is reduced to trivalent form
Sb(Ill) that exhibits antileishmanial activity. The second one
is the “‘Intrinsic Antileishmanial Activity Model”, in which
there is an anti-leishmanial activity of the Sb(V) drug. This
activity could occur by inhibiting the biosynthesis of macro-
molecules. Dimicheli et al. (2002) revealed the formation of
complexes between Sb(V) and ribonucleosides, particularly
in acidic medium, which could favor its action in the
phagolysosome. The third possible mechanism is the
“Immune Activation Model™, acting both on the innate
and adaptive immune responses. The production of reactive
oxygen species (ROS) and nitric oxide (NO) 1s directly related
to leishmanicidal action (Mookerjee Basu et al., 2006).

Our group (Lima et al., 2010) demonstrated the mutagenic
activity of meglumine antimoniate in vive; however, no
genotoxic activity was observed in vitro. Thus, we suggest
that meglumine antimoniate is a promutagen that requires
metabolization to exert its mutagenic action. Because there is
no significant investment by the pharmaceutical industry for
the exploration of new drugs for neglected diseases, it is
desirable to find strategies that may minimize the adverse
effects of pentavalent antimonials in patients undergoing
treatment. With the knowledge that some studies have shown
that isoflavone has antioxidant activity and the potential to
protect genetic material from damage caused by different
agents, the present study evaluated the ability of soy
isoflavones to protect DNA damage induced by meglumine
antimoniate.

Material and methods
Animals

Swiss mice weighing 30 g that had been maintained for many
generations in the Animal Breeding Unit (Federal University
of Maranhdo, Sao Luis, MA, Brazil) under standard condi-
tions were used in each group. The animals were housed in a
cross-ventilated room at 26 +2 °C, relative humidity of 44—
56%, and light-dark cycles of 12h. The mice had access to
sterilized food and water ad libitum. All procedures described
in this report were approved by the Ethics Committee on
Animal Experimentation (CEUA-UFMA No. 23115.012909-
2013-41).

Chemical agents and doses

Meglumine antimoniate (Glucantime) is available in 5ml
vials of injectable solution at 300 mg/ml containing 425 mg of
pentavalent antimony in 15g of N-methyl-glicamine
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antimoniate (CAS number 133-51-7; lot numbers 402, 513,
301, 927 and 55398). The dose of meglumine antimoniate
was estimated from the recommended dosage to patients with
leishmaniasis, ie. 20 mg/kg/d of Sb(V) during 20d. In the
present study we chose an acute treatment using 425 mg/kg
bw of pentavalent antimony (Lima et al. 2010), which
corresponds to the total dosage used throughout the treatment.

Isoflavones were obtained from capsules containing 80 mg
of dry extract from seeds of Glycine max (daidzein 32.12%,
genistein 7.47%, daidzin 0.42%, genistin 0.16%, glycitin
0.16% and glycitein 0.03%), lot number 12030875G -
PHARMANOSTRA, commercialized by Facial Farmacia de
Manipulagio (Sdo Luis, Maranhdo, Brazil) (compounding
pharmacy authorized to manipulate medications of Group I/
raw materials, including materials of vegetable origin, Group
Il antibiotics, hormones, cytostatic drugs and substances
subject to special control according to RDC-67/07). The doses
(0.4mg/kg bw, 0.8mg/kg bw or 1.6 mg/kg bw) were estab-
lished in preliminary tests by determining the ratio of
polychromatic and normochromatic erythrocytes (PCE/
NCE). The isoflavones were diluted in water.

Treatments

Isoflavones were administered by gavage, and the other
treatments were administered intraperitoneally using the
standard of 0.1ml per 10g of body weight. For the
micronucleus test, 56 Swiss mice were distributed into
seven experimental groups with 8 animals (four males and
four females) per group, i.e. two positive control groups, one
treated with 50 mg/kg bw of cyclophosphamide (PC-C) and
the other with meglumine antimoniate (PC-G) corresponding
to 425 mg/kg bw of pentavalent antimony, as described by
Lima et al. (2010); a negative control group (NC) receiving
only distilled water: one group receiving single dose of extract
1.6 mg/kg bw: and three groups received one dose of extract
by gavage (0.4 mg/kg bw, 0.8 mg/kg bw or 1.6 mg/kg bw) plus
meglumine antimoniate by intraperitoneal injection, simul-
taneously. The animals were sacrificed 24h after the
treatments.

For the Comet assay, the animals were distributed into
seven experimental groups with 10 animals (five males and
five females) per group: three groups correspond to the same
controls mentioned above: one group received single dose of
extract (0.8 mg/kg bw); one group was treated simultaneously
with meglumine antimoniate (425 mg/kg bw, via intraperito-
neal) plus extract (0.8 mg/kg bw, via gavage). In the pre- and
post-treatment groups, the animals received extract 24h
betore or after receiving meglumine antimoniate, respectively.
After 24 h, the animals were sacrificed (Table 1).

Bone marrow micronudeus test

The mice were sacrificed and the bone marrow from each
femur was extracted using 1ml of fetal calf serum and
centrifuged for 5min (Heddle, 1973). The supernatant was
discarded. and the cells were smeared onto slides. The tissues
were then fixed with methanol and stained with Giemsa
diluted in phosphate buffer (pH 6.8) (1:10). To investigate
the micronucleated cells, 2000 polychromatic erythrocytes
(PCEs) were analyzed per animal. To estimate the toxicity, the
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Table 1. Experimental groups, chemical agents. doses. and administration routes used in this study.

Dose
Group Chemical agent (mg/kg) Administration route Test
PC-C Cyclophosphamide 50 Intraperitoneal Comet assay
Micronucleus test
PC-G Glucantime 425 Intraperitoneal Comet assay
Micronucleus test
NC Distilled water - Intraperitoneal Comet assay
Micronucleus test
Iso Isoflavones 0.8 Gavage Comet assay
16 Gavage Micronucleus test
D1 Isoflavones 04 Gavage Micronucleus test
Glucantime 425 Intraperitoneal
D2 Isoflavones 0.8 Gavage Comet assay
Glocantime 425 Intraperitoneal Micronucleus test
D3 Isoflavones 16 Gavage Micronucleus test
Glucantime 425 Intraperitoneal
Pre-reament Isoflavones 0.8 Gavage Comet assay
Glocantime 425 Intraperitoneal
Post-reatment Glucantime 425 Intraperitoneal Comet assay
Isoflavones 0.8 Gavage

NC: negative control; PC-C: positive control with cyclophosphamide; PC-G: positive control with glocantime;
Isor isoflavones; D: Dose. The animals were sacrificed 24h after the treatment.

“Simultaneous treatment.

PCE/NCE (polychromatic to normochromatic erythrocytes)
ratio was calculated using 300 erythrocytes per animal.

Comet assay

The peripheral blood leukocytes used for the Comet assay
were obtained by making a small cut in the tails of the mice
(Singh et al., 1988). The pellet of two drops of blood was
mixed with low-melting agarose (0.5%) and placed on slides
containing normal melting point agarose. After gel solidifi-
cation, the slides were immersed in cold lysing solution
(2.5M NaCl, 100mM Na,-EDTA, 10mM Tris (pH 10), 10%
dimethyl sulfoxide, and 1% Triton X-100) and refrigerated at
4°C for 2h. The slides were then incubated for 20min in
alkaline buffer of pH= 13 (10 M NaOH, 0.2 M EDTA, and
distilled water). Electrophoresis was performed for 20 min at
25V (0.72V/iem)/ 300 mA, and the slides were neutralized
(0.4 M Tris-HCL; pH 7.5) for 15 min and fixed in ethanol. The
slides were then stained with ethidium bromide (20 pg/ml)
and analyzed under a fluorescence microscope (BX51/BX52-
Olympus; 516-560-nm filter, 590-nm barrier filter,
400 x magnification).

DNA damage was classitied into five levels: Class () — no
damage; Class 1 — low level of damage; Class 2 — medium
level of damage; Class 3 — high level of damage; and Class 4
— completely damaged. The damage score was calculated by
multiplying the number of nuclecids in each class by the
respective class value (Spcil & Hartmann, 1995).

Statistical analyses

For statistical analyses, the data were analyzed using the
Bioestat 5.0 software (Belém, Pard, Brazil) (Ayres et al.,
2005). The dependent variables of DNA damage scores in the
Comet assay revealed a normal statistical distribution. For
this reason, these data were analyzed using the parametric
one-way ANOVA test followed by Tukey's test (p <0.05). In
contrast, the frequency of micronuclei in polychromatic

erythrocytes did not reveal a normal statistical distribution.
Therefore, these data were transformed into square root data
for further analysis. Subsequently, the parametric one-way
ANOVA test was applied followed by Tukey's test (p <(0.05).

The percentage of damage reduction was calculated
according to Waters et al. (1990) using the formula: %
Reduction (PC-EG/PC-NC) x 100, where PC is the
average damage in the positive control, EG is the average
damage in the experimental groups treated with the positive
control plus isoflavones, and NC is the average damage in the
negative control.

Results

Isoflavones modulates DNA damage caused by
meglumine antimoniate

Table 2 displays the frequency of micronucleated polychro-
matic erythrocytes (MN-PCE) in Swiss mice treated with
isoflavones (gavage) and meglumine antimoniate (Intraper-
itoneal) for 24h. The frequency of micronucleated cells
observed in the negative and positive controls are consistent
with the treatment received by the animals, thus ensuring the
reliability of the data presented for the other treatment groups.
The mutagenic action of meglumine antimoniate is evident
from the difference between the scores from the group treated
only by meglumine antimoniate (16.5+5.6) and the negative
control (4.8+2.1). There was no difference between males
and females in any treatment group.

There were reduced frequencies of micronuclei for both
the groups treated with meglumine antimonate plus isofla-
vones at O4mgkg bw (7.9+2.3) and 0.8mgkg bw
(8.8+29) doses, compared to the frequency of micronu-
cleated cells in the group treated only with meglumine
antimoniate. Moreover, the frequencies of micronuclei in both
the groups do not differ from micronuclei seen in the negative
control. On the other hand, the group treated with meglumine
antimoniate plus isoflavones at 1.6mg/kg bw dose did not
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Table 2. Frequency of micronucleamted polychromatic erythrocytes
(MNFPE) obtained by micronucleus test in Swiss mice treated with
isoflavone and meglumine antimoniate.

Cytotoxicit
DMUEE PF('L:EJNCEy
Treatment N Average (%e) £ 5D
NC e 48%+21 0.87
PC-C 681 426"+183 0.96™
PC-G 264 16.5°+ 5.6 0.92™
Iso 226 14.1%4£35 0.98™
D1 126 794 +2.3 0.96™
D2 141 88429 0.93™
D3 169 10654 +3.8 0.93™
F=32.1395; p<0.0001 F=05836; p=07435
NC: negative control (distilled water); PC-C: positive control with
cyclophosphamide (50 mgkg bw); PC-G: posiive control with
Glucantime (425mg/kg bw); Iso: isoflavones (1.6mgkg bw);
D1: isoflavones (0.4 mgkg bw) plus Glucantime (425 mg/kg bw);

D2: isoflavones (0.8 mg/kg bw) plus Glucantime (425 mg/kg bw); D3:
isoflavones ( 1.6 mg/kg bw) plus Glucantime (425 mg/kg bw). Different
letters represent p<<0.05 by Tukey's test; ns: not significant when
compared to the negative control by ANOVA. A twtal of 16000
polychromatic erythrocytes were analyzed per treatment group (N = 8).

Table 3. DNA damage scores, nucleoid frequency and rate of damage
reduction observed in Swiss mice treated with isoflavones and
meglumine antimoniate by Comet assay.

Clase Score Reduction
Treatment 0 1 2 3 4 Average+5SD (%)
NC 803 151 4 06 0 025°+006 -
PC-C 456 307 136 69 32 091°+£021 -
PC-G 471 383 102 38 06 0.72+008 -
Iso 808 115 5 27 02 029*+0.06 -
Simultaneous 714 209 49 22 06 040%+007 68
Pre-treament 721 169 7.6 3.1 03 043*'+£0.13 65
Post-treatment 789 136 45 36 0 032*°+005 82

F=554364
p<0.0001

Different letters represent p<< 0001 by Tukey's test NC: negative
control; PC-C: positive control: cyclophosphamide (50mg/kg bw); PC-
G: positive control: Glucantime (425 mg/kg bw); Iso: isoflavones
(0.8mg/kg bw). Simultancous, Pre-treatment e post-treatments: isofla-
vones (0.8 mg/kg bw) plus Glucantime (425 mg/kg bw). All animals
were treated over 24h (N = 10 per treatment group).

further reduce the frequency of micronuclei. Furthermore, the
mutagenic effect of this dose is evident since the frequency of
micronucleated cells in the group treated only with this dose
of isoflavone is significantly higher (14.1+3.5) than the
frequency observed in the negative control (Table 2).

Table 3 displays the DNA damage scores and the class
frequencies detected by the Comet assay in peripheral blood
lymphocytes of Swiss mice treated with isoflavones (gavage)
and meglumine antimoniate (intraperitoneal) and their
respective control groups. The damage score and frequency
of nucleoids observed in the negative (0.25+0.06) and
positive (0.91 +1().21) controls are consistent with the treat-
ment received by the animals.

The damage score (.29 +0.06) in the group treated with
the intermediate dose of isoflavones (0.8 mghkg bw) displays
no significant difference compared to the negative control,
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revealing the absence of genotoxicity at this dose. So, that
dose was tested to its ability to modulate the DNA damage
induced by meglumine antimoniate in three different treat-
ments: simultaneous, pre- and post-treaiment. In all treat-
ments, the damage scores (0.40+0.07, 043+0.13,
032+ 0.05, respectively) were significantly reduced com-
pared to the group treated only with meglumine antimoniate
(0.72 £ 0.08).

Discussion

In the present study, the in vive genotoxic and mutagenic
activity of meglumine antimoniate was confirmed using the
Comet assay and micronucleus test, respectively. Our results
further support the findings of Lima et al. (2010). Some
possible mechanisms of action of pentavalent antimonials
against Leishmania have been proposed (Haldar et al., 2011).
The mechanism that our data supports is that meglumine
antimoniate is a prodrug, Sb(V), that is required to be
metabolized to act and that its trivalent form Sh(IIl) produces
oxidative reactions that result in DNA damage. This conver-
sion may occur in both the parasite (in its amastigote form)
and in the macrophage. Frezard et al. (2001) suggested that
this reduction occurs in macrophages by glutathione (GSH)
mediation or by a related thiol compound. Cysteine (Cys) and
cysteinyl glycine (Cys-Gly) are thiols that are predominant
in the lysosomes and can also perform this reduction in
mammalian cells. Moreover. trypanothione T(SH); has a
reducing activity inside the parasite (Frézard et al., 2009).
Other studies have suggested the participation of parasite
enzymes in this reduction (Denton et al., 2004; Zhou et al.,
2004).

QOur results revealed that depending on the dose used, soy
isoflavones may have mutagenic action or can protect DNA
from the damage caused by meglumine antimoniate. Previous
studies have reported that effects of flavonoids are dose-
dependent, so they may have genotoxic properties (Fox et al.,
2012: Lehmann et al., 2005) acting as pro-oxidants by
inhibiting enzymes involved in the antioxidant defense
system, such as glutathione reductase and glutathione
S-transferase (Ferguson, 2001; Kang & Liang, 1997; van
Zanden et al., 2003). In addition, flavonoids can generate
hydroxyl radicals by auto-oxidation, triggering lipid perox-
idation and indirectly inducing oxidative stress in the cell
(Michels et al., 2005).

On the other hand, other studies have cited the antioxidant
properties of isoflavones, especially their free radical
scavenging activity. It has been demonstrated their significant
protective effects against oxidative damage induced by
reactive nitrogen species (Yen & Lai, 2003) and ROS (Sato
et al., 2011; Sierens et al, 2002; Widyarini et al., 2012).
These effects are displayed by isoflavone compounds, as
either single agents or combined agents. lovine et al. (2011)
demonstrated a synergistic effect of genistein and dadzein
against UV-induced DNA damage.

Our data demonstrate that isoflavones were able to reduce
genetic damage caused by Glucantime® . Oxidative damage to
DNA is an inevitable event of cellular metabolism that can be
controlled by antioxidant mechanisms inherent to the cell.
However, oxidative stress occurs when there 1s a mismatch
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between the generation of oxidative damage and the repair
capacity of the cell. Oxidative damage to DNA is especially
important because it produces genetic changes, such as
point mutations, chromosomal abnormalities, microsatellite
instability, loss of heterozygosity, which are related to the
carcinogenic process.

We determined that isoflavones possess antimutagenic
activity at 0.8 mg/kg bw by micronucleus test. Yen & Lai
(2003) state that these compounds have the ability to decrease
the content of nitrate, nitrite and nitrotyrosine in damaged
cells. Our data also showed that the protective effect against
the genotoxic effects of meglumine antimoniate (by Comet
assay) occurred in all treatments (i.e. simultaneous, pre- and
post-treatment).

The protective action of isoflavones has been associated
with increased activity of antioxidant enzymes (Liu et al.,
2005; Wei et al., 1995). Park et al. (2011) demonstrated that
isoflavone metabolites increase the binding of transcription
factors to promoter regions of antioxidant response elements,
thereby increasing the expression of phase II antioxidant
enzymes in astrocytes, such as heme oxigenase-1 (HO-1)
and NAD(P)H quinone oxidoreductase 1 (NQO1). Thus, the
production of ROS is inhibited, and there is a consequent
inhibition of cell death. In another study, reduction in DNA
oxidative damage and increase in O-f-N-acetyl-D-glucosa-
minidase enzymatic activity were observed in healthy
women whose diets were supplemented with isoflavones
(Erba et al., 2012). Ding & Liu (2011) suggested that
genistein reduces the levels of oxidative stress and increases
antioxidant enzymes such as superoxide dismutase, glutathi-
one peroxidase and catalase, possibly via the MAPK
(ERK1/2) pathway. Our antigenotoxicity and antimutageni-
city results corroborate the protective action of isoflavones
and their derivatives.

Some studies have suggested the ability of isoflavones in
reducing the risk of cancer development (Chen et al., 2003;
Jian, 2009; Kim et al., 2005; Luo et al., 2008; Sha & Lin,
2008: Somjen et al., 2012). As the dose and exposure time to
isoflavones can interfere with their effects, several mechan-
isms, such as the inhibition of cell proliferation, inflamma-
tion, invasion, metastasis and activation of apoptosis, are
related to the anticancer activity of these compounds
(Romagnolo & Selmin, 2012).

Qur data illustrate that isoflavones have the ability to
reduce DNA damage, possibly by reducing oxidative stress.
Therefore, we suggest that the anticarcinogenic property of
isoflavones can also be related to their antimutagenic
activity. However, more studies need to be performed to
elucidate the molecular and cellular mechanisms of isofla-
vones that provide DNA protection and how isoflavones can
reverse DNA-induced damage. Future studies will be
performed to confirm our hypothesis, including analysis
with the FPG (formamidopyrimidine DNA glycosylase),
modified version of the Comet assay which detects oxidative
DNA bases. Furthermore, it 1s necessary to assess whether
increased antioxidant defenses could reduce or even elim-
inate the effect of the drug against the parasite. Thus, new
studies are being conducted to determine the parasite load in
infected animals that are treated with antioxidants and
Glucantime.

Drug Chem Toxicol, 2015; 38(3): 312-317
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