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RESUMO

A leishmaniose é uma doenga negligenciada mundialmente com alto impacto dentre a
populacdo menos favorecida, principalmente em paises em desenvolvimento. O arsenal
terapéutico é restrito, ultrapassado e provoca efeitos adversos graves, podendo causar até a
morte. Além disso, estudos mostram que had grande resisténcia do parasita ao tratamento.
Nesse sentido, foram racionalmente planejados e sintetizados 18 novos derivados
dialquifosforilhidrazonas (4a - 40) e avaliados contra espécies de Leishmania. Inicialmente,
foi avaliado o efeito desses compostos contra formas promastigotas de L. amazonensis e L.
braziliensis in vitro. Observou-se que todos 0s compostos apresentaram atividade contra esses
parasitos, exceto 0s compostos 4a, 4c e 4e. Para avaliar a toxicidade destes compostos contra
células de mamiferos, foi realizado o ensaio de MTT em macrdfagos J774. Nesse ensaio
nenhum derivado apresentou citotoxicidade na concentragdo avaliada (100 mM), exceto 4o,
que foi tdxico para aproximadamente 20% das células tratadas. Em seguida, utilizando os
parametros de Clso, Emax € citotoxicidade, foram escolhidos os compostos 4m e 4n para 0s
testes subsequentes. Esses compostos foram avaliados in vitro no ensaio de amastigota. Nesse
teste, a média do numero de parasitas por macrdfago, a porcentagem de macréfagos
infectados e o indice de infeccdo dos macrofagos por L. amazonensis foram reduzidos de
forma dependente de dose por ambos os compostos, semelhante ao farmaco padrédo
Miltefosina. Uma vez que estas moléculas apresentaram atividade leishmanicida in vitro, foi
avaliado o efeito de 4m e 4n no modelo de leishmaniose cutdnea em camundongos, que
mimetiza a doenca em humanos. O tratamento oral com ambos os compostos promoveu a
cicatrizacdo total de nddulos e Ulceras nas orelhas de camundongos infectados com L.
amazonensis, porém apenas o tratamento com 4n reduziu a carga parasitaria no local do
indculo. Além disso, nenhum dos compostos interferiu na carga parasitaria sistémica, uma vez
que eles ndo reduziram os niveis dos parasitas nos linfonodos drenantes. O efeito de 4m e 4n
foi também avaliado contra L. chagasi, causadora da forma visceral da doenca. Inicialmente,
foram realizados ensaios in vitro contra as formas promastigotas e amastigotas de L. chagasi.
Semelhante ao que foi observado anteriormente, 4m e 4n foram ativos contra ambas as formas
de L. chagasi. Além disso, por meio de microscopia eletrdnica de varredura, observou-se que
as formas promastigotas tratadas com 4m apresentaram multiplos flagelos, formas anémalas e
maltiplos septos, enquanto o tratamento com 4n induziu uma reducdo do corpo celular das
promastigotas e a formacdo de multiplos septos. No modelo de leishmaniose visceral em
hamsters (Mesocricetus auratus), 15 dias apds os tratamentos, o peso dos 6rgdos viscerais
(figado e baco) foi avaliado. Embora esse tratamento ndo tenha reduzido o peso dos 6érgéos,
reduziu a carga parasitaria no baco, o que indica um efeito oral leishmanicida dos compostos
4m e 4n contra a forma visceral. Adicionalmente, foi observado que o tratamento com 4m e
4n ndo induziu hepatotoxicidade nem nefrotoxicidade, uma vez que os niveis de alanina
transaminase (ALT), aspartato transaminase (AST), ureia e creatinina ndo estavam elevados
apés o tratamento. Em conjunto, esses dados indicam que 0SS compostos
dialquilfosforilhidrazonas sdo ativos contra espécies de Leishmania, principalmente o0s
compostos 4m e 4n, que sdo foram ativos por via oral contra leishmaniose cutanea e visceral.
Indicando que estes podem ser considerados novos prototipos para o tratamento da
leishmaniose.

Palavaras-chave: Dialquilfosforilhidrazonas; Leishmania sp.; Leishmaniose Cuténea;
Leishmaniose Visceral.



ABSTRACT

Leishmaniasis is a worldwide neglected disease with high impact among the
underprivileged population, especially in developing countries. The therapeutic arsenal is
limited, outdated and causes serious side effects and can even cause death. In addition, studies
show that there is great resistance of the parasite to treatment. In this regard, 18 (4a - 40) new
dialkylphosphorylhydrazones compounds were synthesized and evaluated against the
parasites Leishmania species. Initially, we evaluated the effect of these compounds against L.
amazonensis and L. braziliensis promastigotes in vitro. It was observed that all of compounds
showed activity against these parasite, except 4a, 4c and 4e. In order to assess a potential
toxicity against mammalian cells, MTT assay were performed in J774 macrophages treated
with compounds. All The compounds showed low cytotoxicity with LCsy values >100 mM,
except for 40, which was toxic to approximately 20% of the treated cells. Using the ECso,
Emax and cytotoxicity parameters, 4m and 4n compounds were chosen for the subsequent tests.
These compounds were tested antiamastigote assay in vitro. In this test, the average of the
number of parasites per macrophage, the percentage of infected macrophages and infection
index of L. amazonensis-infected macrophages were reduced dose dependently by both
compounds, similar to standard drug miltefosine. Since these compounds showed anti-
leishmania activity in vitro, later it was tested 4m and 4n anti-leishmania effect in mouse
model of cutaneous leishmaniasis, that mimics human disease. In this assay, the oral treatment
with both compounds caused a complete healing of nodules and ulcers in L. amazonensis-
infected mice ears, but the control of parasite burden at the inoculation site was reduced only
in the case of treatment with 4n. On the other hand, none of two compounds interfered in
systemic parasite burden, once they did not reduce parasite levels in draining lymph nodes.
Thereafter, we also evaluate 4m and 4n effect in L. chagasi-induced visceral leishmaniasis in
hamsters (Mesocricetus auratus). Firstly, in vitro assays against promastigotes and
amastigotes form of L. chagasi were performed. Similar to observed previously, 4m and 4n
were active against both L. chagasi forms. In addition, by scanning electron microscopy, it
was observed that promastigotes treated with 4m compound presented multiple flagellae,
aberrant shapes and multi-septation; while 4n treatment caused cell body shrinkage and multi-
septation. In in vivo test, 15 days after oral treatment with 4m and 4n, it was evaluated the
visceral organs weight (spleen and liver). Despite this treatment did not reduce organs weight,
it reduced the parasite burden in spleen, which indicate oral effect of 4m and 4n against
visceral leishmaniasis in mice. Also, it was observed that 4m and 4n treatment did not induce
hepatotoxicity and nephrotoxicity, since they did not increase the levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), urea and creatinine. Taken
together, these data indicate that dialkylphosphorylhydrazones compounds are active against
Leishmania species, mainly 4m and 4n compunds, which are orally active against cutaneous
and visceral leishmanisis. This indicate that 4m and 4n could be new lead compounds
therapeutically useful against leishmaniasis.

Key words: Dialkylphosphorylhydrazones compounds; Leishmania sp.; cutaneous
leishamaniasis; visceral leishmaniasis.
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1. INTRODUCAO

A Organizacdo Mundial da Saude (OMS) e a organizacdo Medicos Sem Fronteiras
propuseram ha cerca de uma década o termo “Doencgas Tropicais Negligenciadas” (DTNs),
referindo-se aquelas enfermidades, geralmente transmissiveis, que apresentam maior
ocorréncia nas regides tropicais dos paises em desenvolvimento (WHO, 2015; DAUMERIE,
DENIS; SAVIOLI, 2010). As DTNs mais importantes incluem leishmanioses, doenca de

Chagas, hanseniase, dengue e maldaria, além de diversas parasitoses (MOREL, 2006).

Estas doengas tém como caracteristicas comuns a endemicidade elevada e sdo a
principal causa de morbidade e mortalidade nas areas rurais e urbanas menos favorecidas dos
paises da Africa, Asia e América Latina, que concentram os maiores bolsdes de pobreza do
mundo. O impacto individual e coletivo das DTNs é grande: reduzem a qualidade de vida e a
produtividade da populacédo afetada, agravam a pobreza e contribuem para a manutengéo do
quadro de desigualdade (DIAS et al., 2009). Contudo, o prejuizo causado por estas doencas
ndo pode ser calculado considerando apenas a mortalidade. Em geral, elas causam muito mais
incapacidades, gerando custos a curto e longo prazo para os governos (DAUMERIE, DENIS;
SAVIOLLI, 2010).

Apesar da importancia econdmica e social destas enfermidades pouco tem sido o
progresso feito no conhecimento basico, no desenvolvimento e na descoberta de novos
farmacos para estas doencas, de maneira geral as opg¢des terapéuticas sao insuficientes, foram
desenvolvidas na metade do século passado e apresentam problemas como baixa eficacia e
elevada toxicidade (GUIDO, OLIVA, 2009).

Além disso, as doencas infecciosas representam baixa prioridade para a inddstria
farmacéutica, o investimento em P&D de novos farmacos € muito alto e o retorno € baixo
uma vez que essas doencas acometem uma parcela da populacdo de pouco poder aquisitivo
(TROUILLER et al., 2002). A negligéncia é também evidente em termos monetarios, uma vez
que estas doengas recebem uma propor¢do muito pequena dos recursos publicos para a saude
(LIESE; ROSENBERG; SCHRATZ, 2010).

No caso particular da leishmaniose, que é uma doenca que causa lesbes na pele,
deformac0es faciais e até mesmo a morte, na sua variante clinica mais grave, a terapéutica

atual é composta por um arsenal restrito e ultrapassado. Os farmacos de primeira escolha sédo
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antimoniais pentavalentes utilizados desde 1940, os quais além de apresentarem varias
restricbes para o uso devido aos graves efeitos colaterais possuem alto indice de resisténcia,
dificuldades de administracdo e baixa adesdo dos pacientes ao tratamento (RATH, 2003). Em
alguns casos, outros farmacos como pentamidina, anfotericina B e paromomicina sdo usadas
como segunda opgdo em casos resistentes, mesmo com baixa eficicia e a alta toxicidade

desses compostos para o hospedeiro (AMEEN, 2010).

Mais recentemente foi descoberta a miltefosina, inicialmente desenvolvida para o
tratamento do céancer, licenciada em alguns paises como primeiro farmaco oral para o
tratamento da leishmaniose (KEDZIERSKI, 2009). No entanto, apesar de apresentar elevada
eficacia para L. chagasi, também possui efeitos adversos graves como teratogenicidade e ja
apresenta inimeros casos de resisténcia (MALTEZOU, 2009). Ha também a anfotericina B
liposomal que como a miltefosina apresenta alto custo e elevada toxicidade (ROY et al.,
2011).

Face ao panorama exposto, fica evidente a necessidade de buscar novas opcoes
terapéuticas para a leishmaniose. A descoberta de novos farmacos, preferencialmente de
administracdo oral, seguros, efetivos e de baixo custo, € um desafio colocado aos
pesquisadores envolvidos no desenvolvimento de novos prototipos de farmacos aplicaveis

na quimioterapia antiparasitaria.

Considerando este cenario foram desenvolvidos derivados dialquilfosforilhidrazonas
para serem avaliados quanto a atividade leishmanicida. Tais moléculas foram planejadas e
sintetizadas racionalmente segundo os conceitos de hibridacdo molecular, que é uma
estratégia classica de conjugacédo de estruturas de compostos bioativos distintos em uma Unica
molécula, sendo uma alternativa eficaz para arquitetar racionalmente estruturas moleculares
de novos compostos protétipos. Nesse sentido, foi conjugado o grupo funcional hidrazénico
do nifurtimox, que é um antichagasico (ndo mais utilizado no Brasil) ativo contra
tripanossomatideos, com o grupo fosfato da miltefosina, uma droga anticancer
alquilfosfolipidica ativa contra Leishmania. Tais compostos foram ativos numa triagem inicial
realizada por Nogueira e colaboradores (2011) contra Leishmania amazonensis e
Tripanossoma cruzi. No entanto, estudos de docking indicaram a necessidade de realizar

melhorias na estrutura molecular inicial. A partir dai, uma série inedita
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dialquilfosforilhidrazonas foi

leishmanicida.

sintetizada para serem avaliados quanto a atividade

Desta forma, em continuidade aos esforcos de pesquisa que o Laboratério de

Farmacologia e Imunidade (LaFI-UFAL) vem desenvolvendo na busca por novos prot6tipos

imunomoduladores e antiparasitarios Uteis ao tratamento de doencgas negligenciadas, bem

como devido ao elevado potencial terapéutico de dialquilfosforilhidrazonas, realizou-se no

presente trabalho a avaliacdo farmacoldgica de uma nova série de 18 derivados

dialquilfosforilhidrazonas, planejados e sintetizados por pesquisadores da Universidade

Federal Rural do Rio de Janeiro (UFRRJ), visando a descoberta de novos candidatos a

prototipos de farmacos leishmanicidas, que constituam opges terapéuticas mais seguras ao

tratamento da leishmaniose.

Figura 1 - Esquema do planejamento racional dos derivados dialquilfosforilhidrazonas.

Em destaque os grupos funcionais fosfato (azul) e hidrazona (vermelho).
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2 REFERENCIAL TEORICO
2.1 Leishmanioses

As leishmanioses abrangem um grupo de doencas que séo causadas pela infeccéo de
protozoarios do género Leishmania. A doenca é transmitida aos seres humanos por
flebotomineos e exibe diferentes manifestacées clinicas, que vao desde infeccdo assintomatica
ou subclinica a formas desfigurantes de leishmaniose cutdnea ou mucosa. Além disso, ha a
forma visceral que € potencialmente fatal (ROSS, 1903; REMME et al., 2002; DESJEUX,
2004a). Devido ao vasto espectro de manifestacGes esta doenca é considerada polimorfica e
0s sintomas estdo relacionados com a espécie do parasito, fatores eco-epidemiologicos, efeitos
imuno-reguladores da saliva do mosquito, caracteristicas genéticas, imunidade e estado
nutricional do hospedeiro (DE CAMPOS et al., 2010; LIMA, TITUS, 1996, MCMAHON-
PRATT & ALEXANDER, 2004).

De maneira geral, tem havido ao longo dos anos uma intensa subestimagédo das
leishmanioses como reais problemas de salde, agravada pelas dificuldades enfrentadas por
paises que possuem escassos recursos para controlar doengas infecciosas, proporcionando o
avanco destas enfermidades (WHO, 2010). Por esse motivo, as leishmanioses constituem
atualmente, o segundo grupo mais comum de doencas infecciosas depois da malaria, e estdo
entre as mais importantes doencas infecciosas tropicais combatidas pela OMS (ABATH,
2000; DESJEUX, 2001; DESJEUX, 2004a; DESJEUX, 2004b). Os encargos que as
leishmanioses trazem persistem devido a existéncia de grandes obstaculos técnicos,
gerenciais, financeiros e politicos ao controle dessas doencas, permitindo que elas se
mantenham como grave problema da saude publica, sendo bastante onerosas para o
desenvolvimento social e para a economia de varios paises (DIAS, DESSOY, 2009;
HOMEDES, 1995; WHO, 2010).

Por serem doencas negligenciadas pelas autoridades competentes, atualmente, as
leishmanioses permanecem como doencas inevitaveis e incontrolaveis. Para alguns autores o
perfil epidemioldgico estd mudando para um aumento da prevaléncia e, portanto, novos
instrumentos e abordagens para alcancar seu controle s&o urgentemente necessarios (LORIA-
CERVERA, ANDRADE-NARVAEZ, 2014). Além disso, as opgOes terapéuticas sio
insuficientes e apresentam uma série de problemas, tais como baixa eficacia, elevada

toxicidade e emergéncia de cepas resistentes (GUIDO, OLIVA, 2009).
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2.2 Vetores e hospedeiros

A leishmaniose é transmitida, em mamiferos, principalmente por vetores da familia
Psychodida, hematdfagos pertencentes aos géneros Phlebotomus no Velho Mundo e
Lutzomyia no Novo Mundo (READY, 2010; SHUKLA et al., 2010). Sao insetos dipteros
denominados flebotomineos e popularmente conhecidos como mosquito-palha, asa-dura,
birigui ou cangalhinha. Eles possuem coloracdo clara e o corpo revestido por pélos, medindo
de 1 a 3 mm de comprimento (Figura 1). Ambos o0s sexos necessitam de carboidratos como
fonte energeética, mas apenas as fémeas se alimentam de sangue para o desenvolvimento de
seus ovos (FORATTINI, 1973). Estes vetores se distribuem principalmente em regides de
climas quentes e temperados, apresentam atividade crepuscular e pos-crepuscular e abrigam-
se durante o dia em lugares umidos, escuros e protegidos dos ventos (BORASHI & NUNES,
2007).

Figura 2 - Lutzomyia longipalpis durante o repasto sanguineo.

Fonte: Wikipedia: https://en.wikipedia.org/wiki/Lutzomyia

O género Lutzomyia é responsavel pela transmissdo das leishmanioses nas Américas.

Dentro deste género 350 espécies ja foram catalogadas e se encontram distribuidas desde o sul
do Canada até o norte da Argentina, das quais pelo menos 200 ocorrem na bacia amazdnica
(GILL et al., 2003). As principais espécies envolvidas na transmissdo da leishmaniose
tegumentar americana sdo: Lutzomyia flaviscutellata, Lu. whitmani, Lu. umbratilis, Lu.
intermedia, Lu. wellcome e Lu. migonei. Havendo, entretanto, o registro de infecgdo natural
de outras espécies, como Lu. neivai e Lu. fischeri (PITA-PEREIRA et al., 2009; ROCHA et
al., 2010). O principal vetor da leishmaniose visceral no Brasil é o Lutzomyia longipalpis
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(BASANO; CAMARGO, 2004). Algumas espécies além de estarem envolvidas na
transmissdo da leishmaniose, sdo hospedeiras de outros microrganismos, como virus,
nematoides, bactérias e fungos (SHAW et al., 2003).

Além de um vetor invertebrado, o parasito necessita de um hospedeiro vertebrado
que atua como reservatorio. Existem varias discussdes sobre os conceitos de hospedeiros e
reservatorios (ASHFORD, 1996; CHAVES et al., 2007; HAYDON et al., 2002). O termo
hospedeiro é bem abrangente e diz respeito a uma espécie que abriga ocasionalmente um

parasito oportunista que pode ou ndo comprometer sua sobrevivéncia (AVILA-PIRES, 2005).

De acordo com Ashford (1996), a relacdo reservatorio-parasito € extremamente
complexa, haja vista que diversos fatores ambientais podem interferir nela, tornando-a entéo
dindmica. Os reservatdrios para a doenca variam de acordo com a espécie de Leishmania
envolvida na transmissdo. Pequenos roedores, marsupiais e endentados s&o encontrados
infectados naturalmente pelo parasito (ARIAS, NATFFI, 1981; BRANDAO-FILHO et al.,
1994, 2003; SILVEIRA et al., 1991), assim como primatas (LAINSON, SHAW, 1998). Ao
mesmo tempo, 0 homem e alguns animais domeésticos como caes (TOLEZANO et al., 2007),
equinos (BRANDAO-FILHO et al., 2003) e felinos (DANTAS-TORRES et al., 2006) s&o

considerados hospedeiros acidentais.
2.3 Agente etiologico e Ciclo de vida

O género Leishmania (Filo protozoa: Ordem Kinetoplasticida: Familia:
Trypanossomatidae) descrito por Ross em 1903 ¢é formado por protozodrios unicelulares e
heterdxenos, com cerca de 30 espécies catalogadas, das quais 20 infectam o0 homem e causam
a doenca (ASHFORD, 2000). Estes parasitos sdo classificados em dois subgéneros: Viannia e
Leishmania, de acordo com o tipo de desenvolvimento dos flagelados no trato digestivo dos
flebotomineos (LAINSON, RYAN, SHAW, 1987). O subgénero Viannia possui
desenvolvimento predominante no intestino posterior dos vetores e depois migram para o
intestino médio e anterior (seccdo peripilaria). J& os do subgénero Leishmania desenvolvem-

se apenas no intestino anterior e médio (sec¢do suprapilaria) (LAINSON, SHAW, 1998).

Durante o seu ciclo de vida digenético (heteroxénico), que inclui uma fase no tubo
digestivo do vetor flebotomineo, e outra em diferentes hospedeiros vertebrados, a Leishmania

apresenta-se sob duas formas evolutivas: promastigotas e amastigotas (Figura 2). A primeira
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caracteriza-se por ser alongada, movel, provida de flagelo livre, se desenvolve naturalmente
apenas no inseto vetor e multiplica-se por divisdo binéria longitudinal dentro do seu tubo
digestivo. A amastigota é imdvel, arredondada, com flagelo rudimentar ndo exteriorizado, que
se localizam em vacuolos parasitoforos de células fagocitarias de vertebrados, sobretudo
macrdofagos (BALANCO et al., 1998).

Figura 3 - Formas evolutivas do protozoario Leishmania. A: promastigota; B:
amastigota.

A. Promastigotas de L. amazonensis aderidas ao intestino do inseto vetor. Fonte: FIOCRUZ — Portal de
Periddicos: http://www.periodicos.fiocruz.br/pt-br/content/semana-nacional-de-controle-e-combate-
%C3%A0s-leishmanioses

B. B. Amastigotas de L. amazonensis (em vermelho) dentro de vactolos parasitéforos em macréfago de
camundongo (cinza).

Fonte: Blog da Sociedade Brasileira de Parasitologia:
https://blogdeparasitologia.wordpress.com/2014/05/06/parasita-da-leishmaniose-enngana-o-sistema-

imunologico

A manutencéo da infeccdo por Leishmania nos hospedeiros vertebrados se da por meio
da multiplicacdo de formas amastigotas dentro de células do sistema fagocitico mononuclear.
Embora formas amastigotas possam circular no sangue dentro de células que fazem parte
desse sistema, é na pele sd ou lesionada que estdo presentes a maior parte das células
infectadas (ALMEIDA et al., 2003; CRUZ et al., 2005).

O ciclo comeca quando o inseto vetor se contamina com sangue de um hospedeiro
contendo macrofagos infectados com amastigotas. Devido as pecas bucais relativamente

curtas dos flebotomineos ndo é possivel uma penetragdo profunda nem puncédo direta dos
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vasos. Por isso, 0s vetores rasgam a pele da vitima e dilaceram os tecidos provocando uma
pequena hemorragia, da qual drenam o sangue, células e linfa dos pequenos capilares
rompidos. Dessa maneira, estes insetos podem ingerir amastigotas de Leishmania ali
presentes (LEIBY, 1994; SOARES & TURCO, 2003).

As formas amastigotas, ingeridas durante o repasto sanguineo, logo se diferenciam em
promastigotas ainda no meio da massa de sangue por digerir. Tal transformacéo ird permitir
que os parasitos sobrevivam a digestdo que logo se iniciara (SACKS, KAMHAWI, 2001). A
sobrevivéncia intracelular do parasito pode estar relacionada a rapidez de sua transformacéo
em amastigota (LEWIS, 1987), uma vez que estas formas se encontram melhor dotadas
biogquimicamente e enzimaticamente para resistirem aos mecanismos leishmanicidas dos
macrofagos (MITTRA et al., 2013; PEARSON et al.,1983).

Durante esse processo de transformacéo, as promastigotas aderem as microvilosidades
do intestino médio do inseto. Nesta fase, os parasitos sdo denominados prociclicos, e
caracterizam-se por se multiplicarem rapidamente por divisdo binaria. Apos alguns dias
transformam-se em promastigotas metaciclicos, estes sdo mais moveis, porém ndo tém a
mesma capacidade de se multiplicar. As promastigotas metaciclicas, infectantes, migram para
a proboscita do inseto e sdo inoculadas com a saliva durante o proximo repasto sanguineo
(SACKS; KAMHAWI, 2001).

As promastigotas sobrevivem aos mecanismos de defesa inatos do hospedeiro e entéo
infectam os macrofagos. Dentro dos macrofagos forma-se o fagossomo, local onde as
promastigotas metaciclicas sobrevivem e estabelecem condi¢Ges favoraveis para a sua
diferenciacdo em amastigotas, que se dividem, lizam o macrdfago parasitado e infectam novas
células repetindo o ciclo (BATES, 1994; GANTT et al., 2001; SACKS; KAMHAWI, 2001).

2.4 Interagdes com o hospedeiro

A evolucdo da doenca infecciosa em um individuo envolve interacdes complexas de
muitas moléculas (CHAKRABARTY, 1996; HICKS et al., 2000; ILG, 2000), bem como
tipos celulares distintos entre os parasitas e 0 hospedeiro (WRIGHT; EL AMIN, 1989).

O sistema imune é capaz de responder de maneira particular e especializada a

diferentes parasitas, sendo varidvel a magnitude e o tipo de resposta e frequentemente
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determina a evolugdo e o progndstico da infeccdo (ABBAS; LICHTMAN; POBER, 2000).
Diversos eventos levam ao desenvolvimento para a cura espontanea ou progressdo dessas
doencas (GRIMALDI JR; TESH, 1993; RIVAS et al.,, 2004), devendo-se salientar que a
atuacdo dos fatores genéticos do hospedeiro vertebrado infectado séo extremamente
importantes durante o desenvolvimento das patologias resultantes da infeccdo com
Leishmania spp. (RITTER et al., 2004; ROBERTS; HANDMAN; FOOTE, 2000; MURRAY
et al., 2005; CABRERA et al. 1995; GRAB et al. 2004).

Figura 4 - Ciclo biologico e modo de transmissdo de Leishmania spp - A figura mostra o
repasto sanguineo dos flebotomineos e a aspiracdo de células de Leishmania spp. no sangue do hospedeiro
infectado (humano ou animal). As células de Leishmania spp. se desenvolvem dentro do trato digestivo do inseto
vetor até se transformarem na forma infectante. Esta forma é transmitida a outros hospedeiros durante um novo

repasto sanguineo, podendo causar as diferentes formas da doenca.

Fonte: WHO: http://www.who.int/tdr/diseases-topics/leishmaniasis/en/

Modelos de animais empregados no estudo da fisiopatologia das leishmanioses tém
mostrado que essa enfermidade é mediada por imunidade adaptativa com a participacdo de
células T. Um subtipo especifico de linfocito T, denominado linfécito T auxiliar, esta
diretamente comprometido com a resposta imune desenvolvida contra esses parasitas. Este

subtipo de linfdcito T, caracteristicamente chamado de célula T CD4", pode ser subdividido
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em duas subpopulacdes celulares, a Thl e a Th2, que sdo de fundamental importancia para a
defesa e susceptibilidade do hospedeiro contra as infecgOes, respectivamente.

Inicialmente, as leishmanias multiplicam-se no interior dos macrofagos, podendo ser
mortas no interior dessas células quando ativadas pelo interferon y (IFN-y) ou diretamente
pelo contato com células T CD4" especificas. A morte do parasito é promovida por
mecanismo monoxidativos, intermediado pelo dxido nitrico e por seus metabdlitos. O IFN-y
produzido pelas células Thl ativa os macréfagos a destruir as amastigotas intracelulares. A
IL-12, citocina importante produzida por células apresentadoras de antigeno, como as células
dendriticas, tem participacdo importante na resposta Thl protetora, pois promove a
diferenciacdo dos linfocitos Thl. Por outro lado, a resposta Th2, que predomina em um
microambiente rico em IL-4, suprime a resposta Thl e a respectiva ativacdo dos macréfagos
(SILVA, 2003).

A subpopulacdo Thl é capaz de eliminar os parasitas e conferir imunidade, prevenindo
uma possivel infeccdo posterior. Adicionalmente a essas, outras células especificamente
envolvidas, apés ativacdo via moléculas secretadas pelas células Thl, sdo as células T
citotoxicas ou CD8" e as “Natural Killers” (NK), que também estdo envolvidas na imunidade
contra as diferentes espécies de Leishmania (ROITT; BROSTOFF; MALE, 1999). De
maneira contraria, a subpopulacdo Th2 proporciona susceptibilidade a infeccdo e a progressao
das doengas (AHMED et al., 2003; GAMA et al. 2004; GRIMALDI JR; TESH, 1993;
MURRAY et al., 2005; ROBERTS; HANDMAN; FOOTE, 2000; SOUSSI et al., 2000).

2.5 Epidemiologia

De acordo com a OMS, as leishmanioses sdo um grupo de doencas endémicas com
altos indices de morbidade e mortalidade, prevalentes em todos os paises das regides tropicais
e subtropicais do mundo (GONTIJO & CAMARGO, 2003), exceto na Austrdlia, Nova
Zelandia e algumas ilhas do Pacifico (Figura 4). Estima-se, para esta doenga, uma prevaléncia
de 12 milhGes de casos no mundo, sendo que 350 milhdes de pessoas estdo ameacadas de

contrair a doenca em 98 paises (WHO, 2014).

A leishmaniose visceral (LV) é encontrada em quase todos os continentes, com cerca
de 500.000 mil casos novos registrados anualmente causam em torno de 30.000 mortes por

ano. Infelizmente, esses dados sdo subestimados, uma vez que a afecgdo nao é de notificacéo
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compulsoria em todos os paises em que ocorre, e muitos nao realizam vigilancia ou outras
investigacOes e ndo possuem um sistema de armazenamento de dados (ALVAR et al., 2012).
Apesar disso, sabe-se que sua distribuicdo mundial € irregular, do total de casos mais de 90%
ocorrem em apenas seis paises: Bangladesh, Brasil, Etiopia, india, Suddo do Sul e Sud&o
(WHO, 2014). Na Ameérica do Sul e Central, a LV ocorre desde o sul do México até o norte
da Argentina, sendo o Brasil responsavel por 90% dos casos registrados ocorridos no
continente americano (MINISTERIO DA SAUDE, 2014).

J& a forma tegumentar € mais amplamente disseminada, com cerca de 1,2 milhGes de
casos registrados por ano, distribuidos especialmente entre as regides das Américas, Bacia do
Mediterraneo e a Asia Ocidental. No entanto, dez paises apresentam o maior niimero de casos
estimados: Afeganistdo, Argélia, Brasil, Coldmbia, Costa Rica, Etidpia, Ird, Peru, Sudao e
Siria, e, juntos, representam 70 a 75% da incidéncia global estimada (ALVAR et al., 2012;
WHO, 2014). Apesar desta forma da doenca ndo apresentar comumente ameacga a morte,
durante a Guerra Ird-lraque um milhdo de pessoas foi infectada e os avancos do Estado

Islamico ficaram prejudicados.

Estas doencas sdo zoonoses em franca expansdo geografica no Brasil. Sua distribuicdo
¢ assegurada em todo o territdério nacional com registros em todos os Estados. Devido a
demora com que 0 paciente procura o servico de salde e o dificil diagnostico por parte do
préprio sistema, os nimeros notificados talvez ndo traduzam a evolucdo destas doencas no
Pais (BRASIL, 2000; NEGRAO, FERREIRA, 2014). Além disso, a situacio epidemioldgica
das Leishmanioses estd mudando e se expandindo para as areas urbanas de médio e grande

porte.

Inicialmente os estudos sobre a epidemiologia das leishmanioses a caracterizavam
como doengas exclusivamente rurais. Estas doencas, que eram restritas a comunidades com
baixo grau de instru¢do, com o passar do tempo, também se tornaram comuns em &reas
suburbanas e urbanas (GAMA et al.,, 1998; GONTINO, C.; MELO, 2004). Essa nova
distribuicdo resultou de problemas que envolvem aspectos ambientais, sociais e econdmicos,
possivelmente associados aos processos de fluxos populacionais em massa das areas rurais
para os centros urbanos, gerando um potente fator de risco para a disseminagdo da doenca: a
urbanizacdo descontrolada (DESJEUX, 2004a; DESJEUX, 2004b; GONTIO, C.; MELO,
2004; WHO, 2010).

23



Dentro desse contexto, a migracdo tem sido a principal causa da disseminagdo da

leishmaniose, e, na ocorréncia de sérias epidemias que afetam principalmente criancas. As

péssimas condicOes sanitarias e os inadequados servicos de saude a disposicao de individuos

pobres ampliam o problema da desnutricdo que incrementam as chances de infeccdo, e,

consequentemente, a alta taxa de mortalidade entre os menores de 5 (cinco) anos de idade

(ARIAS et al., 1996; CAMPOS JR, 1995; DYE; WILLIAMSON, 1993; REY et al., 2005).

Figura 5 - Endemicidade Mundial da Leishmaniose Cutanea (A) e Visceral (B).
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Fonte: World Health Organization: http://www.who.int/leishmaniasis/leishmaniasis_maps
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Outro agravante sdo as alteracbes nos perfis epidemioldgicos das leismanioses,
sobretudo a LV, paralelo a epidemia do virus da imunodeficiéncia humana (HIV). A
associacdo entre as enfermidades € relativamente recente e os casos tém aumentado Brasil e
no mundo (ALBUQUERQUE et al.,, 2014). Muitos autores relatam uma superposicao
simultanea entre o aparecimento de individuos com leishmaniose e a ocorréncia da Sindrome
da Imunodeficiéncia Adquirida (AIDS) especialmente entre os usuarios de drogas
intravenosas (DESJEUX, 2004a; HANDMAN, 2001; HERWALDT, 1999; ROBERTS et al.,
2000). Este fendmeno tem ocorrido devido a ruralizacdo da AIDS concomitante a urbanizacéao
das leishmanioses, que indica a emergéncia desta doenca parasitaria como uma importante
infeccdo oportunista ao HIV. O impacto epidemioldgico desta coinfeccdo € tdo significativo
gue a OMS cogita introduzir a LV como doenca indicadora de AIDS (MALAFAIA, 2008;
SOUSA-GOMES et al., 2011).

2.6 Aspectos clinicos e histopatoldgicos das leishmanioses

Considerando que diferentes espécies do parasito podem ser transmitidas por varias
espécies do vetor, para diferentes hospedeiros vertebrados em diversos ecossistemas, a
infeccdo pode manter-se de forma assintomética ou resultar em um leque espectral de
manifestacdes clinicas, histopatologicas e imunoldgicas que pode variar desde as formas

cuténeas até a forma visceral.
2.6.1 Leishmaniose Tegumentar Americana (LTA)

A LTA é uma doenga infecciosa, ndo contagiosa, de evolucdo cronica, causada por
diferentes espécies de parasitos do género Leishmania. No Brasil, esta doenca é uma das
afeccBes dermatoldgicas que merece atencdo, devido a sua magnitude, o risco de ocorréncia
de deformidades que podem produzir no ser humano e o envolvimento psicol6gico, com
reflexos no campo social e econdmico, uma vez que, na maioria dos casos, pode ser

considerada uma doenca ocupacional (BRASIL, 2007).

As manifestacBes clinicas da LTA sdo diversas e o processo infeccioso depende de
fatores relacionados tanto ao parasito quanto ao hospedeiro (GRIMALDI, TESH, 1993). A
sobrevivéncia do parasito esta relacionada a evasao deste ao sistema imune do hospedeiro,
podendo causar doencga assintomatica ou apresentar um espectro de aspectos clinicos
(SACKS, SHER, 2002; ZAMBRANO-VILLA et al., 2002). A LTA pode ocorrer de forma
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localizada, caracterizada por les&o Unica; disseminada, quando apresenta numerosas lesdes em
diferentes regides do corpo; difusa, em que as lesdes se apresentam de forma nodular; e na
forma mucocutanea em que pode ocorrer a destruicdo do septo nasal e boca, resultando em
deformidades severas. Ha ainda a forma recidivante, com lesdo ativa na area proxima a borda
da lesdo curada que se desenvolve com ou sem tratamento apds um periodo de tempo
variavel. Na maioria dos casos, observa-se uma doenga com lesdo ulcerada unica (GONTHO,
CARVALHO, 2003; MARZOCHI, 1992).

A leishmaniose cutanea (LC) pode ser causada por diversas espécies do parasito. Nas
Américas é freqlientemente causada pelas espécies L. brasiliensis, L. amazonensis, L.
mexicana, L. peruviana, L. panamensis e L. guyanensis; no Velho Mundo as espécies L.
major, L. tropica e L. aethiopica sdo as responsaveis por esta forma clinica (GRIMALDI,
TESH, 1993; WILLIAMS, 1995).

Esta doenca é caracterizada por Ulceras rasas, localizadas exclusivamente na pele, com
bordas elevadas em moldura, fundo granulomatoso, com ou sem exsudato e, em geral, séo
indolores (DA-CRUZ et al., 2002; GONTHNO, CARVALHO, 2003). Aparecem,
predominantemente, nas areas corpdreas descobertas e iniciam-se no local em que as formas
promastigotas infectantes foram inoculadas. Normalmente, apresentam cura espontanea ou
uma boa resposta ao tratamento (GRIMALDI e TESH, 1993; DESJEUX, 2004). No entanto, a
forma cutanea pode se tornar cronica e disseminar progressivamente afetando linfonodos e
causando metastases (ASHFORD, 2000; HEPBURN, 2000).

A forma cutanea-difusa é caracterizada por lesdes nodulares ou papulosas sobre toda
regido do corpo, sdo graves e deformantes, ricas em parasitos. E uma enfermidade créonica,
altamente resistente a quimioterapia, ndo existindo cura. E comum ocorrer em individuos com
deficiéncia imunoldgica e estd associada a L. (L.) amazonensis (BOMFIM et al., 1996;
CACERES-DITTMAR et al., 1993). A leishmaniose mucocutanea é a forma mais agressiva e
mutilante, caracterizada por infiltragdo, ulceracdo e destruicdo dos tecidos da cavidade nasal,
faringe e/ou laringe. E na maioria das vezes, secundaria as lesdes cutineas, surgindo por
disseminacdo hematogénica meses ou anos apds a resolucdo das lesdes de pele. O risco de
deformidades permanentes é consideravel e o diagndstico precoce € essencial para a eficacia
terapéutica e para evitar sequelas (FUNDACAO NACIONAL DE SAUDE, 2002;
MARSDEN, 1986; MARZOCHI, 1992).
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A leishmaniose mucocutdnea caracteriza-se por lesfes tardias, que surgem
geralmente meses ou anos apés a cura de uma lesdo cutdnea (WALTON, 1987),
preferencialmente na regido auricular ou nasal que se estende progressivamente aos tecidos
moles com inflamacé&o e ulceracdo. Posteriormente, a lesdo se aprofunda para destruir o tecido
em Vvarios anos. Nestas lesdes, poucos parasitas sdo encontrados (MARKELL et al., 2003). A
espécie mais destrutiva, causadora da forma mucocutanea é a L. brasiliensis (ABRAMSON et
al., 1995).

2.6.2 Leishmaniose Visceral (LV)

Diferentes espécies de Leishmania, como L. donovani (comumente encontrada na
india e Africa), L. infantum (observada na regido do Mediterraneo, Oriente Médio e Asia) e L.
chagasi, normalmente presente na América do Sul, apresentam tropismo pelas visceras da
cavidade abdominal dos individuos humanos, o que leva a alteragdes marcantes nas funcGes
de drgdos vitais como baco, figado e medula éssea (BAILY; NANDY, 1994). No Brasil esta
doenca é uma importante causa de morbidade e mortalidade em areas endémicas, como a
regido Nordeste (MINISTERIO DA SAUDE, 2014).

Com relacdo aos sintomas a LV é caracterizada principalmente por surtos irregulares
de febre e esplenomegalia. Os sintomas variam, podendo ocorrer palidez, anemia,
trombocitopenia, hemorragias digestivas e perda de apetite com desnutricdo grave
(FURTADO, 1994). O curso da doenga pode ser lento durante anos ou surgir de maneira
aguda, rapida e fatal (HANDMAN, 2001; WORLD HEALTH ORGANIZATION, 2004).

De acordo com o Ministério da Satde a LV pode ser classificada em cinco classes: 1)
Inaparente: sem manifestacGes clinicas, porém com resultados sorol6gicos ou parasitoldgicos
positivos; 2) Oligossintomatica: com presenca de febre baixa intermitente, prostracdo e
discreta esplenomegalia, quando detectada; 3) Aguda: com manifestacdo subita e febre como
0 primeiro sintoma, observando-se hepatoesplenomegalia, prostracdo, emagrecimento e
hemorragia; 4) Classica: com quadro clinico prolongado, apresentando comprometimento do
estado nutricional, palidez mucocutdnea, hepatoesplenomegalia acentuada, edema de
membros inferiores, astenia, prostracdo e caquexia, além de leucopenia, plaquetopenia,
hiperglobulinemia e hipoalbunemia; 5) Refrataria: evolugcdo da manifestagédo classica, a qual
ndo responde ou responde parcialmente ao tratamento (MINISTERIO DA SAUDE, 2014).
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Esta variedade de manifestagdes clinicas semelhantes a de outras enfermidades
infectocontagiosas dificulta o diagndstico precoce desta doenca (GONTIJO, MELO, 2004).

2.7 Arsenal Terapéutico Atual

A falta de interesse das companhias farmacéuticas no desenvolvimento de novos
farmacos faz com que a terapéutica da leishmaniose seja, em geral, realizada com
medicamentos pouco eficazes e com alta toxicidade aguda (SHI et al., 2011). Até o presente
momento, o tratamento bésico é feito com farmacos de primeira geracdo tais como o
estibogluconato sédico e o antimoniato de meglumina. Embora esses farmacos tenham sido
utilizados pela primeira vez em 1912 eles tém sido até hoje a base da quimioterapia em paises
endémicos, especialmente no subcontinente indiano (CROFT, SUNDAR, FAIRLAMB,
2006).

Outros farmacos como anfotericina B (convencional ou lipossomal) e miltefosina
estdo sendo utilizados no tratamento da doenca com maior eficacia e potencial para a cura,
entretanto, sdo comparativamente mais caros do que o antiménio genérico. Além destes, a
paromomicina e a pentamidina tém mostrado alguma utilidade e podem ser um suplemento
potencial no regimento de drogas, mas a sua utilizacdo e disponibilidade em regides
endémicas da doenca séo limitadas (DAVIS, KEDZIERSKI, 2005; MISHRA et al., 2009). A
seguir, serdo apresentados cada um destes.

2.7.1 Antimoniais

Dentre os compostos de antimoniais utilizados no tratamento da leishmaniose
destacam-se os complexos de antiménio trivalentes (Sb""), tais como o tartarato antimonial
de potassio (Tartaro emético), antimoniato de bis-catecol-3,5-dissulfonato sodico
(Stibophen®), tioglicolato de sédio e antimonio (RATH et al., 2003). No entanto, devido a
cardiotoxicidade e intolerancia gastrintestinal dos antimoniais trivalentes sdo os antimoniais
pentavalentes (Sb") que apresentam maior uso terapéutico (SERENO et al., 2000). Dentre 0s
antimoniais mais consumidos em nivel mundial estdo o estibogluconato de sédio (Pentostan®)
e antimoniato de meglumina (Glucantime®) (RATH et al., 2003). Embora estes farmacos
permanecam a base da terapia leishmanicida ha décadas, € ainda incerto o seu mecanismo de
acdo, a sua estrutura e até mesmo a identidade do componente biologicamente ativo
(ROBERTS, RAINEY, 1993).
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Alguns trabalhos sugerem que o antimbnio compromete o potencial redox tiol da
célula, induzindo o efluxo de tidis intracelulares e inibicdo de tripanotiona redutase
(WYLLIE, CUNNINGHAM, FAIRLAMB, 2004). Além disso, segundo Chai e colaboradores
(2005) o Sh¥ forma complexos com purinas do parasito levando a eventos deletérios em toda
bioquimica do DNA. Outra hipotese diz respeito & capacidade do Sb¥ em formar complexos
com nucleotideos, inibindo a topoisomerase e interferindo no metabolismo do parasito
(DEMICHELI et al., 2002).

Foi também observado que para o Sb" ser ativo contra Leishmania é preciso entrar na
célula hospedeira, atravessar a membrana fagolisossomal e agir contra amastigotas
intracelulares. E também muito provavel que o SbhY seja convertido em sua forma trivalente
(Sb"") para se tornar ativo, o que sugere que o Sbh¥ seja um pro-farmaco (SHAKED-MISHAN
et al., 2001). No entanto, ndo esta claro o local exato de onde ocorre esta conversdo. De
acordo com alguns trabalhos é possivel que ocorra tanto nos macréfagos do hospedeiro como
nas formas amastigotas do parasito (ROBERTS, RAINEY, 1993; SERENO et al., 1998).

Ao longo dos anos diferentes regimes de dosagens foram propostos numa tentativa de
alcangar a menor dose terapéutica eficaz e com menos efeitos colaterais. Atualmente a OMS
preconiza que as doses de antimoniais ndo sejam maiores que 20 mg/kg/dia, nédo
ultrapassando o limite de 850 mg de antiménio, devido a sua elevada toxicidade. Mialgias,
dores abdominais, alteracGes hepéticas e disturbios cardioldgicos e renais sdo efeitos
colaterais freqiientemente associados ao uso destes farmacos (BALANA-FOUCE et al.,
1998).

Ainda que o antimoniato de metilglucamina seja bastante eficaz em regredir
rapidamente as manifestacBes clinicas e hematoldgicas da doenca a crescente incidéncia de
casos de resisténcia tem sido uma séria preocupacdo para a sua utilizacdo em areas endémicas
(SINGH, PANDEY, SUNDAR, 2006). Devido as baixas dosagens e tratamentos
descontinuos, comecaram a ocorrer falhas na terapia e consequente aumento de formas de
parasitos resistentes (RATH et al., 2003; SERENO; LEMESRE, 1997).

O aumento da incidéncia de falha terapéutica nos ultimos anos vem se tornando uma
grande ameaca, principalmente aos pacientes co-infectados com Leishmania e HIV. A
principal causa dessa emergéncia € 0 mau uso dos farmacos, que leva a selecdo de pequenas

populacdes resistentes (CROFT, SUNDAR, FAIRLAMB, 2006). Esse fendbmeno de falha
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terapéutica é complexo, uma vez que h& varios fatores envolvidos: caracteristicas do
hospedeiro, como genética e resposta imunolodgica; fatores técnicos, como a qualidade do
farmaco e a via de administracdo parenteral; a duracdo do tratamento; e a biologia do parasito,
como uma variabilidade intrinseca em relacdo a susceptibilidade ao antimoénio (GROGL et al.,
1989).

Sendo assim, o0s principais pontos negativos da terapia com antimoniais sdo os altos
indices de desenvolvimento de resisténcia, 0s regimes de tratamento com altas doses por
longos periodos, administracdo parenteral, além de elevada toxicidade renal e cardiaca
(PLANO et al., 2011).

2.7.2 Anfotericina B

E um antimicrobiano macrolideo largamente utilizado para o tratamento de infeccdes
fangicas sistémicas que pertence ao grupo de farmacos leshmanicidas de segunda linha usada
extensivamente no caso de falhas no tratamento com compostos antimoniais. Nos Estados
Unidos da Ameérica a anfotericina B € o Unico farmaco aprovado pelo FDA para o tratamento
da leishmaniose (VAN-GRIENSVEN e DIRO, 2012). O mecanismo de ac¢do, assim como da
toxicidade, envolve a formacéo de poros artificiais ao longo da membrana celular do parasito
e hospedeiro, alterando a permeabilidade da membrana plasmaética, levando a morte do
parasito (COHEN, 1998).

Apesar de sua eficacia a anfotericina B também € toxica e esta associada a efeitos
secundarios graves. Apesar disso, em areas em que existem niveis elevados de resisténcia ao
SbY, a anfotericina B permanece como féarmaco de escolha (LANIADO-LABORIN;
VERGAS, 2009). Os efeitos colaterais adversos que ameacam a vida e dificultam seu uso sdo
a hipocalemia, nefrotoxicidade e anafilaxia na primeira dose, que ndo sdo incomuns. No
entanto, alteracdes em sua formulacdo, encapsulada em lipossomas, mostraram reduzir a

toxicidade, porém o alto custo limita sua utilizagcdo (PLANO et al., 2011).
2.7.3 Pentamidina
A pentamidina pertence ao grupo das diaminas aromaticas e sua atividade terapéutica

foi descoberta casualmente. Basselin e colaboradores em 1996 descreveram que este farmaco,
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utilizado na clinica contra casos de leishmaniose resistente aos antimoniais pentavalentes,

apresenta bons resultados em pacientes imunodeprimidos (BERMAN, 1997).

Apesar de ser menos toxica que os antimoniais tém sido observados efeitos adversos
significantes ap6s sua administracdo. (AMATO et al, 2000). Dentre os principais efeitos estdo
hipoglicemia, hipotensdo, mialgias, alteracdes cardioldgicas e nefrotoxicidade. Outros efeitos
colaterais comuns sdo dor no local da injecdo, gosto metélico na boca, dor de cabeca,
congestdo e dispnéia. Além disso, ha relatos de morte repentina e também foram descritos
casos de resisténcia ao tratamento, o que limita seu emprego terapéutico (RATH et al., 2003;
BRAY etal., 2003).

O regime terapéutico consiste na administracdo de uma dose de 4mg/kg/dia deste
farmaco, por via intramuscular, trés vezes por semana em dias alternados, até que haja a cura
do paciente, ndo excedendo a dose total recomendada de 2g (OURIVES-NEVES et al, 2011).

Embora 0 mecanismo preciso pelo qual a pentamidina age nao esteja claro, tem sido
relatado que este fArmaco entra em promastigotas através de transportadores de argina ou de
poliamina, acumulando-se, principalmente, na mitocondria, agindo sobre o genoma do
parasito, dificultando a replicacdo e transcricdo em nivel mitocondrial (MUKHERJEE et al.,
2005; PORCHEDDU et al., 2012). Além disso, outra teoria bastante aceita tem proposto que
ocorre inibicdo da topoisomerase mitocondrial (KRAMP et al., 2005). J4 0 mecanismo de
resisténcia pode estar associado a reducdo do potencial da membrana mitocondrial e reducédo

do acumulo do farmaco em terapias prolongadas (MUKHERJEE et al., 2006).
2.7.4 Miltefosina

A miltefosina é um antineoplasico alquilfosfolipidico que se mostrou eficaz contra
Leishmania spp. in vitro e in vivo. No entanto, a grande vantagem do uso desse farmaco é o
fato de ser o primeiro e Unico usado por via oral quer seja para tratar a LV ou LC. A dose de
miltefosina atualmente recomendada, como monoterapia, é de 2,5 mg/kg/dia durante 28 dias,
embora na prética clinica outras doses sejam administradas. A toxicidadevgastrointestinal
grave, 0 aumento significativos nos niveis de aspartato aminotransferase (AST), alanina
aminotransferase (ALT) e creatinina, além do seu potencial teratogénico dificultsm
seriamente a sua utilizagdo generalizada na clinica e em programas nacionais de eliminacao
(KAPOOR et al., 1999; DORLO, HUITEMA, BEIJNEN, 2012).
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Atualmente, a miltefosina tem sido utilizada principalmente no Sul da Asia em regides
de focos de LV em um programa de estratégia governamental de eliminacdo realizado pela
india, Bangladesh e Nepal. Nesses paises a recomendagio é a monoterapia com miltefosina
como tratamento de escolha para o tratamento da LV (SUNDAR, 2008). No entanto, ainda
ndo se sabe se 0 medicamento sera utilizado no leste da Africa, ndo s6 para LV, mas também
na co-infeccdo HIV/LV e LC causada por L. aethiopica. De fato, pois atualmente a
miltefosina s6 é recomendada em LC causada por L. mexicana, L. guyanensis ou L.
panamensis (WHO, 2010).

O mecanismo de acdo da miltefosina ndo é conhecido com precisdo, mas esta
associado a alteracdes no metabolismo alquil-lipidico e com a biossintese de fosfolipidos
(LUX et al.,, 2000). Devido a recente introducdo de miltefosina no campo, parasitas
clinicamente resistentes ainda ndo foram relatados. No entanto, a resisténcia pode ser
facilmente induzida in vitro e alguns dos mutantes resultantes j& foram caracterizados
(PEREZ-VICTORIA et al., 2003; SEIFERT et al., 2003).

Como observado, os farmacos utilizaos no tratamento atual da leishmaniose
apresentam diversos problemas incluindo a alta toxicidade e diversos efeitos colaterais
levando os pacientes a abandonarem o tratamento, o que consequentemente gera linhagens de
leishmanias resistentes. Além disso, 0 alto custo dos compostos torna o tratamento muitas
vezes invidvel e longe de ser o ideal (YARDLEY et al., 2002; SINGH e SIVAKUMAR,
2004).

2.8 Resisténcia ao tratamento

Como ja citado anteriormente poucas drogas tém surgido nos dltimos 50 anos, e a
resisténcia as drogas tem aumentado muito, de modo que a taxa de cura ndo ultrapassa os 80%
dos casos na maioria dos estudos (TUON et al., 2008). As leishmanias, como outros parasitos,
sdo capazes de desenvolver resisténcia as drogas usadas contra elas, tais mecanismos
relacionam-se com a adaptabilidade genética destes organismos (BORST, OUELLETTE,
1995).

Sobre a resisténcia aos antimoniais, em alguns casos mais graves como observado em
Bihar na india, cerca de 60% dos parasitos isolados s3o resistentes a estas substancias

(SUNDAR et al., 2001). Um dos mecanismos de resisténcia induzida aos antimoniais ja
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identificados é a amplificacdo do gene que codifica um transportador do tipo ABC,
responsavel pela extrusdo da droga (HAIMEUR, OUELLETTE, 1998). Este transportador
ABC ¢ uma proteina transmembrana, localizada dentro da célula, e esta relacionada com as
vias endociticas e exociticas do parasito. Além da resisténcia aos antimoniais este mecanismo

de defesa também foi desenvolvido durante o tratamento com Pentamidina (COELHO, 2007).

Casos isolados de resisténcia a anfotericina B ndo parecem ser um problema, embora
as recidivas sejam por vezes encontradas ap0s o tratamento, especialmente em pacientes
soropositivos. Um estudo demonstrou que o sucesso do tratamento com anfotericina B
depende grandemente do estado imunitario do paciente e indicou que recaidas sucessivas
poderiam aumentar o aparecimento de resisténcia contra a droga (GIORGIO et al., 1999;
LACHAUD et al., 2009).

Registros de resisténcia aos compostos como paromomicina, azéis e bifosfonatos sdo
raros, possivelmente devido a seu uso limitado. Entretanto, sabe-se que a obtencdo de cepas
resistentes in vitro a Miltefosina é bastante facil (PEREIRA, 2011). Os estudos in vitro dos
mecanismos de resisténcia com células de L. donovani resistentes a miltefosina revelaram
uma correlagdo entre a resisténcia e a acumulacdo reduzida da droga (PEREZ-VICTORIA et
al., 2003). Esta acumulacdo diminuida foi causada por um defeito na translocacdo para o
interior do farmaco, isto ¢, o movimento a partir do exterior para a regido interna da
membrana plasmatica. Para alguns autores uma sugestdo para reduzir a possibilidade de
aparecimento de parasitas resistentes, pode ser usar miltefosina em combinagdo com outros
medicamentos (OUELLETTE, DRUMMELSMITH, PAPADOPOULOU, 2004).

2.9 Modelos experimentais utilizados em testes de novos farmacos para

leishmaniose

A utilizacdo de modelos experimentais em pesquisas sobre a leishmaniose aponta
questdes importantes relacionadas a evolucdo da doenca e desenvolvimento da resposta imune
de resisténcia e susceptibilidade. Tais modelos admitem a avaliagdo de componentes do
sistema imune envolvidos na resolucdo da infeccdo e permitem obter e ampliar as
perspectivas e propor novas estratégias terapéuticas e vacinais (HOMMEL et al., 1995;
CARRION et al., 2006).
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Diferentes sistemas experimentais para o estudo da leishmaniose foram desenvolvidos,
cada um com suas peculiaridades, a fim de caracterizar a resposta imune para espécies de
Leishmania. Sejam roedores, cachorros ou macacos, nenhum destes reproduz bem a patologia
observada na doenca humana. Ademais, diversos fatores como o tamanho e natureza do
inoculo, a rota de infeccdo e a linhagem do hospedeiro ou cepa do parasito contribuem com as
diferencas entre modelos animais e a infecg@o natural em humanos. Apesar disso, os modelos
animais sdo ainda a melhor alternativa para se estudar vacinas ou tratamentos para a doenca,
ja que por razdes éticas ndo poderiam ser realizados em humanos (LORIA-CERVERA,
ANDRADE-NARVAEZ, 2014).

Os ensaios in vitro constituem uma primeira etapa para avaliacdo da eficacia de novos
compostos que tém atividade direta sobre o parasito. Entretanto, compostos que sdo eficazes
apos a metabolizacdo ou aqueles cujas a¢des sdo mediadas atraves de um sistema de defesa do
hospedeiro ndo mostram qualquer atividade nestes ensaios. Portanto, os resultados obtidos in

vitro, por vezes, ndo podem ser extrapolados para sistemas in vivo (GUPTA, NISHI, 2011).

Apesar disso, estes testes tém muitas vantagens, por exemplo, (I) poucos animais sao
suficientes para fornecer os parasitas para testar diversos compostos; (1) a quantidade do
composto a ser testado é muito minima; (1) o volume de resultados por triagem é alto e
rapido; e (IV) as repostas sdo consistentes. No entanto, os resultados dos testes de um sistema

in vitro sempre precisam ser verificados em animais (GUPTA, NISHI, 2011).

Os ensaios in vitro com leishmania sdo realizados com o parasito tanto na sua forma
promastigota como amastigota. Segundo Croft os requisitos necessarios para a realizacao
destes ensaios sdo: uma populacdo de células em divisdo, medidas reprodutiveis e
quantificaveis da atividade da nova substancia e do farmaco padrdo. Além disso, é
interessante utilizar pequenas quantidades do composto, e que a técnica seja de rapida
execucdo e baixo custo (CROFT et al., 1986, 2006).

Com relagdo a forma parasitaria usada nos ensaios in vitro a promastigota € a mais
popular, pois cresce em meio simples, sdo faceis de cultivar e os ensaios utilizados para
avaliar a atividade farmacologica de novos compostos sdo de facil mensuracdo e rapida
execucdo, sendo um modelo bastante utilizado para triagem. No entanto, diferencas
observadas em sua susceptibilidade a drogas padrdo em comparacdo com as formas

amastigotas, e as diferencas bioquimicas que existem entre as duas formas, tornam esse
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modelo mais Gtil apenas para determinar da toxicidade de novas moléculas (CROFT et al.,
2006).

Outra razdo pela qual o uso de promastigotas ndo ser muito indicado é o fato das
culturas in vitro crescerem em temperatura mais baixa (24 °C) que a temperatura in vivo (37
°C), 0 que reduz a acdo leishmanicida e dificulta uma boa correlacdo com 0s ensaios in vivo.
Além disso, a cultura de promastigotas representa uma situacdo artificial, sendo usada em

situacBes em que o custo em relacéo ao beneficio é compensador (GUPTA, NISHI, 2011).

Os modelos in vitro que simulam o ambiente da fase amastigota intracelular tém sido
descritos como mais confiaveis para avaliacdo de novos compostos (CROFT, 1986). Nestes
sdo utilizados macrofagos primarios, peritoneais murinos ou derivados de sangue humano, ou
linhagens de células hospedeiras como macréfagos J774.1 (SEIFERT et al., 2010). Nesses
ensaios existe uma estreita correlacdo entre os resultados in vitro e in vivo, ja que a forma do
parasita a ser testada € a que produz a doenca no homem, além disso, essas culturas
apresentam uma semi condicdo in vivo. Apesar das vantagens, a técnica é laboriosa e de custo
mais elevado (BHATNAGAR et al., 1989).

Ja os ensaios in vivo permitem avaliar o efeito de novas substancias em um sistema
complexo bem como determinar pardmetros farmacocinéticos e toxicolégicos. O modelo
murino é o mais utilizado, pois requer um pequeno volume de substancia e reproduz bem os
resultados utilizando apenas 5 animais por grupo (GUPTA, NISHI, 2011). Outra vantagem do
modelo de murino é a simplicidade em manter a criacdo e reproducdo deles (GUENET,
BONHOMME, 2003).

Camundongos BALB/c sdo extensivamente utilizados devido a isogenicidade, a
susceptibilidade desse camundongo a infeccdo por diferentes espécies de Leishmania
causadora de LT, e por ser uma linhagem cuja cura € excepcionalmente dificil (CROFT et al.,
2006). Nas ultimas décadas, modelos murinos de leishmaniose cutdnea tém sido
extensivamente utilizados para elucidar os tipos celulares, citocinas, cascatas de transducdo de
sinal e mecanismos leishmanicidas necessarios para o controle dos parasitas, assim como para
a resolucéo clinica da doenca, resisténcia a uma infeccdo secundaria, e desenvolvimento de
vacinas (LORIA-CERVERA, ANDRADE-NARVAEZ, 2014).
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Outra vantagem dos ensaios com murinos é a diferenca de resposta imune expressa
frente & doenca por diferentes linhagens de camundongos, o que permite o estudo dos
mecanismos de resisténcia e susceptibilidade a infeccdo. Camundongos BALB/c séo
geneticamente susceptiveis a infec¢do por L. major e desenvolvem diversas lesdes associadas
a resposta imune especifica do tipo Th2. J& a linhagem C57BL/6 é resistente e desenvolve
resposta imune do tipo Thl, que leva a cicatrizagdo das feridas espontaneamente (SACKS,
NOBEN-TRAUTH, 2002).

Para o estudo da LV o hamster sirio dourado (Mesocricetus auratus) é considerado o
melhor modelo experimental, pois este animal é altamente suscetivel a infeccdo, com
visceralizacdo, por espécies de Leishmania (L. donovani e L. infantum) e reproduz diversos
sinais clinicos tipicos de LV durante a infeccdo experimental. Em contrapartida,
camundongos apresentam pouco ou nenhum sinal (MOREIRA, 2012; GARG, DUBE, 2006;
NIETO et al., 2011).

Pancitopenia marcada por leucopenia e anemia, caquexia, hipergamaglobulinemia e
auséncia de resposta de células T especificas para Leishmania séo aspectos da doenca humana
que estdo presentes na infeccdo experimental do hamster. De acordo com alguns
pesquisadores esta Ultima disfuncdo tem sido atribuida a incapacidade de células
apresentadoras de antigeno em estimular células T especificas como elemento chave na
progressdo da LV no modelo hamster (BUNN-MORENO et al., 1985; GIFAWESEN et
al.,1989; MATHIAS et al., 2001; FRUTH et al., 1993).

Outra causa da evolucdo da doenca neste modelo experimental é a replicacdo
incontrolada de parasitos no figado, baco e medula 6ssea, apesar da forte expressdo de
citocinas do tipo Thl (IL-2 e INF-y) nestes tecidos e a inibigdo da geracdo de NO por
macrofagos, possivelmente atribuida a expressédo de TGF-p ¢ IL-10 (MELBY et al., 2001).
Apesar disso, a utilizagdo de hamsters ainda é limitada devido a escassez de reagentes
especificos para o estudo da resposta imune, tais como anticorpos, citocinas e marcadores

celulares, o que dificulta um estudo mais completo (WILSON et al., 2005).
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3 OBJETIVOS
3.1 Objetivo Geral

Investigar a atividade leishmanicida de uma série inédita de derivados

dialquilfosforilidrazonas
3.2 Objetivos Especificos
* Determinar o potencial citotoxico de compostos sintéticos para a célula hospedeira;

« Realizar o screening farmacoldgico sobre a viabilidade de formas promastigotas
(atividade direta sobre o parasito) de L. amazonensis, L. braziliensis e L. chagasi;

« Avaliar a acdo in vitro dos derivados sobre macrdfagos infectados com L.
amazonensis, L. braziliensis e L. chagasi, quanto a taxa de infeccdo e a multiplicacdo dos

parasitas intracelulares;

* Investigar os efeitos dos derivados sobre a morfologia de promastigotas de L.

chagasi;

* Determinar o potencial terapéutico dos derivados mais ativos em modelo in vivo de

leishmaniose tegumentar e visceral;

« Avaliar a funcdo hepética e renal em animais infectados e tratados com tais

derivados;

* Realizar estudos de docking molecular para identificar o possivel alvo farmacoldgico

dos derivados mais ativos.
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As part of a program to develop new drugs for the treatment of neglected diseases, new dia-
lkylphosphorylhydrazones were synthesized and evaluated against the trypanosomatid parasites
Leishmania braziliensis and Leishmania amazonensis. The synthesis of these compounds proved satis-
factory with yields ranging from moderate to good. The most active compounds against L. braziliensis
presented ICso values in the 1072 uM range, similar to that of the reference drug pentamidine. Two
compounds, 4m and 4n, showed a significant dose dependent decrease in the infection index of
L. amazonensis infected macrophages and caused a complete healing of nodules and ulcers when tested
in vivo against L. amazonensis-infected mice, but the control of parasite burden at the inoculation site was
statistically significant only in the case of treatment with 4n. A target fishing (reverse docking) approach
using molecular docking with 15 enzymes of L. braziliensis indicated that the probable target of the active
compounds was hexokinase, the first enzyme of the glycolytic pathway.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

Leishmaniasis is one of the world's most neglected diseases,
with a major impact among the poorest individuals, mainly in
developing countries. The number of leishmaniasis cases is
increasing worldwide [1,2]. Leishmaniasis transmission is endemic
in 98 countries and 3 territories on 5 continents. According to the
World Health Organization, 350 million people are considered at
risk of contracting this disease, and some 2 million new cases occur
each year [1,3]. Each year approximately 58,000 cases of visceral
leishmaniasis and 220,000 cutaneous cases are officially reported.
However, it is thought that only approximately two-thirds of
countries actually report incidence data, with the sparsest data
from Africa [3].

* Corresponding author.
E-mail address: dacosta@ufrrj.br (J.B.N. DaCosta).

http://dx.doi.org/10.1016/j.ejmech.2015.06.014
0223-5234/© 2015 Elsevier Masson SAS. All rights reserved.

One of the main problems in leishmaniasis treatment is the
limited number of available drug options, along with the adverse
effects they can cause, including death [4]. In addition, there are
reports of treatment failures due to increased parasite resistance to
the drugs of first choice, the antimonials [ 5,6]. Second-choice drugs,
such as amphotericin B, pentamidine, paromomycin, and more
recently, miltefosine, also have toxic effects, and their use requires
hospital supervision [4,7]. Therefore, there is an urgent need for the
development of safer and more effective drugs against this parasite.

Screening tests implemented with a series of new dia-
lIkylphosphorylhydrazones (DAPH) synthesized by our group were
indicative of promising activity profiles against Trypanosoma cruzi
and Leishmania amazonensis [8]. New compounds were then syn-
thesized and added to the series. In the present work, we show the
synthesis of the entire DAPH series and a detailed evaluation of the
compounds’ leishmanicidal activity against L. amazonensis and
Leishmania braziliensis in comparison with known leishmanicidal
agents. Although the information available from these in vivo tests
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is essential for the identification of new leishmanicidal agents, an
understanding of the observed effects is a prerequisite for
improving the selectivity and potency of the investigated com-
pounds. In an attempt to identify probable targets for the active
compounds prepared in the present work, we also implemented a
strategy based on molecular docking of the compounds into a set of
candidate target enzymes.

The presence of the (R'0),P(O)NHR group in DAPH suggests that
these molecules could act as inhibitors of enzymes that have, as
substrates, molecules containing the (R'0),P(O)OR group. There are
a huge number of such enzymes, so the target identification pro-
cedure should be based on some criteria to reduce the number of
possibilities to be explored. Some parasite enzymes have been
shown to be inhibited by phosphorous-containing molecules, such
as farnesyl pyrophosphate synthase (FPPS) [9,10] and hexokinase
(HK) [11], an enzyme of glycolysis metabolic pathway in which
glucose is converted into pyruvate and the free energy released is
used to form the high-energy compounds ATP and NADH. In addi-
tion to FPPS and the enzymes of the glycolytic pathway, promising
targets also include the enzymes of the pentose phosphate pathway
(PPP), which serves to convert glucose-6-phosphate to ribose-5-
phosphate. The PPP has been proposed to have crucial roles in the
protection of trypanosomatids against oxidative stress, as well as in
the production of nucleotide precursors [ 12]. Each of the enzymes of
the PPP has been identified and specific activities measured for one
of the Leishmania species, Leishmania Mexicana [13].

2. Results and discussion
2.1. Synthesis of the dialkylphosphorylhydrazones

The synthesis of the dialkylphosphites (1) and dia-
lkylphosphorylhydrazines (2) were performed using the synthetic
route previously used by our research group | 14—18], according to
the synthetic route shown in Scheme 1.

The synthesis of the new DAPH (4a-0) occurred through a
condensation reaction, catalyzed in an acidic medium, between the
respective dialkylphosphorylhydrazines (2) and different alde-
hydes (3) at room temperature, as shown in Scheme 2.

The infrared spectra of the DAPH synthesized show the char-
acteristic absorption bands. The main absorption bands correspond
to the stretching frequencies of the P=0, P—O—C and C=N bonds.
In pentavalent phosphorus compounds containing a bond between
a phosphorus atom and a nitrogen atom, the stretching frequency
range of the P=0 bond is generally from 1198 to 1274 cm™ [19], the
P—O—C bond absorbs in the 950-1018 cm™ range, and the C=N
bond has a stretching frequency in the 1580-1690 cm™ range [20].
These frequencies were observed for all products, which confirm
the expected reactions.

In the '"H-NMR analyses, two characteristic signals confirm that
the DAPH were obtained. These signals correspond to the iminic
hydrogen —NHN=CH-Ar, with a chemical shift (3) in the range of

1)0 °C, 10 min
PClz + 3ROH
2)50 °C,2h

NaOH, CCl,
EtOH / H,0

1)0 °C, 10 min
2)60 °C,3 h

(RO),P(OH + NH,NH,

R = Et, i-Pr, Bu, i-Bu and sec-Bu

7.88—8.26 ppm; and to the phosphoramidic hydrogen, P(O)NH,
with a chemical shift in the 9.74—10.21 ppm range and showing a
doublet signal with a coupling constant ranging between 27 and
31 Hz. The literature reports that this coupling occurs between 23
and 53 Hz [21]. Compounds 4i and 4j also presented an additional
doublet in the region approximately 12.8 ppm, with a coupling
constant of approximately 34 Hz, which is characteristic of an
intramolecular hydrogen bond.

NOEDIF experiments were used to determine the configuration
of the synthetized compounds. The results clearly show, according
to "H-NMR spectroscopy, that all molecules have the E configura-
tion, except for compounds 4i and 4j which were obtained as a
diastereoisomeric mixture with E/Z ratio of 80:20 and 85:15,
respectively.

In the '3C NMR spectrum of DAPH, the signal that characterizes
these compounds is related to the iminic carbon, (~NHN=CH-Ar),
which has a chemical shift in the 136—145 ppm range and is
observed as a doublet because it is coupled with the phosphorus
atom, with a coupling constant in the 18—21 Hz range. The same
feature can be observed with the alkoxide groups, (RCHxO);P(O)-,
where the methylene hydrogens, neighbors to the ester oxygen
atoms, have chemical shifts in the range from 3.7 to 4.5 ppm.

2.2. Biological evaluation

An initial screening was carried out to evaluate and compare the
in vitro leishmanicidal profiles of the 18 DAPH and 2 standard
drugs, miltefosine and pentamidine, against the promastigote
forms of L. braziliensis and L. amazonensis. The maximum effects
and the ICsp values (concentrations causing 50% inhibition of
growth of the promastigotes) were used as the parameters for
leishmanicidal activity (Table 1).

After 48 h of incubation, most of the compounds were signifi-
cantly active against L. braziliensis. Among these, those that showed
efficacy greater than 70% were as follows: 4b (ICso: 5.1 + 0.5 uM), 4d
(ICs50: 0.06 + 0.0 pM), 4f (ICsp: 5.4 + 0.2 pM), 4g (ICs50: 0.4 + 0.3 uM),
4h (ICso: 40.7 + 3.5 puM), 4j (ICsp: 0.06 + 0.0 pM), 4m (ICso:
3.6 + 0.3 uM), 4n (IC50: 5.2 + 0.7 uM) and 40 (ICsp: 0.03 + 0.02 uM).

However, not all of these compounds were active against
L. amazonensis as they were for L. braziliensis. The compounds 4b,
4d, 4g and 4h showed high specificity against the L. braziliensis
species. The compounds were active against L. amazonensis with
efficacies greater than 70% were as follows: 4f (IC50: 53.3 + 2.9 uM),
4j (IC50: 6.2 + 1.7 puM), 4m (IC50: 263 + 2.0 pM), 40 (IC50:
26.0 + 7.8 uM) and 4n (IC50: 0.001 + 0.1 puM). Compound 4n was as
effective as miltefosine (IC50: 3.4 + 0.4 uM) and pentamidine (IC50:
1.8 + 1.1 uM) and was approximately 2000 times more potent than
these standard drugs.

An important criterion in the search for new substances with
leishmanicidal activity is that they should not be toxic to
mammalian cells, a requirement for further clinical development.
Therefore, the cytotoxic potential of these substances on ]J774

RO),POH +
@

RCl + 21IC1

(RO),P(O)NHNH, + NaCl + CHCL + H,0
@

Scheme 1. Synthetic route for dialkylphosphites (1) and dialkylphosphorylhydrazines (2).
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|(I)
R: S 6 CHO B _N Ar
(RO),P(O)NHNH, + 4@1 EtOH, HCI RO™/ "NH + H,0
2) — room temp. RO
1 (4a-0) 1l
3)
R = Et, i-Pr, Bu, i-Bu and sec-Bu;

R'=H. CL Br

Scheme 2. Synthetic route for DAPH(4a-0).

Table 1
Activity of DAPH against promastigote forms of L. braziliensis and L. amazonensis.

Substance L. braziliensis L. amazonensis
1Csp (UM) Efficacy (%) 1Cs0 (UM) Efficacy (%)

Miltefosine 0.7 £ 0.6 845+ 0.3 34+04 96,3 + 0.3
Pentamidine 0.06 + 0.02 957 £ 0.5 18+1.1 93.8 +0.7
4a >100 NA >100 NA

4b 51405 772+ 42 993 +0.7 455+ 32
4c >100 NA >100 NA

4d 0.06 + 0.0 84.2 + 26 >100 NA

4e >100 NA >100 NA

af 54102 879+ 1.1 533+29 856+ 0.5
4g 04+03 759 + 6.6 >100 NA

4h 40.7 + 3.5 81.6 +04 833+ 116 528 +5.6
4i 75+ 08 62.1 +34 >100 NA

4j 0.06 + 0.0 763 + 8.7 62+17 69.5 + 4.2
4k 0.7 +0.1 56.3 + 2.7 >100 NA

41 >100 NA 983 +12 40.7 + 6.1
4m 36+03 922 +04 263 +2.0 938 +03
4n 52+07 80.1 +2.6 <0.001 953 + 04
40 0.03 + 0.02 741 +£03 260+78 924 + 0.1

Data are reported as the mean + standard error of the mean, S.E.M. Differences with
an **p < 0.01 were considered significant in relation to the 0.1% DMSO group. ICs is
the concentration required to give 50% inhibition; NA: compound is not active.

macrophages (murine cell line) was determined by the colorimetric
MTT method, which was originally described by Mossmann [22]. In
this assay, all substances, including the reference drugs miltefosine
and pentamidine, showed low cytotoxicity against J774 macro-
phages with LCsg values >100 pM, except for 40, which was toxic to
approximately 20.5 + 0.1% of the treated cells. It is important to
stress that the reference drug pentamidine was toxic to 28.8 + 0.1%
of the cells at 100 uM.

From these results, some substances have been selected for tests
on intracellular amastigotes and in vivo model. The selection
criteria took into account the potency, the efficacy against both
species and the cytotoxicity of each compound. Among the sub-
stances tested, only 4f, 4j, 4m, 40 and 4n showed activity against
both species with efficacies greater than 70%. However, 4m and 4n
best fulfilled the requirements and, therefore, have been chosen for
the subsequent tests.

With respect to activity against intracellular amastigotes 48 h
post infection, the results showed that the treatment with 4m and
4n resulted in a significant (p < 0.01), dose dependent decrease in
infection index of L. amazonensis infected macrophages with an
inhibition of 99.9% and 97.9% (100 pM), respectively (Fig. 1A).
Infected cultures were also treated with the highest concentration
of DMSO used for substances solubilization (0.01%) and the viability
and infection of macrophages were not reduced (data not shown).
Miltefosine was also significantly different compared to the control
(p < 0.01), with an inhibition of 100%.

The average of the number of parasites per macrophage and the
percentage of infected macrophages, which influence the calcula-
tion of the index of infection, were also analyzed (Fig. 1B). The mean
number of intracellular parasites per macrophage decreased
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Fig. 1. Activity of 4m, 4n and miltefosine against intracellular parasites 48 h post
infection. A: infection index. B: number of parasites per macrophages infected. C:
percentage of macrophages infected. Data are reported as the mean + standard error.
Differences with an ***p < 0.01 were considered significant in relation to the control
group.

compared to the control after treatment with 4m and 4n (p < 0.01).
The percentage of infected macrophages (Fig. 1C) was also reduced
by both substances, with exception of 4m at 1 uM, which showed
no significant difference compared to the control. 4m and 4n
showed higher percentages of inhibition of infection at 100 uM
(99.3 and 82.2%, respectively).

Using an established mouse model of cutaneous leishmaniasis
that mimics human leishmaniasis [23], BALB/c mice were infected
in the ear dermis with 10° stationary phase L. amazonensis pro-
mastigotes, and lesion development and parasite burden were
quantified. Infected mice were treated orally for 28 consecutive
days with 4m or 4n or standard drug. The untreated group was
used as a control and resulted in an average lesion size of
0.2831 mm (S.E.M = 0.1022). The treated groups had significantly
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reduced lesion size in the ear, the averages being
0.0527 mm (S E.M = 0.03482) and 0.0804 mm (S E.M = 0.0392) in
4m- and 4n-treated groups, respectively. These results were similar
to the miltefosine group, with an average lesion size of
0.0231 mm (S.E.M = 0.0021) (Fig. 2).

To investigate if there was a correlation between lesion devel-
opment and parasite replication, parasite load was estimated at both
the inoculation site and the draining lymph nodes. In the ear dermis
(Fig. 3A), 4n treatment controlled parasite burden in a statistically
significant manner, corroborating the therapeutic improvement in
lesions of the ears. However, 4m was not able to reduce the parasite
load, although it caused a reduction in the ear lesion.

However, 4m and 4n did not reduce the parasite burden in the
draining lymph node (Fig. 3B). This result indicates that either the
dose (30 mg/kg/day) was not sufficient to control the infection
systemically or, in addition to leishmanicidal activity, such com-
pounds also have anti-inflammatory activity. Parasite load was
reduced at the inoculation site and in the draining lymph nodes
after miltefosine treatment.

3. Molecular modeling
3.1. Homology models

Table 2 presents details about models of L. braziliensis and
L. amazonensis enzymes: PDB code and resolution of the template;

>
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sequence identity; GMQE (Global Model Quality Estimation), which
is a quality estimation that is expressed as a number between zero
and one, reflecting the expected accuracy of a model built with that
alignment and its template [24]; QMEAN4, which is a composite
scoring function for the estimation of the global and local model
quality, consisting of four structural descriptors [25]; and the
quaternary structure information for the models. Ramachandran
plots were generated with the Rampage server [26] and are avail-
able as supplementary material.

The sequence identities between the models and their tem-
plates were above 30%, with the exception of the ENO and PGM
enzymes. The Ramachandran plots for ENO and PGM enzyme
models presented 4.7% and 5.5% residues in the outlier region,
respectively, whereas all of the remaining models have at least 98%
of their residues in the favored and/or allowed regions. The
resulting models obtained for these two enzymes presented GMQE
values lower than 0.5 and very low values of QMEAN4. Attempts to
improve the models' quality were unsuccessful, and these enzymes
were excluded from the subsequent target fishing procedure. As
seen in Table 2, excluding PGM, a monomer resulted from the
modeling procedure in five cases. This was not a problem for mo-
lecular docking in RPE, TAL, HK, and PGK, because the active site of
these enzymes involves residues of a single chain, but this was not
the case for RPIL. Analysis of the tetrameric co-crystal structure of
Trypanosoma cruzi RPI and its substrate (PDB code 3K7S) revealed
that the active site of RPI shares residues from two adjacent chains.
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Fig. 2. In vivo leishmanicidal effect of 4m and 4n in BALB/c Leishmania-infected mice. Mice were infected with 10° L. amazonensis promastigotes, and the course of lesion
development was monitored for 28 days during treatment with 4m (A), 4n (B) and miltefosine (C). Lesion size (mm) is expressed as the mean + SEM of a representative experiment
(n =5 mice in each experimental group) (Unpaired t-test, 5 weeks, ***p < 0.0001). (D) Images of lesions after the end of treatment of BALB/c mice infected with L. amazonensis. In
the vehicle control group (1), the lesions showed an intense swelling and were ulcerated. In groups treated with miltefosine (11), 4m (111) and 4n (IV) at doses of 30 mg/kg/day, the

pictures reveal a complete healing of the nodules and ulcers.
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Fig. 3. Parasite load in the ear and draining lymph node were determined at 4 weeks post-infection via a limiting dilution assay. (A) Ear parasite load data (normal distribution
following log transformation) represent the mean + SEM (n = 5) (Dunnett's test, **p = 0.05). (B) Lymph node parasite load data were not normally distributed, even after log
transformation, and are expressed as the median + SEM (n = 5) (Dunnett’s test, **p = 0.05).

Table 2
L. braziliensis and L. amazonensis enzyme models.

Enzyme PDB code of Template Sequence GMQE QMEAN4 Quaternary
model template resolution identity structure of
model
6PGDH”  1pgj(A) 2.82 72.54 0.92 -1.76  dimer
G6PDH”  4e9i(A) 285 65.89 0.77 —2.20  tetramer
RPI? 3Kk7p(A) 1.40 49.36 0.81 -1.87  monomer
RPE! 1h1y(A) 1.87 45.98 0.71 210 monomer
TAL? 1f05 (A) 245 59.43 0.80 284  monomer
TKT" 119j(A) 222 84.95 0.96 ~0.15  dimer
HK* 304w(A) 1.61 37.59 0.71 —5.50  monomer
PGI 1t10 (A) 235 88.81 0.96 -122  dimer
PFK* 2hig(A) 240 70.81 0.81 —1.00  tetramer
FBPA" 1epx(A) 1.80 91.87 0.98 028 tetramer
TPI 1amk(A) 1.83 88.84 0.98 —029  dimer
GPDH* 1i32 (C) 2.60 91.39 0.99 -0.31 tetramer
PGK?* 16pk (A) 1.60 4833 0.61 —-4.08  monomer
PGM* 3f3k(A) 1.75 2143 0.21 -1022  monomer
ENO*' 1iyx(B) 2.80 2333 0.47 ~18.22  dimer
PYK* 3pp7(A) 235 92.49 0.99 0.81 tetramer
FPPS’  3dyh(A) 1.94 62.12 0.81 ~206  dimer
6PGDH"  1pgj(A) 2.82 7238 0.92 ~1.76  dimer
G6PDH"  4e9i(A) 2.85 65.16 0.77 —2.77  tetramer

2 L. braziliensis.
b | amazonensis.

To obtain a structure with a complete active site, we constructed a
dimer with Swiss PDB-Viewer 4.01 by superposition of the mono-
meric model of L. braziliensis RPI with both chains of its dimeric
template 3K7P. This dimeric model of L. braziliensis RP], after energy
minimization with GROMOS96 [27], presented a very low RMSD
value (0.34 A) when superimposed on 3K7P and was used for the
subsequent docking study.

3.2. Molecular docking

The identification of the biochemical target of a group of com-
pounds with experimentally determined bioactivities is a very
difficult task. In fact, the observed in vivo effects can involve several
biochemical targets simultaneously. Together with virtual
screening approaches to identify candidate ligands for a specific
target, the availability of a great number of 3D structures of proteins
has stimulated the development of theoretical methodologies to
search for the targets of bioactive ligands, a process called target
fishing or reverse docking [28,29]. The method is particularly useful
in cases where purified enzymes are not available in sufficient

amounts to apply experimental procedures, such as in the case of
the many parasites associated with neglected diseases. We
explored molecular docking methodology as a way to implement
small-scale target fishing for the active compounds identified in the
bioassays. To improve the chances of identifying the best docking
solution for each enzyme, docking runs were performed as dupli-
cates, and the solution with the highest fitness score in each case
was selected for further analysis. GOLD fitness scores are dimen-
sionless, but the scale of the score provides a guide as to how good a
ligand pose is - the higher the score for a specific function, the
better the docking result is likely to be.

The limitations of scoring functions to produce data that
correlate with activity data is well known, but docking programs
have demonstrated the ability to identify active compounds from a
pharmaceutically relevant pool of decoy compounds [30]. Based on
the ICsp data (Table 1), it can be concluded that the most active
compounds against L. braziliensis were 4d, 4j and 4o, all presenting
activities in the 10~ uM range. Therefore, our analysis was focused
on identifying enzymes for which these three compounds pre-
sented an improved binding profile in comparison with the
remaining molecules, as measured by their docking fitness scores.
As seen in Tables 3 and 4, 4d, 4j and 40 were classified as the three
best ligands only in the case of the docking procedure with
L. braziliensis HK as the target. HK was validated as a target for

Table 3
ChemPLP score results from docking into L. braziliensis and L. amazonensis PPP
enzymes.”

L. amazonensis

6PGDH  G6PDH

L. braziliensis

6PGL 6PGDH G6PDH RPE RPI TAL TKT

4a 477 450 45.2 486 436 436 508 459 443
4b 514 551 55.8 515 540 467 587 539 521
4c 4777 465 46.0 485 459 481 560 477 46.3
4d 502 537 483 495 509 463 578 53.1 48.7
de 441 441 46.2 533 458 420 449 454 41.5
4f 503 544 538 555 559 466 613 563 52.6
4g 470 482 45.0 452 450 493 582 50.7 426
4h 471 557 48.3 505 545 483 570 613 494
4i 426 465 438 500 419 414 470 462 441
4j 499 559 53.7 519 522 445 606 558 49.1
4k 437 464 432 426 427 464 475 464 422
41 468 54.1 47.8 488 502 434 584 544 472
4m 428 503 45.0 402 481 485 523 532 482
4n 484 519 47.3 454 506 400 558 544 50.2
40 413 476 48.5 358 438 441 524 519 452

2 Bold values indicate the three highest score values.
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Table 4
ChemPLP score results from docking into L braziliensis glycolysis and FPPS
enzymes.”

HK PGI PFK FBPA TPl

4a 426 436 474 513 513 458 455 488 684
4b 496 539 626 584 586 57.2 531 579 788
4c 443 456 528 559 502 49.2 44,5 50.0 700
4d 514 510 598 59.0 574 56.7 50.7 566 679
4de 409 455 486 534 513 482 423 473 655
4f 514 560 613 63.1 60.1 57.3 516 560 906
4g 452 459 523 576 533 499 436 485 697
4h 498 504 597 599 576  56.3 493 540 787
4i 451 436 484 528 537 472 418 499 665
4j 542 526 617 587 609 59.7 525 537 763
4k 445 406 529 576 564  50.6 446 499 706
4 50.6 476 586 56.0 532 588 46.1 533 695
4m 505 494 606 602 564  56.3 499 496 697
4n 493 513 643 545 623 56.0 484 538 682
40 529 432 617 538 62.1 548 496 53.0 666

GPDH PGK  PYK  FPPS

@ Bold values indicate the three highest score values.

another trypanosomatid, T. cruzi, in experiments involving some
phosphorus-containing compounds |[11,31]. Comparison of
L. braziliensis (UniProtKB/Swiss-Prot code A4HBM3) and T. cruzi
(Q4DQ27) HK sequences with the SIM alignment tool [32] revealed

that the overall identity between the two sequences is 65.8% (471
residues), which is suggestive that similar inhibition mechanisms
may operate in HK from both species.

In the case of L. amazonensis, the inhibition profile was not the
same as with L. braziliensis, and there is only one compound with
activity in the submicromolar range, 4n. The docking analysis was,
in this case, unfortunately limited to a pair of enzymes, and 4n was
not classified by the docking procedure as the best ligand with any
of these enzymes. Therefore, it was not possible to identify the
probable biochemical target for this Leishmania species.

After identification of HK as the most probable target of the
bioactive DAPH against L. braziliensis, we compared the interaction
profiles of the best poses obtained for the most active compounds
with the co-crystallized structure of the HK reaction product,
glucose-6-phosphate (G6P) (PDB code 1CZA). As an example,
Fig. 4A and B presents the superposition of the structure 1CZA with
the complex between compound 4d and L. braziliensis HK. It can be
observed that compound 4d can occupy the same site as G6P in HK,
but one of its iso-butyl groups is inserted into an adjacent binding
site, which is occupied by a glucose molecule in the co—crystal
structure. It can also be observed that the G6P binding site is
smaller and the neck connecting both sites is narrower in the hu-
man enzyme (Fig. 1A) than in the L. braziliensis enzyme (Fig. 1B).

Fig. 4. (A and B) Superposition of the best-ranked pose of DAPH 4d (carbon atoms in cyan, stick representation) into L. braziliensis hexokinase (carbon atoms in cyan) with the
co-crystal structure of human hexokinase (carbon atoms in green) containing glucose-6-phosphate (G6P, stick representation) and glucose (Glc, stick representation) (PDB code
1CZA). In A it is shown the molecular surface of human hexokinase and in B the molecular surface of L. braziliensis hexokinase. (C) L. braziliensis hexokinase residues (carbon atoms
in green) interacting with 4d (carbon atoms in cyan). Color code for the remaining atoms: oxygen, red; nitrogen, blue, hydrogen, white, phosphorus, orange. Figures were generated
with PyMOL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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This observation suggests the 4d molecule would probably have
difficulties to be accommodated in the human HK enzyme, which is
indicative of some level of selectivity of 4d for the parasite enzyme.
Fig. 1C presents the L. braziliensis HK amino acid residues inter-
acting with 4d, including residues from G6P and glucose binding
sites. Four of these residues have correspondent residues in the
human enzyme that are interacting directly with G6P Asp187
(Asp209 in human HK), Thr210 (Thr232), Ser394 (Ser415) and
Ser429 (Ser449).

4. Conclusion

The synthesis of new dialkylphosphorylhydrazones proved
satisfactory, with yields ranging from moderate to good. An excel-
lent advantage of these compounds is that they have a fairly simple
synthesis methodology. The compounds had their in vitro leish-
manicidal profile evaluated, and some active compounds could be
identified with efficacy greater than 70% against L. braziliensis (4b,
4d, 4f, 4g, 4h, 4j, 4m, 4n, and 40) and against L. amazonensis (4f, 4j,
4m, 4n, and 40). The compounds with the greatest efficacy against
both species, 4m and 4n, were tested in vivo against L. amazonensis-
infected mice. Both of the compounds completely healed the
nodules and ulcers, but control of parasite burden at the inocula-
tion site was statistically significant only in the case of 4n
treatment.

Comparing the corresponding ICsg values, the only compounds
with ICso against L. braziliensis in the 1072 uM range (the same
range for pentamidine activity) were 4d, 4j, and 40.Compound 4n
was the only one with an ICsq value in the submicromolar range
against L. amazonensis, which was even lower than that for the
reference compounds pentamidine and miltefosine. A target fishing
procedure based on docking methodology using 15 different en-
zymes from L. braziliensis and two from L amazonensis was
implemented to identify probable biochemical targets for the active
compounds. After comparison with the ICso values, it was
concluded that hexokinase is the most probable target in
L. braziliensis, but it was not possible to identify a target for
L. amazonensis because of the limited number of candidate en-
zymes available for this species.

5. Experimental section
5.1. Chemistry

All solvents used in reactions and purification methods were
distilled prior to use and, when necessary, treated and dried ac-
cording to the usual methods described in the literature [33]. Thin
layer chromatography was performed using 0.2 mm-thick,
aluminum-backed plates containing Kieselgel 60 F254, and visu-
alized under UV light at 254 nm.

The devices used for the characterization of the compounds
were as follows: (a) Perkin—Elmer infrared spectrometer, model
1600 FT. The spectra were obtained using a film on NaCl cells in the
case of liquid samples, and KBr pellets in the case of solid samples.
The absorptions were measured in reciprocal centimeters (cm™!);
(b) gas chromatograph coupled to a mass spectrometer, Varian
Saturn model 2000. The analysis conditions were VF-5ms column
(30 x 0.25 x 0.25 mm), oven temperature 150—290 °C/10 °C/min,
injector 270 °C, MS trap 220 °C, manifold 60 °C, transfer line 250 °C,
El ionization (70 eV); (c) NMR spectra were performed on a Bruker
AC 200 spectrometer (‘"H NMR: 200 MHz, '*C NMR: 50.3 MHz,>'P
NMR: 81.0 MHz) and Bruker AVANCE I 400 spectrometer(‘H NMR:
400 MHz, *C NMR: 100.6 MHz, 'P NMR: 161.9 MHz). The spectra
were obtained using tetramethylsilane (TMS) or the solvent itself as
a reference for 'H and '3C spectra. For 3'P spectra, 85% phosphoric

acid was used as the external reference. In each case, the deuterated
solvents are specified, the chemical shifts are measured in ppm and
the coupling constants are in Hertz (Hz).

5.2. General procedure

In a 50 mL flask, the dialkylphosphorylhydrazine and the spe-
cific aldehyde in al1:1 M ratio, ethanol, and three drops of 37% hy-
drochloric acid as the reaction catalyst were added. The reaction
mixture was stirred at room temperature (25 °C) forapproximately
4 h. At the end of the reaction, sodium bicarbonate (10%) was added
to neutralize the reaction mixture. The resulting solution was
transferred to a beaker containing 20 mL of cold distilled water in
an ice bath. After approximately 20 min, a solid material was
observed that was subsequently filtered and dried at room tem-
perature. Compounds that did not precipitate in water were
transferred to a separatory funnel with the aid of an appropriate
amount of methylene chloride. After separation of the resulting
layers, anhydrous magnesium sulfate was added to the organic
phase for complete removal of residual water. Filtration was carried
out for removal of the drying agent, and the solvent was evaporated
under vacuum, after which an oily product was obtained.

6. Characterization of the products

6.1. Phosphorohydrazidic acid, N'-[(1E)-4-pyridinylmethylene]-
diethyl ester (4a)

Aspect: orange oil. yield: 53%. IR (NaCl): 3425.7 (st, NH); 3149.6
(st, CHaromatic); 2985.7, 2925.9 and 2821.7 (styss, CH3 and CHj);
1597.0 (st, C=N); 1475.5 (Bass,.CH2 and CH3); 1407.9 (3sim,.CHs3);
1240.1 (st P=0); 1163.0 (st, P-N); 1031.8 (st, P-O—C). NMR 'H
(DMSO0): 9.95 [d, (P—N—H), Jup = 29.0 Hz, 1H]; 8.56 [d, (H2 and H6),
Jortho = 6.27 Hz, 2H]; 7.89 [s, (N=CH), 1H]; 7.48 [d, (H3 and H5),
Jortho = 6.27 Hz, 2H]; 4.03 [m, (CH3CH,0P), 4H]; 1.23 [t, (CH3CH,0P),
Jun = 7.41 Hz, 6H]. NMR C (DMS0): 150.13 [s, (C2 and C6), 2C];
141.76 [s, (C4), 1C]; 141.46 [d, (N=C), Jcp = 20.35 Hz, 1C]; 120.23
[s, (C3 and C5), 1C]; 62.57 [d, (CH20P), Jop = 5.30 Hz, 2c]; 16.06
[d, (CH3CH,0P), Jcp = 6.26 Hz, 2c]. NMR 3'P (DMSO): 1.33 [dq,
(P—N—H), Jup = 29.35 Hz, (CH20P), Jup = 7.91 Hz]. m/Z: 45(8%),
81(61%), 98(100%), 126(87%), 133(3%), 153(22%), 184(3%), 200(2%),
228(1%), 258(3%). HR-MS(ESI) calc. for CjoHigN3O3P (M)*:
257.092928, found: (M + H)*: 258.100204, (M -+ Na)*: 280.082149.

6.2. Phosphorohydrazidic acid, N'-[(1E)-4-pyridinylmethylene]-
dibutyl ester (4b)

Aspect: orange oil. yield: 55%. IR (NaCl): 3437.0 (st, NH); 3101.4
(st, CHaromatic); 2960.6, 2931.7 and 2879.6 (Stass, CHs and CHa);
1591.2 (st, C=N); 1471.6 (dass,CHoand CHs3); 1394.4 (dsimCHs);
12401 (st P=0); 11109 (st P-N); 10299 (st P—0-C).
NMR'H(DMSO): 9.96 [d, (P—N—H), Jup = 28.10 Hz, 1H]; 8.57 [d, (H2
and H6), Jortho = 6.21 Hz, 2H]; 7.88 [s, (N=C—H), 1H]; 7.48 [d, (H3
and H5), Jortho = 6.21 Hz, 2H]; 3.83 [m, (CH,0P), 4H]; 1.57 [qui,
(CHCH20P), Jun = 6.47 Hz, 4H]; 133 [sex, (CHy(CH.),0P),
Jun = 7.02 Hz, 4H]; 0.84 [t, (CH3(CH3)30P), Juy = 7.55 Hz, 6H]. NMR
3¢ (DMSO0): 150.13 [s, (C2 and C6), 2C]; 141.80 [s, (C4), 1CJ; 141.34
[d, (N=C), Jcp = 20.01 Hz, 1C]; 120.18 [s, (C3 and C5), 1C]; 66.04 [d,
(CH0P), Jep = 5.35 Hz, 2C]; 31.74 [d, (CH,CH,0P), Jcp = 6.57 Hz, 2CJ;
18.18 [s, (CH2CH2CH,0P), 2C]; 13.37 [s, (CH3CH2CH2CH20P), 2C].
NMR 3'P (DMSO): 1.33 [dq, (P—N—H), Jup = 27.56 Hz, (CH,0P),
Jup = 7.35 Hz|. Coupled. m/Z: 41(13%), 80(4%), 98(100%), 124(4%),
154(22%), 202(2%), 214(<2%), 258(<2%), 270(<2%), 314(<2%). HR-
MS (ESI) calc. for Cy4H4N30sP (M)*: 313.155528, found:
(M + H)*: 314.162805, (M + Na)*: 336.144749.
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6.3. Phosphorohydrazidic acid, N'-[(1E)-4-pyridinylmethylene]-
diisopropy! ester (4c)

Aspect: orange solid. MP: 156—158 °C. yield: 52%. IR (NaCl):
3431.2 (st, NH); 3116.8 (st, CHaromatic); 2979.9, 2933.6 and 2823.6
(Stass, CH3 and CHy); 1597.0 (st, C=N); 1481.2 (8,ss, CHz and CH3);
1386.7 (dsim, CH3); 1236.3 (st, P=0); 1114.8 (st, P—N); 1014.5 (st,
P—0—C). NMR 'H (DMSO): 9.87 [d, (P—NH), Jp = 28.92 Hz, 1H];
8.57 [d, (H2 and H6), Jortho = 6.77 Hz, 2H]; 7.88 [s, (N=C—H), 1H];
7.50 [d, (H3 and H5), Jorthom = 6.77 Hz, 2H]; 4.55 [m, (CHOP), 2H];
1.27 [d, ((CH3)2CHOP), Jun = 6.42 Hz, 6H]; 1.22 [d, ((CH3)2CHOP),
Jun = 6.42 Hz, 6H]. NMR C (DMSO): 149.80 [s, (C2 and C6), 2C];
142.25 [s, (C4), 1CJ; 140.83 [d, (N=C), Jp = 21.02 Hz, 1C]; 120.20 [s,
(C3 andC5), 1CJ; 71.00 [d, (CHOP), jep = 5.97 Hz, 2c]; 23.56 [d,
((CH3),CHOP), Jcp = 441 Hz, 2c]; 23.36 [d, ((CH3);CHOP),
Jop = 441 Hz, 2C]. NMR 3P (DMSO): —0.79 [dt, (P—N—H),
Jup = 29.52 Hz, (CHOP), Jup = 7.64 Hz]. coupled. m/Z: 43(27%),
81(11%), 98(100%), 120(4%), 140(17%), 184(6%), 200(1%), 228(5%),
242(2%), 286(<2%). HR-MS (ESI) calc. for CyyHyoN303P (M)':
285.124228, found: (M + H)*: 286.131504, (M + Na)*: 308.113449.

6.4. Phosphorohydrazidic acid, N'-[(1E)-4-pyridinylmethylene]-
diisobutyl ester (4d)

Aspect: yellow solid. MP: 110—112 °C. yield: 43%. IR (NaCl):
3453.1 (st, NH); 3097.5 (st, CHaromatic); 2956.7, 2925.9 and 2821.7
(Stass, CH3 and CHy); 1597.0 (st, C=N); 1475.5 (ass,CH2 and CH3);
1409.9 (3sim,CH3); 1245.9 (st, P=0); 1105.1 (st, P-N); 1033.8 (st,
P—0—C). NMR 'H (DMSO): 9.98 [d, (P—N—H), Jup = 29.0 Hz, 1H];
8.57 [d, (H2 and H6), Jortho = 6.27 Hz, 2H]; 7.88 [s, (N=C—H), 1H];
748 [d, (H3 and H5), Jortho = 6.27 Hz, 2H]; 3.77 [m, (CH20P), 4H];
1.88 [m, (CHCH,OP), Jy = 6.69 Hz, 2H]; 0.88 [d, ((CH3),CHCH,0P),
Jun = 6.97 Hz, 12H]. NMR C (DMSO): 150.10 [s, (C2 and C6), 2C];
141.84 [s, (C4), 1C]; 141.31 [d, (N=C), Jep = 18.90 Hz, 1CJ; 120.16
[s, (C3 and C5), 1C]; 72.26 [d, (CH;0P), Jep = 6.28 Hz, 2C]; 28.57
[d, (CHCH,0P), jcp = 6.76 Hz, 2C]; 1851 [d, ((CH3)CHCH,OP),
Jor = 397 Hz, 4C]. NMR 3'P (DMSO): 114 [dg, (P-N—H),
Jup = 29.0 Hz, (CH,OP), Jyy = 8.00 Hz]. Coupled. m/Z: 57(16%),
92(3%), 98(100%), 138(3%), 154(10%), 202(2%), 214(1%), 242(3%),
314(<1%). HR-MS (ESI) calc. for Ci4H24N303P (M)*: 313.155528,
found: (M + H)": 314162805, (M + Na)*: 336.144749.

6.5. Phosphorohydrazidic acid, N'-[(1E)-3-pyridinylmethylene]-
diethyl ester (4e)

Aspect: yellow oil. yield: 55%. IR (NaCl): 3427.3 (st, NH); 3165.0
(st, CHaromatic); 2985.7 and 2927.8 (stass., CH3 and CHy); 1604.7 (st,
C=N); 1475.5 (855, CHp and CH3); 1413.7 (3sim.,CH3); 1238.2 (st, P=
0); 1163.0 (st, P—N); 1031.8 (st, P—~O—C). NMR 'H (DMSO): 9.77 [d,
(P—N—H), Jup = 28.48 Hz, 1H]; 8.69 [d, (H2), Jun = 1.71 Hz, 1H]; 8.52
[dd, (H6), Jortho = 4.83 Hz, Jmeta = 1.71 Hz, TH]; 7.94 [m, (N=CH and
H4), 2H]; 7.40 [dd, (H5), Jortho = 4.71 Hz and 7.90 Hz, 1H]; 4.04 [m,
(CH3CH,OP), 4H]; 1.23 [t, (CH3CH20P), Jun = 6.90 Hz, 6H]. NMR '3C
(DMSO): 149.82 [s, (C6), 1CJ; 147.77 [s, (C2), 1CJ; 141.01 [d, (N=C),
Jep = 19.02 Hz, 1CJ; 132.65 [s, (C4), 1C]; 130.53 [s, (C3), 1C]; 123.89
[s, (C5), 1C]; 62.45 [d, (CH,0P), Jop = 5.48 Hz, 2C]; 16.03 [d,
(CH3CH,0P), Jop = 5.48 Hz, 2C]. NMR 3'P (DMSO): 1.61 [dq,
(P—N—H), Jup = 29.89 Hz, (CH,0P), Jup = 7.35 Hz]. Coupled. m/Z:
51(5%), 65(38%), 92(96%), 120(100%), 133(2%), 155(2%), 184(2%),
200(<1%), 229(<1%), 257 (8%). HR-MS (ESI) calc. for C1oH16N303P
(M)*: 257092928, found: (M + H)*: 258100204, (M + Na)*:
280.082149.

6.6. Phosphorohydrazidic acid, N'-[(1E)-3-pyridinylmethylene]-
dibutyl ester (4f)

Aspect: orange oil. yield: 55%. IR (NaCl): 3431.2 (st, NH); 3101.4
(st, CHaromatic); 2960.6, 2931.7 and 2873.8 (stass, CH3 and CHy);
1600.8 (st, C=N); 1465.8 (dass, CHz and CH3); 1419.5 (3sim, CH3);
12421 (st, P=0); 1066.6 (st, P-N); 1029.9 (st, P-O—C). NMR 'H
(DMSO): 9.77 [d, (P-N—H), Jup = 28.02 Hz, 1H]; 8.70 [d, (H2),
Jun = 1.70 Hz, TH]; 8.52 [dd, (H6), Jortho = 4.74 Hz and 1.58 Hz, TH];
7.93 [s, (N=CH), 1H]; 7.92 (td (H4), Jortho = 6.45 HZ, Jmeta = 1.94 Hz,
1H]; 7.41 [dd, (H5), Jortho = 4.61 Hz and 7.83 Hz, 1H]; 3.98 [m,
(CH,OP), 4H]; 1.57 [ m, (CH,CH,0P), 4H]; 1.33 [sex, (CHa(CH5),0P),
Jun = 7.39 Hz, 4H]; 0.84 [t, (CH3(CHz)30P), Jun = 7.20 Hz, 6H]. NMR
3¢ (DMSO0): 149.83 [s, (C6), 1C]; 147.72 [s, (C2), 1C]; 140.90 [d, (N=
Q), Jer = 20.84 Hz, 1CJ; 132,63 [s, (C4), 1C]; 130.56 [s, (C3), 1C];
123.90 [s, (C5), 1C]; 65.95 [d, (CH,0P), Jop = 6.64 Hz, 2C]; 31.71
[d, (CH,CH,0P), Jcp = 6.64 Hz, 2C]; 18.20 [s, (CH,CH,CH,OP), 2C;
13.38 [s, (CH3CH,CH,CH,0P), 2C]. NMR 3'P (DMSO): 1.73 [dq,
(P—N—H), Jup = 27.47 Hz, (CH,0P), Jyp = 7.84 Hz]. coupled. m/Z:
41(11%), 80(5%), 98(100%), 124(7%), 154(21%), 184(2%), 214(1%),
258(1%), 270(<1%), 314(1%). HR-MS (ESI) calc. for Ci4H24N305P
(M)*: 313155528, found: (M + H)*: 314.162805, (M + Na)*:
336.144749.

6.7. Phosphorohydrazidic acid, N'-[(1E)-3-pyridinylmethylene]-
diisopropyl ester (4g)

Aspect: orange oil. yield: 55%. IR (NaCl): 3431.2 (st, NH); 3099. 5
(st, CHaromatic); 2979.9, 2925.9 and 2817.9 (stass, CH3 and CHy);
1604.7 (st, C=N); 1475.5 (3ass, CHz and CH3); 1380.9 (3sim., CH3);
1245.9 (st, P=0); 10974 (st, P—N); 1028.0 (st, P-O—C). NMR 'H
(DMSO): 9.67 [d, (P-N—H), Jyp = 2832 Hz, 1H]; 8.70 [d, (H2),
Jun = 1.75 Hz, 1H]; 8.52 [dd, (H6), Jortho = 4.92 Hz and 1.66 Hz, 1H];
7.94 [m, (N=CH) and (H4), 2H]; 7.41 [dd, (H5), Jortho = 4.72 Hz and
794 Hz, 1H]; 454 [m, (CHOP), 2H]; 123 [d, (CH3),CHOP),
Jun = 6.22 Hz, 6H]; 119 [d, (CH3)2CHOP), Jui = 6.22 Hz, 6H]. NMR
13C (DMS0): 149.57 [s, (C6), 1C]; 147.51 [s, (C2), 1C]; 140.43 [d, (N=
Q). Jer = 1915 Hz, 1C]; 132.63 [s, (C4), 1C]; 130.71 [s, (C3), 1CJ;
123.93 [s, (C5), 1C]; 70.82 [d, (CHOP), Jcp = 5.32 Hz, 2CJ; 23.58 [d,
(CH3),CHOP), Jop = 452 Hz, 2C); 23.34 [d, (CH3)CHOP),
Jop = 4.52 Hz, 2C. NMR 3P (DMSO): —0.15 [dt, (P—N—H),
Jup = 27.54 Hz, (CHOP), Jyp = 7.36 Hz]. coupled. m/Z: 43(22%),
81(11%), 98(100%), 120(19%), 140(16%), 184(6%), 200(1%), 228(3%),
242(1%), 285(1%). HR-MS (ESI) calc. for CyoHyoN30sP (M)*:
285.124228, found: (M + H)": 286.131504, (M + Na)': 308.113449.

6.8. Phosphorohydrazidic acid, N'-[(1E)-3-pyridinylmethylene]-
diisobutyl ester (4h)

Aspect: white solid. MP: 92—94 °C. yield: 47%. IR (NaCl): 3435.1
(st, NH); 3097.5 (st, CHaromatic); 2956.7, 2927.8 and 2823.6 (styss,
CH3 and CH,); 1606.6 (st, C=N); 1465.8 (ass, CHp and CHs); 1398.3
(3sim, CH3); 1247.9 (st, P=0); 1093.6(st, P-N); 1031.8 (st, P-0—C).
NMR 'H (DMSO): 9.78 [d, (P—N—H), Jup = 28.52 Hz, 1H]; 8.70 [d,
(H2), Jun = 1.86 Hz, 1H]; 8.52 [dd, (H6), Jortho = 4.76 Hz and 1.65 Hz,
1H]; 793 [s, (N=CH), 1H]; 7.92 (td (H4), Jortno = 7.04 Hz,
Jmeta = 1.86 Hz, TH]; 7.42 [dd, (H5), Jortho = 4.26 Hz and 7.65 Hz, 1H];
3.77 [m, (CH,0P), 4H]; 1.88 [m, (CHCH,OP), Jn = 6.50 Hz, 2H]; 0.88
[d, ((CH3)2CHCH,O0P), Jun = 7.66 Hz, 12H]. NMR '3C (DMSO0): 149.76
[s, (C6), 1C]; 147.64 [s, (C2), 1CJ; 140.84 [d, (N=C), Jcp = 19.30 Hz,
1CJ; 132.61 [s, (C4), 1C]; 130,58 [s, (C3), 1C]; 123.91 [s, (C5), 1CJ;
7212 [d, (CH,OP), Joo = 6.37 Hz, 2C]; 28.57 [d, (CHCH,OP),
Jep = 6.37 Hz, 2CJ; 18.53 [d, (CH3),CHCH,0P), jcp = 3.70 Hz, 4C].
NMR 3'P (DMSO): 1.64 [dq, (P-N—H), Jip = 30.5 Hz, (CH,0P),
Jup = 7.56 Hz]. coupled. m/Z: 57(13%), 92(4%), 98(100%), 138(4%),
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154(11%), 184(3%), 214(1%), 242(1%), 313(<1%). HR-MS (ESI) calc. for
C14H24N305P (M)*: 313155528, found: (M + H)*: 314.162805,
(M + Na)*: 336.144749.

6.9. Phosphorohydrazidic acid, N'-[(1E,Z)-2-pyridinylmethylene]-
diethyl ester (4i)

Aspect: dark oil. yield: 36%. IR (NaCl): 3433.1(st, NH); 3140.0 (st,
CHaromatic); 2983.7, 2931.7 and 2912.4 (st,ss, CH3 and CHy); 1585.4
(st, C=N); 1461.9 (35, CHz and CH3); 1394.4 (3., CH3); 1240.1 (st,
P=0); 1164.9 (st, P—N); 1028.0 (st, P~O—C). NMR "H (DMSO0): 9.84
[d, (P—N—H), Jup = 27.94 Hz, 1H]; 8.53 [ddd, (H6), Jortho = 4.93 Hz,
Jmeta = 1.82 Hz, Jpara = 0.64 Hz, TH]; 7.96 [s, (N=CH), 1H]; 7.79 [dt,
(H4), Jortho = 7.64 Hz, Jmeta = 196 Hz, 1H]; 7.75 [td, (H3),
Jortho = 7.82 Hz, Jmeta = 1.10 Hz, TH]; 7.33 [ddd, (H3), Jortho = 7.52 Hz,
Jortho = 5.37, Jmeta = 1.28 Hz, 1H]; 4.03 [m, (CH,0P), 4H]; 1.24 [t,
(CH3CH,0P), Juy = 7.23 Hz, 6H]. NMR 3C (DMSO): 153.49 [s, (C2),
1C]; 149.30 [s, (C5), 1C); 144.60 [d, (N=C), Jop = 19.15 Hz, 1C];
136.74 [s, (C6), 1CJ; 123.66 [s, (C4), 1C]; 119.03 [s, (C3), 1C]; 62.56
[d, (CH,0P), Jp = 5.67 Hz, 2C]; 16.04 [d, (CH3CH,0P), Jcp = 6.60 Hz,
2C). NMR *'P (DMSO): 1.53 [dq, (P—N—H), Jup = 28.25 Hz, (CH,0P),
Jup = 7.70 Hz]; 097 [td, (P-N—H), Jup = 34.01 Hz, (CH,OP),
Jup = 7.70 Hz). Coupled; m/Z: 51(5%), 65(39%), 92(94%), 120(100%),
133(2%), 155(2%), 184(2%), 200(<1%), 229(<1%), 257(7%). HR-MS
(ESI) calc. for C1oH1gN303P (M)*: 257.092928, found: (M + H)*:
258.100204, (M + Na)*: 280.082149.

6.10. Phosphorohydrazidic acid, N'-[(1E,Z)-2-pyridinylmethylene]-
dibutyl ester (4j)

Aspect: dark oil. yield: 45%. IR (NaCl): 3429.3 (st, NH); 3136.1 (st,
CHaromatic); 2960.6 and 2877.7 (st,ss, CH3 and CH5); 1585.4 (st, C=
N); 1463.9 (dass., CH2 and CH3); 1386.7 (dsim,, CH3); 1240.1 (st, P=0);
1110.9 (st, P—N); 1028.0 (st, P-O—C). NMR 'H (DMSO): 9.85 [d,
(P—N—H), Jup = 28.72 Hz, 1H]; 8.53 [ddd, (H6), Jortmo = 5.04 Hz,
Jmeta = 1.84 Hz, Jpara = 0.96 Hz, 1H]; 7,95 [s, (N=CH), TH]; 7.79 [dt,
(H4), Jortho = 7.73 Hz, Jmera = 189 Hz, 1H]; 7.74 [td, (H3),
Jortho = 7.87 HZ, Jmeta = 1.10 Hz, 1H]; 7.34 [ddd, (H5), Jortho = 7.37 Hz,
Jortho = 5.28 Hz, Jmeta = 1.32 Hz, 1H]; 3.98 [m, (CH,0P), 4H]; 1.57
[m,(CH>CH,0P), 4H]; 1.34 [sex, (CH2(CH2)20P), Jun = 7.28 Hz, 4H];
0.84 [t, (CH3(CH,)30P), Jun = 7.25 Hz, 6H). NMR 3C (DMSO): 153.54
[s, (C2), 1C]; 149.29 [s, (C5), 1C]; 144.49 [d, (N=C), Jcp = 19.11 Hz,
1CJ; 136.68 [s, (C6), 1C]; 123.63 [s, (C4), 1C]; 118.85 [s, (C3), 1C];
65.98 [d, (CH,0P), Jop = 5.49 Hz, 2CJ; 31.76 [d, (CH,CH,OP),
Jor = 634 Hz, 2CJ; 1819 [s, (CHoCHoCH,OP), 2CJ; 13.36 [s,
(CH3CH2CH,CH,0P), 2C]. NMR 3'P (DMSO): 1.54 [dq, (P—N—H),
Jup = 29.41 Hz, (CH,OP), Jyp = 7.66 Hz]; 1.05 [td, (P—N—H),
Jup = 34.83 Hz, (CH20P), Jyp = 7.66 Hz|. coupled. m/Z: 65(19%),
92(67%), 120(100%), 133(2%), 161(4%), 184(1%), 208(2%), 258(1%),
270(<1%), 313(1%). HR-MS (ESI) calc. for Ci4H2sN30sP (M)*:
313.155528, found: (M + H)": 314.162805, (M + Na)*: 336.144749.

6.11. Phosphorohydrazidic acid, N'-[(1E)-2-pyridinylmethylene]-
diisopropyl ester (4k)

Aspect: white solid. MP: 171-173 °C. yield: 54%. IR (NaCl):
3427.3 (st, NH); 3136.1 (st, CHagomatic); 2981.8, 2943.2 and 2839.1
(stass, CH3 and CHy); 1583.5 (st, C=N); 1456.2 (dass, CH2 and CH3);
1382.9 (dsim, CH3); 1228.6 (st, P=0); 11109 (st, P—N); 1024.1
(st, P—O—C). NMR 'H (DMSO): 9.74 [d, (P-N—H), Jup = 27.83 Hz,
1H]; 8.53 [ddd, (H6), Jortho = 5.24 HZ, Jmeta = 1.95 Hz, Jpara= 0.86 Hz,
1H]; 796 [s, (N=CH), 1H]; 7.79 [dt, (H4), Jortho = 7.91 Hz,
Jmeta = 1.88 Hz, 1H]; 7.74 [td, (H3), Jortho = 7.65 Hz, Jmeta = 1.25 Hz,
1H]; 7.32 [ddd, (H5), Jortho = 745 HZ, Jortho = 543 HZ, Jmeta = 1.51 Hz,
1H]; 4.55 [m, (CHOP), 2H]; 1.34 [d, (CH3)2CHOP), Jun = 6.35 Hz, 6H];

1.28 [d, (CH3),CHOP), Jiiy = 6.35 Hz, 6H]. NMR C (DMSO0): 153.64
[s, (C2), 1C]; 149.25 [s, (C5), 1C]; 144.12 [d, (N=C), Jcp = 18.42 Hz,
1CJ; 136.71 [s, (C6), 1CJ; 123.52 [s, (C4), 1C]; 118.77 [s, (C3), 1CJ;
70.90 [d, (CHOP), Jop = 551 Hz, 2C]; 23.55 [d, (CH3),CHOP),
Jcp = 4.82 Hz, 2C]; 23.34 [d, (CH3),CHOP), Jcp = 4.82 Hz, 2C|. NMR
3p (DMSO): -0.36 [dt, (P-N—H), Jup = 27.43 Hz, (CHOP),
Jup = 7.34 Hz]. Coupled. m/Z: 43(16%), 65(20%), 92(56%), 120(100%),
147(5%), 184(5%), 201(1%), 228(2%), 243(23%), 285(5%). HR-MS (ESI)
calc. for CyoHzoN303P (M)*': 285.124228, found: (M + H)*:
286.131504, (M + Na)*: 308.113449.

6.12. Phosphorohydrazidic acid, N'-[(1E)-2-pyridinylmethylene]-
diisobutyl ester (4l)

Aspect: brown solid. MP: 90—92 °C. yield: 50%. IR (NaCl):
3438.9 (st, NH); 3134.2 (st, CHaromatic); 2958.7, 2875.7 (Stass, CHs
and CH,); 1585.4 (st, C=N); 1461.9 (3,5, CHy and CHs3); 1371.3
(dsim., CH3); 1228.6 (st, P=0); 1103.2 (st, P-N); 1018.3 (st, P—0—C).
NMR 'H (DMSO): 9.84 [d, (P—N—H), Jizp = 28.90 Hz, 1H]; 8.52 [ddd,
(H6), Jortho = 4.82 Hz, Jmeta = 1.92 Hz, Jpara = 0.63 Hz, 1H]; 7.95 [s,
(N=CH), TH]; 7.80 [dt, (H4), Jortho = 7.75 HZ, Jmeta = 1.64 Hz, 1H];
7.72 [td, (H3), Jortho = 7.90 HZ, Jmeta = 116 Hz, 1H]; 7.32 [ddd, (H5),
Jortho = 7.51 Hz, Jortho = 6.11 Hz, Jmeta = 136 Hz, 1H]; 3.78
[m, (CH,0P), 4H]; 1.88 [n, CHCH,0P), Juy = 6.61 Hz, 2H]; 0.87 [d,
(CH3)2CHCH,0P), Jun = 6.98 Hz, 12H]. NMR 3C (DMSO): 153,54 [s,
(C2),1CJ; 149.28 [s, (C5), 1C]; 144.46 [d, (N=C), Jcp = 19.80 Hz, 1C];
136.71 [s, (C6), 1C]; 123.61 [s, (C4), 1C]; 118.76 [s, (C3), 1C]; 72.15
[d, (CH20P), Jcp = 6.51 Hz, 2C]; 28.51 [d, (CHCH,0P), Jcp = 6.25 Hz,
2CJ; 18.50 [d, (CH3);CHCH,OP), Jop = 3.50 Hz, 4C]. NMR 3'P
(DMSO): 1.43 [dq, (P—N—H), Jup = 30.05 Hz, (CH20P), Jyp = 7.12 Hz].
Coupled. m/Z: 65(17%), 92(61%), 120(100%), 123(1%), 161(5%),
202(4%), 214(<1%), 258(4%), 313(2%). HR-MS (ESI) calc. for
C14H24N303P (M)*: 313.155528, found: (M + H)*: 314.162805,
(M + Na)*: 336.144749.

6.13. Phosphorohydrazidic acid, N'-[(1E)-(5-bromo-3-pyridinyl)
methylene]-disecbutyl ester (4m)

Aspect: white solid. MP: 121-122 °C. yield: 62%. IR (NaCl):
3440.9 (st, NH); 3101.4 (st, CHaromatic); 2972.2, 2931.7 and 2827.5
(tass, CH3 and CH,); 1600.8 (st, C=N); 1471.6 (3555, CH, and CHs);
12421 (st, P=0); 1095.5 (st, P-N); 1018.3 (st, P-O—C). NMR H
(DMSO): 9.91 [d, (P—N—H), Jup = 28.62 Hz, 1H]; 8.70 [s, (H6), TH];
8.64 [s, (H2), TH]; 812 [s, (N—=CH), 1H]; 7.89 [s, (H4), TH]; 4.34
[m, (CHOP), 2H]; 1,55 [m, (CH,CHOP), 4H]; 1.27 [d, (CHsCHOP),
Jun = 545 Hz, 3H]; 121 [d, (CH3CHOP), Juy = 5.45 Hz, 3H]; 0.88
[t, (CH3CH,CHOP), iy = 7.80 Hz, 3H]; 0.84 [t, (CH3CH,CHOP),
Jun = 7.80 Hz, 3H]. NMR C (DMSO0): 150.00 [s, (C6), 1C]; 145.90 s,
(C2),1CJ; 138.68 [d, (N=C), Jep = 19.85 Hz, 1C]; 134.62 [s, (C4), 1C];
13270 [s, (C3), 1C]; 12048 [s, (C5), 1CJ: 75.55 [t, (CHOP),
Jep = 5.76 Hz, 2C]; 29.84 [d, (CH,CHOP), ] = 6.00 Hz, 1C]; 29.68 [d,
(CH,CHOP), Jop, = 6.00 Hz, 1CJ; 21,10 [d, (CH3CHOP), Jp = 2.63 Hz,
1C]; 2082 [d, (CHsCHOP), J, = 263 Hz 1CJ; 932 [d,
(CH3CH,CHOP), o, = 6.72 Hz, 2C]. NMR 3'P (DMSO): —0.30 [dt,
(P—N—H), Jup = 27.97 Hz, (CH20P), Jup = 8.13 Hz]; Coupled. m/Z:
57(17%), 91(4%), 98(100%), 137(1%), 154(5%), 200(5%), 262(4%),
280(1%), 306(2%), 392(<1%). HR-MS (ESI) calc. for C14H;3BrN;05P
(M)*: 391.066041, found: (M + H)": 392.073317, (M + Na)':
414.055262.

6.14. Phosphorohydrazidic acid, N'-[(1E)-(2-bromo-3-pyridinyl)
methylene]-disecbutyl ester (4n)

Aspect: yellow oil. yield: 64%. IR (NaCl): 3435.1 (st, NH); 3134.2
(st, CHaromatic); 2974.1, 2937.5 and 2879.6 (stass, CH3 and CHy);
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1577.7 (st, C=N); 1460.0 (a5, CHz and CHs); 1392.6 (3sym., CH3);
1234.4 (st, P=0); 1105.2 (st, P-N); 1002.9 (st, P~O—C). NMR 'H
(DMSO0): 10.00 [d, (P—N—H), Jup = 29.20 Hz, 1H]; 8.35 [dd, (H6),
Jm =212 Hz, J, = 4.87 Hz, 1H]; 8.17 [s, (N=CH), 1H]; 8.06 [dd, (H4),
Jm =194 Hz, Jo = 7.77 Hz, 1H]; 7.50 [m, (H5), 1H]; 4.35 [m, (CHOP),
2H]; 1.55 [m, (CH2CHOP), 2H]; 1.25 [d, (CH3CHOP), Ju = 6.08 Hz,
3H]; 1.20 [d, (CH3CHOP), Jyy = 6.08 Hz, 3H]; 0.87 [t, (CH3CH,CHOP),
Jun = 7.44 Hz, 3H]; 0.84 [t, (CH3CH,CHOP), Jyn = 7.44 Hz, 3H]. NMR
3¢ (DMS0): 150.36 [s, (C6), 1C]; 141.21 [s, (C2), 1C]; 140.02 [d, (N=
C).Jep = 1822 Hz,1C]; 134.53 [s, (C4), 1CJ; 13110 s, (C3), 1CJ; 123.96
[s. (C5), 1C]; 75.66 [m, (CHOP), 2C]; 29.84 [d, (CH,CHOP),
Jep = 419 Hz, 1CJ; 29.73 [d, (CH2CHOP), Jp = 4.19 Hz, 1CJ; 21.10 [d,
(CH3CHOP), Jop = 3.60 Hz, 1C]; 20.83 [d, (CH3CHOP), Jp = 3.60 Hz,
1Cl; 938 [d, (CH3CH,CHOP), o, = 647 Hz, 2C]. NMR 3'p
(DMSO): —0.46 [dt, (P-N—H), Jup = 2945 Hz, (CHOP),
Jup = 8.12 Hz]; coupled. m/Z: 41(28%), 57(20%), 73(10%), 98(100%),
103(6%), 120(7%), 154(4%), 185(5%), (392(<1%). HR-MS (ESI) calc. for
C14H23BrN303P (M)*: 391.066041, found: (M + H)*: 392.073317,
(M + Na)*: 414.055262.

6.15. Phosphorohydrazidic acid, N'-[(1E)-(3,5-dichloro-4-pyridinyl)
methylene]-disecbutyl ester (40)

Aspect: yellow oil. yield: 64%. IR (NaCl): 3423.5 (st, NH); 3128.4
(st, CHaromatic); 2974.1 and 2929.7 (stass, CH3 and CHj); 1600.8 (st,
C=N); 1465.2 (3355, CHz and CHs); 1388.7 (3sym, CHs3); 1238.2 (st,
P=0); 1109.3 (st, P—N); 1004.8 (st, P~O—C). NMR 'H (DMSO): 10.16
[d, (P—N—H), Jup = 29.74 Hz, 1H]; 8.63 [s, (H2 and H6), 2H]; 8.13 [s,
(N=CH), 1H]; 4.36 [m, (CHOP), 2H]; 1.56 [m, (CH,CHOP), 4H]; 1.24
[d, (CH3CHOP), Jyu = 6.07 Hz, 3H]; 120 [d, (CHsCHOP),
Juu = 6.07 Hz, 3H]; 0.86 [t, (CH3CH,CHOP), Juy = 7.29 Hz, 3H]; 0.83
[t, (CH3CH,CHOP), Jyy = 7.29 Hz, 3H]. NMR '3C (DMSO): 148.87 [s,
(€2 andC6), 2C]; 137.64 [d, (N=C), Jep = 20.19 Hz, 1CJ; 136.80 [s, (C3
andC5), 2CJ; 130,33 [s, (C4), 1C]; 7617 [m, (CHOP), 2C]; 30.30 [d,
(CH,CHOP), Jop = 5.62 Hz, 1CJ; 30.14 [d, (CHCHOP), J¢, = 5.62 Hz,
1CJ; 21.41 [d, (CH3CHOP), J¢p = 3.00 Hz, 1CJ; 21.30 [d, (CH3CHOP),
Jop = 3.00 Hz, 1CJ; 9.70 [s, (CH3CH,CHOP), 2C]. NMR 3'p
(DMSO): —-154 [dt, (P-N-H), Jup = 29.97 Hz, (CHOP),
Jup = 8.12 Hz]; Coupled. m/Z: 57(15%), 98(100%), 124(2%), 154(5%),
252(2%), 296(2%), 326(<1%), 352(<1%), 382(<1%). HR-MS (ESI) calc.
for Cy4HpCloN303P (M)': 381.077584, found: (M + H)*':
382.084860, (M + Na)': 404.066805.

7. Biological evaluation
7.1. Macrophage culture

The J774 cell line-derived murine macrophage cells were pro-
vided by the Rio de Janeiro Cell Bank-HUCFF-UFR]. The cells were
grown in DMEM medium containing t-glutamine (2 mM), buffered
with HEPES (10 mM), and supplemented with 10% heat-inactivated
fetal calf serum and gentamicin (1 mg/L) in a humidified incubator
(5% COy) at 37 °C. The cells were passaged twice per week.

7.2. Cytotoxicity assay in macrophages

774 macrophages were seeded (1.5 x 10° cells/well) in 96-well
flat-bottom microplates with 100 pL of medium. The cells were
allowed to attach to the bottom of the well for 24 h at 37 °C
and then exposed to the different concentrations of compounds
(100,10 and 1 pM) for 48 h. Afterwards, the cells were washed with
PBS and incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (100 uL/well) for 1 h in the
dark at 37 °C. The MTT solution was removed, the cells were
resuspended in 100 pL of dimethylsulfoxide (DMSO), and the

absorbance was measured using an ELISA reader at 540 nm [22].
Each concentration was assayed in triplicate, and the correspond-
ing cell growth controls were used in each measurement. The trials
were also performed in duplicate.

7.3. Parasite culture

L. amazonensis [MHOM/BR/87/BA125] and L. braziliensis [MHOM/
BR/01/BA788] strains were kindly provided by Valéria Borges,
PhD (Fundagao Oswaldo Cruz — BA/Brazil) and were maintained
in vitro as proliferating promastigotes at 26 °C in Schneider's insect
medium supplemented with 10% heat-inactivated fetal calf serum,
gentamycin (1 mg/L), -glutamine (2 mM) and 2% sterile human
urine.

7.4. Leishmanicidal activity

Leishmania parasites were harvested at a late exponential phase
of growth, resuspended in fresh medium, counted in a Neubauer's
chamber and adjusted to a concentration of 10° parasites/well in
the presence of the corresponding concentration of compoundsin a
96-microwell plate. They were allowed to proliferate in the pres-
ence of the compounds at 26 °C for 48 h for promastigotes. Then,
the parasites were counted using an automatic cell counter [34]. All
of the assays were performed in triplicate, and the experiments
were repeated at least twice. The inhibition caused by each com-
pound was expressed as a percentage relative to the control cells
(treated with the vehicle, DMSO). The LDsp and their standard
errors were calculated using GraphPad Prism 5.0 software.

7.5. Antiamastigote assay

In vitro model of the amastigotes, inflammatory macrophages
were obtained from BALB/c mice previously inoculated by the
intraperitoneal route with 3% thyoglicollate medium (Sigma).
Briefly, peritoneal macrophages were plated at 4 x 10° cell/well on
coverslips (@ 13 cm) previously arranged in a 24-well plate in
DMEM medium supplemented with 10% (v/v) heat-inactivated FBS
and allowed to adhere overnight. Adherent macrophages were
infected with L. amazonensis promastigote using a ratio of 1:10 at
37 °C for 4 h. Non-internalized promastigotes were eliminated, and
solutions of tested compounds were added in different concen-
trations and maintained at 37 °C in 5% CO, for 48 h. Slides were
fixed with methanol, stained with Giemsa and intracellular amas-
tigotes were counted (two hundred macrophages were evaluated
per assay). The results were analyzed using GraphPad Prism 5.0
software and expressed as infection index (percentage of infected
macrophages multiplied by the average number of amastigotes per
macrophage). Miltefosine was used as reference drug.

7.6. In vivo infection in a murine model

Female BALB/c mice, 6—8 weeks old, were obtained from the
Federal University of Ribeirao Preto, Brazil. The animals were
maintained under a 12-h light/dark cycle in a controlled-
temperature room (22 + 2 °C) with free access to water and pel-
let food. All of the procedures were performed after the approval of
the protocol by the Ethics Committee - UFAL for animal handling
(No: 2013.02).

A murine model closely resembling human pathology was pre-
viously described [23]. Briefly, the right ear dermis of BALB/c mice
was inoculated with stationary-phase promastigotes of
L. amazonensis (MHOM/BR/87/BA125), with 10° parasites in 10 pL of
sterile saline, using a 27.5-gauge needle. After the second week post-
infection, a group of mice (n = 5) was treated daily (28 days) with
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4m, 4n or miltefosine (positive control) by oral administration at
30 mg/kg/day, diluted in water for administration. A negative control
group was treated orally with water by injection (n = 5). Lesion size,
which was defined as the difference in thickness (in millimeters)
between the infected ear and the non-infected contralateral ear,
was monitored twice weekly using a digital caliper.

7.7. Parasite load quantification

Parasite load was determined using a quantitative limiting
dilution assay as previously described [35]. Briefly, infected ears
and draining lymph nodes were aseptically excised after treatment
and homogenized in Schneider medium. The homogenates were
serially diluted in Schneider medium with 10% FCS and seeded into
96-well plates.

The data are reported as the average + standard error of the
mean (M + S.E.M) after statistical analysis employing one-way
ANOVA followed by Dunnett's test. Differences between means
were considered significant when p < 0.05 when compared to the
control group. Calculations were performed using GraphPad 5.0
software.

7.8. Molecular modeling

According to the reasons presented above, we chose FPPS and
the enzymes of the glycolytic and pentose phosphate pathways as
possible targets in the molecular docking study. Glycolysis is a
process catalyzed by ten enzymes: hexokinase (HK), glucose-6-
phosphate isomerase (G6PI), phosphofructokinase (PFK), fructose
bisphosphate aldolase (FBPA), triose phosphate isomerase (TPI),
glyceraldehyde-3-phosphate dehydrogenase (GPDH), phospho-
glycerate kinase (PGK), phosphoglycerate mutase (PGM), enolase
(ENO) and pyruvate kinase (PYK). The PPP is subdivided into two
branches — the oxidative branch, comprising the enzymes glucose-
6-phosphate dehydrogenase (G6PDH), 6-phosphogluconolactonase
(6PGL) and 6-phosphogluconate dehydrogenase (6PGDH); and the
non-oxidative branch, comprising the enzymes ribose-5-
phosphate isomerase (RPI), ribulose-5-phosphate 4-epimerase
(RPE), transaldolase (TAL) and transketolase (TKT).

In this group of enzymes, there is only one with an available
crystallographic structure for one of the Leishmania species evalu-
ated in the experimental section, namely, L. braziliensis 6PGL, which
is deposited in the RCSB Protein Data Bank (PDB code 3CH7) with a
resolution of 2.29 A, For this structure, incomplete side chains were
corrected using Swiss PDBViewer v. 4.1 [36], and water molecules
were removed before the docking procedure. For the remaining
L. braziliensis enzymes, sequences available in the UniProtKB/Swiss-
Prot protein sequence database were used for construction of ho-
mology models using the automated mode of the Swiss-Model
protein structure homology-modeling server [37]: A4HCHS8 for
FPPS, A4HBM3 for HK, A4H6W?2 for PGI, A4HHQO for PFK, A4HNY6
for FBPA, E9AIGY for TPI, A4HINO for GPDH, A4HIS6 for PGK,
A4HLS3 for PGM, A4HL13 for ENO, A4AHM36 for PYK, BOFGJ4 for
6PGDH, A7UFH5 for G6PDH, A4HGQ2 for RPI, A4HLL7 for RPE,
A4H8J8 for TAL, and A4HDRS8 for TKT. Unfortunately, there is a
paucity of available crystallographic and sequence information for
L. amazonensis enzymes, and it was only possible to find sequence
data for two enzymes: Q81911 for G6PDH, and BOFZP5 for 6PGDH,
for which we constructed homology models according to the same
procedure used for the L. braziliensis enzymes.

All of the ligand structures were constructed and energy-
minimized with the PM3 method [38] available in the Spartan'14
software (Wavefunction, Inc.). The molecular docking study was
carried out with GOLD 5.2 (CCDC Software Ltd.). Among the four
different scoring functions available in the program, ASP [39],

ChemScore [40,41], GoldScore [42], and ChemPLP [43], the latter is
claimed to be generally more effective than the other scoring
functions for both pose prediction and virtual screening. ChemPLP
is the default scoring function for GOLD 5.2 and was employed by
us for the docking procedure.

Hydrogen atoms were added to protein structures based on
ionization and tautomeric states defined by the program. Serine,
threonine and tyrosine hydroxyl groups and lysine amino groups
were free to rotate during the docking procedure to allow the
best orientation of hydrogen bonds involving these groups. The
number of genetic operations (crossover, migration, mutation) for
each run was set to 100,000 during the searching procedure. The
radius of the binding sites for the enzymes was set to 10 A around
atoms selected after superposition with available, related, ligand-
containing crystallographic structures.
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INTRODUCTION

Protozoan parasites from Leishmania genus causes the complex disease called
leishmaniasis, an of neglected tropical disease in terms of drug discovery and development.
This disease affects more than 12 million people worldwide and are endemic in 88 countries.
It is found on every continent except Australia and Antarctica (Desjeux, 2004; CDC, 2015).
This protozoa parasite is transmitted by the bite of infected female Phlebotomine sandflies as
a flagellated promastigote, which is phagocytized by host cells, such as macrophages and
dendritic  cells. After  that, promastigote  forms differentiate into ~ the  non-
flagellated amastigote, which replicates intracellularly until bursting the host cell (WHO,

2015; Tripathi et al., 2007).

There are three main forms of leishmaniasis: cutaneous, visceral and mucocutaneous.
The most aggressive form of the disease is the visceral (VL), which affects the vital organs of
the host and if left untreated often results in death. Bone marrow, liver, and spleen are the
organs commonly affected during VL. Factors determining the kind of clinical manifestation,
such as hepatosplenomegaly, depend upon the infecting species and host factors, such as
general health, genetic and immune constitution (WHO, 2015; Tripathi et al., 2007).
According to World Health Organization over 90% of VL cases occur in Bangladesh, Brazil,
Ethiopia, India, South Sudan and Sudan. In non-endemic areas of the world up to 70% of
cases of VL in adults are related to co-infection by the human immunodeficiency virus (HIV)

(WHO, 2015).

Leishmaniasis cases are increasing worldwide being a serious public health problem
that requires global control strategies. Besides, the chemotherapy of this disease is done with
drugs used since the beginning of last century. However, it has severe side effects, present

resistance issues and requires medical supervision and prolonged therapy (Griensven et al.,
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2010; GOYENECHEPATINO et al., 2008). Actually, improvements have been achieved by
combination therapy, leading reducing the time and cost of treatment. Nonetheless, the
development of new compounds against these diseases is still necessary and extremely

important (Frézard et al., 2009; Freitas-Junior et al., 2012).

In the present study, the efficacy of two dialkylphosphorylhydrazones, previously
synthetized by our group and identified as active against L amazonensis e L. braziliensis,
phosphorohydrazidic acid, N’-[(1E)-(5-bromo-3-pyridinyl) (4m) and phosphorohydrazidic
acid, N’-[(1E)-(2-bromo-3-pyridinyl)methylene]-disecbutyl ester (4n) (DA MATTA et al.,

2015), was evaluated against L. chagasi, species that causes VL.

MATERIALS AND METHODS

Isolation of the peritoneal macrophages and cell culture

Experiments were performed using Balb/C mice 6-8 weeks old, weighing 20-25 g.
Animals were maintained in accordance with the International Commission on Ethics for
handling animal (ZIMMERMAN, 1983) and approved by the ethical committee (003570-
2011-63) for animal handling of Federal University of Alagoas, Brazil. To obtain
macrophages, thioglycolate (TG)-elicited macrophages were harvested 3 days after ip
injection of 1 mL TG medium. Balb/C mice were killed by cervical dislocation and
macrophages were isolated by peritoneal lavage after washing with ice cold phosphate buffer
saline (PBS). Cells were maintained on Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), L-glutamine (2 mM),
non-essential amino acids (0.1 mM) and gentamicin (50 pg/mL) for 24 h at 37°C with 5%

CO, (DAVIES; GORDON, 2004).

Cytotoxicity assay on macrophages
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Murine peritoneal macrophages were seeded (2x10° cells/well) in 96-well flat bottom
microplates with 100 puL of medium. The cells were allowed to attach to the bottom of the
dish for 24 h at 37 °C and non-adherent cells were removed by vigorously washing three
times with PBS. Then, were exposed to the different concentrations of compounds (100, 10
and 1 uM) for 48 h, three wells were left dead cells (lysed by 1% Triton X-100) and incubated
with only the medium. After, the cells were washed with PBS and incubated with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 100 pL/well for 1 h in the dark
at 37 °C. MTT solution was removed, then cells were resuspended in 100 pL of
dimethylsulphoxide (DMSO) and the absorbance measured in an ELISA reader at 540 nm
(MOSSMANN, 1983). Each concentration was assayed in triplicate and corresponding cell

growth controls were used in each measurement. The trials were also performed in duplicate.

Parasite culture

Leishmania (L.) chagasi promastigotes (strain MCAN/BR/89/BA262, kindly provided
by Valéria Borges, FIOCRUZ/BA, Brazil) were maintained by successive passage in golden
hamsters. Isolates parasites were cultured at 26°C for 5 days to reach stationary phase in
Schneider’s insect medium supplemented with 10% FBS, gentamycin (1 mg/L), L-glutamine
(2 mM) and 2% sterile male human urine. Cultures were maintained in a B.O.D. incubator at

26 ° C.

Leishmanicidal Activity

Leishmania parasites were harvested at a late exponential phase of growth,
resuspended in fresh medium, counted in Neubauer's chamber and adjusted to a concentration
of 10° parasites/well in the presence of the corresponding concentration of compounds in a

96-microwell plate. Promastigotes forms were kept in contact with the compounds for 48 h
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for promastigotes. Then, they were counted by using an automatic cell counter (AVILA et al.,
1997). All assays were performed in triplicate and the experiments were repeated twice at
least. The inhibition caused by each compound was expressed as percentage, relative to the
control cells (treated with the vehicle, DMSO). LDso and its standard error were calculated

using GraphPad Prism 5.0 software.

Activity against intracellular amastigotes from L. (L.) chagasi was determined in
infected peritoneal macrophages. The cells were seeded into 24-well plates containing glass
cover slips at a density of 4 x 10° cells/well and were incubated for 24 h prior to infection. L.
chagasi promastigotes were added to the macrophages at a ratio of 10:1
(promastigotes:macrophages). The plates were further incubated overnight prior to drug
addiction. Non-internalized parasites were removed by washing once with PBS and the cells
were then incubated with the test substances for 72 h at 37°C in 5% CO,. At the end of the
assay, the cells were fixed in methanol, stained with May Grunwald-Giemsa stain and
observed under a light microscope to determine the number of intracellular parasites. The
number of amastigotes was determined in 100 macrophages from the drug-treated and control
wells. The number of counted amastigotes in the untreated cultures was considered to be
100% to calculate the percentage of parasites suppressed in the drug-treated cultures
(Borborema et al. 2011). The 50% inhibitory concentration (ICsp) was calculated using a
sigmoid dose-response model that was generated with GraphPad Prism 5.0 using the mean of

two experiments performed in duplicate.

Ultrastructural alterations - scanning electron microscopy (SEM)

After treatment with the 100 uM (24 h) of 4m and 4n, promastigotes were washed in
PBS and fixed in 2.5% glutaraldehyde and 4% paraformoldehyde in 0.1 M sodium cacodylate

buffer (pH 7.2) at 4 °C, placed on a specimen support with a poly-L-lysine-coated coverslip
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and washed in cacodylate buffer and post-fixed in with 1% osmium tetroxide, 0.8% potassium
ferricyanide, 5 mM calcium chloride in 0.1 M cacodylate buffer. The cells were dehydrated in
an increasing ethanol gradient, critical- point dried in CO,, adhered to scanning electron
microscopy stubs and then coated with a 20-nm thick gold layer in a sputtering device
Q150T (Quorum Technologies). The parasites were examined using a scanning electron

microscope, model EVO LS 15 (Zeiss), operating at 10 kV.
Animals and infection

In this study, 25 male Golden Syrian hamsters (Mesocricetus auratus), 6- to 8-wk-old,
weighing 88-145 g were obtained from Oswaldo Cruz Foundation (Rio de Janeiro, Brazil)
and maintained in Institute of Biological and Health Sciences (Federal University of Alagoas,
Brazil) facilities. The animals were hosted in cages under controlled light, temperature, and
humidity conditions with free access to water and pelletized food. The ethics Committee of
the Federal University of Alagoas approved the protocols employed.

Four groups of five animals each were infected with 10 stationary phase promastigotes forms
of L. (L.) chagasi in PBS, per animal, inserted into the peritoneal cavity. Inoculum was
derived from low passage cultures initiated with cryostored parasites. Every day, the animals
were examined for clinical signs of the disease. Clinical symptoms of the disease were weight

loss, decreased activity and scaling on the extremities.

One group (control group) received only water, whereas the other three groups were
treated intraperitoneally with 100 umol/kg of Glucantime®, 4m and 4n, respectively, on 60
days postinfection. The healthy group was composed of uninfected and untreated animals.

Animals were sacrificed at day 15 posttreatment.

Estimation of parasite burden
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The animals were euthanized (by overdose anesthesia) at day 75 postinfection. The
liver and spleen from each animal were removed and weighed, and afterwards, samples of

each were homogenized in cold PBS solution using a stainless steel tissue grinder.

The suspensions obtained were centrifuged at 3,500 rpm for 10 min at 4°C. Thereafter,
the supernatants were discarded and the pellets resuspended in Schneider’s medium
supplemented with 10% FBS, gentamycin (1 mg/L), L-glutamine (2 mM) and 2% sterile male
human urine. Two hundred microliters of suspension was transferred to each of 96 microtiter

wells containing Schneider’s medium supplemented with antibiotics.

Parasite burdens were estimated by a limiting dilution assay according to the methods
of Hill et al., 1983 and Titus et al., 1985. The results were expressed as log;o values of the

numbers of parasites per gram of tissue.

Data were expressed as the mean + S.E.M. and significant differences between the

treated and control groups were evaluated using ANOVA and Dunnett post-hoc tests.

Biochemical parameters

To spectrophotometric evaluation of the biochemical parameters, the standard
diagnostic kits Labtest® were used. The assays were performed according to the protocol
provided in the kit. The blood samples were obtained by centrifugation (1500 rpm x 10 min)
of whole blood without anticoagulant and frozen. The following biochemical parameters were
analyzed: alanine aminotransferase (ALT), aspartate aminotransferase (AST), urea and

creatinine.

Molecular Modeling
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Previous theoretical results from our group using the reverse docking procedure with
15 enzymes of L. braziliensis indicated the first enzyme of the glycolytic pathway,
hexokinase (HK), as the most probable target of the active compounds (DA MATTA et al.,
2015). As was the case for L. braziliensis and L. amazonensis, there is no crystallographic
structures available for L. chagasi’s HK, so it was necessary first to develop 3D models for
the enzyme. According to studies of the genome of Leishmania species and the comparison of
the clinical manifestations of the disease in New and Old Worlds, some authors suggest that
L. chagasi corresponds to L. infantum, a species previously identified as the cause of VL in
the Old World and that may have been exported to the New World during the Portuguese and
Spanish colonization period [MAURICIO et al., 1999; MAURICIO et al., 2000]. Another
possibility is to treat each one as subspecies, being suggested for the New World subspecies

the L. infantum chagasi denomination [SHAW, 2002; LIMA et al., 2012].

Based on these proposals, we selected the protein sequence attributed to L. infantum
HK, obtained from UniProtKB/Swiss-Prot with the code A4HZB1 (PEACOCK et al., 2007),
as the target for a 3D model development. Three homology models, which we defined as L.
infantum chagasi HK (LicHK), were prepared for this target with the automated mode of the
Swiss-Model server (http://swissmodel.expasy.org/), based on three different crystallographic
structures as templates, available in the Protein Data Bank: chain A of 1HKC, chain A of
1QHA, and chain B of 1QHA. All templates were obtained as co-crystals with substrate
molecules, so the conformations of the resulting models are expected to contain cavities

adequate for the docking procedure.

Ligand structures were constructed and energy-minimized with the PM6 method
[STEWART, 2007] available in Spartan’14 software (Wavefunction, Inc.). The molecular

docking study was carried out with GOLD 5.2 (CCDC Software Ltd.) with the ChemPLP
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scoring function [KORB et al., 2009], which was previously used by us to identify the most
probable target for L. braziliensis species and which is the default scoring function for GOLD
5.2. The binding site was defined as the site that corresponds to the one that contains the
glucose-6-phosphate molecule in 1QHA. The number of genetic operations (crossover,
migration, mutation) in the searching procedure was set to 100,000 in each docking run. The
ensemble docking approach was employed to take advantage during the docking procedure of
the different model conformations obtained with the three templates. One additional
advantage of ensemble docking is that it very significantly reduces the risk of inadvertently

choosing an unsuitable protein model.

RESULTS

Inhibition of in vitro growth of Leishmania by dialkylphosphorylhydrazones and

mammalian cytotoxicity

The activity of dialkylphosphorylhydrazones was tested initially against promastigotes
of L. chagasi incubated in Schneider’s medium supplemented. Sensitivity was uniform for all
treatments, with ICsq values ranging from 19.0 to 44.2 uM. Maximal effect was observed after
48 h incubation and inhibition reached about 93% for 4m, 96% for Miltefosine and 75% for
4n (Table 1). Cytotoxicity against the host cells was determined using cultures of mouse
peritoneal macrophages in vitro treated with the compounds for 48 h. The CCsy was
calculated and results were > 100 uM. Drug activity was also tested in vitro against L.
chagasi amastigotes obtained from mice infected macrophages allowing the determination of

an ICsp 0f 47.8 + 3.7 and 51.4 + 2.2 uM for 4m and 4n, respectively.

4m and 4n induces morphological alterations of promastigotes
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SEM was employed to assess morphological alterations induced by 4m and 4n in
leishmania promastigotes. Control cells analyses revealed healthy promastigotes with the
typical elongated shape, stable cell surface and long flagellum [Fig. 1(a-b)]. Cells treated with
4m exhibited different degrees of morphological alterations. Most of promastigotes presented
a thin and tapered appearance, flagellum duplication, membrane folds, multi-septated or
twisted body cell and atypical cell division. Also, we observed projections of the plasma
membrane [Fig. 1(c-d)]. When promastigotes were exposed to 4n it revealed shrinkage and
overall rounding up with significant loss in body length and shortening of flagella compared

to untreated cells [Fig. 1(e-f)].

In vivo antileishmanial activity of 4m and 4n

Since VL therapy should be effective and achieve systematically infected organs
without causing significant toxicity, the ability of 4m and 4n to alter the parasite burden in
established leishmaniasis in vivo was evaluated. Syrian golden hamsters were infected
intraperitoneally with stationary phase L. chagasi promastigotes to establish systemic
infections. The disease curse in golden hamsters results in asymptomatic infection that closely
parallels the subclinical form of the human disease. In experimental VL normally the parasite
burden is measured to evaluate the effectiveness of treatment. After 2 weeks of the treatment,

the animals were sacrificed and splenic parasite burden was measured.

A hepatosplenomegaly was observed upon organ dissection as expected. The
treatment with 4m and 4n caused no significant increase in the weight of these organs.
Although the Glucantime drug increased the weight of both organs significantly [Fig. 2].
Hamsters treated with either 4m or 4n had significantly fewer parasites in the spleen
compared to control hamsters (treated with water) [Fig. 3]. A reduction of 61.1% and 71.3%

in the parasite load splenic was observed after 4m and 4n treatment, respectively. These
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results demonstrate that both 4m and 4n can lead to a significant reduction of parasite load in
an in vivo model of visceral disease. It was not possible to evaluate the hepatic parasite load in

this experiment.

Biochemical parameters of evaluation: renal and hepatic function

Biochemical assessment consisted of the following analyzes: liver function test,
including the dosage of the enzymes alanine amino transferase (ALT) and aspartate amino

transferase (AST) and kidney function from the urea and creatinine levels.

According to Figure 4 there was no significant increase in AST and ALT serum levels
in infected hamsters after the 4n or 4m treatment in relation to healthy group. However, were
observed a significant increase in AST values in Glucantime group compared to healthy
hamsters [Fig 4A]. Moreover, the ALT serum levels increased significantly in the control
group compared to healthy group, indicating liver damage caused by the disease, but the

treated groups had this values significantly decreased compared to untreated group [Fig. 4B].

Regarding the assessment of renal function there was no significant changes in the
levels of urea and creatinine in the control group compared to healthy group. Moreover, none
of the treated groups significantly altered creatinine levels [Fig. 5A] and 4m or 4n treatment
did not modify urea levels, but these values significantly were increased with Glucantime
[Fig. 5B]. This means that the disease did not alter the renal function significantly and there

was none or little renal toxicity from 4m or 4n treatment during the analysis period.

Molecular Modeling

Details of the resulting LicHK homology models are presented on Table 2.

Table 2 L.infantum chagasi hexokinase models
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Model Template Resolution ~ Sequence  Coverage GMQE* Residues in allowed

(Chain) A similarity regions (%)
1 1HKC (A) 2.80 0.37 0.92 0.70 98.2
2 1QHA (B) 2.25 0.37 0.92 0.71 98.2
3 1QHA (A) 2.25 0.37 0.92 0.69 95.1

*GMQE (Global Model Quality Estimation) is a quality estimation which combines
properties from the target-template alignment. The resulting GMQE score is expressed as a
number between zero and one, reflecting the expected accuracy of a model built with that

alignment and template. Higher numbers indicate higher reliability.

The data presented in Table 2 show that there was a good coverage between models
and templates and the sequence identity between models and the three templates was above
the lower limit for production of acceptable models. The resulting models have satisfactory
GMQE values, and more than 95% of the models’ residues are in the allowed regions of the
Ramachandran’s plot.

These data are indicative of the good quality of all three homology models and they
were used for the ensemble docking study with compounds 4m and 4n. The docking
procedure was implemented with both compounds and also with glucose-6-phosphate (G6P),
the co-crystallized ligand observed into the binding site of one of the corresponding X-ray
structures (1QHA). Figure 6 show a comparison of the complexes between LicHK and G6P,
4m and 4n.

Figure 6

It can be observed that, despite the difference in molecular size, all three compounds
could be accommodated into the same binding site. The natural ligand made hydrogen bonds
with four amino acid residues: Asp90, Thr94, Arg97 and Thr237. In the best pose obtained for
compound 4m, it was able to interact by hydrogen bonds with two of these residues, Arg97

and Thr237, and with another residue, Asn95. Compound 4n interacted by means of hydrogen
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bonds with Thr94, Arg97 and Thr237. As expected from the greater number of hydrogen
bonds with the protein, G6P has a higher docking score (62.9) than compounds 4m (51.1) and
4n (53.0). The docking score of each pose is calculated as the negative of the sum of a series
of energy terms involved in the protein-ligand interaction process, so that the more positive
the score, the better is the interaction. However, the results show that, although not as
effective as the natural ligand, both dialkylphosphorylhydrazones were able to interact
favorably with the LicHK binding site. The N atom of the pyridinyl ring present in
compounds 4m and 4n interacts by means of hydrogen bonds with Thr237, a result that

indicates the importance of this group for the inhibition profile.

DISCUSSION

Recently, promising oral leishmanicidal activity of 4m and 4n compounds in
cutaneous leishmaniasis model was reported (Matta et al., 2015). In this work we evaluated
the in vitro and in vivo activity, as well as the ultrastructural effect of these substances against
L. chagasi.

The dialkylphosphorylhydrazones (compounds 4m and 4n) presented in this work
have shown leishmanicidal activity against L. chagasi promastigotes and intracellular
amastigotes. In promastigote studies, these compounds were as active as the standard drug
miltefosine and demonstrated no cytotoxicity to macrophage cells at concentrations tested.

However, leishmanicidal activity against promastigotes does not guarantee activity
against intracellular amastigotes, the clinically relevant form of Leishmania species. Then, we
performed intracellular amastigote studies in which we have found that compounds 4m and 4n
were more active against amastigote forms than miltefosine.

Given that 4m and 4n treatments induced loss of parasite viability, the effects of these

compounds on the ultrastructure of 4m and 4n-treated parasites were evaluated using electron
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microscopy. This method may indicate the nature of the cell death and some authors indicate
how unique technique to identify the type of cell death (Rodrigues; Souza, 2008; Galluzzi et
al., 2007). As expected the control cells were with characteristic appearance. Promastigotes
treated with 4m showed changes in the shape of the parasites, the presence of multiple
flagellae, aberrant shapes and multi-septation.

These morphological alterations were described elsewere in trypanosmatids treated
with other drugs such as taxol, ansamitocin P3, piperine and trifluralin and may be caused by
the interference in the process of cell division, probably due truncated or slowed cytokinesis
[Havens et al., 2000; Freire-de-Lima et al., 2008; Dantas et al., 2003; Adade, Souto-Padron,
2010; Vannier; Castro, 2009]. To reinforce this finding, many cells were seen apparently
doubling by an atypical cell division, since the division process initiated at the posterior
instead of the normal anterior position [Duran et al., 2008; Souto-Padron, 2010].

The changes caused by 4n such as cell body shrinkage suggest induced apoptosis
death. During the early process of apoptosis cell shrinkage is visible. The cells appear as a
round or oval mass, smaller in size and cytoplasm is dense (Elmore, 2014). These features are
alterations frequently detected in apoptotic cells of multicellular organisms (Jimenez-Ruiz et
al., 2010). Our SEM observation revealed multi-septation, shortening of the cell body and
flagellum, this features are typical of apoptosis. Similar observations have also been reported
in promastigotes upon treatment with Cymbopogon citratus oil, geldanamycin, clerodane
diterpene K-09 and cyclosporine A [Wiesgigl, Clos, 2001; Oliveira et al., 2009; Yau et al.,
2010; Kathuria et al., 2014].

Considering the in vitro results, the compounds 4m and 4n were also used to evaluate
the in vivo leishmanicidal activity in a visceral leishmaniasis model. Animal models are
expected to mimic as closely as possible the features of human disease. Between several

animals tried, Syrian golden hamsters are the commonest and currently used animal models
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for initial screening of drug against VL (BORBOREMA et al., 2011, GARG; DUBE, 2006).
Despite this, the wide use of hamsters is still limited due to lack of available reagents such as
antibodies to cell markers and cytokines (GUPTA; NISHI, 2011).

In vivo experiments demonstrated significant therapeutic efficacy of both 4m and 4n in
Leishmaniasis, caused by L. chagasi. Experimental VL is characterized by the development of
an organ-specific immune response, spleen and liver are the main target organs affected
(ROUSSEAU et al., 2001). In the evaluation of organs weight it was seen that the Glucantime
caused significant increase in both liver and spleen. Studies show that pathological changes
such as hepatosplenomegaly are associated with the persistence of the parasite in the spleen
and liver leading to a defect in the granulomas formation (Kaye et al., 2004). As there was no
significant increase in the weight of these organs after 4m and 4n treatment, it can suggest that
these compounds have reduced the effects caused by infection with L. chagasi.

The parasite load in spleen showed a significant reduction in the groups treated with
Glucantime and 4m and 4n compounds, when compared to control group. The spleen is a very
parasitized lymphoid organ, representing a site of interaction between the parasite and
response of the host immune system. This organ plays a central role in VL, because it is an
initial site for the generation of specific immune response against the parasite cell-mediated
and can also become a place of persistence of the parasite presenting numerous
immunopathological changes. Thus, substances that cause significant reduction in parasitic
load in the spleen should control the disease. These results coupled with the reduction in
weight of liver and spleen suggest that these compounds exhibit in vivo anti-leishmanial
activity, corroborating the tests previously performed orally against cutaneous leishmaniasis
(Matta et al., 2015).

Changes in the concentration of enzymes serum aminotransferases (ALT and AST) are

considered important indicators of injury in liver cells. The dosage of ALT and AST
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concentration allow determining the presence of alterations in the hepatocytes permeability.
The concentrations of these transaminases in the serum are normally low. However, if the
liver is damaged, such as during VL, the liver cell (hepatocyte) membrane becomes more
permeable and some enzymes leak out into the bloodstream, increasing its levels (Kaneko et
al., 1997).

In this study there was an increase in the levels of these transaminases after treatment
with Glucantime. Additionally, there was a significant increase of AST. It is known that 80%
of this enzyme are present in liver mitochondria and in severe injuries no predominant release
of this transaminase. Thus, the results indicate liver damage after treatment with the standard
drug.

The compounds 4m and 4n did not increase serum levels of AST and ALT compared
to untreated group. Although few studies have sought to evaluate changes in the levels of
AST and ALT in the hamster model for VL, several authors have reported increases in serum
levels of these enzymes in the human VL (Queiroz et al., 2004; Oliveira et al., 2010). Thus, it
IS suggested that both 4m and 4n reduced the liver damage caused by the disease

Biochemical parameters related to the assessment of renal function are primarily the
urea and creatinine serum dosages. The biochemical analyses of the present study revealed
renal injury following treatment with Glucantime, since there was an increase in urea levels.
The groups treated with 4m and 4n did not increase these values, indicating that treatment
with these dialkylphosphorylhydrazones not cause kidney injury.

The definition of the molecular target of an in vivo active compound is not an easy
task, but it is known that phosphorous-containing anti-parasitic compounds are able to inhibit
some parasites’ enzymes, such as farnesyl diphosphate synthase [MONTALVETTI et al.,
2001; YARDLEY et al., 2002], and HK [HUDOCK et al., 2006]. Our previous reverse

docking results were suggestive that the active dialkylphosphorylhydrazones could act as L.
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braziliensis HK inhibitors (Da Matta et al.,, 2015). HK is the rate-limiting enzyme in
glycolysis and controls cell survival by promoting metabolism and/or inhibiting apoptosis.
Interestingly, it was shown that the anti-tumor agent lonidamine interferes with cellular
energy production by inhibiting mitochondrial HK, leading to apoptosis (Paggi et al., 1988;
Constantini et al., 2000). Chambers et al. showed that lonidamine is also toxic to cultured
bloodstream form and procyclic form of Trypanosoma brucei, a trypanosomatid as L.
chagasi, and that it is also able to inhibit T. brucei HK (Chambers et al., 2008).

The docking results presented here show that both dialkylphosphorylhydrazones were
able to interact favorably with G6P binding site in LicHK models. The electron microscopy
results presented here showed morphological alterations caused by the active compounds that
are consistent with apoptosis of L. chagasi cells, which reinforces the proposal of HK as at
least one of the major biochemical targets of dialkylphosphorylhydrazones in Leishmania.

Given these results, it was demonstrated that substances tested here have
leishmanicidal activity against L. chagasi in Golden hamsters model. These results are in
agreement with previously found ones (Da Matta et al., 2015). Furthermore, there is probably
no significant renal and hepatic toxicity after treatment with these substances in the dose and

time used.
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TABLES

Table 1. Leishmanicidal effect of Miltefosine, 4m and 4n against promastigotes of L. chagasi.

Substance ICs05 (M) Maximum effect (%)
Miltefosine 19.4+£0.2 96.3+0.5

4dm 248+ 1.3 93.0+0.1

4n 36.6 +£0.9 75.0+1.1

Data are reported as mean + standard error of the mean, S.E.M. Differences

with a p < 0.01 were considered significant in relation to DMSO 0.1% group.

ICso: concentration required to give 50% inhibition.

Table 2. Leishmanicidal effect of Miltefosine, 4m and 4n against amastigotes of L. chagasi.

Substance 1Cs00 (LM) Maximum effect (%)
Miltefosine 59.8+3.2 66.2+25
4m 478 +3.7 73.8+16
4n 514+2.2 84.3+2.8

Data are reported as mean + standard error of the mean, S.E.M. Differences

with a p < 0.01 were considered significant in relation to DMSO 0.1% group.

ICso: concentration required to give 50% inhibition.
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FIGURES AND LEGENDS
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Figure 1. Scanning electron micrographs of L. chagasi promastigotes showing altered
morphology after exposed to 4m (B) and 4n (C) compounds (100 uM, 24 hours) compared to

control (A). Bars=2 um; magnifications=5.000x.
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Figure 2. Effect of Glucantime, 4m and 4n on the growth of spleen and liver from golden

hamsters infected with L. chagasi. Data are reported as mean + standard error of the mean,

S.E.M Differences with a *p < 0.05 were considered significant in relation to untreated group

according to the one-way analysis of variance, followed by a Dunnet's post hoc test.

Parasite / Spleen (Log; o)

(e2}
]

N
1

N
1

o
1

Untreated

Glucantime -:|-‘ i

100 pmols/kg

76



Figure 3. In vivo leishmanicidal effect of 4m and 4n (100 pumol/kg/day) in golden hamsters
infected with L. chagasi. Data are reported as mean + standard error of the mean, S.E.M.
Differences with a **p < 0.01 and ***p < 0.001 were considered significant in relation to

untreated group according to the one-way analysis of variance, followed by a Dunnet's post

hoc test.
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Figure 4. Effect of Glucantime, 4m and 4n on the AST (A) and ALT (B) transaminasis
activities in the serum of Golden Syrian hamsters infected with L. chagasi. Data represent
mean = standard error of mean (S.E.M.). Differences with a *p < 0.05 and **p < 0.01 were
considered significant in relation to untreated group and “p < 0.05 and *p < 0.01 versus the
healthy group according to the one-way analysis of variance, followed by a Dunnet's post

hoc test.
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Figure 5. Effect of Glucantime, 4m and 4n on the levels of serum creatinine (A) and urea (B)
in golden hamsters infected with L. chagasi. Data are reported as mean + standard error of the
mean, S.E.M. Differences with **p < 0.01 were considered significant in relation to untreated

group according to the one-way analysis of variance, followed by a Dunnet's post hoc test.
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Figure 6. Best ranked poses of ligands in LicHK. (A) G6P (carbon atoms in cyan); (B) 4m
(carbon atoms in yellow); (C) 4n (carbon atoms in purple. Color code for the remaining atoms
is: carbon (protein), green; hydrogen, white; oxygen, red; nitrogen, blue; phosphorous,
orange, bromine, brown. Protein amino acid residues with hydrogen bonds with the ligands
and the ligands are presented in capped stick mode. Figure generated with PyMOL.
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6 DISCUSSAO

Uma série com 18 novos derivados dialquilfosforilidrazonas (4a — 40; Quadro 1)
foram planejados e sintetizados para serem testados quanto a atividade farmacologica contra
espécies de Leishmania. Tais substancias foram desenvolvidas racionalmente com base na
estrutura quimica dos farmacos Miltefosina e Nifurtimox, que sdo sabidamente ativos,
respectivamente, contra leishmania e tripanossomatideos. Dessa forma, 0s grupos funcionais
fosfato (PO,>) e hidrazona (R,C=NNR,) foram mantidos na estrutura de todos os derivados

sintetizados com a proposta de potencializar tal efeito farmacoldgico.

Inicialmente foi realizada uma triagem in vitro para avaliar o efeito leishmanicida
dessas moléculas contra a forma promastigota de L. braziliensis e L. amazonensis. A partir
dai, foram utilizados os parametros farmacologicos de poténcia e eficacia, valores de Enax €
Clso, respectivamente, para mensurar tal efeito. A pentamidina e a miltefosina foram
utilizados como farmacos-padréo. Observou-se que com excecdo dos compostos 4a, 4c e 4e,
todos os demais apresentaram atividade leishmanicida ap6s 48h de tratamento. No entanto,
alguns compostos apresentaram seletividade para uma das espécies estudadas, como 0s
derivados 4d, 4qg, 4i e 4k que foram seletivos para L. braziliensis, enquanto o derivado 4l foi

seletivo para a espécie L. amazonensis (Tabela 1 — Artigo 1; Quadro 1).

A atividade leishmanicida de hidrazonas foi também descrita por Visbal e
colaboradores (2008), quando demonstraram que derivados esterois hidrazonas associados a
platina apresentam efeito anti-leishmania contra promastigotas de L. mexicana. Além disso,
Silva (2013) observou atividade in vitro de compostos sintéticos derivados da estrutura das
Ftalil-Hidrazona-Tiazo6is contra promastigotas de L. amazonensis. Com base nisso, o conjunto
dos resultados encontrados no presente trabalho reforcam a ideia de que o ndcleo hidrazona é
um grupo farmacofoérico que deve ser considerado no desenvolvimento de protétipos de

farmacos com atividade leishmanicida.

A analise da atividade dos compostos diante das trocas dos grupamentos em suas
estruturas indica que a introducdo do substituinte etila ndo favorece a atividade leishmanicida
dos derivados dialquilfosforilidrazonas, uma vez que 0s compostos 4a e 4e nao foram ativos
contra ambas as espécies testadas. Alem disso, outro derivado etil-substituido, o 4i,
apresentou efeito razoavel apenas para L. braziliensis, com Eqax em torno de 60%, reforcando

gue este grupamento ndo confere a atividade desejada. Ja os derivados 4b, 4j e 4f, que sdo
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butil-substituidos, apresentaram uma alta eficacia farmacoldgica contras ambas as espécies de
Leishmania, o que pode estar relacionado a maior lipofilicidade desses derivados em relagédo

aqueles etil-substituidos.

Outra diferenca na estrutura quimica dessas moléculas que também parece influenciar
na atividade leishmanicida é a posi¢do do nitrogénio no anel piridinico. Analisando os
resultados apresentados no quadro 1 observa-se que 0s compostos 4f, 4g e 4h, que possuem o
nitrogénio na posicdo meta desse anel, apresentaram atividade leishmanicida superior aos seus
anélogos 4b, 4c e 4d, os quais apresentam o0 atomo na posicao para. Ja 0s compostos 4j, 4k e
41, possuem nitrogénio na posicdo orto do anel piridinico e foram menos potentes que seus

analogos 4f, 4g e 4h.

Adicionalmete, os derivados halogenados, 4m, 4n e 4o, apresentaram um efeito
leishmanicida potente e eficaz contra a espécie L. amazonensis, sendo o derivado 4n duas mil
vezes mais potente que os farmacos padrdes, pentamidina e miltefosina. Sabe-se que a
incorporacdo de atomos halogénios (e.x.: Br e Cl) resulta em aumento da hidrofobicidade e,
por conseguinte, favorece a penetracdo em camadas lipidicas (THOMAS, 2007). Portanto,
presume-se que essa caracteristica possa favorecer a passagem dessas moléculas pela

membrana celular da leishmania causando alteracdes que levem a morte do parasito.

Devido a esta particularidade alguns compostos lipossolliveis com atividade
antiparasitaria podem também apresentar efeitos adversos devido a penetracdo e consequente
toxicidade as células do hospedeiro. Sabe-se que o arsenal terapéutico utilizado na atualidade
contra a leishmaniose caracteriza-se por apresentar varios efeitos adversos relacionados a
toxicidade celular em mamiferos (VAN GRIENSVEN, 2010). Portanto, é importante que o
estudo farmacoldgico de novas substancias leishmanicidas seja acompanhado de ensaios de

toxicidade.

Para tanto, foi utilizado neste trabalho o método de MTT (brometo de 3-[4,5-dimetil-
tiazol-2-il]-2,5-difeniltetraz6lio) para avaliar a citotoxicidade dessas substancias em
macrofagos da linhagem J774, que é uma linhagem de células derivadas de mamiferos. Nesse
ensaio, as enzimas mitocondriais de células viaveis convertem por reducgdo enzimatica o MTT
em cristais de formazan, que possui coloracdo arroxeada. Uma vez incorporado pelas células
viaveis, a forma estrutural em anel do componente tetrazolio do MTT é quebrada pelas

enzimas desidrogenases mitocondriais, gerando cristais insolUveis de formazan na cor roxa.
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Assim, 0 aumento ou diminuicdo no numero de células viaveis pode ser detectado pelos
niveis intracelulares destes cristais e mensurado pelo leitor de ELISA. Portanto, esse método é
utilizado para avaliar viabilidade celular via determinacéo da atividade mitocondrial, a qual é
afetada durante a necrose e apoptose da célula. (MOSMANN, 1983).

Partindo deste principio, nenhum dos derivados dialquilfosforilidrazonas testados
apresentou citotoxicidade contra macrofagos J774, com exce¢do apenas do 40 que se mostrou
toxico para cerca de 20 % das células. Comparativamente, a pentamidina foi citotoxica em
torno de 30 %, mostrando uma vantagem dessas dialquilfosforilidrazonas em reagéo a este
farmaco padrdo (Artigo 1). Corroborando com estes dados, Nogueira e colaboradores (2011)
demonstraram que derivados dialquilfosforilidrazonas também ndo apresentam efeito
citotoxico quando testados em linfocitos de camundongos, isso pressupde certa seguranga no

uso desses derivados em modelos experimentais celulares.

Tabela 1. Estruturas dos derivados dialquilfosforilidrazona e valores de Clsp € Emax

contra promastigotas de das espécies L. amazonensis e L. braziliensis.

Derivados L. braziliensis L. amazonensis
Dialquilfosforilidrazonas | Clso (UM) | Emax (%) Clso (LM) Emax (%0)
4a R-0_ 0 > 100 NA > 100 NA
R = etil R-0" "

Nx. H
I . /)
4b R=0_/° 51+0,5 7172+42 99,3+0,7 455+ 3,2
R = n-butil R0 \}H
Nx~ _H
J
4c R-o, 0 > 100 NA > 100 NA
R = isopropil r-0’ \}H
N>~ _H
J
4d R—o_0 0,06 £0,0 842+26 > 100 NA
R = isobutil R—O/P\_\‘H
Yo H
I ) J
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4e g 16 >10
7 0
R = etil & Son NA >100 NA
N
>
4f R—0_ //o 54+ O 2
R = butil e | 879+11 | 533%29 | 856%05
Nx
>
49 R—0_ 0 04+0,3 750+66
R = isopropil R—O/P\}-H ’ = > 100 NA
s
4h 207+35
R = isobutil pd o 816+04 | 833+116 | 528+56
R—0O NH
I
0
4i 751
R = e R—O\P//O ,5+0,8 62,1+3,4 > 100 NA
R*O/ \IT_H
-
& R0 /° 0.06 +
~p7 ’ - 0,0
R = n-butil Rfo/p\m; 763+8,7 6,2+17 69,5+ 4,2
lf
N7
L
4k R—O\//O/ 07+01 563127
R = isopropil R*O/P\I\‘H ' 9 = 4 > 100 NA
.\'-f
N
L
4 R—0_ 0 : > 100 NA
R = isobutil :P/( 98,3+1,2 40,7+ 6,1
R—0" NH
zl-ji;
N7
L
dm R—0_ O 36+03 9
R=sechutil o R 22+04 | 263+20 | 938+03
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4n R*O\P//O 52+0,7 80,1+2,6 0,001+0,1 95,3+0,4
R = secbutil r—0" \-\I_‘H
Br SN
)
40 R-0, R 0,03 +0,02 74,1+0,3 260+7,8 924 +0,1
R = sechutil rR—0" \TH
N= _H
cl _cl

N.A.: Ndo ativo.

Baseado nos dados de citotoxicidade e nos parametros de eficicia e poténcia
farmacoldgica, os derivados 4m e 4n foram selecionados para dar continuidade aos estudos
com as formas intracelulares amastigotas e testes in vivo, por serem ensaios mais

dispendiosos.

Durante o ciclo de vida da Leishmania, a forma promastigota é fagocitada por células
como macrofagos e células dendriticas. Uma vez dentro da célula, hd uma evolucdo para a
forma amastigota, que é aflagelada. Apds replicacdo intracelular, a célula hospedeira pode se
romper e liberar essas formas amastigotas, que, por sua vez, poderao infectar outros fagdcitos
(KAYE, SCOTT, 2011). Assim, é fundamental que substancias com atividade leishmanicida
atuem também impedindo esse processo de re-infeccdo celular. Por isso, avaliou-se o efeito
dos derivados 4m e 4n sobre as formas amastigotas 0 nimero de parasitos por macr6fagos
infectados, a porcentagem de células infectadas e o indice de infeccdo (porcentagem de
macrofagos infectados versus a média de amastigotas por macréfago) foram mensurados.
Com base nos resultados, observou-se que ambos os derivados foram ativos contra as formas
amastigotas, ja que reduziram os parametros investigados de maneira semelhante ao farmaco

padrdo Miltefosina (Artigo 1 — Figura 1).

Uma vez que os derivados 4m e 4n apresentaram efeito leishmanicida in vitro contra
ambas as formas de L. amazonensis, que é uma espécie mais resistente em relacdo a L.
brasiliensis, deu-se continuidade aos estudos utilizando o modelo de leishmaniose cutanea
induzido por L. amazonensis para avaliar o efeito in vivo destes derivados. Nesse modelo,
foram inoculadas promastigotas de L. amazonensis na orelha de camundongos BALB/C e

foram avaliados o desenvolvimento da leséo e a carga parasitaria.
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Comumente as lesdes causadas por LC se tornam evidentes a partir de 2 semanas apds
a infeccdo e sdo caracterizadas por infiltrados de macrdfagos infectados, linfocitos T e B
(SOONG, HENARD, MELBY, 2012). No caso dos camundongos BALB/C, que séo animais
isogénicos, comumente se formam lesdes severas sem, no entanto, o0 aparecimento da
imunidade a reinfeccdo (SILVEIRA, LAYSON, CORBET, 2005). Essas caracteristicas se
devem em parte ao desenvolvimento de uma resposta imunoldgica polarizada para o perfil de
células Th2, ou seja, um perfil caracteristico de susceptibilidade a infeccdo por leishmania
(OLIVEIRA et al., 2004; ALEXANDER, BRYSON, 2005).

Como observado na Figura 2 (Artigo 1), o tratamento com os derivados 4m e 4n
reduziu o didmetro e aparentemente curou as lesGes induzidas por L. amazonensis. No
entanto, apenas o derivado 4n reduziu a carga parasitaria na orelha dos camundongos. Esse
efeito, porém, ndo foi acompanhado por uma reducdo sistémica na carga parasitaria,
identificada pela presenca dos parasitos nos linfonodos drenantes. Isto significa que apesar da
atividade leishmanicida in vitro desses derivados, a dose testada no modelo animal ndo foi

suficiente para controlar a carga parasitaria sistémica.

O mecanismo de leséo tecidual e a manutencéo da infeccdo por leishmania envolvem,
além da polarizacdo para o perfil de células Th2, um aumento de citocinas pro-inflamatorias
como IL-1p e IL-6 e citocinas do perfil Thl7, como IL-17 e IL-21, que em conjunto
contribuem para o dano tecidual (SOONG, HENARD, MELBY, 2012). Assim, a reducéo da
lesdo cutdnea causada pelos derivados 4m e 4n pode estar relacionada a um possivel efeito
anti-inflamatorio, uma vez que esta descrito na literatura este efeito em compostos contendo o
grupo hidrazona (KAJAL et al., 2014; KUMAR et al., 2015).

Dentre as trés formas de leishmaniose existentes a visceral é considerada a forma
mais grave por acometer, principalmente, 6rgdos como figado, baco e medula Ossea
(MATLASHEWSKI et al., 2011). Por se tratar de uma doenga potencialmente fatal, com
tratamento limitado e sem disponibilidade de vacinas (FREITAS-JUNIOR et al., 2012), é
importante estudar novas substancias que também atuem nessa forma de leishmaniose, que
por conseguinte é mais dificil de ser tratada. Nesse sentido, resolveu-se investigar se 0S
derivados 4m e 4n seriam eficazes no modelo experimental de leishmaniose visceral em

hamsters induzida pela administracdo intraperitoneal de L. chagasi.
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Inicialmente, verificou-se que essas moléculas também possuiam atividade
leishmanicida in vitro contra L. chagasi. Como observado no Artigo 2, ambos os derivados
foram ativos contra as formas promastigota (Tabela 1) e amastigota (Tabela 2) de L. chagasi.
Esses dados corroboram com os previamente descritos (Artigo 1), que também mostraram o
efeito leishmanicida dos derivados 4m e 4n contra outras espécies de leishmania. Vale
ressaltar, que os demais derivados testados ndo foram ativos contra esta espécie (dados ndo

mostrados).

Para melhor analisar o efeito direto dos derivados 4m e 4n sobre as formas
promastigota de L. chagasi, foi realizada uma microscopia eletronica de varredura 24 h ap6s o
tratamento com essas substancias. Através desse método é possivel indicar o tipo de morte
celular induzida pelos compostos em estudo (RODRIGUES, SOUZA, 2008; GALLUZZI et
al, 2007). Apds analise observou-se que as promastigotas tratadas com o derivado 4m
apresentaram alteraces morfoldgicas, com presenga de multiplos flagelos e multi-septacdes
(Artigo 2 — Figura 1). Essas alteracGes sdo caracteristicas da interferéncia no processo de
divisdo celular, possivelmente no processo de citocinese. Esse tipo de alteragdo em
tripanomastideos ja foi descrita para diferentes compostos que alteram o processo de divisdo
celular (HAVENS et al, 2000; FREIRE-DE-LIMA et al, 2008; DANTAS, BARBOSA, DE
CASTRO, 2003; ADADE, SOUTO-PADRON, 2010; VANNIER, CASTRO, 2009).

Enquanto o derivado 4m parece causar alteracbes no processo de divisdo celular, as
alteracOes causadas pelo derivado 4n indicam um processo de apoptose, visto que as células
apresentaram reducdo do tamanho, que caracteriza a fase inicial da morte celular por
apoptose. Além disso, observou-se reducdo dos flagelos e formas multi-septadas (Artigo 2 —

Figura 1).

Visto que os derivados 4m e 4n também foram ativos contra L. chagasi, uma das
principais espécies causadora da leishmaniose visceral (CRESCENTE et al., 2009), deu-se
continuidade ao estudo utilizando o modelo de leishmaniose visceral em hamsters
(Mesocricetus auratus), ja que este € considerado o melhor modelo experimental para o
estudo da leishmaniose visceral, por reproduzir caracteristicas clinico-patologicas da doenca
em humanos (LORIA-CERVERA, ANDRADE-NARVAEZ, 2014).

Durante a progressdao da leishmaniose visceral em hamsters, desenvolve-se uma

resposta Th1l com producéo de citocinas como TNF e IFN-y (MELBY et al., 2001). Apesar de
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estas moléculas induzirem a atividade efetora dos macrdfagos, estes sdo ineficientes em
controlar a infec¢do. Isso ocorre devido a uma inibicdo da producdo de NO, uma das
principais moléculas enddgenas que controlam a infeccdo por Leishmania. Esse fenbmeno
pode estar relacionado com uma reducdo da atividade dos macrofagos por citocinas
reguladoras como IL-10 ou pela polarizacdo de macrofagos M2 (ESPITIA et al., 2014;
LORIA-CERVERA, ANDRADE-NARVAEZ, 2014; MELBY et al., 2011). No entanto, ainda
sdo grandes as limitagdes deste modelo animal em estudos imunopatologicos, devido a

escassez de reagentes, como anticorpos e citocinas, especificos para essa espécie.

Nesse ensaio in vivo, o tratamento com os derivados 4m e 4n foi eficaz em controlar a
infeccdo em hamsters por L. chagasi (Artigo 2 — Figura 3). Ao avaliar a carga parasitaria no
baco, observou-se que ambos os derivados reduziram este parametro, assim como o farmaco
padrdo glucantime, quando comparado ao grupo controle ndo tratado. O bago € um dos
principais 6rgdos acometidos durante a leishmaniose visceral e representa um sitio importante
de interacdo entre o parasito e as células do sistema imune do hospedeiro. Durante a fase
aguda da infeccdo por Leishmania (14-21 dias), a arquitetura do baco é mantida e uma
resposta de células T e B pode ser detectada rapidamente. No entanto, essa resposta imune
ndo é capaz de controlar a infeccdo e uma resposta cronica se desenvolve. Ao longo dessa
fase, desenvolve-se uma esplenomegalia severa associada a alteracbes do microambiente
linfoide (STANLEY, ENGWERDA, 2007).

Na avaliacdo do peso do baco e do figado, principais 6rgdos afetados durante a
leishmaniose visceral, ndo houve diferenca entre 0s grupos tratados com os derivados 4m e 4n
e 0 grupo controle ndo tratado (Artigo 2 — Figura 2). Ainda que ndo tenha ocorrido uma
reducdo no peso desse Orgdo, pode-se inferir que o tratamento com ambos os derivados
conteve a infecgcdo por L. chagasi, uma vez que houve reducgéo da carga parasitaria no bago.
Os dados aqui encontrados corroboram com o efeito anti-leishmania do tratamento oral dos

derivados dialquilfosforilidrazonas no tratamento da leishmaniose cutanea (Artigo 1).

Por outro lado, o tratamento com o farmaco padrdo glucantime aumentou o peso do
figado e baco quando comparado aos animais ndo tratados (Artigo 2 — Figura 2). Esse dado
corrobora os dados da literatura que mostram que apesar do glucantime aumentar o peso
desses oOrgdos viscerais (POURRAJAB, FOROUZANNIA, TABATABAEE, 2012), ele
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consegue reduzir a sua carga parasitaria, embora possa estar causando lesdo tecidual
concomitante (TEMPONE et al., 2010).

Para avaliar se o tratamento com os derivados 4m e 4n estaria causando leséo hepaética,
avaliou-se 0s niveis das enzimas (alanina transaminase) ALT e aspartato transaminase (AST)
no soro desses animais ap0s o tratamento. A concentragdo sérica dessas transaminases
normalmente é baixa em individuos/animais saudaveis. No entanto, se ocorre alguma dando
hepatico, como induzido durante a leishmaniose visceral, a membrana plasmatica dos
hepatdcitos se torna mais permeavel e algumas destas enzimas sdo liberadas na circulacéo,

provocando o aumento de seus niveis séricos (KANEKO et al., 1997).

Poucos estudos avaliam os niveis de AST e ALT no modelo de leishmaniose visceral
em hamsters. No entanto, alguns autores demonstraram que had um aumento dos niveis séricos
dessas enzimas na leishmaniose visceral em humanos (QUEIROZ et al., 2004; OLIVEIRA et
al., 2010). No modelo experimental em hamsters utilizado, houve um aumento sérico de ALT
e o tratamento com os derivados 4m e 4n reduziu os niveis dessa enzima, semelhante ao

farmaco padrdo glucantime (Artigo 2 — Figura 4).

Por outro lado, a transaminase AST nao aumentou de forma significante nos animais
infectados e ndo tratados quando comparados aos animais saudaveis. Além disso, o
tratamento com os derivados dialquilfosforilidrazonas ndo alterou os niveis de AST quando
comparado ao grupo saudavel (Artigo 2 — Figura 4). Em conjunto, esses dados indicam que 0s
derivados em estudo ndo causam danos hepaticos e, possivelmente, através do seu efeito
leishmanicida produz um efeito hepatoprotetor, uma vez que esses reduziram significamente

0s niveis de ALT.

Ainda com relacdo ao ensaio in vivo, os niveis de AST estavam elevados nos animais
tratados com Glucantime (Artigo 2 — Figura 4). Essa transaminase estd presente,
predominantemente, nas mitocondrias hepaticas e ¢ liberada quando ocorre lesGes severas no
figado. Esse dado pode estar relacionado ao efeito do glucantime sobre o peso do figado, no
qual o farmaco padrdo induziu um aumento significativo no peso deste 6rgdo, o que pode

indicar dano hepatico nos animais tratados com este farmaco.

Um dos principais efeitos colaterais relacionados ao tratamento da leishmaniose
visceral é a nefrotoxicidade (VAN GRIENSVEN et al., 2010), sabendo disso, foi avaliado se

90



0 tratamento com os derivados dialquilfosforilidrazonas estaria causando esse tipo de
toxicidade. Pardmetros bioquimicos da funcdo renal, como ureia e creatina Ssérica,
compreendem dois indicadores fundamentais no estudo de nefrotoxicidade. No nosso modelo
experimental, ndo houve diferenca entre os niveis desses parametros bioquimicos entre o
grupo saudavel e o grupo infectado e ndo tratado. No entanto, o tratamento com glucantime
promoveu um aumento dos niveis de ureia, indicando uma possivel nefrotoxicidade.
Enquanto o tratamento com 4m e 4n ndo promoveu 0 aumento de ureia e creatinina, sugerindo

que esses derivados ndo induzem lesao renal (Artigo 2 — Figura 5).

A andlise dos resultados descritos neste trabalho mostra que os derivados 4m e 4n
possuem atividade farmacologica contra diferentes espécies de Leishmania e tais achados
levam ao questionamento sobre a identificacdo do alvo molecular. Nesse sentido, estudos
de docking molecular sdo excelentes ferramentas tedricas que direcionam a identificacdo do

alvo molecular de uma substancia ativa farmacologicamente.

No Artigo 1 o estudo de docking sugeriu que as dialquilfosforilhidrazonas estariam
atuando na inibicdo da hexoquinase (HK), uma enzima mitocondrial que age na regulagéo do
metabolismo da glicose, especificamente na fosforilacdo da glicose, formando glicose-6-
fosfato (G6P) e limita a taxa de sobrevivéncia celular por promover ou inibir a apoptose. Tal
hipétese foi refor¢ada na construcdo do segundo Artigo, quando se observou que tanto 4m
como 4n interagem por ligagdes de hidrogénio com o sitio de ligacdo da G6P. Os resultados
de microscopia electronica aqui apresentados mostraram alteragdes morfoldgicas em L.
chagasi, causadas pelos compostos 4m e 4n, que sdo caracteristicas de morte por apoptose, 0
que reforca a proposta de que a HK &, pelo menos, um dos principais alvos bioguimicos das

dialquilfosforilhidrazonas em Leishmania.
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7 CONSIDERACOES FINAIS

A investigacdo da atividade leishmanicida dos derivados dialquilfosforilidrazonas

resultou nos seguintes achados:

- Os compostos 4b, 4d, 4f, 4q, 4h, 4j, 4m, 4n, e 40 possuem atividade leishmanicida in
vitro contra L. brasiliensis, enquanto 4f, 4j, 4m, 4n, e 40 foram ativos contra L. amazonensis

com eficécia superior a 70%;

- Dentre os compostos testados, 4m e 4n apresentaram maior eficacia in vitro contra L.

brasiliensis, L. amazonenses e L. chagasi;

- AlteracOes ultraestruturais em promastigotas de L. chagasi, causadas por 4m e 4n,
foram identificadas por MEV;

- 4m e 4n foram ativos no modelo in vivo de leishmaniose cutdnea em camundongos

Balb/C, bem como no modelo de leishmaniose visceral em Hamsters Golden;

- Os compostos mais ativos nas trés espécies, 4m e 4n, nao apresentaram toxicidade

renal ou hepatica nos ensaios realizados.

- A HK parece ser um alvo farmacoldgico das dialquilfosforilhidrazonas em

Leishmania.

Em conjunto, os dados obtidos nesse trabalno mostram que os derivados
dialquilfosforilidrazonas 4m e 4n apresentam efeito leishmanicida in vitro e in vivo em
modelos de leishmaniose cutinea e visceral, sem, no entanto, causar hepatotoxicidade e
nefrotoxicidade, indicando que tais compostos podem ser tratados como protétipos de

farmacos leishmanicidas.
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