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RESUMO

A Leishmaniose Visceral (LV) € uma doenca de impacto social causada pelo
protozoério Leishmania infantum ou L. donovani. O tratamento da doenca consiste no
uso de drogas altamente toxicas com efeitos colaterais graves. Copaifera reticulata e
seu composto majoritario B-cariofileno destacam-se como promissores na luta contra
algumas doencas. Entre as enzimas envolvidas na defesa do parasita intracelular,
triparedoxina-l (TXN-1) € um alvo valioso para o planejamento de novas drogas. O
objetivo deste estudo foi avaliar a acdo do 6leo resina de C. reticulata e B-cariofileno
sobre promastigotas e amastigotas axénicas de L. infantum determinando a
concentracdo inibitéria sobre 50% dos protozoarios (IC50), assim como avaliar a
toxicidade aguda em camundongos explorando de forma computacional o0 mecanismo
de acgao do B-cariofileno. Adicionalmente, foi realizada andlise in silico utilizando a
proteina triparedoxina-l de L. infantum (LiTXN-I) para melhor caracterizar o0 mecanismo
de acao do B-cariofileno, além de sua toxicidade, farmacoinformatica, caracterizacao do
LiITXN-I como preditor da estrutura proteica (PSP), validagdo do modelo 3D e docking
molecular. A CI50 do 6leo resina de C. reticulata foi de 5,9 pg/mL sobre promastigotas e
de 2,19 yg/mL sobre amastigotas axénicas, enquanto [3-cariofileno obteve CI50 de 2,2
Mg/mL sobre promastigotas e de 2,18 ug/mL sobre amastigotas axénicas. Estudos de
toxicidade in vivo demonstraram que a DL50 foi de 5g, semelhante ao observado in
silico. Este composto esta em conformidade com a regra de Lipinski e foi sugerido como
forte candidato para uso no tratamento de LV. Os resultados da absorcao,
metabolizacdo, distribuicdo e excre¢cdo (ADME) do [-cariofileno demonstraram
propriedades aceitaveis na farmacocinetica. A caracterizacdo da TXN-I indicou que esta
envolvida em duas reagbes de LiTXN-I (KEGG 1.8.1.8 e KEGG - R03914) e na
interacdo com 10 proteinas essenciais das reagdes enzimaticas do parasito. Na
modelagem molecular do LiTXN-I, o modelo utilizado foi L. major (LmTXN-I) (PDB: 3s9f)
devido a maior cobertura no alinhamento. O acoplamento molecular do B-cariofileno
com LiTXN-I alcangou a energia de AG: -6,44 kcal/mol* e as constantes de inibicdo Ki
de 19,17 pM. Foi observado que as energias exercidas no complexo droga/proteina

foram interacdes favoraveis do tipo hidrofébico e de van der Waals, com 5 residuos



correspondentes. O 6leo-resina de Copaiba e B-cariofileno alcancaram desempenho in
vitro satisfatério sobre L. infantum e um perfil toxico seguro. Na modelagem
computacional, B-cariofileno mostrou ser um forte candidato a farmaco contra L.

infantum evidenciando uma atragéo seletiva pela enzima LiTXN-I.

Palavras-chave: Promastigota. Amastigota axénica. Modelagem computacional.

Farmacoinformatica



ABSTRACT

Visceral leishmaniasis is a disease of social impact caused by the protozoan Leishmania
infantum or L. donovani. The treatment of the disease consists in the use of highly toxic
drugs with serious side effects. Copaifera reticulata and its major composite, -
caryophyllene stands out as promising in the fight against some diseases. Among the
enzymes involved in the defense of the intracellular parasite, tryparedoxin-1 (TXN-I) is a
valuable target for drugs. The objective of this study was to evaluate the action of the
resin oil of C. reticulata and B-caryophyllene on promastigotes and axenic amastigotes
of L. infantum, determining the inhibitory concentration on 50% of the protozoa (IC50),
as well as to evaluate the acute toxicity in mice, exploring in a computational way the
mechanism of B-caryophyllene action. The aim of this study was to determine the
viability of C. reticulata resin oil and B-caryophyllene on 50% parasites (IC50) and to
evaluate the acute toxicity in mice and computationally evaluate the mechanism of
action of B-caryophyllene to combat the parasite. Additionally, in silico analysis was
performed using tryparedoxin protein from L. infantum (LiTXN-I) to better characterize
the mechanism of action of B-caryophyllene, besides its toxicity, pharmacoinformatics,
characterization of LITXN-I as a predictor of protein structure (PSP), 3D model
validation and molecular docking. The IC50 of the resin oil of C. reticulata was 5.9
Mg/mL on promastigotes and 2.19 ug/mL on axenic amastigotes, whereas [-
caryophyllene obtained IC50 of 2.2 pg/mL on promastigotes and 2,18ug/mL on axenic
amastigotes. In vivo toxicity studies demonstrated that the LD50 was 5g, similar to that
observed in silico. This compound is in compliance with the Lipinski rule and has been
suggested as a strong candidate for use in the treatment of VL. The results of
absorption, metabolism, distribution and excretion (ADME) of B-caryophyllene showed
acceptable properties in pharmacokinetic. The characterization of TXN-I indicated that it
is involved in two reactions of LITXN-l (KEGG 1.8.1.8 and KEGG-R03914) and in the
interaction with 10 essential proteins of the enzymatic reactions of the parasite. In the
molecular modeling of LiTXN-I, the model used was L. major (LmTXN-I) (PDB: 3s9f) due
to the greater coverage in the alignment. The molecular coupling of 3-caryophyllene with
LITXN-I reached energy of AG: -6.44 kcall moll and the inhibition constants Ki of



19.17uM. It was observed that the energies exerted on the drug/protein complex were
favorable interactions of the hydrophobic and van der Waals type, with 5 corresponding
residues.The resin oil of C. reticulata and B-caryophyllene achieved satisfactory in vitro
performance on L. infantum and a safe toxic profile. In computational modeling, B-
caryophyllene showed to be a strong drug candidate against L. infantum evidencing a

selective attraction by the enzyme LiTXN-I.

Keywords: Promastigote. Axenic amastigote. Computational modeling.

Farmacoinformatics.
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1 INTRODUCAO

A leishmaniose visceral (LV) € um problema de saude publica recorrente e
expansivel, sendo endémica em 97 paises e territorios, com 616 milhdes de pessoas
residindo em areas de risco de infeccdo. Em 2015 foi relatado que 90% dos casos
ocorrem em apenas 6 paises, sendo eles, Brasil, india, Somalia, Etiopia, Sudio do Sul
e Suddo (WHO, 2017). No Brasil o agente etiologico da LV € Leishmania infantum
(sinonimia Leishmania chagasi) que é transmitida por meio da picada do inseto vetor, o
flebotomineo fémea, da ordem diptera, familia Psychodidae, Lutzomyia longipalpis
(LAINSON; RANGEL, 2005). Caracteriza-se como doenca crbnica cuja letalidade € alta
guando associada a ma nutricdo e coinfec¢cdes, bem como quando o tratamento
adequado nao é estabelecido (SUNDAR, 2015).

Os 6rgaos de saude no Brasil preconizam para o controle dessa enfermidade
medidas profilaticas visando o hospedeiro humano, o reservatorio canino e o vetor.
Com relacdo ao hospedeiro humano suscetivel, o tratamento da LV consiste no uso de
drogas sintéticas basedo no protocolo terapéutico com o uso de antimoniato de N-metil
glucamina (Glucantime®) e n&o antimoniais, como a anfotericina B e sua forma
lipossébmica ( SHARIEF et al., 2006). No entanto, a eficacia de tais terapias é limitada
por causa da alta toxicidade e efeitos colaterais adversos, bem como o aparecimento
de cepas de protozoarios resistentes (CROFT et al., 2006).

Uma alternativa promissora é o uso de plantas e seus constituintes
metabolicos, para os quais varios estudos cientificos mostraram efeitos sobre
promastigotas e amastigotas de Leishmania spp (ULLAH et al., 2016; VILA-NOVA et al.,
2013). Das plantas com atividade antimicrobiana, destaca-se o género Copaifera. Essa
arvore, popularmente conhecida como copaiba, é uma planta amplamente distribuida
no Brasil. Atinge cerca de 36 m de altura e didametro de 3 m. O 0Oleo resina obtido do
tronco dessas arvores € amplamente comercializado em todo o Brasil devido as suas
propriedades antiinflamatérias (BASILE et al., 1988; VEIGA E PINTO, 2002). E também
usado contra larvas de Rhipicephalus (Boophilus) microplus, Culex quinquefasciatus e
Aedes aegypti (FERNANDES et al., 2007; GERIS et al., 2008; SILVA et al., 2003).



20

Além disso, atividades anti-Trypanosoma e anti-Leishmania foram descritas (MACIEL et
al., 2002; RONDON et al., 2012).

Um estudo envolvendo a triagem de oito Oleos resina de Copaifera spp.
mostraram que C. reticulata exibiu melhor atividade contra promastigotas, amastigotas
axénicas e amastigotas intracelulares de Leishmania amazonensis (SANTOS et al.,
2008). O principal constituinte quimico encontrado nos Oleos resinosos do género
Copaifera é o B-cariofileno, composto presente no grupo sesquiterpénico devido as
suas propriedades fisico-quimicas. Na natureza, ocorre em isémeros, trans-cariofileno,
B-cariofileno, a-humuleno, 6xido de -cariofileno e emite um odor de madeira (FIDYT et
al., 2016). O B-cariofileno possui atividade anti-inflamatéria (Shimizu et al., 1990),
antimicrobiana e antioxidante (SAHIN et al., 2004). No entanto, 0 mecanismo de acao
do B-cariofileno ainda é desconhecido.

Nos tripanossomatideos, uma das vias metabdlicas de escolha para a acao
de produtos sintéticos e naturais é a via antioxidante (FAIRLAMB; CERAMI, 1985). A
via enzimatica redox tripanotiona [T(SH)z] que contém duas moléculas de glutationa em
conjunto com a tripanotionina redutase (TryR), triparedoxina (TXN) e proteinas da
triparedoxina peroxidase (TXNPx) esta envolvida na defesa intracelular do parasita
contra o estresse causado por espécies reativas de oxigénio (ROS) (SINGH et al.,
2017) e drogas (MUKHOPADHYAY et al., 1996). Estudos relataram que drogas
antimoniais interferem diretamente no metabolismo tiol induzindo efluxo de intracelular
[SH2]. A falta dessas enzimas no hospedeiro torna possivel formular estratagemas
baseados em alvos pela abordagem computacional (KRAUTH-SIEGEL ; COOMBS,
1999). Das proteinas envolvidas no balan¢o redox do parasita, TXN e TXNPx também
atuam na biossintese de DNA (FIORILLO et al, 2012). TXN tem duas formas
homologas, TXN-I, que € encontrado no citosol e € considerado essencial para o
equilibrio oxidativo e TXN-II encontrado nas mitocondrias (WILKINSON et al., 2003).
TXN-I € um bom alvo para agdo de novas drogas contra Leishmania spp. Embora essa
via de desintoxicacdo ndo seja a Unica utilizada pelo parasita, € essencial para sua
sobrevivéncia, tornando seus constituintes mais atrativos como alvos potenciais de
drogas (FIORILLO et al., 2012).



21

7

A associacdo funcional de proteinas € crucial no fluxo de informacdo de
energia celular. O cluster de associacdo funcional de proteinas de um organismo
caracteriza as proteinas envolvidas em uma funcéo celular, permitindo a adaptacéo de
drogas a outro alvo proteico participante da cascata metabdlica de interesse
(SZKLARCZYK et al., 2017).
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2 REVISAO DE LITERATURA

2.1 LEISHMANIOSE VISCERAL E SEU AGENTE ETIOLOGICO

A Leishmaniose Visceral (LV) é considerada uma doenca negligenciada pela
Organizacdo Mundial de Saude (OMS). Esta doenca quando nado tratada, pode
agravar, levando o hospedeiro a 6bito em até 90% dos casos (MIRO et al., 2008). No
Ceard, foram notificados 9.228 casos de Leishmaniose visceral, e destes 5.657 (61,3%)
foram confirmados entre os anos de 2007 a 2016. Varios fatores estdo associados a
estes acontecimentos como: transformac¢fes ambientais, movimento migratério e o
processo de urbanizacdo que favorecem em parte a ocorréncia da LV, a qual até a
década de 1970 era restrita a area rural.

As influéncias desses fatores contribuiram para a disseminacdo para outros
estados do Brasil, 0 que comprova o aumento de casos nas regides Sudeste e Centro-
Oeste e 0 aparecimento de casos autéctones na Regido Sul, tanto de casos humanos
guanto caninos (BRASIL, 2014). Vale ressaltar que o cdo é o principal reservatorio do
protozoario na area urbana e de acordo com alguns estudos a presenca de casos
caninos antecedem a ocorréncia de casos humanos (MELO, 2004). Ja na area rural e
no ambiente silvestre, as principais fontes de infeccdo sdo as raposas, marsupiais e
roedores (ABRANTES et al., 2018).

A LV é uma doenca considerada zoonética podendo acometer o homem,
(BRASIL, 2014). Esta doenca é causada por um parasito intracelular obrigatério, do
género Leishmania, que apresenta duas formas: amastigotas, que sdo ovdides com
flagelo rudimentar em seu interior, considerada a primeira etapa da infeccdo parasita o
sistema fagocitico mononuclear do hospedeiro definitivo (LAINSON; RANGEL, 2005). A
segunda forma conhecida como promastigota, flagelada que ocorre apenas no vetor
flebotomineos, pertencentes a ordem diptera, familia Psychodidae, com as espécies
Lutzomyia longipalpis e Lutzomyia cruzi responsaveis pela disseminacdo da doencga
(BRASIL, 2014). No Brasil, as fémeas de L. longipalpis sdo consideradas o principal

vetor, no entanto outras espécies vem sendo investigadas quanto sua participacdo no
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ciclo de transmissdo (BRASIL, 2014; LUKES et al., 2007 MAGILL, 1995; RODRIGUES
et al. 2016).

2.2 CICLO DE TRANSMISSAO

O tempo médio para o parasito completar seu ciclo no vetor, esta entre 6 a 9
dias e nos hospedeiros principais: humano de 10 dias a 2 anos, com média entre 2 e 6
meses, e no cao, varia de 90 dias a varios anos, com média de 3 a 7 meses (BRASIL,
2014; ROGERS; BATES, 2007).

O ciclo inicia quando o flebotomineo faz seu repasto sanguineo e ingere a
forma amastigota de um hospedeiro infectado (BRYCESON, 1996). As diversas etapas
do ciclo sdo denominadas metaciclogénese. As amastigotas sofrem varias
transformacdes no tubo digestivo médio do vetor, atingindo a forma infectante, as
promastigotas metaciclicas. ApoOs sucessivas divisdes binarias as promastigotas
retornam a porcao anterior e localizam-se na probdscide do inseto vetor, assim durante
0 préximo repasto sanguineo no hospedeiro suscetivel as formas infectantes serdo
regurgitadas na corrente sanguinea (SCHLEIN ; WARBURG, 1986; SCHLEIN et al.,
1992).

No hospedeiro suscetivel recém infectado, a promastigota € rapidamente
fagocitada por células do sistema fagocitico mononuclear. Apds a sua instalacdo no
macrofago, o parasito protegido no vacuolo parasitoforo, quando ocorrer4d nova
transformacao de promastigota para amastigota devido a mudanca de pH que se torna
mais acido e ao aumento da temperatura do hospedeiro mamifero. As amastigotas no
interior do vacuolo parasitoforo se multiplicam por fissdo binaria provocam a ruptura da
célula infectada, ganham a circulacdo e se disseminam para 6rgaos de predilecao
(Figura 1) (PIMENTA et al., 1994; ROGERS; BATES, 2004).
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Figura 1 - Ciclo de vida do protozoario Leishmania spp.

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

2.3 DROGAS AUTORIZADAS PARA O TRATAMENTO DA LEISHMANIOSE
VISCERAL

O tratamento da leishmaniose visceral (LV) teve inicio em 1912 quando o
médico Gaspar de Oliveira Vianna, observou que o tartaro emético era eficaz no
tratamento da leishmaniose tegumentar americana e LV. Entretanto, por apresentar
altos indices de toxicidade, e alto grau de efeitos colaterais em pacientes submetidos a
esse tratamento, o tartaro emético, foi substituido por outro grupo de farmaco, os
antimoniais pentavalentes, SbY (RATH et al., 2003).

No Brasil utiliza-se o0 antiomoniato de meglumina comercialmente
denominado Glucantime®. Contudo, apesar desse medicamento ser menos toxico que
o antimbnio trivalente (tartaro emético), ainda apresentava efeitos adversos que
tornaram inviavel o seu uso em certos pacientes. Assim outros principios ativos foram
sendo descobertos e os mais utilizados para o tratamento segundo recomendacdes do
Ministério da Saude (BRASIL, 2016) e seus respectivos protocolos terapéuticos estao

descritos na tabela 1.


http://www.who.int/tdr/diseases-topics/leishmaniasis/en/
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Tabela 1 - Farmacos utilizados no tratamento da Leishmaniose Visceral,

conforme orientacdo do Guia de Vigilancia em Saude (BRASIL, 2016).

Farmaco Apresentacao Terapéutica

Ampolas de 5mL contendo 20mg/SbV/kg/dia,
1.500mg (300mg/mL) os quais EV ou IM, 20 a 40

Antimoniato de  N-metil

Glucamina (Glucantime®)

405mg (81mg/mL) sdo ShV. dias
) Frasco com 50mg de )
Desoxicolato de _ o 1mg/kg/dia EV, 14 a
o desoxicolato sodico de _
anfotericina B 20 dias

anfotericina B liofilizada

Frasco/ampola com 50mg de _
o ) o ) 1mg/kg/dia EV, 14 a
Anfotericina B lipossomal anfotericina B lipossomal )
o 20 dias
liofilizada

Fonte: elaborado pelo autor

2.3.1 Drogade 12 escolha (antimonio pentavalente ShV)

Os farmacos pentavalentes sdo o0s mais utilizados no combate a
leishmaniose visceral, empregado ha mais de 8 décadas. (BRASIL, 2014; CHAPPUIS et
al., 2007; MONGE-MAILLO et al., 2013). Possuindo duas bases de formulacdo: ShV
com N-metil-D-glucamina (Glucantime®), e o gluconato de soédio (Pentostam®)
(FREZARD et al., 2009).

O tratamento da LV com o uso do antiménio pentavalente, é considerado um
tratamento estafante. Sua administragcdo é diaria e por via parenteral, em um longo
periodo de dias, conforme tabela acima. Vale ressaltar, que nesse intervalo de tempo, o
paciente acaba expressando diversos efeitos colaterais, como arritmia, pancreatite
aguda (CHAPPUIS et al., 2007, SUNDAR et al.,, 2013). Ademais pacientes com
doencas graves nos rins, figado, coracdo, pulmdes ou desnutricio protéica sao

invalidos para o tratamento com antimoniais pentavalentes. (CHAPPUIS et al., 2007).
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O antimbnio pentavalente utilizado no Brasil € conhecido comercialmente
como Glucantime® com a forma molecular C7TH18NO8SB. Esse principio ativo é obtido
a partir da sintese do acido antiménico do N-metil-glucamina e possui solubilidade alta
em agua e baixa em solvente organico (RATH et al., 2003).

Algumas hipdteses acerca dos mecanismos de acdo dos antimoniais
pentavalentes j& foram descritas. Uma delas trabalha com a hipotese de que o
antiménio pentavalente ao entrar no vacuolo parasitoforo do macrofago, € convertido
em antiménio trivalente, induzindo o efluxo de grupo tiol intracelular, resultando na
inibicdo da tripanotiona redutase presente na Leishmania spp., ocasionando a morte do
parasito (SINGH et al., 2014). Sugere-se tambem que a transformacéo do SbY para Sh'"!
é feita com a participacdo da enzima redutase dependente de tiol (TDR1) que utiliza a
glutationa (GSH) como redutor (DENTON et al., 2004). Existem outras hipoteses como
a mudanca do ShY para o Sb'' sendo realizada por tiois cisteina (Cys) e cisteinaglicina
(Cys-Gly) além da tripanotiona (T[(SH)]2) (FAIRLAMB; CERAMI, 1992). Outro
mecanismo de acdo proposto seria 0 aumento de citocinas, induzindo mutacdes no
DNA do parasito alterando a cascata metabdlica (SINGH et al.,, 2012). Uma outra
hipotese seria a interferéncia no processo de B-oxidacdo dos acidos graxos e na
glicolise do parasito levando a uma deplecéo dos niveis de ATP intracelular (BERMAN,
1988).

2.3.2 Drogas de 22escolha: anfotericina b e sua forma lipossomal

A anfotericina B, € um antibiotico poliénico, sisttmico com propriedade
leishmanicida tanto sobre promastigotas quanto sobre amastigotas. Atualmente
apresenta duas formas comerciais: o desoxicolato de anfotericina B e a anfotericina B
lipossomal (MINISTERIO DA SAUDE, 2009; SUNDAR et al., 2013).

Esse composto possui alto grau de toxicidade, provocando disfuncéo renal,
nefrotoxicidade, hipocalemia, miocardite, dor, febre, entre outras reacdes adversas
(CHAPPUIS et al.,, 2007; SUNDAR et al., 2013). Seu mecanismo de acdo esta

relacionado com a ligacdo aos esteroides das membranas biolégicas, ocasionando a



27

aberturas de poros na membrana, afetando a fluidez e a permeabilidade seletiva,
levando a lise celular (FREITAS-JUNIOR et al., 2012; SINGH et al., 2012).

A anfotericina lipossomal tem como diferenca da forma do desoxicolato de
anfotericina B a sua associacdo com o lipossoma, sendo esta uma nanotecnologia de
alta especificidade, formada por véarias camadas lipidicas, isolando o meio interno
aquoso do externo (FREZARD, 1999). Esta ferramenta, nanotecnolégica tem a
capacidade de encapsular substancias hidrofilicas, protegendo a absorcédo rapida do
principio ativo e minimizando os efeitos toxicos criados pelo medicamento, ou a
agregacdo de substancias lipofilicas na bicamada lipidica do lipossoma (Figura 2)
(BAROLI, 2010; CHORILLI et al., 2004).

Figura 2 - Estrutura de um lipossoma, utilizado no encapsulamento de principios

ativos

‘ Regiio hidrofilica
B .

S Regido lidrofobica
/

Y=
-

Fosfolipidio

Lipossoma

Bicamada

. Droga hidrofobica €  Droga hidrofilica

Fonte: Sandeep et al. (2013).

2.4 TRATAMENTO CANINO

Até o primeiro semestre 2016, o tratamento canino no Brasil era proibido de
acordo com a portaria 1426/2008 (BRASIL, 2016). Os casos caninos confirmados por
meio do diagndstico sorolégico de Leishmaniose Visceral Canina (LVC) eram
eutanasiados como medida de controle da disseminacédo da doenca, de acordo com o
Ministério da Saude e Organizacdo mundial da Saude (BRASIL, 2016; OLIVEIRA et al.,
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2005). Entretanto, a disseminacdo da doenca ainda € evidente apesar dos esforgos
empregados para controle dessa zoonose. Sugerindo assim que a eutanasia dos casos
caninos nao tem surtido o efeito desejado a reducdo dos casos humanos (BRASIL,
2016). Em 2016 a comercializacdo do primeiro farmaco para o tratamento canino,
Milteforan®, foi aprovada. Seu principio ativo é a miltefosina. A via de administracéo é
menos agressiva ao hospedeiro, pois € via oral. A miltefosina é utilizada no tratamento
humano do calazar indiano cujo agente etiolégico é o protozoario Leishmania donovani
que causa a doenga antroponética (SUNDAR et al., 2002).

No Brasil, milteforan € o Unico farmaco autorizado pelo MAPA para
tratamento da LVC, de acordo com a Nota Técnica Conjunta n° 001/2016 — MAPA/MS,
cuja comercializacéo é feita pela Virbac. O medicamento ja demonstra altas taxas de
recaida na india, devido a diminuicdo da eficacia do tratamento da LV (SUNDAR et al.,
2012). Seu mecanismo de acao ndo esta bem definido, mas sugere-se que miltefosina
interfere rincipalmente, na membrana plasmética do parasito, afetando a fluidez e a
permeabilidade seletiva, o balanco ibnico e o metabolismo de fosfolipidio e assim
ocasionando sua destruicdo (SUNDAR et al., 2002).

Apesar da existéncia de drogas sintéticas a LV em humanos e caes tem
demonstrado uma grande expanséo geografica e cada vez mais aumentado os valores
de incidéncia e 6bito (BRASIL, 2014). Portanto, a pesquisa cientifica para obtencao de
novos principios ativos se torna essencial, visto que o aumento de casos em areas
consideradas nteriormente indenes, como a regido Sul do Brasil (RIO GRANDE DO
SUL, 2009) bem como, o aumento de numero de 6bitos (BRASIL, 2014) sugerem que
as medidas profilaticas podem ser falhas e insuficientes para o completo controle e
prevencdo da LV. Contudo os estudos que tém sido realizados demonstraram
resultados conflitantes (MINAS GERAIS, 2012). Dietze et al.,, (1997) em ensaio
controlado, investigaram o papel de cées soropositivos na infeccdo humana por LV.
N&o encontraram diferencas significativas entre a incidéncia de soroconversao de
humanos nas areas de intervengdo comparadas a area-controle ao final de 12 meses
de estudo, apesar da retirada dos caes soropositivos. Oliveira e Aradjo (2003) avaliaram
as acOes de controle de LV desenvolvidas rotineiramente em Feira de Santana, Bahia,
no periodo de 1995 a 2000. Encontraram relacdo significativamente inversa entre


http://www.sbmt.org.br/portal/wp-content/uploads/2016/09/nota-tecnica.pdf
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namero de ciclos de borrifacdo de imoveis para controle vetorial e incidéncia de casos
humanos. Dye (1996) modelou o efeito de diferentes estratégias na transmissdo da
leishmaniose e mostrou que o controle vetorial quimico foi mais efetivo do que o
controle dos reservatérios na reducdo da incidéncia e da prevaléncia tanto da LV
humana quanto da canina.

A obtencdo de novos principios ativos é uma necessidade premente para o
tratamento desta doenca. Uma das fontes incontestaveis de novos compostos

terapéuticos séo as plantas.

2.5 PLANTAS COM ACAO LEISHMANICIDA

2.5.1 Acdo in vitro de plantas medicinais

A busca de um fitoterdpico, como uma alternativa no tratamento da
leishmaniose, vem sendo abordado pelos 6rgaos de saude mundiais (DNDi, 2014).

Costa et al. (2006) relataram que alcaloides extraidos da casca da planta
Annona foetida apresentou atividade leishmanicida sobre Leishmania braziliensis e
Leishmania guyanensis. Os extratos brutos de CH2CI2 e MeOH possuem atividade in
vitro contra L. braziliensis (IC50 23.0 e 40.4 pug/mL, respectivamente) e L. guyanensis
(IC50 2.7 and 23.6 pg/mL, respectivamente)

O efeito de oito espécies do género Copaifera, C. multijuga, C. officinalis, C.
reticulata, C. lucens, C. langsdorffii, C. paupera, C. martii, e C. cearensis sobre L.
amazonensis demonstrou que a espécie C. reticulata foi a mais efetiva com valores de
CI50 igual a 5 ug/mL sobre promastigotas e de 20 ug/mL sobre amastigotas. Além
disso, foi evidenciado que o Oleo desta espécie apresentou baixa toxicidade sobre
macrofagos murinos da linhagem J774G8 (SANTOS et al., 2008).

Os efeitos de diferentes 6leos sobre promastigotas de L. chagasi foram os
seguintes: 0Oleo essencial de Lippia sidoides exibiu CI50 de 19,76 pg/mL (Cl = 95%,
11.00 — 38.98), o oleo resina de C. reticulata obteve CI50 de 7,88 pg/mL (Cl = 95%,
1.52 — 40.86), o Oleo essencial de Coriandrum sativum foi 0 menos efetivo com CI50 de
181,00 pg/mL (Cl = 95%, 57.53 — 269.60) (RONDON et al., 2012).
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Outra pesquisa analisando o efeito de compostos isolados de plantas de
duas espécies da familia Annonaceae evidenciou que os alcaloides e as acetogeninas
obtiveram valores de CI50 sobre amastigotas de 25,4 pg/mL (Cl = 95%, 6.1 — 105.9)
para o alcaloide composto I, CI50 de 25,3 pg/mL (Cl = 95%, 22.7-28.1) para
acetogenina composto Il, CI50 de 28,7 uyg/mL (Cl = 95%, 6.2-67.4) e para acetogeninas
do composto lll, e CI50 de 13,5 pg/mL (Cl = 95%, 2.1-53.6) (VILA-NOVA et al., 2011).
De acordo com Meneguetti et al. (2015) os valores de CI50 acima de 10 ug/mL e abaixo
de 100 pg/mL apresentam inibicdo moderada e valores que ultrapassam 100 pg/mL

apresentam fraca inibig&o.

2.6 ACAO IN VIVO DE PLANTAS MEDICINAIS

Os estudos in vitro apenas indicam o potencial leishmanicida de um
determinado composto. Logo faz-se necessério a execu¢do de estudos in vivo para
comprovar realmente a acdo leishmanicida. No entanto, estudos sobre produtos
naturais no tratamento da LV em diferentes espécies de roedores ainda sao restritos.

Alguns estudos utilizando os modelos Mesocricetus auratus (hamster) ou
Mus musculus Balb/C (camundongos) demonstraram que compostos isolados a partir
de plantas foram capazes de reduzir a carga parasitaria, em amostras de baco e/ou
figado, comprovando que as plantas tém potencial contra Leishmania spp. Lakshmi et
al. (2007) demonstraram uma reducao de 38 a 69% da carga parasitaria esplénica de L.
donovani utilizando a planta Dysoxylum binectariferum e seu composto isolado
rohitukine.

Dutta et al. (2008) relataram que a planta Aloe vera foi capaz de reduzir em
mais de 90% a carga parasitaria de L. donovani no baco, figado e medula 6ssea em
camundongos Balb/C. Outro grupo de pesquisa utilizou a planta Azadirachta indica e
conseguiu reduzir em mais de 90% a carga parasitaria esplénica e mais de 80% da
carga parasitaria do figado de Balb/C infectados experimentalmente com L. donovani
(DAYAKAR et al.,, 2015). O efeito de Maesa balansae sobre L. infantum foi uma
reducdo de mais de 90% da carga parasitaria hepatica em camundongos Balb/C, e o
composto maesabalide Il foi isolado (GERMONPREZ et al., 2005). Utilizando 6leo de
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Copaifera. martii foi possivel reduzir de 4,4 mm para 1,1 mm de diametro uma leséo da
almofada da pata de Balc/C experimentalmente infectados com promastigotas de L.
amazonensis (SANTOS et al., 2008). Estes resultados demonstraram que as plantas

apresentam potencial contra Leishmania spp.
2.7 COPAIFERA RETICULATA

Esta planta é conhecida popularmente como copaiba, atinge cerca de 36 m de
altura e 3 m de didmetro, e esta amplamente distribuido no Brasil (ROCHA, 2001)
(Figura 5).

Figura 3 - Copaibeira produtora do 6leo resina de copaiba

Fonte: sitiodamata.com.br

O produto desta planta € um 0leo resina que pode ser obtido diretamente de

seu tronco, e que é comercializado sob o nome de 6leo de copaiba, principalmente na
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regido Amazonica. Diversos estudos comprovaram seus efeitos como antiedémico, anti-
inflamatorio, antibacteriano, insetifugo, antifungica e cicatrizante (ARROYO-ACEVEDO
et al., 2011; COMELLI-JR et al., 2010; MUNIZ et al., 2009; PIERI et al., 2012).

Além dessas propriedades medicinais comprovadas cientificamente, dentre
as espécies estudadas do género Copaifera, 6leo resina de C. reticulata vem
destacando-se por ser utilizado in natura na medicina popular e por apresentar avangos
na avaliacao do potencial leishmanicida (RONDON et al., 2012; SANTOS et al., 2008).

Os sesquiterpenos ja identificados no 6leo de copaiba sao: B-cariofileno, a-
copaeno, zingibereno, bergamoteno e B-bisaboleno (VEIGA-JUNIOR, 2002). Sendo que
0 sesquiterpeno majoritario, foi -cariofileno (PINTO et al., 2000; TAPPIN et al., 2004).

2.8 COMPOSTO QUIMICO B-CARIOFILENO

B-cariofileno é uma substancia volatil com forte odor de madeira incluido na
classe sesquiterpeno biciciclico encontrada em grande quantidade em plantas
alimentares, 6leos essenciais e 6leo resina (BERNARDES et al., 2010; HUDAIB et al.,
2002 ). In natura encontrado com alguns isbmeros (Z) B-cariofileno (iso-cariofileno)
e a-humuleno (a -cariofileno) e oxidacédo - 6xido de B-cariofiloteno (FIDYT et al., 2016)
(Figura 6).

Figura 4 - Formas moleculares do cariofileno encontrado na natureza

BCP oxide (#)-BCP (E)-BCP Humulene

Fonte: FIDYT et al. (2016).

Este composto possui alguns efeitos comprovados cientificamente como:

anti-inflamatério (GERTSCH et al., 2008 ), anestésico local, anti-


https://www.sciencedirect.com/science/article/pii/S0924977X13003027
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carcinogénico (LEGAULT ; PICHETTE, 2007 ), antifibrotico (CALLEJA et al., 2012)
ansiolitico (GALDINO et al., 2012), ardioprotetor, hepatoprotetor, gastroprotetor,
nefroprotetor, antioxidante, antimicrobiano, imunomodulatério, neuroprotetor (CHICCA
et al., 2014; FIDYT et al., 2016; SHARMA et al., 2016) e leishmanicida (SOARES et al.,
2013). B-cariofileno possui uma grande afinidade com os receptores CB2R podendo ser
utilizado no tratamento de doencas cerebrais como: isquemia cerebral (PERTWEE,
2009), lesdes cerebrais (ZHANG et al., 2008), neuro-inflamacéo (ZHANG et al., 2009),
alteracdes no cortical, hipocampal e neurdnios cerebelar e células da glia (LANCIEGO
et al., 2011).

2.9 ENZIMA TRIPAREDOXINA-I (TXN-I)

Os protozoarios do grupo tripanossomatideo possuem diferentes estratégias
de defesa contra xenobioticos, espécies reativas de oxigénio (ROS) e espécies reativas
de nitrogénio (NOS) entre outros. L. infantum, € um protozodrio parasito intracelular
obrigatério e apos ser fagocitado desencadeia diferente sistema de defesa intracelular
para evitar apoptose celular (STEINERT et al., 1999). Um mecanismo eficiente na
defesa do parasita € o metabolismo redox capaz de fortalecer a proliferacéo
intracelular. Essa arma expressa pelo parasito € eficiente pela participacdo de trés
enzimas, tripanotionina redutase (TryR), triparedoxina (TXN) e proteinas da
triparedoxina peroxidase (TXNPXx) presentes na via enzimética redox tripanotiona
[T(SH)z] (SANCHITA et  al, 2017). As  triparedoxinas  (TXNs) sao
oxidorredutases pertencentes a familia tiorredoxina compartilhando 13% de identidade
apresentando peso molecular de 16 kDa exibindo a sequéncia WCPPC no centro
catalitico (BAKER et al., 2001). Além da atividade antioxidante as TXNs estédo
envolvidas na sintese de desoxirribonucleétidos (FIORILLO et al., 2012), na replicacao
do cinetoplasto (ONN et al.,, 2004) na transferéncia de equivalentes reduzidos para
metionina sulféxido redutase (ARIAS et al.,, 2011), na defesa contra acdo de
xenobibticos e interagdo com outras enzimas para ampliar a eficiéncia durante o
estresse oxidativo (GONZALEZ-CHAVEZ et al.,, 2015). As TXNs tem duas formas
homologas, TXN-I in citosol de L. infantum (CASTRO et al., 2010), Trypanosoma
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brucei (TETAUD et al., 2001), Trypanosoma cruzi (WILKINSON et al., 2002) e Crithidia
fasciculata (STEINERT et al., 1999) e TXN-ll presente na mitocondria de alguns
parasitos como L. infantum (CASTRO et al.,, 2010). A forma TXN-I é considerada
essencial para o equilibrio oxidativo (WILKINSON et al., 2003), enquanto que a forma
TXN-Il totalmente ativa ndo é importante para a proliferacdo do parasita ou na
infectividade bem sucedida (CASTRO et al., 2010). As TXNs sdo alvos atraentes para o
desenho racional de farmacos por serem extremamente importantes para a
sobrevivéncia do parasito e por estarem ausentes nos processos metabolicos do
hospedeiro (DIAS et al., 2018).

2.10 BIOINFORMATICA

Devido ao recente avanco nas tecnologias de processamento de dados
biolégicos houve uma expansdo sem precedentes de dados digitais. Esse universo de
dados s6 é compreendido devido a utilizacdo de maquinas poderosas e linguagem de
alto nivel no processamento supervisionado. Dessa forma, surgiu a necessidade de
especializar um campo responsavel por estudar as informacfes biol6gicas usando
métodos da ciéncia da computacdo, estatistica, matematica, fisica, quimica e
engenharia denominando Bioinformética. Essa ciéncia tem suas origens uma década
antes do sequenciamento do DNA (HAGEN, 2000) embasada nos estudos de alguns
cientistas, como a Dra. Margaret Belle Dayhoff por seus estudos na sistematizacdo do
conhecimento da proteina tridimensional (3D) (HUNT, 1984).

Alguns autores relacionam a biologia computacional com organizacdo de
dados bioldgicos para que os estudiosos possam acessar as informacdes e criar novas
entradas; desenvolver ferramentas e recursos que auxiliem na andlise de grande
volume de dados; utilizacdo desses recursos para analisar os dados e interpreta-los de
maneira significativa (LUSCOMBE et al., 2001). Foram criadas areas emergentes em
bioinforméatica como a mineracdo de texto via web, biologia de sistemas e a web
semantica, analise de imagem (SINHA et al., 2002), computacdo em grade (FOSTER,
2002; GANNON et al., 2005), evolucao dirigida, design racional de proteinas (LOOGER
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et al., 2003), bioinformatica relacionada a microRNA (BROWN; SANSEAU, 2005) e
modelagem em epigendmica (FAZZARI; GREALLY, 2004).

2.11 TOXICIDADE E CALCULO DA DL50 IN SILICO

A andlise da toxicidade de novos compostos € uma parte essencial do
processo de caracterizacdo do novo medicamento. Substancias com potencial
carcinogénico sdo de grande preocupacao na selecdo de novos candidatos a farmacos
devido aos seus graves efeitos sobre a sautde humana como a capacidade de induzir
mutac&o no genoma ou de romper o metabolismo celular incapacitando sua aprovagao
e comercializacdo (ONAKPOYA et al.,, 2016). Dessa forma, os 6rgaos farmacéuticos
sao responsaveis pela realizacao de varios estudos de carcinogenicidade em modelos
animais, como em roedores por um periodo de 2 anos e em camundongos Tg-rasH2
por 26 semanas, para a aprovacdo dos novos compostos (JACOBS; BROWN, 2015).
Assim, estes modelos experimentais em animais séo trabalhosos, as vezes demorados
e em ultimo caso podendo ser considerado inviaveis e antiéticos pela utilizacdo de um
grande volume de animais para grandes conjuntos de produtos quimicos necessitando
de abordagens alternativas como técnicas computacionais (BENIGNI, 2014; RAIES;
BAJIC, 2016) como: o servidor web CarcinoPred-EL desenvolvido para predicdo de
toxicidade (ZHANG et al., 2017).

O Regulamento Europeu n.° 1272/2008 relativo a classificacdo, rotulagem e
embalagem (CRE) requer uma avaliacdo da DL50 da substancia definindo o perfil da
toxicidade aguda administrada por via oral, dérmica ou inalacdo (EUROPEAN UNION,
2008). A toxicidade aguda pode ser expressa em termos de "dose letal minima" (DL50)
(TREVAN, 1927). Contudo, devido a questdes éticas na reducdo da quantidade de
animais e bem-estar animal, métodos alternativos de predicdo de toxicidade com
objetivo de evitar a utilizacdo de animais, estdo sendo empregados em alguns estudos
(EUROPEAN UNION, 2008). Entre os métodos alternativos, as andlises computacionais
com os modelos de relagdo quantitativa estrutura/atividade (QSAR), stdo sendo
difundidos na academia cientifica na estimativa da DL50 (DEVILLERS, 2004; GARCIA-
DOMENECH, 2007). Este modelo € baseado na relagdo matematica entre os dados
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quantitativos dos descritores moleculares ou assinaturas moleculares de um dado
composto ou um conjunto de dados moleculares e suas atividades toxicoldgicas. Para a
predicdo da DL50 oral, foram elaborados 5 programas usando diferentes métricas a
partir de grandes conjuntos de treinamentos e fungbes matematicas incluindo os
comerciais e os disponiveis gratuitamente: TOPKAT de Accelrys, ToxSuite de
ACD/Labs; TerraQSAR de TerraBase Inc.; ADMET Predictor de Simulation Plus e
T.E.S.T. da Agéncia de Protecdo Ambiental dos EUA (US EPA).

2.12 FARMACOINFORMATICA (ABSORCAO, DISTRIBUICAO, METABOLIZACAO E
EXCRECAO - ADME).

O desenho de farmacos envolve um fluxo de técnicas especializadas com
propriedades farmacocinéticas descrevendo a absorcéao, distribuicéo,
metabolismo e excrecdo (ADME) consideradas fundamentais para determinar a dose
eficaz (WANG et al., 2015). Um dos grandes problemas na produc¢éo farmacéutica € um
alto investimento e o equilibrio da relacao risco/recompensa (PAUL et al., 2010). Para
suavizar os impactos na cadeia de producdo, as abordagens multidisciplinares séo
necessarias para o processo de desenvolvimento de medicamentos, incluindo a
biologia computacional estrutural, quimica computacional e tecnologia da informacéo,
gue coletivamente formam a base do design racional de medicamentos otimizando a
prospeccao de novos compostos farmacéuticos com base no conhecimento de um alvo
bioldégico nativo (LILJEFORS et al.,, 2002). Dessa forma, uma explosdo de técnicas
computacionais tem sido aplicada a varias etapas do processo de descoberta e
desenvolvimento de drogas (DURRANT; MCCAMMON, 2011; JORGENSEN, 2004;
XIANG et al., 2012) reduzindo os custos de até 50% na cadeia de producao (TAN et al.,
2010). Modelos de predicéo in silico de ADME estéo disponiveis ha certo tempo com
qualidade e usabilidade variadas podendo mensurar a interacdo entre drogas e o0 Corpo
humano (TAO et al., 2015).

A administracdo oral de farmacos € uma via custo/efetiva e desejada por ser
pouco invasiva e de alta aceitacédo por parte dos pacientes. A AIH é um dos principais

procedimentos de absorcéo oral de medicamentos, € considerada uma etapa chave nos
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estagios iniciais de descoberta de farmacos (ARTURSSON; KARLSSON, 1991). Os
ensaios computacionais, tem como partida grande bancos de dados biol6gicos com
resultados da AIH obtido de forma experimental, que sdo submetidos a técnicas de
classificacdo para predicdo de AIH pela regra de cinco, QSAR, modelos matematicos e
aprendizagem de maquinas para construir um Support Vector Machine (SVM) (SHEN et
al., 2010).

Os farmacos podem interagir com proteinas plasmaticas ocasionando uma
reducdo no pico plasmatico e formando complexos indesejaveis para o0 organismo
(TRAINOR, 2007). Dessa forma, é crucial estimar a taxa de ligacdo dos compostos
candidatos a farmacos com objetivo de filtrar os fortes candidatos. Uma das técnicas
experimentais é a utilizacdo de cromatografia liquida de alta performance (HPLC) para
triagem de albumina de soro humano (ASH) com afinidade de interacéo
(COLMENAREJO et al., 2001). Contudo, essa técnica apresenta algumas
desvantagens como: a presenca de multiplos sitios de ligacdo na ASH e a limitacdo na
caracterizacdo da interacdo dos farmacos com a ASH pelo HPLC. Assim, essa técnica
pode apresentar uma melhor performance quando combinada com procedimentos
computacionais. Alguns servidores realizam estimativas de ligacdo a proteinas
plasmaticas utilizando modelos de classificacdo bayesiano para um conjunto de dados
disponiveis publicamente com interacdes conhecidas para alguns sitios de ligacdo na
ASH (HALL et al., 2013). Outros sistemas de classificacdo sdo baseados na regressao
linear multipla, considerando os “resultados de docking” (LI et al., 2011a). Alguns
estudos utilizam modelos QSAR (PPI-QSAR) de interacdo proteina plasmatica com
docking molecular e simula¢gdes de dinamica molecular para investigar a importancia da
flexibilidade protéica na predicdo da ligacdo (SHERMAN et al., 2005).

A barreira hematoencefalica ¢é formada por células endoteliais
microvasculares do cérebro e com permeabilidade altamente seletiva desempenhando
um papel crucial na protecdo. Alguns compostos apresentam propriedades de
penetracdo na PBH por difusdo passiva ou através de uma variedade de sistemas de
transporte catalisados levando compostos para o cérebro (CLARK, 2003). Algumas
técnicas in vivo invasivas e ndo invasivas permitem a avaliacdo da travessia da PBH,

com a estimativa da permeabilidade expressa como logPS (logaritmo do produto da
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area de superficie permeavel) e logBB (logaritmo da relacdo de particdo
cérebro/sangue em um estado estacionario), respectivamente (BICKER et al., 2014). No
entanto, até o momento ndo ha uma unidade experimetal in vitro para estimar um indice
de penetracdo PBH, os modelos utilizados nesta abordagem séo realizados em
experimentos in vivo, tornando o seu fluxo caro e aparentando ser de baixo rendimento
estabelecendo um desafio na unidade ideal para o teste (BICKER et al.,, 2014). A
maioria das abordagens in silico baseia-se na suposicdo de que 0s compostos sdo
transportados por difusdo passiva, avaliando a probabilidade do composto em interagir
com a glicoproteina P (P-gp) (GARG; VERMA, 2006) modelos baseados em logP, pKa
e fracdo ndo ligada ao plasma a utilizacdo da dinamica molecular (CARPENTER et al.,
2014).

As transformacdes que os farmacos sofrem no interior do organismo sao
classificadas em duas etapas: primeira envolve oxida¢do, reducao e hidrdlise, é a fase
em que xenobibticos, como drogas e toxinas do corpo participam de transformacdes
guimicas gerando um composto mais hidrofilico podendo ser eliminado efetivamente
pelos rins com atuacdo de enzimas chaves como a citocromo P450 com grande
ocorréncia no figado. A segunda etapa envolve a conjugacdo, metilacao, sulfatacéo,
encaixe de glutationa e de glicina com a atuacdo de enzimas transferase (difosfato
glucosfato de uridina - UGT, N-acetil transferase - NAT, glutationa S-transferase - GST
e sulfotransferase - ST) (ESSAYS, 2003). A predicdo virtual da biotransformacéo
baseia-se em reatividade, folds baseados em modelos de aprendizagem estatistica em
loco mais provavel de metabolizacdo calculando a energia de interacdo do complexo
(farmaco/enzima), com a uniformidade e aplicacdo de sistema de classificagdo como
Support Vector Machine (SVM) (ZHENG et al., 2009).

2.13 METODOS COMPUTACIONAIS PARA ELUCIDACAO DA ESTRUTURA
TRIDIMENSIONAL

A predicdo do arranjo tridimensional de uma proteina a partir da sequéncia
primaria € um desafio antigo em biologia computacional (MOULT, 1999). Atualmente,

encontram-se programas computacionais para elucidacdo da estrutura protéica
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baseado em linguagem de programacao como Python, Perl, C++, Java, algoritmos de
aprendizagem supervisionada ou nao e estatistica (XU et al., 2007). De modo geral, a
arquitetura dos programas foi orientada para reconhecer sequéncias e modelos 3D e a
identificacdo de unidades estruturais (a-hélices) e folds na estrutura e os dominios de
proteinas nas estruturas terciarias diferenciando o dobramento das cadeias por
diferenciacdo de padrdes apresentados nos residuos intracadeia e entre os residuos e
o sistema (PIERRI et al., 2010).

Os métodos de maior usabilidade na determinacédo das estruturas 3D séo:
modelagem por homologia por PROSPECT (XU; XU, 2000), RAPTOR (XU et al., 2003),
pGenTHREADER (LOBLEY et al.,, 2009), pro-sp3-TASSER (ZHOU and SKOLNICK,
2009), MODELER (WEBB ; SALI, 2014), I-TASSER (ROY et al., 2010), iMembrane
(KELM et al., 2009), reconhecimento de dobras (protein threading) por ROSETTA
(SIMONS et al., 1999), FRAGFOLD (JONES, 2001), PROTINFO (HUNG ;
SAMUDRALA, 2003), FILM (PELLEGRINI-CALACE et al., 2003) e métodos ab initio
baseado na quimica quantica. Cada técnica possui suas vantagens e desvantagens
com variacdo na especificidade e tempo computacional na previsdo de estrutura
(NUGENT AND JONES, 2012). Outros métodos sdo especificos para uma estrutura
molecular como FILM (PELLEGRINI-CALACE et al.,, 2003) e RosettaMembrane
(BARTH et al., 2009), que foram desenhados para proteinas de membrana e
transmembrana (TM) e sé@o capazes de elucidar a estruturas de TM em tamanhos até
300 residuos e técnicas para proteinas de membrana AlignMe (STAMM et al., 2014),
MP-T (HILL; DEANE, 2013), PRALINE™ (PIROVANO et al., 2008), TM-Coffee (CHANG
et al., 2012).

2.14 DOCKING MOLECULAR

A corrida tecnolégica na descoberta de medicamentos levou a criacdo de
estratégias e adaptacdo de métodos computacionais no estudo de interacdo
droga/proteina usando ferramentas que mimetizam o comportamento de um composto
sobre o alvo (JORGENSEN, 2004; BAJORATH, 2002; LANGER ; HOFFMANN, 2001;

KITCHEN et al., 2004). A arte de avaliar o comportamento de um composto molecular
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no bolso catalitico de uma macromolécula e a complementariedade é conhecido como
docking molecular, essa técnica € utilizanda na triagem virtual (screening), no rastreio
de compostos candidatos a farmacos baseado no ligante (screening baseados em
ligantes) ou no rastreio baseado na estrutura 3D de alvos biolégicos (screening
baseados em estrutura), apresentando vantagens como baixo custo e rastreamento
eficaz (MOITESSIER et al., 2008; BAILEY ; BROWN, 2001). O acoplamento molecular
tornou-se uma ferramenta poderosa no ambito farmacéutico. Diversos estudos foram
publicados incluindo essa técnica (HALPERIN et al., 2002; COUPEZ ; LEWIS, 2006;
KONTOYIANNI et al., 2008), com desempenho efetivo (CROSS et al., 2009; Ll et al.,
2010). Assim, para estudar a interagdo entre um composto e uma proteina alvo, temos
duas etapas: previsdo da melhor pose ou conformacéo do ligante no bolso catalitico da
estrutura macromolecular e avaliacdo da afinidade de ligacdo definindo os tipos de
interacdo as energias envolvidas na estabilizagdo do complexo bem como os residuos
envolvidos na regido farmacoforo (FERREIRA et al., 2015). O conhecimento prévio do
sitio ativo da proteina favorece a eficiéncia do encaixe induzido nos ensaios in silico,
gue pode ser obtido através de experimentos ou na comparacéao pelo alinhamento em
loco com a familia da proteina alvo que compartilha uma dada funcdo proteinas co-
cristalizadas com outros compostos (ligante). No entanto, h& alguns servidores que
auxiliam o reconhecimento desses hits detectando a cavidade leads como: GRID
(GOODFORD, 1985; KASTENHOLZ et al., 2000), POCKET (LEVITT ; BANASZAK,
1992), SurfNet (LASKOWSKI, 1995; GLASER et al., 2006), PASS (BRADY ; STOUTEN,
2000) MMC (MEZEI, 2003). Assim, algumas abordagens foram elaboradas com o
objetivo de aumentar a eficacia do docking molecular, estratégias como encaixe
induzido de corpo rigido e ajuste induzido de corpo flexivel para descrever os eventos

com maior complexidade limitando as conformidades.
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As interacdes criadas entre a proteina e o ligante sédo definidos por limitacées
nos graus de liberdade translacional e rotacional escrito em cada algoritimo de
amostragem especifico para cada programa de docking molecular. As energias
exercidas no sistema sao calculadas por funcbes de pontuacdo, com intuito de
classificar poses corretas de poses incorretas. As fun¢des de pontuacao sao baseadas
no campo de forca empirica (KITCHEN et al.,, 2004). Programas como Autodock
apresentam funcéo de pontuacdo baseada em campo de forca estendida para avaliar a
energia de ligacdo, célculo da soma das interacées nao relacionadas (eletrostatica e
van der Waals) consideram as ligacdes de hidrogénio, solvatacdes e contribuicdes de

entropia exercida no complexo (KOLLMAN 1993).
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3 JUSTIFICATIVA

A leishmaniose visceral humana e canina sdo doencas cronicas que podem
levar a Obito hospedeiros ndo tratados. Os tratamentos disponiveis atualmente com
drogas sintéticas sdo muito agressivos ao organismo, dificultando o controle da doenca
tanto no homem como no cdo. Sendo assim, ha escassez de substancias altamente
eficazes contra L. infantum e de baixa toxicidade. Experimentos preliminares in vitro
demonstraram efeito leishmanicida do 6leo resina de C. reticulata. B-cariofileno é o
composto majoritario do 6leo resina de C. reticulata e em geral o0 composto majoritario
de um produto natural é responsavel por sua atividade bioldgica. Porém até o momento
os resultados sobre a acao leishmanicida de B-cariofileno sédo contraditorios. Logo faz-
se necessario elucidar a eficacia comparada destes produtos. O teste de toxicidade
aguda deve anteceder a utilizagdo de um novo produto para que seja utilizado na
espécie alvo. Porém estes estudos demandam o sacrificio de animais de laboratorio,
fato que estad sendo cada dia mais rejeitado por problemas éticos. Algumas técnicas
computacionais foram desenvolvidas para a predi¢do in silico da DL50. Assim sendo a
comparacado de resultados destas duas formas de calculo da toxicidade aguda é
indispensavel pois serd possivel reduzir o uso de animais experimentais. Outras
lacunas a serem preenchidas na pesquisa de produtos naturais com acgéo leishmanicida
€ a farmacocinética in silico de B-cariofileno e um possivel mecanismo de acdo,

possibilitando assim a validacdo de um novo farmaco para a terapia das leishmanioses.
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4 HIPOTESE CIENTIFICA

O oleo resina de C. reticulata possui efeito leishmanicida in vitro e ndo possui
toxicidade.

B-cariofileno possui efeito in vitro sobre L. infantum apresentando DL50
segura com auséncia de toxicidade para uso em animais.

B-cariofileno enquadra-se nas propriedades da farmacoinformatica atingindo

o sitio ativo da triparedoxina (LiTXN-I) de L. infantum.
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5 OBJETIVOS

5.1 GERAL

Investigar a acéo leishmanicida e toxicidade do Oleo resina de C. reticulata e
seu composto majoritario, B-cariofileno. Assim como descobrir o provavel

modo de agao do B-cariofileno.

5.2 ESPECIFICOS

a)
b)

c)

d)

f)

)

h)

Caracterizacdo quimica do 6leo resina de C. Reticulata;

Avaliacao in vitro do efeito anti-Leishmania do 6leo resina de C. reticulata e
do composto quimico B-cariofileno;

Estipular uma dose segura em camundongos Swiss do 6leo resina de C.
reticulata e do composto B-cariofileno;

Determinagéo da toxicidade do [3-cariofileno in silico;

Definir agdo do composto B-cariofileno sobre L. Infantum;

Caracterizar o alvo molecular de triparedoxina-l pontuando outras enzimas
essenciais para o0 protozodrio presentes na cascata enzimatica;

Indicar um modelo tridimensional da triparedoxina-l proximo da
conformacao nativa,

Apresentar hipétese sobre o mecanismo de agdo do B-cariofileno sobre a

triparedoxina-l.
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Abstract

Ethnopharmacological relevance

Brazil is rich in biodiversity and medicinal uses of plants by the local population. Copaiba
resin oil is widely used in folk medicine, indigenous medicine and in the pharmaceutical
and cosmetic industries. Among the species cited in ethnofarmacology studies with
proven therapeutic properties in in vitro and in vitro trials, Copaifera reticulata has
pharmacological potential in the fight against herpes virus, inflammation, cutaneous
Leishmaniasis among other activities, requiring more attention to evaluate the potential
in the treatment of Visceral Leishmaniasis (LV).

Aim of the study

The aim of this study was to determine the effect of C. reticulata resin oil and B-
caryophyllene on 50% parasites (IC50) and to evaluate the acute toxicity in mice and
computationally evaluate the action mechanism of B-caryophyllene to combat the
parasite.

Materials and methods

The in vivo toxicity and the antiproliferative effect on promastigotes and axenic
amastigotes were determined of C. reticulata resin oil and its major compound.
Additionally, in silico analysis using the protein tryparedoxin from L. infantum (LiTXN-I)
was performed to better characterize B-caryophyllene mechanism of action, besides B-
caryophyllene toxicity, pharmacoinformatics, characterization of LITXN-I as predictor of
protein structure (PSP), and validation of the 3D model and molecular docking.

Results

The results showed that C. reticulata and -caryophyllene were efficient in inhibiting the
proliferation of L. infantum, with no signs of in vivo and in silico toxicity. The in vivo -
caryophyllene LD50 was 5 g which was similar to that obtained in silico. This compound
conforms to the Lipinski rule and has been shown to be a good candidate for use to treat
LV. The in silico results of absorption, metabolization, distribution and excretion (ADME)
were satisfactory. The characterization of the enzyme indicated it is involved in two
LiTXN-I reactions (KEGG 1.8.1.8 and KEGG - R03914) and in the interaction with 10
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essential proteins of the enzymatic reactions of the parasite. In the molecular modeling
of LITXN-I, the model used was Leishmania major (LmTXN-I) (PDB-3s9f) due to greater
coverage in the alignment. During the molecular coupling of B-caryophyllene with LiTXN-
I, free energy of -6.44 kcal/mol? and the inhibition constants Ki were observed at 19.17
MM. Thus, in the evaluation of the scoring functions created at the complex (drug-
protein) observed favorable interactions of the hydrophobic and van der Waals type,

with 5 corresponding residues.

Conclusion
The resin oil C. reticulata and B-caryophyllene achieved promising results in vitro and
computational performance. B-caryophyllene showed to be a strong drug candidate to

treat L. infantum.

Keywords: Promastigote, Axenic amastigote, Molecular modelling, Pharmacoinformatics

Introduction

Visceral Leishmaniasis (VL) is caused by an intracellular protozoan parasite, in
Brazil the causative agent is Leishmania infantum. It is characterized as potentially fatal
chronic disease whose lethality is high when associated with poor nutrition and
coinfections, as well as when adequate treatment is not established (Sundar, 2015).

The Brazilian Ministry of Health recommends a therapeutic protocol with the use
of N-methyl glucamine antimonyate (Glucantime®) and non-antimonials, such as
amphotericin B and its liposomal form ( Sharief et al., 2006). However, the efficacy of
such therapies is limited because of the high toxicity and adverse side effects, as well as
the appearance of resistant protozoan strains (Croft et al., 2006).

A promising alternative is the use of plants and their metabolic constituents, for
which several scientific studies have shown effects on promastigotes and amastigotes of
Leishmania spp (Vila-Nova et al., 2013; Ullah et al., 2016; Prates et al., 2017). Of the
plants with antimicrobial activity the Copaifera genus stands out. This tree, popularly
known as copaiba, is a plant widely distributable ted in Brazil. It reaches about 36 m in
height and diameter of 3 m. The resin oil obtained from the trunk of these trees is
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broadly marketed throughout Brazil due to its anti-inflammatory and healing properties
(Basile et al., 1988; Veiga-Junior and Pinto, 2002). It is also used against larvae
Rhipicephalus (Boophilus) microplus, Culex quinquefasciatus and Aedes aegypti (Silva
et al., 2003; Fernandes and Freitas, 2007; Geris et al., 2008). In addition, the anti-
Trypanosoma and anti-Leishmania activities have been described (Maciel et al., 2002;
Rondon et al., 2012).

A study involving the screening of eight resin oils from Copaifera spp. showed
that C. reticulata exhibited better activity against promastigotes, axenic amastigotes and
intracellular amastigotes of Leishmania amazonensis (Santos et al., 2008). The major
chemical constituent found in resin oils of the Copaifera genus is B-caryophyllene, a
compound included in the sesquiterpene group due to its physicochemical properties. In
nature, it occurs in isomers, trans-caryophyllene, B-caryophyllene, a-humulene,
B-caryophyllene oxide and gives off a wooden odor (Fidyt et al., 2016). [-caryophyllene
has anti-inflammatory (Shimizu et al., 1990), antimicrobial and antioxidant activities
(Sahin et al., 2004). Trans-B-caryophyllene has effect on L. amazonensis (Soares et al.,
2013). However, the mechanism of action of B-caryophyllene is still unknown.

In trypanosomatids, one of the metabolic pathways of choice for action of
synthetic and natural products is the antioxidant pathway (Fairlamb and Cerami, 1985).
The redox enzyme pathway trypanothione [T(SH)z], which contains two glutathione
molecules in conjunction with trypanothione reductase (TryR), tryparedoxin (TXN) and
tryparedoxin peroxidase (TXNPXx) proteins are involved in intracellular defense of the
parasite against the stress caused by reactive oxygen species (ROS) (Singh et al.,
2017) and drugs (Mukhopadhyay et al., 1996). Studies report that antimonial drugs
directly interfere with thiol metabolism by inducing efflux of intracellular T[SH]2. The lack
of these enzymes in the host makes it possible to formulate target-based stratagems by
the computational approach (Krauth-Siege and Coombs, 1999). Of the proteins involved
in the redox balance of the parasite, TXN and TXNPx also act on DNA biosynthesis
(Fiorillo et al., 2012). TXN has two homologous forms, TXN-I, which is found in cytosol
and is considered essential for oxidative balance and TXN-II found in mitochondria
(Wilkinson et al.,, 2003). TXN-l is a good target for action of new drugs against

Leishmania. Although this detoxification pathway is not the only one used by the
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parasite, it is essential for its survival, making its constituents more attractive as potential
drug targets (Fiorillo et al., 2012).

The functional association of proteins is crucial in the flow of information and the
flow of cellular energy. The cluster of functional protein association of an organism
characterizes the proteins involved in a cellular function, allowing the tailoring of drugs to
another participating protein target in the metabolic cascade of interest (Ghizoni et al.,
2017).

The objective of this work was to verify the in vitro effect of C. reticulata resin oil
and its major constituent, 3-caryophyllene, on the survival of promastigotes and axenic
amastigotes of L. infantum, as well as to evaluate the acute toxicity "up and down" in
Swiss mice besides computational analysis. Additionally, we analyzed the interaction
between the major compound B-caryophyllene and the enzyme tryparedoxin from L.

infantum (LITXN-I) using in silico tools.

2 Materials and Methods

2.1 Plant material collection

The main product of Copaifera reticulata Ducke (Leguminosae, Caesalpinoideae)
is a resin oil which is obtained directly from the trunk. The exudate was collected from
dispersed trees with more than 30 years located in the National Forest of Tapajos, in the
municipality of Belterra, State of Para, Brazil. The orifice opened in the trunks, after the
complete flow of the resin oil, was sealed with PVC pipe to facilitate subsequent
collections. One specimen of the species was deposited in the IAN Herbarium of the
Embrapa Eastern Amazon research unit (exsiccate 183939). The resin oil samples were
stored in plastic containers in 2000 mL aliquots per tree and protected from light by

aluminum foil and then transferred to glass vials.

2.2 Quantification of the constituents of the resin oil

The oil resin compounds were identified by ¥C and 'H nuclear magnetic
resonance (NMR) (Avance DRX-500 NMR Spectrometer, ®Bruker Corporation, USA.
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The volatile components of the C. reticulata resin oil were identified and quantified by
gas chromatography combined with mass spectrometry (GC/MS) with a Finnigan Mat
INCOS XL system, equipped with a DB-5MS silica capillary column (30m x 0.25mm; film
of 0.25um). The operating conditions were: carrier gas helium (32cm/s); splitless
injection (solution of the product to be characterized at 0.2% in hexane); temperature of
the injector and detector of 250°C; temperature program: 60°C-240°C (3°C/ min);
ionization energy of 70eV; and interface temperature of 180°C. The resin oil
components were identified according to the retention index (IR), determined by using a
calibration curve of a homologous series of n-alkanes injected under the same
chromatographic conditions as the samples and in the fragmentation models of the
mass spectra, both of which were compared to the system database and the literature
(Adams, 2001; Neto et al., 2008). The quantification of the components was obtained
using an HP5890-11 chromatograph equipped with a flame ionization detector (FIDIC),
coupled to an HP 3396-II integrator under the same operating conditions described

above, except the carrier gas was hydrogen.

2.3 Chemicals

B-caryophyllene (C15H24) - SIGMA-ALDRICH-USA -W225207, M199 (Cultilab®),
fetal bovine serum (SFB) (Cultilab®), HEPES (Sigma-Aldrich®), bovine heme (Inlab®),
sodium bicarbonate (Sigma-Aldrich®), gentamicin (Inlab®), RPMI (Sigma-Aldrich®),
amphotericin B (Sigma-Aldrich®), meglumine antimononiate (Glucantime®) glutamine
(Sigma-Aldrich®), MTT [3- (4,5-dimethyl-2-thiazolyl) -2,5-diphenyl-2H-tetrazolium
bromide] (Sigma-Aldrich®), DMSO (Sigma-Aldrich®).

2.4 Cultivation of L. infantum

The culture of the parasite was carried out according to the adapted protocol
(Rondon et al., 2012). Briefly, promastigotes from the L. infantum CLIOC 0579 strain,
were provided by the Oswaldo Cruz Foundation in Rio de Janeiro and were cultured in
M199 medium supplemented with 10% fetal bovine serum (SFB), HEPES, bovine heme,
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sodium bicarbonate and 40 mg/mL of gentamicin at pH 7.2-7.4. The culture was kept in
a BOD oven at a temperature of 23.6°C and the pealing was done every 3 or 4 days.
Axenic amastigotes were obtained from culturing promastigotes in the logarithmic
phase, maintained in RPMI medium supplemented with 10% SFB, HEPES, glutamine
and gentamicin (40 mg/mL), with pH 5.8 to 5.9 in a CO:2 incubator at temperature of
34°C. After 48 hours, the transformation of promastigotes into axenic amastigotes was
evident, with a rate varying from 90 to 95% of transformed parasites, enabling the
continuity of the experiment, since the viability of this form is 7 days. The culture bottles

were kept in the incubator.

2.5 In vitro tests

For in vitro assays, promastigotes and axenic amastigotes were counted in a
Neubauer chamber and the final concentration was set to 1.25 x 10° parasites/well. The
concentrations of oil and B-caryophyllene used in the experiments ranged from 0.098 to
100 ug/mL and were obtained from serial dilutions, according to the method described
by Rondon et al., 2012. Cultures were treated with oil resin/3-caryophyllene for 24 h,
after which MTT was added to each well and incubated for 4 h, at 37 °C. The viability of
the parasite in the amastigote or promastigote phase was calculated using the following
equation: viability % = (treated cell mean/untreated cell mean) x 100 to determine the
50% inhibitory concentration of parasites (IC 50). Amphotericin B and Glucantime® were
employed as positive controls against promastigotes and axenic amastigotes,
respectively. As negative control, M199 medium and RPMI were employed for
promastigotes and axenic amastigotes, respectively. Samples were tested in triplicate
and results were obtained with a Multiskan MS microplate reader (Uniscience) using a
570 nm filter.
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2.6 Acute toxicity

This study was approved by the Ethics Committee for the Use of Animals of
State University of Ceara under the number 2683033/2017.

For the establishment of the toxicological profile, 20 female Swiss mice (Mus
musculus) aged between 2 and 3 weeks were acclimatized for 7 days to the laboratory
conditions (12h/12h, light/dark, 22°C, relative humidity 60%) and maintained with
commercial feed (Purina®) and water ad libitum. Acute toxicity was performed according
to OECD-425/2008 (OECD, 2008) “Up and Down”. The resin oil of C. reticulata and -
caryophyllene were administered orally in a single dose progression at minimal intervals
of 48h. The dose correction factor was 3.2 fold and dose increase or reduction was
performed according to survival or mortality of the animals, respectively. The doses were
as follows: 170mg, 440mg, 1100mg, 2800mg, to a limit of 5000mg/kg. All decisions of
the doses that were administered and the estimation of the LD50 was done using the
AOT425StatPgm software (OECD, 2008).

2.7 In silico study

2.7.1 The in silico toxicity test

Toxicity is one of the major problems during drug tests using in vivo models. To
avoid it, the B-caryophyllene DL50 was calculated computationally with the aid of the
PROTOX server (Raies and Bajic, 2016) which evaluated the toxicological class
according to the harmonized global system of classification and labeling of chemicals
(GHS). The in silico toxicity test based on the PREADMET server
(<https://preadmet.bmdrc.kr/toxicity-prediction/>) was performed for carcinogenicity
studies in rodents and mutagenic testing (AltTox, 2017) using the standard parameters

as established by the server.


https://preadmet.bmdrc.kr/toxicity-prediction/
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2.7.2 Pharmacoinformatics (absorption, distribution, metabolism and excretion, ADME)

The pharmacokinetic analyses of the B-caryophyllene were performed by the
PREADMT server by the calculation of ADME (Algahtani, 2017), including: intestinal
absorption (Egan et al., 2000), aqueous solubility (Cheng and Merz, 2003), plasma
protein binding (Colmenarejo et al., 2001), penetration of the blood-brain barrier (BBB)
(Kelder et al., 1999) and inhibition of cytochrome P450 (Susnow and Dixon, 2003). In
the analysis in silico, the parameters established by the server were used.

Lipinski-type properties (octanol - water partition coefficient: LogP < 5, molecular
weight < 500 KDa, number of H binding donors < 5, number of H-binding acceptors < 10,
molecular refractivity 40-130) (Lipinski et al., 2001) and the bioactivity of the major
chemical compond B-caryophyllene were evaluated by the Molinspiration server
(<http://www.molinspiration.com/>). These properties are intrinsically related to the
absorption, bioavailability, hydrophobic interactions of the drug receptor, metabolism

and toxicity (Podunavac-Kuzmanovi¢ and Cvetkovi¢, 2011)

2.7.3 Analysis of tryparedoxin-I protein from Leishmania infantum (LiTXN-I)

The characterization of the enzyme LiTXN-I (Uniprot: http://www.uniprot.org -
Q6RYT3) involved in the redox balance was performed with the Kyoto server
Encyclopaedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000) which
punctuates the genes and their respective enzymes involved in the metabolic cascade.
After characterization of the enzyme, analysis of protein interactions was performed by
the STRING server of the Network of Functional Protein Associations (Szklarczyk et al.,
2017).

2.7.4 Molecular modeling

At first, we performed global alignment of the primary structure of LiTXN-I against

the Protein Data Bank (PDB), using the BLASTp tool
(<https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins>) to get 3D models. However,


http://www.molinspiration.com/
http://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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the refinement of the selected models was performed according to the best values of
similarity, identity, alignment coverage, quality of the three-dimensional structure
(crystallographic resolution and complete amino acid sequence) and enzyme complexed
or not with a binder and the presence or not of a heteroatom. The structure of
tryparedoxin-1 from Leishmania major (LmTXN-I) (PDB - 3s9f, and UniProtKB - E9ADX4)
was used as template in the molecular modeling.

The three-dimensional model was submitted to comparative modeling (Hdltje et
al., 2003) using the Modeller software version 9.10 (Eswar et al., 2005). Briefly, all
scripts were written in the Python programming language (<http://www.python.org>) in
the Pycham IDE (<https://www.jetbrains.com/pycharm/>), the coordinates of the LiTXN-I
were edited and placed in the "PIR" format accepted by Modeller and modeled with the
"automodel" command, displaying as output 100 three-dimensional models. The loops
with non-permitted conformations of the generated three-dimensional models were
identified using the DOPE-Loop method in conjunction with the GNUPLOT graphical
program (Janert, 2010) and the Rampage server (Lovell et al., 2003) to evaluate the
geometric model. The problematic residues were characterized and optimized by the
modelloop commands in Modeller with 10 loop reconciliations optimized for each
problematic region, based on the atomic coordinates of these residues. The generated
models were edited and submitted to the minimization of energy by YASARA (Krieger et
al., 2009) associated with the YASARA force field.

2.7.5 Validation of three-dimensional models

The three-dimensional models of LiTXN-I were subjected to in silico validation. In
this step, the SWISS-MODEL online server (Schwede and Kopp., 2003) was used to
evaluate the empirical atomic strength with the ANOLEA software (Melo and Feytmans,
1998). The program evaluated the packing levels of the atoms by performing various
energy calculations throughout the structure to characterize the "Non-Localized
Environments” (NLE). The overall analysis of the LiTXN-l was aimed at identifying the
unfavorable regions was performed by the QMEAN4 scoring program (Benkert et al.,
2011).


http://www.python.org/
https://www.jetbrains.com/pycharm/

55

The QMEANG program was used to calculate the accessibility of the solvent with
the model analyzed. The QMEAN Z-score software estimated the absolute quality of
LiITXN-I, creating a probability called "degree of nature" based on the three-dimensional
quality of other three-dimensional structures already solved (Benkert et al., 2012). The
DFIRE program was used to evaluate the non-bounded LiTXN-I atoms generated after
packing.

The GROMOS molecular simulation package was used to evaluate the global
LITXN-I system, characterizing the energies in the favorable and unfavorable regions of
a given residue (van Gunsteren and Billeter, 1996). The DSSP program was used to
determine the amount and type of secondary structure of LiTXN-I, while the PROMOTIF
program was used to characterize the structural conformation of the generated LiTXN-I,
such as gamma and beta angles, clips and protrusions (Hutchinson and Thornton M,
1996). Finally, the PROCHECK program was used to create a "RAMACHANDRAN"
graph with 14 evaluation parameters, analyzing the stereochemical quality of the model
according to the following parameters: torsional angles of the main chain (® and V),
torsional angles of the side chains, bad contacts, energies of the hydrogen bonds,
planarity of the peptide bonds and deviations in relation to the tetrahedral geometry of
the alpha (a) carbons (Ramakrishnan and Ramachandran, 1965). In addition, the
"RAMACHANDRAN" graph was also plotted to observe the combinations of the lateral
torsion angles Chil and Chi2. The analysis of the main chain was done by plotting a
RAMACHANDRAN graph of the geometric quality of the residues, taking into
consideration the planarity of the peptide bond, unrelated negative interactions,
tetrahedral distortion of the alpha (a) carbons, binding energy of main chain hydrogen
and general G-factor. Finally, the generated model was evaluated by the iPBA server for
the evaluation of root-mean-square deviation (RMSD) generated by the structural

alignment of the model with the template (Gelly et al., 2011).

2.7.6 Molecular Docking

Molecular docking was performed using the AutoDock 4.2 package (Morris et al.,
2009). Briefly, the optimization of LiTXN-I with addition of polar hydrogen and calculation


http://www.sciencedirect.com/science/article/pii/S0006349565867595?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S0006349565867595?via%3Dihub
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of Kollman's loads was performed using AutoDockTools 1.5.6 (Huey and Morris 2006).
The LIiTXN-I enzyme assumed a rigid shape during the procedure, whereas pB-
caryophyllene was in flexible form with ten degrees of freedom, facilitating torsion of
angles for promising orientation and position of these compounds (Friesner et al., 2004).
The p-caryophyllene (ZIC-8234282) was retrieved from the ZINC Database
(<http://zinc.docking.org/>) (Irwin et al., 2012) and subjected to refinement as well as
topological analysis and optimization of atomic geometry by the MarvinSketch-v17.29
program.

Lastly, the ligands were submitted to the PRODRG program to evaluate their
atomic charge again, thus creating a topology file (Schuettelkopf and van Aalten, 2004).
The molecular coupling was divided into two steps. In the first, LmTXN-I was prepared
for two types of in silico assays, the first one using LmTXN-I in the presence of water
molecules in the active site and the binder of interest and the second employing
LmTXN-I in the presence of metal ions and the binder of interest. The second step
involved three tests, using LiTXN-I obtained from molecular modeling and edited to add
the water atoms in the active site (Thilagavathi and Mancera, 2010; Lemmon and Meiler,
2013) and cations of magnesium, which can contribute to enzymatic activity (Axelrod
and Tomchick, 1958). Subsequently, three in silico assays were performed under
different conditions: LITXN-I in the presence of metal ions and the binder of interest;
LITXN-I in the presence of metal ions, water molecules in the active site and the binder
of interest; and LiTXN-I with the binder of interest. During the molecular docking, grid
boxes were created with the help of AutoDockTools 1.5.6 with the coordinates "x, y and
z" with maximum size for the cavity, analyzed in AutoDock 4.2.

The free-binding energies (kcal/mol) used to calculate the inhibition constants (Ki)
by the equation (AG = RTInKi), where R is the universal gas constant (1.987 cal.K-1.mol
1) and T is the global system temperature in Kelvin (298.15 K) were evaluated in
AutoDockTools 1.5.6. The RMSD was assessed by PyMOL 2.0 (Schrodinger, LLC, New
York, USA) and the characterization of the amino acids involved in the interaction of the
binder with the receptor was evaluated by Accelrys Discovery Studio Visualizer 4.5
(Humphrey et al., 2013) and PyMOL 2.0.


http://zinc.docking.org/
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2.8 STATISTICAL ANALYSIS

The IC50 values obtained for the resin oil and (B-caryophyllene on L. infantum
were calculated using a nonlinear regression curve with logarithmic transformation and
subsequent normalization as a percentage of the data, where 100% viability was
expressed from optical density (OD) values obtained from negative controls containing
only promastigotes or axenic amastigotes. The comparative analysis was performed by
two-way ANOVA followed by the Bonferroni test using the GraphPad Prism 6.0

statistical software, and the significance level of the analyzed data was 5% (P < 0.05).

3 RESULTS

3.1 QUANTIFICATION OF THE CONSTITUENTS OF THE COPAIFERA RETICULATA
RESIN OIL

'H and '3C nuclear magnetic resonance spectra of the resin oil of C. reticulata in
comparison with literature data were used to characterize the chemical constituents

(Figure 1).

Figure 1 - THNMR spectra (300 MHz, solvente, CDCI3) of C. reticulata.
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The analysis of 'H nuclear magnetic resonance indicated mainly the presence of
kaurenoic acid, polyalthic acid and B-caryophyllene and the analysis of 2C nuclear
magnetic resonance indicated mainly the presence of kaurenoic acid, polyalthic acid and
B-caryophyllene (Figures 2 and 3).

Figure 2 - lTHNMR spectra (300 MHz, solvent residual signals CDCI3) of C.

reticulata.
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Figure 3 - 3CNMR spectra (300 MHz, solvent residual signals CDCI3) of C.
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The *H NMR spectrum of kaurenoic acid (KA) showed a broad singlet at 6H 2.64
(1H), indicative of allylic hydrogen, attached to C-13 carbon, characteristic of caurene-
type skeletal diterpenes. This structural type was confirmed by the characteristic signals
of the hydrogens: H-18 (6H 1.24; s; 3H), H-20 (&H 0.90; s; 3H), H-17 (dH 4.81; s, 1H)
and H-17 (6H 4.76, s, 1H). In the 13C NMR spectrum of Aca, the signal at 5C 184.9 was
related to the carboxyl group and the signals at 8C 156.2 and 103.5 allowed confirming

the presence of the exocyclic double bond of the caurene skeleton (Figure 4).

Figure 4 - Identification of the compounds Kaurenoic acid, Polyalthic acid and B -
Caryophyllene by NMR analysis.
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The 'H NMR spectrum of polyalthic acid (PA) recorded three singlets,
characteristic of monosubstituted furan ring, observed at 6H 7.35 (H-15); 7.21 (H-16)
and 6.27 (H-14). Signals at 6H 4.89 and 4.61 were related to methylidene hydrogens of
the exocyclic double bond (H-17). The 3C NMR spectrum of Apo showed signal at d
185.4, characteristic of carboxyl, in addition to the signals at & 148.1; 125.50 and 107.4,
evidencing the presence of B-monosubstituted furan ring.

The *H NMR spectrum of B-caryophyllene (CA) showed peaks at 8H 5.41 related
to the hydrides of the trisubstituted double (H-5) and at 4.81 and 4.99, attributed to the
exocyclic double bond (H-13). The 3C NMR spectrum showed signals at 154.24,
133.69, 125.50 and 112.28, attributed to the carbons of the double bonds.
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The GC/MS results of C. reticulata resin showed that -caryophyllene is the major
compound, with 37%, followed by 13% -bisabolene and 9% Trans--bergamotene (Table
1).

Table 1 - Percent volatile compounds of oil resin Copaifera reticulata, Ducke

Constituints (%)

d-elemene 0.2
Ciclosativene 0.9
o-copaene 0.5
B-elemene 3.3
o-gurjunene 0.4
B-caryophyllene 37.6
Trans-a-bergamotene 9.3
Aromadendrene 0.9
Eepi-p-santalene 0.1
a-humulene + (E)-B-farnesene 5.3
B-chamigrene 0.9
y-gurjunene 0.6
y-curcumene 0.6
B-selinene 4.9
a-selinene 3.1
(Z)-a-bisabolene 1.8
a-bulnesene 2.1
B-bisabolene 139
-curcumene 0.4
B-sesquiphellandrene 1.1
(E)-y-bisabolene 1.3
Caryophyllene oxide 0.2
Epi-B-bisabolol 0.1

B-bisabolol 0.2
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3.2 IN VITRO TESTS

The resin oil C. reticulata obtained IC50 of 5.9 pg/mL on promastigotes and 2.19
png/mL on axenic amastigotes. The major compound B-caryophyllene IC50 were 2.2

pg/mL and 2.18 pg/mL on promastigotes and axenic amastigotes, respectively (Table 2).

Table 2 - Inhibitory concentration values (IC50) of Copaifera reticulata and B-

caryophyllene on promastigotes and axenic amastigotes of Leishmania infantum.

Promastigotes Axenic amastigotes
Products
IC50 (nug/mL) IC50 (nug/mL)
Copaifera reticulata 5.90 2.192
B-caryophyllene 2.2 2.182
Amphotericin B 1.572 1.422
Glucantime - 2.562

Different letters in column means statistical difference (P>0.05 C. reticulata P
=0,31)

3.3 ACUTE TOXICITY IN VIVO

Two acute toxicity profiles were obtained, for copaiba resin oil, a LD50 > 5,000
mg/kg, and for B-caryophyllene LD50 was 5,000 mg/kg with a minimum dose of 2,610

mg/kg, characterizing both as safe substances for in vivo administration.

3.4 IN SILICO TOXICITY AND LD50 CALCULATION

B-caryophyllene presented a LD50 of 5,000 mg/kg, with a minimum dose of 2,319
mg/kg (Supplementary Figure 1). The prediction accuracy was 70.9% and the molecle
received a level 5 toxicological classification according to the GHS. The average

molecular weight was 319.67 g/mol (Supplementary Figure 2).
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In the rodent B-caryophyllene did not induce a carcinogenic effect, while in the

mutagenicity test it was found to be negative for T100 to TA1535 S. typhimurium strains.

3.4.1 Studies of ADME (Absorption, Distribution, Metabolism and Excretion)

In the evaluation of the physical properties of B-caryophyllene we observed that
this compound has the following paramaters: molar refractivity: 66.59+0.4 cm?3; molar
volume: 228.4+5.0 cm?; parachor: 533.3+6.0 cm?3; refractive index: 1.494+0.03;
superficial tension: 29.7+5.0 dyne/cm; density: 0.89+0.1 g / cm?; dielectric constant:
2.61+0.2; and polarizability: 26.40+0.5 10-?*cm?,

The Lipinski-type results were: molecular weight: 204.35 Da; number of hydrogen
donors: 0; number of hydrogen bond acceptors: 0; number of rotating obligations: 0; and
surface area topological polarization (TPSA). These data are related to the passive
molecular transport through the membranes, with score of 0.00. In addition, the octanol-
water partition coefficient logP and logD at pH 7.4 of B-caryophyllene, used to measure
molecular hydrophobicity, was 4.896560.

Regarding the pharmacokinetic analysis, the B-caryophyllene was classified as
adequate by Lipinski's rule and can be recommended as a drug, because it obtained a
high human intestinal absorption value (100.000000%). Furthermore, the average
membrane permeability in vitro of Caco2-adenocarcinoma epithelial adenocarcinoma
cells was 23.6315 nm/sec, whereas the in vitro permeability in Madin-Darby canine
kidney cells (MDCK) was 50.5246 nm/sec, indicating high permeability. The drug
presented strong binding to plasma protein (100.000000%), high in vivo penetration of
the blood-brain barrier (score: 12.4386) and low in vitro skin permeability (transdermal
score: -0.627223). Furthermore, in the computational format, p-caryophyllene induced
the enzymes cytochrome P450 2C9 and cytochrome P450 2C19, and did not induce
cytochrome P450 2D6, the substrate of cytochrome P450 2D6 and cytochrome P450
3A4. Inhibition of p-glycoprotein also occurred. This protein is involved in the expulsion
of drugs into the luminal space, which decreases their bioavailability. The bioactivities of

B-caryophyllene presented the following scores: G - GPCR inhibition (-0.34); Kl kinase
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inhibition (- 0.78); Pl protease inhibition (-0.60); inhibition enzyme - IE (0.19); nuclear
receptor affinity - NRL (0.13); and ion channel modulation - ICM (0.28).

3.4.2 Characterization of the enzyme LiTXN-I

LITXN-I (KEGG 1.8.1.8) also called disulfide reductase has 438 nucleotides
(UniProt LINJ_29 1250) and participates in two reactions:
First reaction - (KEGG-R03913): Protein dithiol - C02315; NAD + - C00003 <=> Disulfide

protein - C02582; NADH-C00004; H + - C00080 (Figure 5).

Figure 5 - Metabolic reaction schematizing the participation of the enzyme LiTXN-
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Second reaction (KEGG-R03914): Protein dithiol-C02315; NADP + - C00006 <=>
Disulfide protein - C02582; NADPH-C00005; H + - C00080 (Figure 6).

Figure 6 - Metabolic reaction characterizing the second activity of the enzyme

LiTXN-I.
HaN HaN
[} ; HaN

‘ 1Y 0 ”)j'%

o M o f\'}/\m" o o Sy 5 &) '\/\'fQ 0 9o W ®
AN R N, O\ «o~0-P—0—P-0-a. 0 B \HLN' Ny 0-P—0—P-0 .
NN N e T ! (7 ‘ X i By ( = ~% , H

H 4 L H — H OH . RN { o od ) conea0
54 Ho ‘ou HO H g e on no' 0
0=P-OH <0262 o-rl’-ow.
OH OH

In relation to the network of protein interactions involving the enzyme LIiTXN-I,
145 amino acids (UniProt - Q6RYT3), the STRING server characterized 10 proteins

involved in the interaction network with minimum required score of PI> 0.400 (Figure 7).
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Figure 7. Network of protein interactions with the enzyme LiTXN-I.
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Subtitles: STRING - XP_001462640.1: putative thioredoxin (107 aa, Pl = 0.522),
enzyme involved in the catalytic activity isulfase of disulfide protein, catalysts for folding
proteins; STRING - XP_001469708.1: glutathione peroxidase (152 aa, Pl = 0.513), an
enzyme involved in two metabolic pathways - glutathione metabolism and arachidonic
acid metabolism; STRING - SODB1: superoxide dismutase (195 aa, Pl = 0.500),
enzyme with participation in hydrogen peroxide metabolism of the peroxisome
antioxidant system; STRING - XP_001463738.1: Ntf2-like (124 aa, Pl = 0.499), enzyme
involved in nuclear transport factor 2; STRING-XP_001470422.1: putative glutathione
peroxidase-like protein (174 aa, Pl = 0.513); STRING-XP_001470422.1: putative protein
similar to glutathione peroxidase-like protein (183 aa, Pl = 0.513), STRING-mTXNPx:
peroxide 229 aa, Pl = 0.499); STRING-XP_001464446.1: tryparedoxin peroxidase (199
aa, Pl = 0.499); STRING-XP_001464444.1: tryparedoxin peroxidase (190 aa, Pl =
0.499); and STRING-XP_001464443.1: tryparedoxin peroxidase (199 aa, Pl = 0.499).

All are involved in glutathione metabolism.
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3.4.3 Protein modeling

The protein that obtained greatest coverage in amino acid alignment, with 86%
identity, 100% query cover and an acceptable resolution of 1.8 (8A) was LmTXN-I (PDB
- 3s9f), which was submitted to model LiTXN-I protein. Thus, after the evaluation of the
100 models generated, the LITXN-I model presented the highest DOPE score (-
16361.66797), being evident in the structural alignment of the LiTXN-I protein with the
template (3s9f) LmTXN-I.

After alignment, we observed that both proteins have an active site with
WCPPCR repeat, which in the LiTXN-I protein corresponds to the positions 39-44 and is
part of the conserved region of both proteins. On the other hand, the loop regions of
LiTXN-I were identified and subjected to the refinement of residues (Ser2, Gly3, GInl7,
Trp86, Lys93, Phel40) (Figure 8). These regions were optimized by Modeller, but prior
to refinement, the RAMPAGE server, used to evaluate the model’s quality, revealed
that995.8% of the residues were in the favorable regions and 4.2% in the permitted
regions. After the looping refinement, the RAMPAGE server indicated that 99.3% of the
residues were in the favorable regions and 0.7% in the allowed regions (Supplementary
Figure 3).
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Figure 8 - Problematic residues are presented with protuberance on the surface of
the proteins LiTXN-lI and mesh analysis for visual inspection of the model.
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After the refinement of the problematic regions of LITXN-I, the identification and
characterization of the atomic coordinates of the five magnesium ions in position 146-
150 (Mg2+) with score of the b-factor less than 35 A2 in the LmTXN-I protein were
added to the LiTXN-I protein. Finally, the LiTXN-I model with total energy of -43517.7
kJ/mol, was subjected to refinement of the structure and energy minimization by
YASARA through a molecular dynamic simulation of the model in an explicit solvent,

generating a refined model with energy of -81502.4 kJ/mol.

3.4.4 Three-dimensional model validation

The LiTXN-I model was submitted to validation of the three-dimensional structure.
The atoms were compacted in the molecular structure with the energies in the most
favorable regions for a good model. While the assignment of the secondary structure by
the DSSP (H = a-helix, B = residue on the isolated B-bridge, E = prolonged strand,
participates in the B-ladder, G = 3-helix, 310 helix, | = 5 helix, 1-helix, the structure
presented some looping, with also a larger region of a-helix, (Supplementary Figure 4).
The pseudo-energies for the whole model were also calculated by DFIRE (Energy -
197.42) according to which the lower the energy, the closer the protein will be to the
native conformation. Solvent accessibility was also evaluated as QMEANG6 = 0.723.

The absolute quality of the model was calculated by the QMEAN Z-score
software, where the whole structure presented values within the parameters (Z-score
<1; 1 <Z-score <2; Z-score> 2), (Supplementary Figure 5). Some conformations were
evaluated by PROMOTIF, such as the formation of hairpins at positions (14 - 21; 111 -
124), (Supplementary Figure 6), helix formation at positions (3-11: GVSKHLGDV, 26:
SSL; 41-61: PPCRGFTPKLVEFYEKHHNSK; 74-81: EEDFNGYY; 95-104:
NVVEALTKQY; 127-133: ARHALTQ) (Supplementary Figure 7), the protuberances
identified at 3 residues at positions (116,120,121; NGD sequences) of type (AG), as well
as at 3 residues at positions (114, 123, 124; sequences - GVT) of type (AC)
(Supplementary Figure 8). However, the beta curves present in the peptide structures
are located at some positions with their amino acids respectively (Table 1 and

Supplementary Figure 9).
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Dihedral angles called Phi (¢) and Psi (g) of all the amino acids of the model
were also evaluated, and all of them presented a score of <-3.00. Regarding the
analysis of the stereochemistry of the model, we observed that in the
RAMACHANDRAN graph, 94.5% of the residues were in the favorable region and 5.5%
in the allowed regions (Supplementary Figure 10), while in the combination of the lateral
torsion angles Chil and Chi2, all residues evaluated presented a score <-3.00. With
respect to the geometric quality of the residues (Lys16; Ser88; Thr125; Argl26; Prol41)
of the main chain, all showed bond angles > 10.0 degrees being classified as
acceptable, and one group was characterized as having ordination planar rigid ranking
with> 0.03 (Supplementary Figure 11). In the evaluation of the properties of the
residues, it was observed that in graphs A, B, C, D, E, F and G, most of the residues
were within acceptable margins and were classified as satisfactory (Supplementary
Figure 12). With respect to the binding angles and the attachment lengths of the main
chain, most of the residues obtained a score> 2.0 standard deviation of the mean
established by the server. In turn, at RMS distances from the planarity for the different
groups present in the structure, it was observed that the amino acids of aromatic rings
(His, Phe, Trp, Tyr) obtained acceptable scores of > 0.03 A, and that acids without
aromatic rings (Arg, Asn, Asp, GIn, Glu) also had acceptable scores of > 0.02 A. In the
evaluation of the structural alignment of the model with the template by the iPBA,

99.31% of the residues were aligned with a RMSD = 0.41 (Supplementary Figure 13).

3.4.5 Molecular docking

Molecular docking is a powerful tool for drug discovery in silico due to its
exploitation in protein-binding interactions. Thus, analysis created two profiles of
molecular interactions for the proteins of LITXN-I (1 Li, 2 Li, 3 Li) and LmTXN-I (1 Lm, 2
Lm) associated with (3-caryophyllene in different conditions to achieve a simulation with
greater precision by valuing the pose of the ligand in the active site of the protein, thus
choosing the one with greatest affinity. Two fields, hydrophobic and ionization were
generated for the position of the B-caryophyllene insert with the LITXN-I and LmTXN-I

proteins.
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It was observed that the proteins 1 Lm, 2 Lm of L. major submitted to docking,

presented the lowest free energy, -4.28 kcal/mol* (1 Lm) (Table 3).

Table 3 - Free energy estimation and inhibition constant generated during the

molecular fit of B-caryophyllene with proteins LiTXN-l and LmTXN-I.

Protein AutoDock 4.2
AG: kcal / molt Ki (uM)
1 Lm -4.38 617.11
2 Lm -4.34 657.38
1 Li 6.36 21.74
2 Li -6.42 19.73
3 Li -6.44 19.17

Ki = inhibition constant calculated by Autodock 4.2 (script = printEnergies.cc);

AG (kcal / mol-1) = Free

energies of binding (AG = EHbond + EvdW + Eelectrostatic + Edesolv + Einternal + Etorsional -

Eunbound).; Lm: L. major; Li: L. infantum; 1 Lm: (LmTXN-I in the presence of metal ions, water molecules

in the active site and ligand of interest).; 2 Lm: (LmTXN-I in the presence of metal ions and binder of

interest).; 1 Li: (LiTXN-I and linker of interest).; 2 Li: (LiTXN-I in the presence of metal ions and binder of

interest).; 3 Li: (LITXN-I in the presence of water molecules in the active site, metal ions and ligand of

interest).

The accessibility to the solvent of 1,869.55 and favorable interactions
(hydrophobic and van der Waals) with 6 matched residues: ASP76 (C14); ASP71 (12,
14); GLU72 (C2, C3, C9, C10, C11, C12, C13, C14); TRP70 (C12, C13); GLU73 (C9,
C10, C14); and TRP39 (1, 8, 10, 12, 13, 14) (Figure 9).
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Figure 9 - LmTXN-I complexed with B-caryophyllene characterizing the favorable
interactions, as well as the hydrophobic fields in blue and ionization in red.
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However, in the coupling of 3 Li with B-caryophyllene, the free energy was high

presenting a value of -6.44 kcal/mol* with solvent accessibility of 2,544.64, establishing
interactions of the hydrophobic and van der Waals type, with 5 matched residues:
LYS83 (C1, C15); TYR80 (C5, C6, C7, C15): THR47 (C9, C10, C14, C15); PRO48 (C9,

C14); and ARG44 (C4, C6, C7, C8, C9) (Figure 10).
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Figure 10 - LiTXN-I complexed with B-caryophyllene characterizing the favorable
interactions, as well as the fields of hydrophobicity in blue and ionization in red.
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In the determination of inhibition constant Ki during the coupling of -
caryophyllene with each of the proteins, the results obtained were LmTXN-I (1 Lm) of
617.11 yM and LiTXN-I (3 Li) of 19.17 yM.

4 DISCUSSION

Among the species of the genus Copaifera, C. reticulata is one that has the
greatest number of biological activities described in the literature, having antimicrobial,
anti-inflammatory, insecticidal, antinociceptive, antilithic, healing, anxiolytic and
antiprotozoan effects (Ghizoni et al., 2017).

Significant antileishmanial activity of C. reticulata was demonstrated against
promastigote, axenic amastigotes and intracellular amastigote of L. amazonensis with
IC50 values of 5 pg/mL, 15.0 yg/mL and 20.0 yg/mL, respectively (Santos et al., 2008).
However, g-caryophyllene was not active against L. amazonensis axenic amastigotes
and intracelular amastigotes. Cell viability was checked by staining the cells with
propidium iodide (Santos et al., 2012). In turn, Leite et al. (2013) used caryophyllene in
two concentrations (100 and 50 pg/mL) and obtained 100% inhibition of L. braziliensis
promastigotes.

Our findings corroborate the results of Rondon (Rondon et al., 2012) who
obtained for C. reticulata resin oil against Leishmania chagasi (=syn L. infantum) IC50
values of 7.88 pg/mL on promastigotes and 0.52 ug/mL on amastigotes. Trans-f3-
caryophyllene (99% with 1% caryophyllene oxide) obtained dose-dependent effect on
Leishmania spp amastigotes (Soares et al., 2013). Our findings demonstrated that 3-
caryophyllene has anti- L. infantum activity on both promastigotes and axenic
amastigotes.

The acute toxicity test is advocated by the OECD to calculate the LD50 of a given
compound, creating a safe margin for the administration of the compound. The
comparison of acute toxicity between experimental and computational analysis showed
close accordance. This validates the use of computational simulations for this system,
which aim to minimize and/or replace the use of animals for toxicity testing (Raies and

Bajic, 2016; AltTox, 2017). The resin oil of C. reticulata and B-caryophyllene were not
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toxic in Swiss mice, corroborating the findings of other studies (Sachetti et al., 2009;
Teixeira et al., 2017).

The in silico method is an excellent screening tool for drug candidates, reducing
time and cost for the synthesis of compounds (Gangrade et al., 2016). Negative results
for carcinogenicity in animals treated with [(-caryophyllene were confirmed by the
absence of carcinomas in mice, corroborating the study by (Molina-Jasso et al., 2009),
who obtained negative genotoxicity and cytotoxicity results in rats. In the computational
mutagenicity test, B-caryophyllene was negative in all four strains of S. typhimurium, as
was observed in the in vitro studies performed previously (Di Sotto et al., 2010;
Gongalves et al., 2011). However, B-caryophyllene has a medium risk of causing cardiac
arrhythmias by the binding of the compound to the ionic channels of potassium, possibly
leading to sudden death (Keating and Sanguinetti, 2001). Lastly, in the ADME
evaluation, this compound showed good human intestinal absorption (HIA) and mean in
vitro permeability in heterogeneous human epithelial colo-rectal adenocarcinoma, Caco2
cells and high permeability in MDCK cells used for compound screening (Irvine et al.,
1999). Both cells, Caco-2 and MDCK have properties to evaluate drug absorption
(Ganapathy et al., 1995) possessing essential properties for candidate drugs.

As B-caryophyllene can penetrate the blood-brain barrier, it can be classified as a
“‘molecular Trojan horse” for other drugs, allowing the compound to have the desired
pharmacological effect (Pardridge et al., 2006).

Proteins CYP - Cytochrome P450, which is a superfamily (CYP2A6, CYP2AG6,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1l, CYP3A4 / 5) are
responsible for the metabolism of endogenous and exogenous substances in the body
(Guengerich, 1994) and play an important role in the metabolism of drugs (Nelson et al.,
1996). The CYP2C enzyme is associated with the metabolism of 20% of the drugs
administered (Goldstein, 2001). The isoforms CYP2C9 and P450 2C19, which reacted
with B-caryophyllene are liver enzymes (Shimada et al., 1994) and are involved in the
metabolism of some drugs of clinical importance, such as: anti-inflammatory drugs
(Goldstein et al.,, 1994) antihypertensives, analgesic drugs and metabolizes
approximately 15% of clinically used drugs (Cavallari et al., 2011). B-caryophyllene does
not aggressively affect these enzymes, except for CYP3A4/5, whose activity is inhibited
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by B-caryophyllene (Nguyen et al.,, 2017). This may be related to the increase in [3-
caryophyllene metabolism by CYP3A4/5, generating toxic levels of the compound's
reactive metabolites, creating unwanted effects in the organism. Finally, B-caryophyllene
inhibited the activity of P-glycoprotein, whose function is to translocates a broad variety
of xenobiotics out of cells, increasing the therapeutic effect (Fromm et al., 2004). In the
characterization of the enzyme tryparedoxin-I, in the metabolic cascade, it was verified
that LITXN-I interacts with ten other enzymes involved in the metabolism of glutathione
(GSH) present in Leishmania spp. This protein is responsible for protecting the parasite
against the rust action of nitric oxide (Fiorillo et al., 2012).

The modeling of the LITXN-I protein was necessary, since to date its
crystallographic structure is not contained in the PDB database, making it necessary to
generate a reliable model close to its native structure (Cohen, 1988). Thus, after
obtaining the three-dimensional model of LITXN-I it was observed that 3-caryophyllene
presented favorable interaction with some residues in the active site (WCPPCR) of
LiITXN-I, with low perturbation to the system (Kitchen et al., 2004). This is due to the
complementarity of the three-dimensional arrangement of the bioactive molecule, with

the influence of the chemical composition present in the structure (Roméao et al., 2006).

5 CONCLUSION

The resin oil of C. reticulata and B-caryophyllene showed high proliferative
inhibition in the in vitro tests. The in vivo toxicity study showed a safe LD50 with no
toxicity. Furthermore, the results of acute toxicity in vivo were equivalent to those
obtained in silico, further supporting the computational approach in the prediction of
LD50.

The main compound of C. reticulata resin oil, B-caryophyllene, when compared to
resin oil, obtained better in vitro performance on parasite promastigotes. Thus, our in
silico findings, regarding toxicity, carcinogenicity, mutagenicity and ADME analyses,
showed that 3-caryophyllene is a strong candidate with pharmacological potential.

Finally, our results point to LITXN-I as the target of B-caryophyllene as observed

during the simulations. Docking of B-caryophyllene into LiTXN-I binding pocket showed
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similar trend (19.17 Ki) as observed in the in vitro assays. If confirmed, this hypothesis
indicates that the mechanism of action of B-caryophyllene is intrinsically related to

imbalances in the functioning of the redox balance of the parasite.
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7 PERSPECTIVAS

Os resultados obtidos nesse estudo demonstram a necessidade de melhorar
a eficacia destes produtos naturais por meio da sintese de nanoparticulas de [-
cariofileno e/ou do o6leo resina de C. reticulata. Espera-se o aumento do efeito
leishmanicida. O proximo passo sera a avaliacdo da atividade in vivo em modelos de
animais suscetiveis a infeccdo experimental com a quantificacdo da carga parasitaria.
Caso os efeitos sejam os esperados, faz-se necessario testar no hospedeiro alvo, o

cao. A bioinformatica podera confirmar a agdo do principio ativo.
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ANEXO A - Certificado CEUA/UECE
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CERTIFICADO

Certificamos que o Projeto intifulado “Efeito in vivo do fitoterapico Copaifera reticulata sobre
camundongos BallC infectados com Leishmania infantum a partir da analise da carga
parasitaria pela PCR em tempo real” registrado sob o ndmero 2683033/2017, tendo como
pesquisader principal Claudia Maria Leal Bevilagqua estd de acordo com os Principios Eticos de
ExperimentagSo Animal adotados pela Comissdo de Etica para o Uso de Animais da
Universidade Estadual do Ceara (CEUA — UECE). Este certificado expira-se em 21 de junho de
2019.
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sobre camundongos BallC infectados com Leishmania infanium a partir da analise da carga
parasitaria pela PCR em tempo real” registered with the protocol 268303312017, under the
supenvision of Claudia Maria Leal Bevilaqua is in agreement with Ethical Principles in Animal
Experimentation, adopted by the Ethics Committee in Animal Experimentation of Ceara State

University (CEUA — UECE). This certificate will expire on june 21, 2019.
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ANEXO B - Material suplementar - Artigo.

Figure 1 - Calculation of B-caryophyllene LD50 by the Protox server.
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Figure 2 - Characterization of the molecular weight distribution of B-caryophyllene
by the Protox server.
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Figure 3 - Ramachadram graph characterizing the black residues in the acceptable
region and orange in the allowed regions before the refinement of the MODELLER

loopings.

Figure 4 - Disposal of the wastes after in silico compaction.
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Figure 5 - Absolute quality analysis of model obtained from modeling.
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Figure 6 - Characterization of the formation of HAIRPINS in protein LiTXN-I.
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Figure 7- Characterization of the HELICES formation in the protein LiTXN-I.
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Figure 9 - Characterization of beta regions in protein LiTXN —I.
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Table 1 - Identification of the residues with their respective sequences that are

part of the beta regions.

Residue Tum (1+1) (1+2) ow | Clul | Clul J 110173
numbers o, Type 0 v Q v JRezion] (i=1) | (1=2) |Distance
16 « 19 [KQNDJ] IV O3 496 -TAS) 467 AA -68.21 602 52
26 - 29 |ILSGK 11 ~484 ] 1307 730 16.1 PG -61.3 - 58
37 - 40 JaAsSwcC] 1 -68.7 | -334 ) -T24] -314)] AA | 559 539 5.5
90 - 93 JPFEK| IV 602 ] ~46.5] -S68 | -406] AA | 1755) 744 55
91 - 5S4 JFEKR| IV 568 406 842 TSS| AP | -744] 716 58
108 - 111 | SIPT | VIb 127.0] 160.7] -76.8 | 1480] BP 633 192 6.9
116 - 119 INADT] IV 648 ) 436 674 S84 AA - -67.1 ss
117 - 120 JADTG| IV 674 584 -T28] 421 AA «67.1 618 5.3
124 - 127 |[TTRA I -91.9] -24.7}] -78.0 -9.5 AA 61.8 |-171.9 6.2
134 - 137 |IDPEG] 1 574 <318 -702] -304] AA 294 s65] 54
137 - 140 JGEQF | IV -619 ) -338(] -723 934 AP -65.7 | -60.7 54
139 - 142 IQFPW] IV 668 | 62201 919 153.3] AP |-1576] -237 56

Figure 10 - Analysis of protein stereochemistry LiTXN —I.
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Figure 11 - Geometric quality of the residues of the main chain of the protein
LiTXN —I.
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Figure 12 - Characterization of the residues in the favorable regions of the protein
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Figure 13 - Overlap of the target protein (LiTXN-I.) With the template protein
(LmTXN-I) demonstrating acceptable root mean square deviation (RMSD) >2 A
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