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RESUMO

ATIVIDADE ANTILEISHMANIA E TOXICIDADE DO OLEO E FOLHAS DE Carapa
guianenses Aubl. E SEUS METABOLITOS

Estudos anteriores com o 6Oleo de Carapa guianensis demonstraram o potencial
antileishmania de seus constituintes. O presente estudo avaliou a atividade
antileishmania de C. guianensis. Neste sentido, foram realizados, reviséo bibliogréfica,
estudos quimicos com o 6leo das sementes de C. guianensis, 6leo essencial e de seu
extrato etanolico e fracbes, sendo caracterizados por métodos cromatograficos e
RMN. Verificou-se que a constituicdo quimica das folhas é diferente do 6leo, sendo o
extrato e fracOes caracterizados pela presenca, principalmente, de flavonoides e
terpenos. No 6leo resina, temos a presenca de limondides e &cidos graxos. O Gleo
essencial de C. guianensis, detectou-se a presenca de acidos graxos, aldeidos e
ésteres, principalmente. A atividade antipromastigota foi realizada em duas cepas de
L (L) amazonensis, sendo determinadas as ICso. O 6leo resina (ORCG) foi
considerado mais promissor, sendo neste 6leo a acédo antileishmania, a presenca de
limondides. Nos estudos in silico foram selecionados as moléculas mais promissoras,
limonodides, acidos graxos e aldeidos foram submetidos aos estudos in silico.
Investigou-se que a atividade do ORCG é devido efeito sinérgico resultante da inibicdo
de vias envolvidas na resposta inflamatéria (COX-2) pelos acidos graxos, associada
anti-parasitario, promovido catepsina-D pelos aldeidos e pela inibicdo do HIF-1-a
pelos limondides. Logo, para sugerir a seguranca do uso de O6leo resina de C.
guianensis sdo necessarios estudos se associacdo da inibicdo destas diferentes vias
pode levar ao sinergismo para os efeitos téxicos subletais em modelo de roedores.

Palavras-chave: leishmaniose, cicatrizacéo, limondides, acidos graxos, aldeidos.



ABSTRACT
ANTILEISHMANIA ACTIVITY AND TOXICITY OF OIL AND LEAVES OF Carapa
guianenses Aubl. AND ITS METABOLITES
Previous studies with Carapa guianensis oil have demonstrated the antileishmanial
potential of its constituents. The present study evaluated the antileishmanial activity of
C. guianensis. In this context, a literature review, chemical studies with the seed oil of
C. guianensis, essential oil, and its ethanolic extract and fractions were conducted,
characterized by chromatographic and NMR methods. It was found that the chemical
composition of the leaves differs from that of the oil, with the extract and fractions being
characterized mainly by the presence of flavonoids and terpenes. In the resin oil,
limonoids and fatty acids were present. In the essential oil of C. guianensis, fatty acids,
aldehydes, and esters were primarily detected. Antipromastigote activity was assessed
in two strains of L (L) amazonensis, and IC50 values were determined. The resin oll
(ORCG) was considered the most promising, with the antileishmanial action attributed
to the presence of limonoids. In silico studies selected the most promising molecules,
and limonoids, fatty acids, and aldehydes were subjected to in silico analysis. It was
found that the activity of ORCG is due to a synergistic effect resulting from the inhibition
of pathways involved in the inflammatory response (COX-2) by fatty acids, combined
with the anti-parasitic action promoted by cathepsin-D through aldehydes and the
inhibition of HIF-1-a by limonoids. Therefore, to suggest the safety of using C.
guianensis resin oil, further studies are needed to determine whether the association
of inhibiting these different pathways could lead to synergism in sublethal toxic effects

in rodent models.

Keywords: leishmaniasis, wound healing, limonoids, fatty acids, aldehydes.
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1. INTRODUCAO

As doencas tropicais negligenciadas sé@o prevalecentes em condi¢cdes de
pobreza, contribuindo para a manutencdo de um quadro de desigualdade. Estas
patologias representam um grande entrave ao desenvolvimento dos paises,
geralmente atingem populagcdes empobrecidas que vivem em condicdes nao
privilegiadas, com acesso precario aos cuidados de saude, educacéo e necessidades
bésicas (Dutra e Gollob, 2011). Dentre as doencas negligenciadas, leishmaniose
merece bastante atengao.

As leishmanioses séo causadas por protozoarios do género Leishmania e sédo
consideradas um grave problema de saude publica (Vasconcelos, 2015). Segundo
dados da Organizacdo Mundial de Saude (OMS), 350 milhdes de pessoas estdo
expostas ao risco de contrair a doenca, com registro aproximado de dois milhdes de
novos casos das diferentes formas clinicas; esta protoose esta presente em 98 paises
do mundo, distribuida em cinco dos seis continentes e sua notificacdo € compulsoria
em apenas 30 deles (Alvar et al., 2012).

O tratamento farmacoldgico da leishmaniose é limitado, sendo realizado com
0s antimoniais pentavalentes (antimoniato de N-metil glucamina - glucantime®) e o
estibogluconato de sédio - pentostan®), que possuem alto custo e geralmente
requerem um longo periodo de administracdo. Estes farmacos sao extremamente
toxicos, podendo causar alteragdes cardiacas, renais, pancreaticas e hepaticas. As
alternativas terapéuticas (Anfotericina B, Miltefosina, Pentamidina, Imidazdis,
Macrolideos e Alopurinol), todos os farmacos possuem desvantagens e limitacbes
(OPAS/OMS, 2022).

Neste contexto, torna-se importante a busca de novas possibilidades
terapéuticas, sendo as plantas medicinais uma fonte promissora de farmacos. Uma
espécie bastante promissora € a Carapa guianensis Aubl., que é utilizada pela
comunidade amazonica para a cicatrizacao de feridas e como antiparasitario (BRASIL,
2015). O ¢6leo obtido das sementes de C. guianensis também apresenta alegacao de
uso para a cicatrizagao de feridas (BRASIL, 2015).

Em termos quimicos, o 6leo obtido de semente de C. guianensis apresenta
padrdo de acidos graxos semelhantes, o acido oléico, acido palmitico, acido linoléico
e acido estearico, laurico, miristico, palmitoleico, araquidico, beénico, heptadecandico

e acido lignocérico (Novello et al., 2015; Dos Santos Costa et al., 2014). Além disso,
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este Oleo possui 0s seguintes limondides: 7-desacetoxi-7-hidroxigedunina,
deacetildihidrogedunina, desoxigedunina, andirobina, gedunina, 113-hidroxigedunina,
17-glicolildesoxigedunina, 6a-acetoxigedunina e 6a, 11p-diacetoxigedunina
(Ambrozin et al., 2006; Tappin et al., 2008).

O dleo de C. guianensis foi submetido a avaliacdo de atividade contra
promastigota e amastigota de Leishmania amazonensis, porém ndo foi ativo.
Entretanto trés fracdes ricas em limondides foram ativas contra promastigotas (Clso =
10,53 + 0,050, 25,3 + 0,057 e 56,9+0,043ug/mL) e duas foram a ativas contra
amastigotas (Clso= 27,31 + 0,091, 78,42 + 0,086). A atividade antileishmania foi
relacionada a presenca dos limondides 11B-hidroxigedunina e 6a,11B-
diacetoxigedunina (Oliveira et al., 2018). Visando identificar os possiveis danos
ocasionados pelos limondides ao Leishmania foram realizadas analises
microscopicas, sendo observadas mudancas estruturais na mitocondria e
cinetoblasto. Adicionalmente, foram observados corpos lipidicos, vacuolizacdo e
vesiculas na bolsa flagelar, indicando que podem ocorrer danos estruturais no parasito
(Almeida-Souza et al., 2024).

No entanto, ainda faltam estudos de avaliacdo da atividade antileshmania
destes limondides de forma isolada, bem como seus potenciais tdxicos, aspectos
farmacocinéticos e possiveis mecanismos de acdo. Diante disso, € importante a
realizacdo de estudos complementares para melhor compreensdo do potencial
antileishmania de C. guianensis, justificando a realizagcéo do presente estudo.
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2. REVISAO DA LITERATURA

2.1. Leishmania e leishmaniose

O parasita Leishmania possui duas formas, a amastigota e promastigota. Esse
protozoario é transmitido pelo mosquito fémea do Lutzomia ou do Psychodopygus. A
forma amastigota do parasita € encontrada no trato digestivo do vetor, que é infectado
apos o repasto sanguineo de hospedeiro vertebrado infectado. A forma promastigota
€ encontrada apds 0 mosquito regurgitar em um hospedeiro vertebrado néo infectado,
na corrente sanguinea, a forma promastigota é fagocitada por células do sistema
imune, no entanto, por adaptacéo, o parasita ndo sofre a morte, mas se transforma
em sua forma amastigota e se multiplica por divisdo binaria e rompendo as células

fagocitarias, apos isso, o ciclo se repete (Lazar e Abass, 2020) (Figura 1).

Sandfly Stages Human Stages

o Sandfly takes a blood meal

(injects promastigate stage e Promastigotes are

it the skin) ohagoc‘:tized by

@ Divide in the gut an_d/# = .—/ ::E:trrg ;ﬁ:i
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-
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Promastigotes transform
into amastigotes.

A
TEEe /
o i

oET R Amastigotes multiply in cells
- of varipus tissues and infect
H —— other cells
L b A

Ingestion of :-T.-e

parasifized cell L |
o Sandfly takes a blood meal
(ingests macrophages infected
with amastigotes)

A= Infective Stage
A= Diagnostic Stage

Figura 1 - Ciclo de vida Leishmania.
Fonte: Adaptado de CDC, 2017.

No Brasil sédo encontrados dois subgéneros (Leishmania e Viannia), que sao
classificadas de acordo com o desenvolvimento e a proliferagéo dos parasitos no trato
digestivo do vetor, e cerca de 8 espécies, assim como as principais formas clinicas: a
L.(L.) infantum (LV), L. (L.) amazonensis (LC e LCD), L. (V.) braziliensis (LC e LMC),
L. (V.) guyanensis (LC e LMC), L. (V.) lainsoni (LC), L. (V.) naiffi (LC), L. (V.) shawi
(LC) eal. (V.) lindenberg (LC) (BRASIL, 2013).

O parasito da Leishmania causa uma doencga denominada leishmaniose que

pode cursar diferentes manifestacdes clinicas, classificadas em trés formas: cutanea,
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mucosa/mucocutanea e visceral. A leishmaniose cutanea (ou tegumentar) € a forma
mais comum das leishmanioses, com tendéncia a cura espontanea e apresenta boa
resposta ao tratamento, podendo ser Unica lesdo ou multiplas lesdes. A leishmaniose
mucocutanea caracteriza-se pelo acometimento de mucosas com lesfes destrutivas,
principalmente nas vias aéreas superiores, podendo levar a destruicao parcial ou total
das mucosas do nariz, boca e garganta (Chanda et al.,, 2021). A leishmaniose
mucosa/mucocutanea também necessita de tratamento farmacoldgico, pois pode
evoluir com a destruigc&o parcial ou total das membranas mucosas do nariz e da boca,
podendo causar grave incapacidade. A leishmaniose cutanea é a forma predominante
(85% dos casos), caracterizada por leses ulcerativas que deixam cicatrizes pelo resto
da vida (OPAS/OMS, 2022).

A leishmaniose visceral (LV) é uma doenca crbnica e sistémica que se nao
tratada e diagnosticada pode evoluir o paciente a 6bito em 90% dos casos (BRASIL,
2017). A manifestacéo clinica da LV envolve o sistema endotelial e a infeccdo pode
ser assintomatica ou sintomas cronicos. Estes sintomas podem ser febre persistente,
palidez na mucosa oral, perda de peso, fraqueza, falta de energia, associados a uma
marcada hepatoesplenomegalia (BRASIL, 2015). A forma grave da doenca € causada
majoritariamente pelas espécies Leishmania donovani e Leishmania chagasi, nesta
0s parasitos promovem infeccdo em oOrgaos distantes como figado, baco e medula
O0ssea (Chanda et al.,, 2021). A LV tem sido reconhecida como uma infeccéo
oportunista em individuos infectados pelo HIV (Pintado et al., 2001).

Ainda hoje, a leishmaniose é um importante problema de saude em diferentes
regides do mundo: Américas, Africa Oriental, Norte da Africa e Oeste e Sudeste
Asiatico. Tendo uma relacéo direta da doenca com fatores socioecondmicos, como a
ocorréncia de extrema pobreza, além dos ambientais e climéaticos. Em nivel global, a
leishmaniose esta entre as dez principais doencas tropicais negligenciadas, estima-
se que 12 milhdes de pessoas estejam infectadas (OPAS/OMS, 2022).

No Brasil, casos de leishmania é classificado como um problema de saude
publica uma vez que condi¢cdes como clima tropical, presenca de vetores adequados,
a exemplo de flebotomineos, bem como a vasta regido amazénica colaboram para a
criagdo de condigbes favoraveis para a transmissdo do parasita causador da
patologia. Esse cenario se associa ao crescimento das atividades antropicas como
ocupacao desordenada e desmatamento colaboram para o aumento de casos de

leishmaniose na regido (Souza et al., 2021).
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Em termos epidemioldgicos, essa doenca é endémica em 99 paises, sendo
considerada a LC endémica em 89 paises e 9 paises notificam 85%. Casos de LC sao
notificados desde o sul dos Estados Unidos, até o Norte de Argentina, com excec¢ao
do Caribe e Chile. ALV é endémica em 80 paises, e 68% dos casos ocorrem na india,
Sudao, Brasil e Quénia. A associacdo LC+ LV é considerada endémica em 71 paises,
ainda a coinfec¢ao Leishmania- HIV ja foi registrada em 42 paises. Entre 2001 a 2021,
1.105.545 casos de leishmaniose cutanea (LC) e mucosa (LM) foram notificados a
OPAS (Média de casos por ano= 52.645). Neste periodo, foram registrados 69.665
novos casos de LV (2.488 casos/ ano; taxa de letalidade= 8%), estes numeros
notificados nas Américas sao considerados elevados quando comparada a outros
continentes (OPAS/OMS, 2022).

O tratamento da leishmaniose é realizado, principalmente, com os antimoniais
pentavalentes (SB5+; Antimoniato de N-Metil glucamina-Glucantime® e o
Estibogluconato de sédio-Pentostan®), que sdo quimioterapicos de alto custo. Outra
questao importante € seu potencial cardiotoxico, sendo obeservadas alteracdes nelo
eletrocardiograma e arritmias cardiacas. Ainda foram toxicidades para o pancreas e
figado, mialgias ou artralgias e anorexia. Além disso, o tratamento € demorado
contribuindo para a baixa adesdo ao tratamento (Oliveira et al., 2018). Diante dos
efeitos toxicos, 0 paciente precisa ser supervisionado por profissionais qualificados e
realizar uma série de exames, dependendo da regido de moradia ndo € possivel o
acompanhamento clinico laboratorial de forma plena.

O tratamento alternativo aos antimoniais pentavalentes utiliza a Anfotericina B
(Aguiar, 2017), que apods a ligacéo ao ergosterol criam-se poros na membrana celular
do protozoéario, levando a liberacdo de ions e outras moléculas essenciais (Baginski,
2006). Infelizmente, o uso deste farmaco pode ocasionar diferentes eventos adversos
como: nefrotoxicidade, calafrios, febre, nduseas e vomitos e perda da funcdo hepatica
(Mcgwire, 2014; Falci, 2015). Visando reduzir a toxicidade da Anfotericina B,
recomenda-se o uso da forma lipossomal que eleva ainda mais o preco do tratamento
medicamentos. Devidos os problemas relacionados a administragdo da Anfotericina
B, o paciente requer uma internacdo e acompanhamento de uma equipe, tornando
ainda mais oneroso o tratamento da leishmaniose (Aguiar, 2017).

A miltefosina (hexadecilfosfocolina) € um analogo da fosfatidilcolina, com
registro em diferentes paises para o tratamento da leishmaniose e seu uso € por via

oral (Berman, 2008). O estudo indiano de Fase Il mostrou uma taxa de cura de 97%
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em ~ 300 pacientes > 12 anos (2,5mg/kg/dia- 100mg/dia/40kg, 6 meses de
acompanhamento) (Sundar et al., 2000).

O estudo de Fase IV da miltefosina de braco Unico, em pacientes ambulatoriais
com diagndstico de LV n&o grave ou grave ndo pré-morbido (2 a 65 anos) atendidos
em 13 clinicas em Bihar, india. Os pacientes foram avaliados semanalmente durante
o tratamento, no final do tratamento e nas consultas de acompanhamento 2 meses e
6 meses apos o tratamento. Foram avaliados parametros laboratoriais (hemogramas,
exames hepaticos enzimas, bilirrubina, nitrogénio ureico no sangue e creatinina). A
cura inicial foi definida como a erradicacdo dos parasitas em aspirados esplénicos
realizados no final do tratamento, aos 6 meses de seguimento, pela auséncia de sinais
e sintomas clinicos atribuiveis a leishmaniose visceral ou aspirado esplénico negativo
se estavam presentes sinais e sintomas individuais que levaram a repetir a aspiracéo
esplénica para descartar recidiva da doenca. Dos 1.132 pacientes que receberam
tratamento, 1.084 pacientes que completaram as 4 semanas de tratamento, 1.055
demonstraram cura inicial. No final do acompanhamento pds-tratamento de 6 meses,
717 pacientes foram determinados com cura final. Duzentos e cinquenta e quatro
pacientes tiveram alguma indicac@o de possivel leishmaniose visceral, e por isso foi
submetido aspiracao esplénica. Em sintese, a taxa de cura final foi de 82% e 95%
pela analise por protocolo. A miltefosina foi bem tolerada em geral, sendo as principais
reacoes adversas (RAM) a diarreia, vbmito e outras queixas gastrointestinais
(Bhattacharya et al., 2007).

A pentamidina é considerada tratamento de segunda linha para leishmaniose,
vem sendo usada em paises da América do Sul e Africa. A pentamidina possui RAMs
menos severas que a Anfotericina B (Pimentel et al., 2011) e ndo necessitando de
internacdo para sua administracdo. Em média, o tratamento e leva 3 semanas (Lai et
al., 2002). As principais reagfes adversas sdo: dor, enduracdo e abscessos estéreis
no local da aplicagdo, nauseas, vOmitos, tontura, adinamia, mialgia, cefaleia,
hipotensao, sincope, hipoglicemia e hiperglicemia transitérias (Neves et al., 2011).

A paromicina para o tratamento e apresenta como vantagens baixo custo,
eficacia no tratamento, ndo sendo menos eficaz do que o tratamento com anfotericina
B e compostos de antimdnio e pode ser associada a outros tratamentos (Sundar et
al., 2010). As principais RAM associadas a este farmaco sédo: nduseas, dor abdominal
e hepatotoxicidade. Durante o tratamento deve-se monitorar a funcéo hepatica atravées
da realizacdo de exames das enzimas hepaticas (Wiwanitkit, 2012).
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Um sério problema do tratamento da leishmaniose visceral € a falha dos
antimoniais pentavalentes em leishmaniose, que é atribuida ao surgimento de cepas
de Leishmania resistentes aos antimoniais, resultando em recaidas frequentes apos
o tratamento (Kafetzis, Maltezou, 2002; Murray, 2001). Na india, o antimdénio n&o é
mais usado, pois 65% dos casos de LV ndo respondem ou recaem imediatamente
(Sundar et al., 2000). Tratamentos quimioterapicos alternativos com anfotericina B e
sua formulacao lipidica apresentam severas limitacdes devido ao seu efeito toxico e
ao alto custo proibitivo do tratamento (Murray, 2001). Estudo in vitro j& mostrou que a
Leishmania também desenvolveu resisténcia contra a miltefosina (Perez-Victoria et
al., 2001). As crescentes limitacbes nas estratégias quimioterapicas disponiveis
devido as cepas resistentes emergentes e a falta de uma estratégia de vacina eficaz
contra a LV aprofundam a crise.

Na analise da resisténcia de Leishmania aos farmacos deve-se considerar a
facilidade com que os parasitos resistentes podem ser selecionados para um
determinado medicamento; e propagac¢ao da resisténcia numa populacao, sendo este
o principal fator (Croft, 2002). Esta propagacao pode ser mensuravel pelos seguintes
parametros: volume de medicamento utilizado; probabilidade do parasito sensivel se
tornar resistente; duracdo da infec¢do em individuos; custos de aptidao incorridos por
ser resistente na auséncia de medicamentos, grau em que se desenvolvem
mecanismos compensatorios que compensam esses custos de aptidao (Bjorkman et
al., 2000; Levin et al., 2000).

A propagacdo da resisténcia adquirida aos farmacos ndo € um fator a ser
considerado na leishmaniose cutanea, exceto quando causada por L. tropica, € um
fator de grande importancia em L. donovani no estado de Bihar, india (Croft, 2002).
Isto ndo exclui uma série de estudos que descrevem o desenvolvimento de resisténcia
em parasitas associados a infeccoées em animais (Gramiccia et al., 1992) ou em
humanos durante longos periodos de tratamento, especialmente em pacientes
imunocomprometidos (Faraut-gambarelli et al., 1997).

Além da crescente resisténcia do parasito aos farmacos disponiveis, outro fator
gue interfere na resposta ao tratamento medicamentoso da leishmaniose é o estado
imunoldgico, sendo muito importante em relacdo ao tratamento antimonial
pentavalente e coinfec¢des HIV/LV (Croft, 2002). Neste caso se observa auséncia da
resposta imune especifica mediada por células T, podendo estar relacionado a

deficiéncias de respostas mediadas por células Thl e de macrofagos (Murray et al.,
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1989; Escobar et al., 2001). Modelos experimentais demostraram que as atividades
antileishmania da anfotericina B e da miltefosina sé&o independentes das células T,
enquanto a pentamidina € dependente das células T (Murray et al., 1993; Murray e
Delph-Etienne, 2000; Escobar et al., 2001).

Nesse contexto, outro problema relacionado ao tratamento das leishmanioses
€ a resisténcia parasitaria a multiplos farmacos, a principal causa dessa resisténcia é
ocasionada devido a variabilidade genética e mutacdes da Leishmania. Ja esta
descrito na literatura casos de falha terapéutica ou recidiva em pacientes tratados com
o Estibogluconato de Sédio (Sundar et al.,, 2000), assim como resisténcia ao
tratamento com Miltefosina (Srivastava et al., 2017; Carnielliet al., 2019). Devido isso,
surge a necessidade de desenvolvimento de novos farmacos menos téxicos, mais
baratos e que ajam contra os parasitos resistentes. A busca por compostos naturais
presentes em plantas medicinais € muito forte, tendo em vista seu uso no tratamento
de diversas enfermidades por cerca de 80% da populacéo (Oliveira et al., 2009).

Varias espécies possuem alegacdo de uso para o tratamento de feridas de
dificeis cicatrizacbes ou doencas parasitarias. Uma espécie de grande impotancia
amazobnica que se enquadra neste grupo € a Carapa guianensis Aubl.
2.2. Carapa guianensis Aulb

A C. guianensis, conhecida como andiroba, pertence a classe Equisetopsida C.
Agardh, subclasse Magnoliidae Novak ex Takht., superordem Rosanae Takht., ordem
Sapindales Juss. ex Bercht. & J. Presl, familia Meliaceae Juss., género Carapa Aubl.
e possui as seguintes sinonimias: Carapa latifolia Willd. ex C. DC., Carapa macrocarpa
Ducke, Carapa nicaraguensis C. DC., Carapa slateri Standl., Granatum guianense
(Aubl.) Kuntze, Granatum nicaraguense (C. DC.) Kuntze, Guarea mucronulata C. DC.,
Persoonia guareoides Willd. e Xylocarpus carapa Spreng (Pennington, 1981).

Essa espécie possui altura que pode variar entre 25-35 m, sendo monoica, com
flores que duram no maximo um dia, florescem duas vezes ao ano (De Souza, 2006;
Maués, 2008) (Figura 2). Além disso, possui a presenca de frutos que para
amadurecerem, necessitando temperaturas que variam entre 17°C a 30°C, umidade
entre 70% a 90% e precipitagbes entre 1800 mm e 3500 mm anuais com solos
argilosos e barrentos (Revilla, 2001). Espécies pertencentes a este género ocorrem
em locais de clima tropical umido e equatorial, presente em toda regido Amazonica e
em alguns estados do Nordeste como Bahia e Maranhao (Lorenzi, 2002), podendo

ser cultivada em areas de vegetacao de terra firme e varzea (Lima e Azevedo, 1996).
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Esta tem papel importante na economia da regido, a massa que sobra da extracdo do
Oleo, serve para fazer sabéo, vela e sabonete, o que viabilizou uma industrializacéo

desse 6leo no Para, marcando *a década dos anos 70, neste periodo mais de 300

toneladas do 6leo foi exportado para a Europa e Estados Unidos (Moraes et al., 2019).
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AFigua Carpa g'Uikrlnsis.
Fonte: Adaptado de David J. Stang, 2006.

O uso popular da espécie é variado, principalmente do éleo, os povos nativos
da Amazobnia utilizam de forma topica para o tratamento de picada de cobras,
escorpides e abelhas (Pio Correa, 1931; Prance & Silva, 1975; Orellana, 2004),
acelerar o processo de cicatrizacdo de feridas (Pinto, 1963; Shanley, 1998). Também
é utilizado como anti-helmintico, tanto pela populacdo indigena, como na area urbana
das cidades da Regido Norte (Shanley, 1998). As folhas séo utilizadas popularmente
em forma cataplasma como analgésico e anti-inflamatério sobre a pele, o cha também
€ consumido para tratar gripe (Pinto, 1963; Shanley, 1998; Ambrozin et al., 2006;
Chicaro, 2009; Berg, 2010; Nayak et al., 2011; Santos et al., 2012; Da Silva, 2014).

O uso do 6leo de andiroba como inseticida é verificado através da queima direta
em lamparinas ou no uso de velas preparadas com o 6leo isolado ou misturados com
outras plantas como cacau, citronela ou eucalipto (Pinto, 1963; Shanley, 1998; Ferrari
et al., 2007; Monteiro et al., 2011; Klauck et al., 2015).

O dleo de andiroba (AO) possui em sua composi¢ao quimica dos acidos graxos
(Moraes et al., 2012; Novello et al., 2015), ja tendo sido descritos doze ésteres
metilicos e cerca de 60,5% representam a composi¢éo dos acidos graxos insaturados.
Os principais acidos encontrados foram: acido oleico (48,67%), acido palmitico
(26,89%:;), acido linoléico (10,79%;) e acido estearico (8,80%;). Entretanto, alguns
acidos estdo menor percentual, dentre estes: laurico (0,89%), miristico (0,68%),
palmitoleico (0,81%), araquidico (1,30%:;), beénico (0,25), heptadecandico (0,29%) e
acido lignoceérico (0,20%). Esses acidos desempenham papel importante para o
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tratamento de feridas, com acéo emoliente e propriedades biologicas (Novello et al.,
2015; Dos santos costa et al., 2014).

O acido linoléico integra o estrato cérneo e evita a perda transepidérmica de
agua, garantindo sua integridade, se utilizado como curativo cutaneo pode atuar como
barreira bacteriana e prevenir a desidratacdo da pele (Manhezi et al., 2008; Ferreira
et al., 2012). Além disso, este composto favorece o desbridamento autolitico da ferida
e acelera o processo de cicatrizacao (Silva et al., 2021).

Além disso, o acido oleico (Omega 9) e o 4cido linoléico (Omega 6) sdo acidos
graxos essenciais (AGE), que induz o processo de granulacdo tecidual, facilita a
proliferacédo celular e aumenta a permeabilidade celular da membrana, protegendo a
lesdo (Ferreira et al.,, 2012). A presenca de componentes ndo acidos graxos
(tocoferdis, caroteno e tetranortriterpendides) também atribui outras propriedades
medicinais e efeitos anti-inflamatérios ao AO (Tappin et al., 2008; Novello et al., 2015;
Kiruma et al., 2016; Pardauil et al., 2017). Os principais acidos graxos encontrados de
acordo com a composicao no 6leo das sementes de C. guianensis (Figura 3) (Filho e
Chaves, 2013; Salgado et al., 2015; Farias & Silva, 2018).
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Figura 3 - Principais acidos graxos identificados no 6leo de C. guianensis
Legenda: A=Acido miristico; B= Acido palmitico; C= Acido palmitoleico; D= Acido oléico; E= Acido
esteérico; F= Acido linoléico; G= Acido linolénico; H= Acido Araquidico; I= Acido beenico.
Fonte: Salgado et al., 2015; Farias; Filho e Chaves, 2013; Silva, 2018.
Os limondides mais encontrados no 6leo de C. guianensis sédo: gedunina, 6a-
acetoxigedunina, angolensato de metila, 7-desacetoxi-7-oxogedunina, andirobina, 6-

hidroxi-angolensato de metila, 17p-hidroxiazadiradiona, 1,2-dihidro- 3B- hidroxi-7-
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desacetoxi-7-oxogedunina e xiloccensina k (Figura 4) (Ambrozin et al., 2006; Tappin
et al., 2008).
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Figura 4 - Principais limonoides identificados em C. guianensis

Legenda: a= gedunina; b = 6a-acetoxigedunina; c= angolensato de metila; d = 7-desacetoxi-7-
oxogedunina; e = andirobina; f = 6-hidroxi-angolensato de metila; g= 17B-hidroxiazadiradione; h= 1,2-
dihidro- 3-hidroxi-7-desacetoxi-7-oxogedunina; i= xiloccensina k.

Fonte: Ambrozin et al., 2006; Tappin et al., 2008.

Estudo anterior avaliou a atividade antileishmania do 6leo das sementes e
fracbes ricas em limondides de C. guianensis, sendo utilizadas formas de
promastigotas e amastigotas intracelulares de Leishmania amazonensis. Antes da
avaliacao da atividade antiamastigota foi realizada a avaliacdo da citotoxicidade em
macrofagos peritoneais. O 6leo ndo se mostrou promissor para a leishmania, porém
duas fracBes contendo limonoides foram ativas em promastigota (Clso= 10,53 + 0,050,
25,3 £ 0,057 pg/mL) e amastigotas (Clso= 27,31 + 0,091, 78,42 + 0,086 pg/mL). Além
disso, estas fracbes foram seletivas para o parasito, visto que a citotoxicidade foi
superior a 1000 pg/mL. A atividade antileishmania das fracdes ricas em limondides
pode ser atribuido aos compostos 11B-hidroxigedunina e 6a,11Bdiacetoxigedunina
detectados na analise quimica (Oliveira, 2018).

Além do efeito antiparasitario, € importante avaliar a capacidade de induzir a
cicatrizacdo da ferida. A acdo cicatrizante foi testada pela aplicacdo tOpica em ratos
de emulsdo a base do 6leo de andiroba. As feridas tratadas apresentavam-se
menores, contraiam mais cedo, tiveram aumento da angiogénese, menos macrofagos

CD68* e M2 em 15 dias de tratamento, os miofibroblastos, em feridas nao tratadas



24

apareceram no periodo de 3-7 dias, em comparacdo com o grupo tratado, o periodo
foi ampliado para 7-15 dias, demonstra evidéncias de que a emulsdo a base de
andiroba é eficaz em melhorar a cicatrizacdo de feridas cutédneas, sugestivo de ter
papel anti-inflamatoério e modulacdo associada a macrofagos, miofibroblastos e niveis
de TGFB3 (Chia, 2018).

A atividade anti-inflamatoria e antialérgica de tetranortriterpenoides (TNTPS)
contendo 6(alfa)- acetoxigedunina (Figura 4b), 7- deacetoxi-7-oxogedunina (Figura
4d), anglolensato de metila (Figura 4f) e gedunina (Figura 4a) tém sido descritas. A
incubacdo de esplendcitos com o conjunto de TNTPs e TNTPS isolados foram
capazes de inibir a ativacdo, proliferacdo e a producéo de IL-2, CCL11/Eotaxina e
CCL5/RANTES em linfécitos T apdés o bloqueio da translocacdo do fator NfkB. A
incubacdo com eosinodfilos tratos com o conjunto e isolados inibiu a adeséo e
guimiotaxia. A avaliacdo destes dados sugere que a gedunina apresenta uma
importante atividade antialérgica (Ferraris, 2012).

No modelo de pleurisia alégica induzida por ovalbumina (OVA)
emcamundongos, houve uma reducdo do processo com 0 pré-tratamento com
gedunina, devido bloqueio do influxo de eosindfilos e de linfécitos T, diminuicdo dos
niveis de CCL2, CCL3, CCL5, CCL11, IL-5 e LTB4. O tratamento in vitro de linfocitos
T com gedunina inibiu a ativacao, proliferacdo, producéo de IL2 e translocacao de
NfkB e de NFAT induzido por (alfa)-CD3 mAb. Na analise do pds-tratamento com
gedunina reverteu a inflamacdo aguda pulmonar alérgica induzida por OVA,
diminuindo linfécitos T e eosindfilos e os niveis de mediadores eosinofilotaticos
(Ferraris, 2011).

Estudo avaliou efeitos anti-inflamatorio e -nociceptivos induzida pelo zymosan
da gedunina e seu efeito bioldégico na expressao de ET-1. O pré e pdOs-tratamento
diminuiram o acumulo de neutréfilos, inchaco na articulacédo do joelho, expressao de
RNAmM para preproET-1 e producdo de mediadores inflamatérios. O pré-tratamento
inibiu a ativagédo e quimiotaxia de neutrofilos induzida por ET-1. Todos os resultados
obtidos por Ferraris (2011) demonstram o potencial anti-inflamatorio dos TNTPS.

A citotoxicidade do 6leo de andiroba foi avaliada em linhagem celular de cancer
gastrico (ACP02), através do teste de viabilidade celular (MTT) e mutagenicidade pelo
teste de micronucleo. Uma reducéo significativa foi detectada na viabilidade celular
para culturas expostas a maior concentracédo (1 mg/mL) por 48 horas, com aumento

significativo (P < 0,05) na apoptose, observado em tempos de 24 h (45.4 £ 3.93) e 48



25

h (78.03 £ 3.77). Também néo houve diferenca no indice de proliferacdo de bloqueio
de citocinese com relacédo a frequéncia de micronucleos, mostrando que o Oleo da
andiroba, é capaz de induzir a morte celular por apoptose em células de linhagem de
adenocarcinoma gastrico humano (ACP02) sem exercer efeitos mutagénicos,
sugerindo ser promissor para terapia contra cancer primario no estémago (Porfirio-
Dias et al.,2020).

A administracdo via oral do 6leo de andiroba em ratas Wistar, nas doses de
0,375, 0,75, 1,5 ou 3,0g/kg, nos primeiros 14 dias de gestacdo, nao produziu nenhuma
morte ou sinais clinicos de toxicidade, ndo observando malformacdes congénitas
(Costa-Silva, 2008).

2.3 Estudos in silico

Nos ultimos anos, com 0 avango computacional, houve o surgimento do estudo
in silico o qual envolve estudos simulacdes computacionais de compostos para
predizer diversas propriedades como propriedades fisico-quimicas, farmacocinéticas
e toxicidades. A origem da técnica de estudo teve inicio ainda no ano de 1989 nos
Estados Unidos, desde entdo sua utilizacdo vem sendo aprimorada nos ultimos anos
e permitiu avancos significativos nos processos de triagem molecular, com diminui¢éo
de custos e uso de animais (Sotomayor & Schulten, 2007; Brogi et al., 2020).Deve-se
ressaltar que a modelagem molecular permite avaliar a afinidade e seletividade da
molecula com seu alvo bioldgico especifico e, ferramentas como docking molecular,
ajudam a prever a interacédo entre moléculas e seus alvos (Barreiro et al.,1997; Santos
et al, 2013). A dinamica molecular representa a simulagdo do comportamento de
moléculas ao longo do tempo, levando em consideracéo interacdes fisicas e quimicas
dentro de um ambiente especifico (Namba et al.,, 2008). Desta forma, pode-se
entender a estabilidade, flexibilidade e afinidade de biomoléculas e compostos
quimicos com seu alvo (Pietralonga et al, 2015).

Computadores e softwares cada vez mais avangados permitem a modelagem
molecular de diversas formas, como modelos de valéncia, representacdes gréficas,
nuvens eletrdénicas e estruturas tridimensionais. Esses softwares utilizam algoritmos
para calcular descritores moleculares, que sao representacbes matematicas
derivadas da informacao estrutural da molécula, podendo variar desde propriedades
fisico-quimicas simples, como a massa molecular, até impressdes digitais moleculares
complexas. Esses descritores ajudam a prever interacdes entre moléculas e

organismos Vvivos, correlacionando propriedades quimicas com medidas de
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toxicidade, como a carcinogenicidade. Os algoritmos buscam relacdes entre a
estrutura quimica de um composto e sua atividade bioldgica, gerando um resultado
chamado de endpoint. Modelos in silico sdo amplamente utilizados para estudar
fendbmenos de toxicidade, como mutagenicidade, carcinogenicidade e
biodegradabilidade, sendo os dois primeiros 0os mais investigados devido a sua
complexidade (Pietralonga et al., 2015; Rocha et al., 2015).

A incluséo dos estudos in silico no protocolo experimental que visa identificar o
possivel marcador farmacoldgico de uma espécie vegetal utilizada com fins medicinais
apresenta varias vantagens, tais como: 6leos vegetais ou extratos apresentam
inimeros metabolitos secundarios, o isolamento e identificacdo destes metabolitos
demandam um tempo relativamente elevado e um custo, sendo que a triagem destes
compostos por ferramenta in silico pode permitir identificar o(s) metabolito(s) envolvido
na atividade, reducdo dos estudos fitoquimicos, menor numero de moleculas serao
submetidas aos estudos in vitro- reducdo do tempo de estudo e dos custos com
solventes (Cruz et al., 2019). Estudos recentes trazem reflexdes criticas sobre a
filosofia moral tradicional relacionada ao uso de animais em pesquisas experimentais
(Sganzerla e Xavier, 2020). As abordagens in silico ttm se mostrado uma ferramenta
importante para reduzir o numero de animais utilizados em experimentos in vivo.
Nesse contexto, essas metodologias contribuem para os "principios da técnica
experimental humanitaria”, propostos por William Russel e Rex Burch em 1959, que
se baseiam nos principios dos 3R's: reducao, substituicdo e refinamento.



27

3. OBJETIVOS

3.1. Objetivo Geral
Avaliar a atividade antileishmania in vitro e in silico de Carapa guianensis e

toxicidade in silico das folhas e 6leo.

3.2. Objetivos especificos
e Realizar estudos quimicos de C. guianensis para verificar os metabolitos
presentes;
e Avaliar o poténcial de atividade antileishmania das amostras de C. guianensis;
e Realizar estudos in silico das moléculas presentes no 6leo;
¢ Investigar o possivel mecanismo de acao envolvido na atividade antileishmania

para contribuir com futuros tratamentos.
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Abstract: The treatment of leishmaniasis has limitations due to drug toxicity and the in-
creasing resistance of the parasite. [n this study, we analyze the role of oxidative stress in the
pathogenesis and treatment of leishmaniasis, as well as in new therapeatic alternatives of
natural origin. The evasion mechanisms against the host immune response involve surface
mcdecules present in the parasite, which modulate oxidative stress to ensure its survival.
Dirug, breatment requires strick monitoring b minimize adverss reacbions and ensure patient
safety, as mechanizms such as lipid pesoxidation, mitochondrial dysfunction, and depletion
of antioxadant defenses are assocated with drug toxicity. Flant-derived products with an-
tileishmanzal actavity smpact the parasite’s redox balance, indecing apoptosis and reducing
its parasitic lkead. Most studies are still in preliminary stages, making in vivo assays and
clinical studies essential, along with the development of accessible formulations. Oxedative
stress is involved in the pathogenesis of leishmaniasis, as Lesfomai manipulates the host's
rechox balance bo survave. [t also contributes to drug toxicity, as antimaonials and amphee-
fericin B increase neactive oxygen species, causing cellular damage. Several plang-derived
compounds have demonstrated antileishmanial activity by modulating oxidative stress
and promoting parasite apeptosis. Examples include alkaloids from Asprdosperon eitidum,
lignans from Virals serimemenzi, davonoids from Gessospermom sellos?, and triterpenosds
such as f-satosterol. Although these compounds show promising selectivity, most stud-
1% remain in ]:lr-ul'irninar_g.r stages, requiring mn vivo asayvs and clinical studies to confirm
efficacy and safety, as well as the development of affordable formulations.

Keywards: keishmaniasas; oxidative stress; natural prarduct:
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1. Imtroduction

Leishmaniasis is one of the ten leading neglected tropical diseases, representing a
sersous global public health problem. The disease is present in various regions of the
world, including the Americas, East Africa, North Africa, and West and Southeast Asia.
1 1% estirmated that over 12 million Fll:ﬂph: are infected, with the disease IJlEi:I'IE endemic in
Ol posmbries. Epur.iﬁ:all}r. cutaneous leishmaniasis (CL) is endemic in 89 countries, whils
visceral leishmandasis (VL) oocurs in 81 countries. Additionally, 71 countries have both
clinical forms of the disease as endemic, I'l.'iEHiEhtinE it wide grographical distribution
and impact on public health [1].

The Eti'illlJEil.‘-‘.ll agent of leishmaniasis s a parasite of the genus [tatemanag, I:l-=||:|r|.E|nE
tor the family Tripunesomatidae, which includes approximately 22 species pathogenic to
humans. These species are classified into the subgenera Leimarn and Viomis, The parasits
hax a digenetic like |::|.'|:|.e. a|lE:|'na|:ir|.5 bebwesn fws m.ll:u'P]'HJ]I:IEi.tal. forms: the promastgobs
form, found in the phlebotomine vector, and the amastigote form, which develops inside
the cells of the vertebrate host [2].

Clinically, leishmaniasis manifests in different forms and i classified into thres main
cabegories: cutaneous, mucosal S mucocutaneous, and visceral. Visceral leishmamiasis, thae
minst sevvens form of the disesce, 15 characterzed |:l:|.' wieight Liowsess, hep:il:-:mp]mu'm.-s;al}r, amd
anemia, which can lead to death in over W% of untreated cases. Mocosal / muococutaneous
leishmaniasis affeck: the mucous membranss of the nose and mouwth, ]:!ul:enﬁa]l].- causing
severe tssue destruction and disability. Cutanesus leishmaniasis, the most commean form,
canses ulcerative skin lesions, JI.'-!I'-'iJ'IE permanent scars and impacting patients’ qun|:i|::|.' of
lides [2].

Civen the complexity of the disease and the associated |:|'II:'I':I.]:|I:'1.1|:i.E |:|1..1|.|i:n|5|=1-, this
study analyzes the infection mechanisms of the parasite in vertebrabe hosts, I.':ll:FJI:H.'.iI'I.E ths
role of oxidative stress in the pathogenesis and treatment of leishmaniasis, Additiomally,
e lherapeuti: appn:la:hes of natural origin are discussed, with I:’I'I.'IFl'I:HiiH 1 ]:!lan‘l:—
derived compounds, such as Aspdospermn mifefa, Vieela surindmensis, Gessesparmum
gellosid, and Corchorus capsulans, which have demonstrated antileishmanial activity, These
natural products modulate oxidative stress, promoting parasite apoptosis and exhibiting
low cytotoxicity to host cells, The study evaluates the role of oxidative stress in both the
Efﬁcac}' anid towcicity of these albermatives, airming bo contribute to the dewh:l]:!r.n.enl of safer

and mare effective strategies to combat the disease,

2. Human Infection by the Leishmania Parasite, Immune Response, and
Oxidative Stress

Parasites of the genus Leishmuoni have developed various adaptation mechanisms to
encure their survival in hostile envirenments throughout their life cyele [4]. In the vertebrate
haost, the first barder foced |:r:.' the parasite s the tnml:r]rmenl' system, which plays a role
in defending against foreign agents. However, Letsfemanie uses mechanisms to avoid
its destruction by the complement system. Lipophosphoglycan (LPG, a glycoconjugate
present on the surface of the parasite, prevents the insertion of the membrane atkack
L'I:II'I.'IF'JE':I: (C5h-4), prodecting thee cell against lysis. In addition, the glycoprotein gp6d plavs
an important rele in immune evasion by cleaving the C3 melecule inte C3bi. This would
prevent the formation of C5 convertase, activating the complement cascade and allowing
the parasite to avoad elimination by the immune system [5].

Once they escape extracellular destruction, the parasites are phagocytosed by
macrophages, specialized cells of the immune system. This process occurs mainly through
the infersction of O3 and O3k maolecules with 5PEciFLc recepbors, such as CR1 and CR3,
present on the surface of macrophages. The internalization of the parasite via CR3 repre
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sents an efficient immune evasion strategy, as it prevents the activation of the microbicidal
respiratory burst and reduces the production of 1L-12, a cybokine essential for the immune
response against infections [5].

In additson b interacting with complement receptors, metacyclic promastigites can be
opsenized by immunoglobuling and internalized via Fe receptors. Another phagocy tosis
pathway invelves an interaction between LPG molecules and the mannose receptor on
macrephages [1]. GPL also binds to C-reactive protein (CRP), one of the first molecules
involved in the inflimmatory response, promoting the parasite’s entry through CRF recep-
tors [5]. Furthermore, both gped and GLI can intersct with fibronectin and complement
receptor 4 (CRA), expanding the possibilities of Leishmania internalization [7].

Onee instde macrophages, the parasite i endocy tosed into a phagoseme, which subse-
quently undergoes a series of fusions o form the phagolysesome, In this environment, the
amastigote form becomes susceptible to acidic and hydrolytic degradation promoted by
the phagolysosome. However, Leshomna can modulate this process by imfluencing intra-
cellular calcium levels and inhibiting protein kinase C [PRC) activity, theseby preventing
the activation of the destruction mechanism [5,9].

In addition to macrophages, other phagocviic cells in the skin can be targeted for
infection, including Langerhans cells (LCOs), which express receptorns for the C3 component
of the complement system [10]. LOs play a crucial role in American cutaneous leishmaniasis
[ACL), as they are responsible for presenting parasitic antigens to T lvmphocytes in regional
Iymph nodes [11-13]. The surface of these cells contains essential meleoules for the immune
response, including MHC L, Fo and C3b receptors, [ICAM-1, ICAM-3, and CD, as well as
IL-2 receptons and membrane ATPase activity [12]. Thus, LCs are essential in indtiating the
immune response against Letalonims, promoting the differential activation of CD4 T cells,
Thl, and Th2. The balance between these different response profiles directly influences
the host's ability to eliminate or tolerate the parasite, with the Thl response stimulating
leashmanicidal mechanisms through the production of [L-2, IFN-v, and THEF-o, while the
ThZ response promodes parasite persistence by inducing immunosuppressive cytokines
such as [L-4, IL-5, IL-6, IL-10, and 1L-13 [14].

Letslomanein infection can modulate the innate immune response, leading to a state of
immunosuppression. Langerhans cells, for example, when presenting parasitic antigens
via MHC 1 to CID4 T cells, can inhibit inflammatory events and favor parasite evasion [15].
Clinical studies have found that in patients infected with L. (L} dnezmeensis, there is a
progressive increase in the density of Langerhans cells compared to the reduction of C4
and CD8 cells, indicating a modulation of the immune response in favor of the parasite [15].

The immune response mediated by C04 Thl T cells plays a crucial rode in activating
macrophages for parasite elimination. This process seours through the production of nitric
oxide (NO) by the enzyme nitric oxide synthase type 2 [NOS2), one of the main kishmani-
cidal mechanisms in murine macrophages and canine infections [17,18). Additionally, in
maoniscytes of infected dops and in polymorphonuclear cells from peripheral blood, the
production of the supereside anion also significantly contributes fo parasite killing [19].

Figure 1 illustrates the etfects of reactive oxygen species {BOS) generated during an
immune response, highlighting their impact on various cellular structures. The activation of
NADPH oxidase in cell membranes leads to the production of superoxide ansons (05 ] and
hydrogen peroxide {HaOs), which are crucial for parasite killing. These free radicals ind uce
significant damage, such as lipid peroxidation, protein oxidation, and DNA strand breaks,
in addition to activating apaptotic pathways and the p53 protein, triggering programmed
cell death.

30
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Figure 1. Representation of the impact of reactive oxygen speaes (ROS) on the host cell and the
Lewshmanis parasite.

However, Letsturania has developed various strategies to resist the oxidative stress
generated by macrophages. The parasite can inferfere with INOS induction and reduce the
resporee bo LEMN-y, as weell as inhibit the oxidative burst ]:l:,r mnd1.||al:in5 PELC achwvity [20,21].
Tor protect itself from BOS and reactive nitrogen spedes (BNS), Leishmann utilizes maolecules
such as glutathione, trypancthione, and ovothisl A, which act as non-enezymatic scavengers
of free radscals [22-24).

Tryparedoxin, for example, transfers reduding equivalents from trypanothione to
tryparedoxin peroxidase [TXNPx) or to a glutathione perosidase bomaolog, aiding in the
neutralization of exidative stress, Interestingly, Letafrnnmna lacks catalase or a classical glu-
tathione peroxidase, making other antioxidant mechanisms essential for ik survival [2526].
Additionally, iron superoxide dismutese (FeS0D) plays a crucial role in eliminating supes-
oxide toxicity [27,28]. GLF also contributes bo oxidative stress resistance by scavenging
oy gen radicals [29], as well as by preventing the asembly of MADPH oxidase in the
phagalysosome [31]. Additionally, a cellular chaperone HSF7D has been identified as a
pristective factkor against oxidative stress [31].

Imi this way, Leshaunig demonstrates a remarkable ability to adapt, escaping the im-
mune responss and modulating the intracellular environment te fvor its survival, The
balance between the host's immune mechanisms and the parasite’s evasion strategies
defines the progression of the disease and the effectiveness of potential therapeutic ap-
proaches. In this context, oxidative stress plays a crucial role, both in the elimination
of the parasite by the immune system and in its resistance and persistence in the host.
While macrophages trigger ROS and RMS to destroy the parasite, Lesbmenn develops
efficient antioxidant mechanizms to neutralize these compounds and ensure its survival.
Furthermore, the redox imbalance induced by antileishmanial drougs can be explored as a
therapeutic strategy, enhancing the parasite’s vulnerability and promoting its cell death.
Therefore, understanding the impacts of oxidative siress on the parasite—host interaction is
essential for the development of new, more effective, and selective therapies.
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3. Treatment of Leishmaniasis and Possible Involvement of
Oxidative Stress

Thi treatmient of leishmaniasis is |:v|:-r.r|.]:|||.~:l-: anid depends on muJI:i.]:!|e factors, :im:lud:inE
the clinical form of the disease, the presence of comaorbidities, the species of the parasibe
invelved, and the geographical location of the patient. Although it is a treatable and
curable disease, the etfectiveness of therapy is directly related to the competence of the
immunie system, as the available drugs do not completely eradicate the parasite. Therefore,
immunacompromised patients have an increased risk of relapses and complications [3Z].

Amang the first-line therapeutic options, pentavalent antimonials stand out, rep-
resented by meglumine antimondate I:I'.':'lu:anti.n'beﬂ:l and sodium stibogluconate. These
compounds have similar mechanisms of action, with their efficacy and toxicity being di-
rectly influenced by the antimony content in their formulation. The most commaon side
effects include Haﬁtmh‘ibarl:inal sympioms, such as anorexia, vum:ili.n]_.';. nausea, and abdom-
inal pain, as well a= systemic manifestations like malaise, myalgia, arthralgia, headache,
metallic taste, and lethargy [33].

In addition o these sympioms, antimonials can induce I:lEI:I:I.'I:Im'I:':iIJEI‘..IPhII: Eh.:II'IEH.
with the most commean being T wave inversion, (T interval prelongation, and the oocur-
rence of arrhythmias. Elevated levels of pancreatic and hepatic eneymes are also commion,
as weell as blood d}':ﬂ:r.:mi.:m such as IEIJk.':IF'EI'II.ﬂ, anermia, and thnrl'nl:!u:}'h:lpmia [l|

Mg lumine antimoniate (MA) caused significant protein carbonylation in the heart,
spleen, and brain tissee. Incressed lipoperoxidation was found in the liver and brain tissue.
An imbalance between the activities of superxide dismutase and catalase can be observed
in the heart, liver, spleen, and brain tissue, suggesting that MA induces oxidative stress
in several vital organs. This indicates that the production of highly reactive oxvgen and
nitrogen species induced by MA may be involved inosome of its toxse effects [34].

Giiven the challenges posed by the oxicity of conventional treatments, new approaches
have been explored. Becent studies investigated the potential of green-synthesized zine
nanoparticles (ZnM Ps) in combating Lestmanin anjor, either abone or in combination with
meglumine antimoniate (MA). The combination of ZnMNPs + MA resulted ina signifi-
cant synergistic effect, reducing the 507 inhibitory concentration (1050) b 126 pg/ml,
compared to 43.2 pg/ml for ZnMNPs alone and 263 pg/mil for 3A [35].

Treatment with ZnMPs modulated the immune response ina favorable manner, pro-
mating the increased expression of iNOS, TME-o, and IFN-v while reducing levels of
1L-10, = :}'tuki.n-e assgciated with the parasite’s mmune evasion. ﬁd.dll:il:m.:lU}',.'dEmEii:.:nl
activation of caspase-2 was observed, indicating a potential role in inducing apophbosis in
parasitized cells without causing signiticant boxicity to normal cells [35].

Anather drug wn:h.-]_'!.' weed in the treatment of kishmaniasis is ampl‘u:-l:er.il:in B, which
can be administered in its conventional or liposomal form, Althoupgh effective, its adminis-
tration is associated with significant adverse reactions, such as high fever, stifiness, chills,
and thrombophlebitis. Moreover, more sevene effects include nephrotoxacity, bypokalemia,
and myocarditis [24].

The mechanism of action of amphodericin B involves binding to ergosterol present
in the cell membrane of fungi and protosea, leading to destabilization and cell besis [37].
Hunwever, this interaction is not completely selective and can alse soour with cholesterol in
human cells, which contribates bo its toxicity [36]. The nephmstoxicity induced by the drug
has been associated with the excessive generation of reactive oxygen species [ROS), which
cause mitochondnal damaEE- and priameabe the activation of exaggerated i:\ﬂammah:lr_g.'
responses, intensifying fissue injury [38].

Parceniomycin, arasther antibeishmanial agent, when administersd, can cause mild pain
at the inpection site, as well as -:rl:rll:r:l.i:ll:].'. renal I:-:n:l-:u:i{'_!.', and hﬂpal:-l:rl:m:i.-:il}' |3':i‘|. ..*..1.1|:|:i|:|.1|.'_3,r
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toicity, in particular, has been associated with the accumulation of reactive DXy EEN species
(ROS), which promote apophosis and irreversible damage to the cells of the inner ear [40].
.’l.ddi.ﬁuna"].‘. mechanisms such as lipid Fren:r:l.id.ahl:ln. mitochondmal d:.ml"unl:l:i.v:m. amid thee
depletion of cellular antioxidant defenses contribute fo the toxicity of this drog [41].

Ancother druE used, Fll:n.lamldlnl: metionate, is related bo oxidative stress, the imhibibion
of nucleic acid synthesis, and mitochondrial dysfunction [12]. The accumulation of ROS in
parasite cells can lead bo mitochond mal d.}':d'uncl:il:ln,. ATP d.eplﬂi.-lm. anvd ]:!rl:lEr.:lmm-:d oell
death [13]. In the host, pentamidine can cause nephrofosicity, and it may also potentially
contribute to the development of diabetes by inducing the destruction of pancreatic beta
cells [14]. Additionally, its cardiac toxicity, characterized by arrhythmias and Q7 interval
prolongation, may be related to oxidative damage in myocardial cells [45].

Miltefosine, one of the few orally available drsgs, is associated with gastrointestinal ad-
VErSE eV Ents, |n|:|1.|n|:|i.ng anorexia, nausea, vomiting (387%), and diarches (20%). Add.ilu:uulJ].'.
it has teratogenic potential, being contraindicated for pregnant women and women with
reproductive potential [16,47]. [ks mechanism of action appears to invalve the induction
of oxidative stress both in the parasite and in the host cells, which may contribute to its
therapeutic effects but also to its toxicity [15].

Mitochondria are one of the main targets of milbefosne toxicity. The excesive accumu-
lation of KOS in these -:M'Eam-llux cam lead to mitochondrial d_}'xfum.-hun and cell apoptosis,
F\.‘!IHCL‘II.HII}I’ in 5unnu|:||:ih]|.* Husues such as the k:in:lnr}r_'«: and liver. Furthermaore, there is
evidence that the oxidative stres induced h}r the drug can cause DNA dﬂmlﬁe,rﬂﬂlﬂl‘ll‘lﬁ
in strand breaks, mutations, and cell death, which miay be related b ks teratogenic and
embryotoxic effects [49].

The parenteral administration of antileishmanial drugs requires strict monitoring
tor mimimize adverse events and ensune the naf'l:r_g.' of the treatment. However, this meed
e-:iEniﬁcan'H}- TN lhurapeu.ti: st and c:mplicatrﬂ patient sdherenoe, EHPE\tia“}'
for thiose Ji'.-'i.nE in remote areas. Momeover, the growing resistance wf the parasite to
conventional drugs highlights the urgency of finding new effective therapentic alternatives
against resistant strains [50].

Finally, it is important to highlight the dual role of oxddative stress in leishmaniasis.
While it l:r]a:.r.'«: an essential role in the destruction of the parasite b:.-' host cells, the same
phenomencon, when induced |:|:|.- available |:|:ru;|_.;_~:_. can be di.n:cH].- associated with their
toxic effects. Given this scenario, a central question arises: do matural |:|r|:u:| ucts with
leishmanicidal activity act 'HlI'I:H.IEI'I the induction of oxidative stress, or altl:rn:ll:iwl:.r, do
lhe:.r tollow a distanct palhwa}', I:her\eb:.r rﬂduu:ing thee risk of boxicity?

4. Mew Therapeutic Alternatives for the Treatment of Leishmaniasis and
Their Toxic Potential

The search for new therapeutic approaches against leishmaniasis has led to the inves-
tigaticon s PL:nI: extracts, fractons, and bxdated nl:-m]:-i:-undx wiith antileschmarial Flul:-unti.:l.
While soenie studies have been limited to inovitro assays, others have progresed toin vivo
minclels, allowing for & miore ﬂ:lmpr\ehmxiw.- evaluation of the I.‘FHI:H.L‘_!.I' and :-:al:et}' o these
substances. However, the mechanisms of action of these compounsds, particularly regard-
ing the induction of oxidative stress are not vat Fqu:.-' understoond, nor are the data on
their tnxicity.

O Ktl.Jl:l:.l' evaluated the antileishmanial activity of extracks obtained from the leaves
of Virole sormimensis against L ez’ and L oosezoeensi, The ethyl acetate, methanaol
extracts, amd fractons C1-C6 did mot shiow activity against promastigotes and did not
have a significant effect on L. amezonensis amastigotes. The hexane extract (HEVS) was
the only one to exhibit activity againat L chagesd promastigetes (105, = 8640 ug /mlL} and
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L. anrzoneenais (10z0 = 79.7 £ 1.3 pg/ml), and it was considered active. However, the
fraction and surnamesine did not show a significant increase in antipromastigete acavity
comnpared to the crude extract [51].

Moreover, I:_'!.'l'l:ll'l:l‘.l:i.v:il'_!.' tests demonstrated that all the xampluﬂ tested exhibited bow
cellular toxicity (CCse = 500 pg/mlL, resulting in selectivity indices (510 greater than 5.8
for L. chiges and 6.2 for L. amazenensis, indicating a favorable safety profile. However,
the extracts did not show any effect on intracellular amastigeote forms of L oz,
sugrpesting the need for structural medifications or bermulations that could improve theic
in vivo efficacy {Table 1) [51].

Table 1. Therapeutic and teedcological prafile of alternabives in the treatment of leishmaniasis.

Anlileishmania Activity

Samples Toxicity Profile 51 Bdechanis f Aot
r Promastigote Amastgote ity seliianizm at Action
. . 1Cap = BEL pgg/ml. ICCsy, e Modulation of cidative
Viroly suringmensis (L. chagasi], . . =578
(hexanic extract) 2.7 = 1.3 pg fmlL Inactive o 500 g Sl e shress and apopbosis in
-+ = 1 HR Lo eooacity the parasite
(L. amgzonensis]
O e = 2604 phd) . .
[=ju5e (oc : Mitechondrial damage,
) gy = 710 ubd gy = 2604 uM High sclectivity, T . . .
Dremethooygrandisin B low baxicity imberaction with Try K
. Increased ROS and
B-Sitosteral T 115:;[_* Inducian of A RImLL gy mitachondrial
k& P ty depalarization
Stercidar villnss . ) ROS parerproduction
[methanalic extract] 050 = 175 ug/ml  DMA fragmentation Low toaicity MO and oxidative shhess
. . {C'l:_;-l - .
et CaspBu/l sl g g e
S High sclectvity RApept
{CCs = .
. . Inhibation of
Aspidosperast ritidirm . Reduction of 500 pg s mL |
{ethiaral extract) ICss = TLET pg/mL parasibe load m vive m vitro 1 trypanod b:::durr.:lm_.
iy Bocicaty im viva i
. . (O g = 200 Inhibation of
Aspidosperaa mifidim Reduction of i
ICqs = 185 g sml r i/ ml in vatro 11 trypanathione reductase,
[alkalpadal fracton) parasibe load m vive N bowicity in viva apaphasis
[nterference in
Artemicther (ART Wag = 1543 ug S ml s = 3712 pg S ml Feduced taxicity NI matachondrial
phasphorvlation
Artemether [nterference in
{NLC-ART] g5 = 1542 pg /S ml W5 = 321 pg/ml Feduced taxicity WD matachomdrial
! phasphoeylation
Salidraside Reduction af Reduction af Low liver and D :iﬁzl:p“‘;“”’“
[Fehanfisln spp. ) promashgote growth parasite load kidney toxiciby P ]*d-l.'}ml 4 ROS
Indaid glycesides Inchactipn "-!f ROS-mduced cell Lo cytodnuicity m Muochondrial sodaive
[Wycfarhes arbortristis) Fpopioss via death narmal cells WD damage, apoptosis
: pxidabive shress '
FEOR3867 (Curcumin [nterruption of Lo cytodnuicity s Cipruption of H.'u:.E'I'hTE
analogue] Cell oycle arrest intracellular cha macraphages WD pathway and activabon
L F of apopintic pathways
: Blmge S inhilsd Oy 5% ey e i, MO ot ditermissd | BO: Btric

r
ecxide; PARPL Paly (ADP-ribose] Polymecise 1 BOS: reactive oxypen specses; SE seleckivily index; STATI:
Eranscrigriion cker invalved in cell growth and survival segulation; TeyE: trvpanotbioie redisclos.

Amother investigation analyzed the action of (-]-5-desmethoxygrandisine B, a com-
pound tsdated from V. surimemenss, against promastigotes and intracellular amastigotes of
L. aomzorenziz, Treatment with this lgnan induced ultrastructural alterations in promastig-

ofes, such as mitochondrial swelling, kDMA disorganization, vacuole formation, vesicular
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siructures, and an increase in Hagellar pockets. Additionally, it reduced mitochondrial
membrane potential and interacted with critical residues of the rypanothions reductase
enevme [ TryR), supgesting that its leishmanicidal action may bi related o the mduchon of
oxidative stress [Table 1) [52).

The antiparasitic activity of Bsitosterol, a cnmp-:mnd isnlated from the chlordorm
extract of Corchoras capsuleris L. and present in varous plant species, showed efficacy
agairest L. doncaen promastigotes (Is0 = 177 £ 042 pg/mL) and indwced oxidative stress
in the: parasite, JHI:HI‘I.S b imtracellular ROS |_:||'v|:~|:|l|.l|:|:i|:r|1.. As a conseguence, cell apophosis
was observed, characterized by mitochondrial membrane depolarization, phosphatidylses-
ine externalization, and DNA fragmentation. Molecolar decking studies indicated that
p-sitosterol inhibited trypanothione reductase (Ld Try R}, an essential enceyme for the para-
site's rediw balance [Table 1) [53].

Similarly, the methanolic extract obtained from the bark of Sfercalic oilloza Roxb.
(SWE) exhibited concentration-dependent antipromastigote activity against L. domotan
(15 =175 pg/mL). Treatment resulted in increased levels of BOS, superoxide, and lipid
peroxidation, as well as DA fragmentation, sugpesting a merchanizm of action based on
onidative stress induction. 1t is important o note that the extract did not show significant
cviotoxicity, indicating a favorable safety prodile (Table 1) [54].

Another :1-h.l|:|_1_,r iI\\-‘EﬁﬁEﬂ.‘tﬁd the effect of ﬂa\'l:r':lei.n.-:rinl.-_. an alkaloid isolated from
Cresszaspermum teflusrd, against L. amezonensis. Fractionation of the extract confributed
fo increased anfipromastigote activity, with Havopeirerine showing high leishmanicidal
potency, with 15 values of 0.23 pgSml (24 h}and .15 pgSml (72 hj. 5'-|-.'|.-=:|:I:i'+'i.|:_g,r was also
specific, presenting a selectivity index (31} of %76.2 (24 h) and 4993.2 (72 b}, demonstrating
greater safety compared to amphotericin B, the therapeutic reference for leishmaniasis
(Tabbe 1) [55).

Muolecular dynamice studies revealed beneficial and selechve intersctions with the
parasite’s :ngu:lprl]:!ti.dm B (OpB), an enzyme asociabed with Letstaraniz virukence and
adaptation to oxidative stress. Flavopeirerine interacted with the Tyr-499 residue of OpB,
indicating an inhibitory effect on this eneyme. Sinee OpB is nvelved in regulating proteins
essential for the parasite’s antinxidant defense, its inhibibion may impair Leslfmimie’s al:!iJlI:_g,'
to neutralize ROS generated by the host immune system. This mechanism may enhance the
lesshmanicidal effect of davopeirerine, making the parasite more susceptible to oxidative
stress and reducing its ability bo replicate and survive (Table 1) [55].

Among the investigated species, Agpidegpermn nifidum has emerged as a promising
candidate for keishmaniasis treatment. Four recent studies have evaluated ibs efficacy and
toxicity in vitro and in vive [56-59]. The first study evaluated the in vitro leishmanicidal
activity of extracts and fractions of A uibidom against L amaezonensis. The results showed
that the ethanalic extract (EE} exhibited significant activity against intracellular amastigotes
with an 1Cz; of 2387 pg/ml, while the alkaloid fraction (AF) displayed a lower g of
18.5 pg/ml, indicating greater antileishmanial potency. The dichloromethane fraction
(FrCL) demonstrated moderate activity against promastigofes {1l = WS5.7 pgSmly,
revealing higher selectivity for the infracellular form of the parasite. The relationship
between kishmanicidal activity and cytotoxicity showed that EE had a S1of 21, while AF
had an 51 of 11, reinforcing the therapeutic potential of this species (Table 1) [57].

The difference in selectivity indices (515} bebween extracts may be related to the chemi-
cal compuosition of each fraction [56]. While the ethanoelic extract (EE) presents a greater
diversity of bicactive compounds, the alkaloid fraction (AF) may contain substances with
mioe potent action but with greater cyviotoxicaty. This variation reinforces the importance
of specific chemical characterization for the selection of compounds with a better therapeu-
tic profile.
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The second study sdentitied that alkaloids isolated from this plant induced morphae-
Iuﬁinﬂ alterations in L. aomzomense, |n|:|.1.||:||nE ﬂ.ﬂEl:lIIIm HI‘H:-I'lI:ﬂ.‘iI'IE,CE“ nmndlnE. and the
formation of oytoplasmic vacuoles, suggesting a mechanism of action related fo mitochoen-
drial dysfunction and oxidative stress (Table 1) [55].

Amother study evaluated the acute and subacute toxicty of A sildiem extracts in
BALE/c mice. Mo clinical, metabolic, or histopathological alterations were observed after
the administration of 200 mg/ kg in the acute phase and 1000 mg kg over 28 days in the
subacute Fha.we, |n|:linl:i|15 a favorable safety ]:ln:lﬁ.le cumpar\ed ter comeventaonial d.rl.l.EH- that
oten induce oxidative stress and hepatorenal toxicity (Table 1) [56].

The in vive efficacy of A pitulior extracts was also evaluated in mice infected with L.
amazovenss. Thie treatment significantly reduced the splenic parasite load and modulated
the immune response by promating an increase in IFN-v production and a decrease in 1L-10
levels, a eytokine associated with immunosuppression. Additionally, histopathelogical
analysis revealed an accelerated healing process, with reduced parasitic mfiltration and
increased c:s]lag\en fiber dep-:m:ilil:ln, im:lical:i.nE a regemwrative sffect associated with the
treatment (Tabbe 1) [59].

The investigation of the mechanism of action of A. it alkaloids indicated that cory-
nantheol, yohimbine, and dihydrocorynantheol act as potential inhibitors of trypanathione
reductase (TR, a critical enxyme for Letsfrarin’s antioxidant defense. Molecular docking
experiments demanstrated favorable interactions, and molecular dynamics simulations
confirmed the stability of these interactions, suggesting strong eneymatic inhibition. Since
Letshanrrin lacks Eluhthinne meductase, TR inhibition COMPromises RO nevtralization,
leading ko cellular dystunction and parasite death. This mechanism represents a sgnificant
advantage over comventional drugs, such as antimonials and amphotericin B, which ind uee
oxidative stress nonspecifically and may cause systemic foxicity (Table 1) [54].

Studies indicate that anthracens en.dnp-enn:i.dﬂ: {#cEPs) AcEP1117, AcEF1115,
AcEP1TH, and AcEF113), derived from Arfamsn n-mum,e:hil:!i.l:xiﬁnll"i:ant activity against
Leishwnnia, with ICs values in the low micromaolar range. AcEPT11E and AcEM12% were
the most potent compounds, showing 10z values of 100 £ 0.73 pbd and 061 = 021 pM
apainsk L. tarewtalie Fﬂ:lmae-:ti.gwb&q,. n"_q:u:chvrl}'. For L. dosaiaimi F-mmae-:liﬁul:ex, AcEPITT
exchibited an [Cq; of 265 + 034 pbM, while AcEP112% and AcEF1130 showed 105, values of
4.21 £ 036 uM and 3945 & 348 pM, respectively [60).

The investigation of the interaction kinetics between these compounds and iron e
vialed the I‘-m‘mati.-:mq:-fq:o-:}'ﬁun- and carbon-centered radacals, whach trigger thie HEl.'I:II'Id.!I.'_!,"
Errndu:ti.-l:ln of superoxide radicals, compromising the parasite’s mittochondral funchions
and leading to its cell death. Since iron is essential for Leishmani replication, participating
in metabolic processes and DNA baosynthesis, the parasite’s dependence on this metal
becomes a sirategic target for new I:hﬁa.]:li.ex. Howrever, it was observed that AcEPx also
exhibit foxicity toward [774 macrophages, with 105, values ranging from 090 £ (028 pM
[(AcEFT1Z9) o 4380 £ 3602 uM (AcEP1117), which may limit their therapeutic use without
structural modifications by enhance seleckviby [50].

Aiming to optimize EFF.im::.-' and teduce boxicity, ome wof the arfemisinin analogs,
artemether (ART), was incorporated into a lipid-based nanestructure (NLC-AKT) and
tested against Lesfonma mftntum, Both ART and NLC-ART were active against promastag-
ote forms (s ART = 3712 pgs/mL; MLC-ART =321 pg/mL) amd amastigobe forms {1050
ART = 1643 pg/ml; MLC-ART = 1542 pg/mb}, with a slight reduction in 105 values
for the nanestructured formulation. This strategy may represent a significant advance-
ment in drug targeting to thi= parasite, :red.ucing systemic bwiciby amd InCTEAsing Efﬁ:af_!.-
(Table 1) [61].
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I addition to |.-:|1|-|:||:||:r|.-:r|.1:-:||:||=1... Fll'll.‘:l'l:f']FTl:lFlﬂ:l'Hhil:' Hl_yl:uxid.ex. such as salidmside (SAL),
have been studied for their immunomaodulstory and antileishmanial properties. 1solated
from species of the Rhediola genus, SAL is known for ks protective activity in various
physiological systems, including the liver [62], heart [63], and nervous system [64]. In
addition, it has shown therapeatic potential for inflammatory skin diseases [55].

The keishmanicidal activity of 3AL was evidenced by its ability to interrupt the cell
cycle of L. donvan, halting the promastigotes at the sub-G0/G1 stage [66]. In a murine
masded of visceral leishmaniasis, treatment with SAL xi.gni.l:imnll:.r reduced the ]:!nmsilil:
Inad. In addifion to modulating the immure response and promating a greater polarization
torward the Thl profile, the compound stimulated the production of CO44+ and CD8= T
ceells, favoring a more etfective response against the parasite. Maolecular analysis showed
increased I:':II:F:I'E'HHi.II:II'I -::-I:Eenex related to oxidative stress, such as MF-=B, iNOS, 30, and
RO, [t is impeortant to note that SAL showed minimal foxicity o human THF-1 cells and
did not reveal boxic effects on the liver and kidneys (Table 1) [64].

Another group of promising compounds are the inddeid ghycosides isolated from
Myclanties arbortrizhiz, which have the ability to induce oxidative stress in the parasite.
A.m-lm]_q the i.'I:IITIF'l:Il.LTIIdH pvaluated, arboriristoside A, arborctristoside B, and arborbristoside
C showed significant leishmanicidal activity against L. denoin, promoting an increase in
RO production and an imbalance in the parasibe’s redox homeostasis. These compounds
act by mhibiting TR, an enzyme crucal for the antoxidant defense of Letdorani, The
reduction in reduced thiol levels limits the F\araxi.te'ﬁ al:!i]i.l::.-' to neutralize oxidative stress,
causing progresive cellular damage and apoptosis. In vitro fests showed that the iridoid
E]].'l:uxid.-l:ﬁ demonstrated |'IIE|'I pobency against intracellular amastigotes, even at Livw -
centrations. Furthermare, toxicity evaluation in human embryonic kidney cells (HEE 293)
and manase macmophages {77441} indicated that these compounds have low cytotoxicity,
revealing a favorable safety profile (Table 1) [67].

HO-3867, & curcumin anakbsg belonging to the class of diarylidenylpiperidones {2AFs),
is a promising inhibitor of Leisferen metabolism. This compound i a potent inhibibor
of the STATS signaling pathway, acting in the modulation of inflammation and cellular
:IFﬂ]:ltl:Hii!'h Furthermaone, it has the :lbi]il::.r ey imduce ROS ]:lm-dl.l.-l:l:il:rn. activate caxl:haxu—l
and promate FARP]-mediated apoptosis, a mechanism previously observed in cancer cells
(Table 1) [65-72].

Drescpite their therapeutic potential, curcuminoids face challenges related o their low
I:r:inn.vailal:rilir_g.'_. which limits their clindcal Eﬁicac_g,r [?.?..-_'I]. To owvercomse this limitation, a
liprsomal formulation of HO-3867 (PC-52,/HO-3867) was developed, which was shown to
increase the stability and absorption of the drug [75].

I vitro assays revealed that PC-5A/HO-3867 induced apoptosis in L dorotamn, ev-
idenced by changes in cell morphology, the externalization of phosphatidylserine, mito-
chondrial depolarization, and the accumulation of intracellular ipids. Additionally, the
compound caused cell oycle arrest in promastigodes and significantly reduced the load
of intracellular amastigotes. RrEar\d:inH .uﬁ.-t:g,r. it exhibited low cytotoxicity fo murine
macrophages [75].

.ﬁ.dditi-zmu_}', treatment with PC-54 /HO-3867 induced the achvation of met.::a.ﬂp:m
and FARPL in L donetant, as well as negatively regulating the expression of the Sir2 gens,
involved in the parasite’s longevity. This fkemulation also reduced the intracellular load of
L. denrevane amastigotes inin vitro assays, The resulis suggest that this compound exerts its
action throwgh the induction of axidative stress and increased NO production, enhancing
the parasife’s susceptibility fo immune-mediated destruction (Table 1) [75]. Among the
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compounds developed, flavopeinne, f-sitosterol, and alkabsids from AL adadi steod ot
due tis thesr high selectivity indes. These compounds represent promising candidates for the
development of new antileishmanial therapies, as they showed significant leishmanicidal
activity with low boxicity ke host cells.

Thus, different natural and synthetic compounds have shown therapeutic potential
against leishmaniasis in various studies, many of them explonng the selective induction of
oxidative stress as a mechandsm of action. Hiwever, the transition of these candidates to
climical use nequires additional studies on pharmacokinetics, chronic toxicaty, and clinical

trials to comfirm their safety and efficacy in humans.

5, Conclusions

Oidative stress plavs a crucial role in the immune response and Leshaunag infection.
D'ur.ing rmmiume activabion, TMEH!IP['I:IEE'H- Prem:nl: variows ROS and MO bo elimimate the
parasibe. However, Letsfaranie has developed mechanisms to neutralize this oxidative
siress, ensuring its intracellular survival. The imbalance between BEOS production and
neutralization can influence the progression of the infection and the effectivensss of the
host’s immune response.

Furthermore, oxidative stress Lu.\.‘h1:ln]5|}' assarciated with the toxicity ol dex usesd in
the treatment of leishmaniasis. Dinugs such as antimasnials, amphotericin B, and mil kebosine
induce excessive ROS generation, resulting in mitochondrial damage, cellular apogstosis,
and fissue nflammation. These adverse effectks compromise the safety of the treatmaent and
limit 1= applinbilii}l:. requinng rigonms moniboring o minimize systemic booacity.

This research highlights that most studies on new therapeutic alternatives bor kishma-
niasis are still in the preliminary stage and are precominantly conducted in vitro, Although
thess studies provide important insights into the mechanisms of acton and toxscity of the
compounds investigated, there is still a significant gap in understanding the benedits and
risks of oxidative stress induced by plant-denved substances and their derivatives. Addi-
tionally, the development of specific formulations, while promising, presents challenges
related to high costs, which may limit patient access to these treatments.

Imi ligght of these findings, it is essential to establish strict guidelines for the research
and development of new leishmanicidal drugs. In oral toxacity studies, it is necessary
tor evaluate whether the substances under testing induce oxidative changes and possess
immunomodulatery properties in healthy animals. Then, in experimental models of
Lersheminis infection, it is important to investigate whether oxidative modifications ocour
and how these inberactions influence the immune response, comparing these elfecks with
pasitive and healthy control groups.

In addifion b antiparasitic efficacy, the develspment of accessible formulations should
be priositized. Sfrategies to enable low-cost oral formulations are crucial fo expanding
the availability of these treatments, especially in endemic regions where leishmaniasis
represents a serious public health problem.

Finally, the continuation of studies should encompass an integrated approach, consid-
ering not only the leishmanicidal activity of the compounds but alse their safety, sconomic
forecast, and potential for clingcal use. Only through this multidimenssonal approach will it
be pussible to develop innovative therapies that are effective, safe, and accessible, contribat-

ing tor the: confrel and treatment of leishmaniasis in a sustainable and squitable manmes.
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The cil of Carapa geasnensis showed leishmanicdal activity, with its activity being
related b limonoids, but fatty acids are the magor constituents of this oil. The present
study evausted the physicochemical, pharmacobinetic,. and toaicity profies of
limonoids and fatty acids alneady dentified in the species. Based on thess resuls,
2 bmoroids [methyl angosiniate, 6-0OH-methyl angosinlate) and 2 fatly acids
(arachidic acid; myristic aod] were ssected for the prediction of possble tarngets
and molecular docking. Included in this study were: Gedunin, Ga-acetoaygeduning
ety angoseniato, F-deacetowy-T-cuogedunin, Androbin, 6-hydrosy-angolensabe
e, 17p~hypdrospazadiradions, 1, 2-ditryd - 3 byydroucg - F-deacet o~ 7-
oxogedurin, xylocensin k. 1lbeta-Hydrokygedunin, Ga.11-11}-diacetoaygeduning
Olsic Acid, Palmitic Acid, Steanc ficid, Arachidic Acd, Mynstic Acid, Palmitoleic
Acid, Linoleic Acid, Linolenic Acd, and Beenic Acid. Regarding physicochermical
aspects, fatty acids wolsted LogP, and only lmonoid 11 volsted Lipinsa's e A
common pharmascokinetic aspect was that all molecules were well absorbed in the
intestine and inhibited CYP. AL compounds showssed boxicity in some miodel, with fatty
acits being mutagenic and cardnogenic, and lmonoids not being mutagenic and
carcirogenic at kast for rats. Inin vio models, fatty acids were less toxic. Mokecular
doctingswere performed on C00K-2 stercids (15 and 16) and hypowa-nduciole factor
1 alpha for lmonoids (3,8], with this target being =ss=nial for the nbacelular
development of leishmania. Umonoids 3 and § appear o be promising =
|eishrmanicidal agerts, and fatty sods ane promising as wound healars.

FEva G

mnetgd angolensate, &-hydroxy-metint angolerdate, arachidic ackd, mynstic £id, C0X-
2, hiypoala-inducibke factor 1 alpha

1 Introduction
The treatmnent of kisheardasis 1 carrled out using pentavalent antinsoniaks, which are
chemiherapeutic agents of high cost, requiring Jang-1erm treaiment and capable of cvasing

strong adverse resctions that negatevely intertere with treatment sdherence {(Manes e al,
2021} Another dnug s Amphatericin B (Aguar and Rodngues, 2007, which alse presents
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simnilar prohlemss 1o antimoniaks, being & high-oost and haghdy toxic
trestment  (Mogwire  and  Saetoskar, 2014 Fala end
Fasgqualoiin, 201 5).

Another lssue relabed to leshnmnicidal drugs s the inresieg
paraste recetance, which makes it necessary to search for
pharmacelogical alieraiives {Eodrgues e al, 2006) Arddincha ol
(0 guianenss) & vsed by traditions commuedties for the restment
of wounds (Funto, 1963). From Cirapn guberasvens oll bnmonakds have
beem idepeified, with the main ones haghlighted as gedeas, ca-
acetoaygedunin,  methyd  argolensate.  7-desostony-7-ooogedunin
andirckin, & -hydrosymethyl angodensate, 17P-hydrocyazadiradione,
L 2-dibwdre- 3 hydroay- 7 -deacepony- T-onogadunin, ased  xyloloensin
K (Ambeoan e al, 2006; Tappon et al. 2008 Siva o al, 2008) The

eetsholites in higher copcentration are fatty wcids [palmitic aed aleic
acid), folloswed by stearic, linalkeic, linolenic, myrisiic, palmiioleic, and
behemic acids {Salgado @ al, 2003).

The seed ail of C. pedesensis showed no aniileishnsanial sciivity,
and the cytoioxicity was higher than 1,000 pgimL agaies periboneal
eacraphages The limonoid-rich ol fraction demoestrated activity
againat promastigotes Leishmanie amazomenss (1 = 153 pg!
ml), amastigotes (W = 27.31 pg'ml), and eshibited cyiotoaicity
(Mg = 7855 pgiml) (Olivera e &, 20018) 1 sommary, the
leidhmanicidad activity nay be relited to the limonoids, however,

Fraonters in Ot msiny

there i a lack of data on the phyvsoochemical pharmacokisstic
tepects, and possible mechaniam af action. On the other hand, the
mmjor compourds of C gidenensis are faoty ackds, and studies on
these compousds are lieited.

Uzing predicton methods, this work reports on the
phvsicochemical properties, pharmacolinetics. toxicolegical
wpects, potential scrivities, and targets involved of lmonobkds
and farty acids (demtified in © gudanensis il, as well as their
podential mechanisms afl  action Iewvalved In
letshmanscidal actnary.

2 Matenals and methods
21 Criterla for the selection of molecules

The folkvwing  bmonoids  were  sdecind gedunin,  6a-
wetnsypedunin, nwsthdl  angolensate,  Tdeacetony-Tamogedunin,
asdrohin, &hydnocyenethyl angoleesate, 17f-hadrosyazadiradione,
1.2-difiydra-3f-hvdrosy-7-deacetony-7oxngaiean,  splokensin K
(Ambrozin e &, 2006; Tappin et al. 2008; Sibva et al, 2009,
Libeta-Hydrowygedoanin,  and 6o, ] 1f-diaceteaygedomin - (Civein
o al, 2008

bonimnmog
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The follewing farty acds were also selecied for prediction
shudies oleic acd, palmitee acd, stearic achll arschudie ecid
pvrstic achd, palmaioles wcid, lincdeic acid, bnolemsc acid, and
behemic ac (Salgade et al., 2015, Silva, 2008).

2.2 In silice evaluation

T mindeouks were draws using the Marvin (2023} online program
(hittps ¥ nsrvins-dern ochernaxon comiatest demodamly, and for the
detemaration of physicodhwrnical propenties. the anline sever Home-
ADBEh was oead (hipsedmetahddoom) (Dosg, 20043 The
Lipinsk's Rue of Five or "Ruk of Five" wis oorsldered [Lipinsky
2004 For pharmacekinetic and teccry peediciions, the FreADMET
prograns [version 20, Copyright © 2005 201 7] wis used, which considers
phammcokinetc  properties (A-abeorpoion;  D-Disiribirnoeg
- M et lem Beoraraformaton;  E-Excretion] and  evaluaton of
ity parameters [T-Toxiciiy. Preadmet, 21200

Forr the assessmend of acily in manes ofganiems, the criiens used
were as follows for sty in dgae (Costa o al, 2008} for Daphnia sp

Fraortiers in Chamalny

i hermins et ol , 20040y for Misdaka {7 ucker, 1585 ) and for Missow
[ eta =t al, 2HIE). The mustagenicity sk was issessed by the Ames tea
with: the folkwing siraes of Sasewfa Trpfvesstare TALO- 10KL
aed TA NH-MA nuetaiion in His Gé6e plisnad pEM 101 without 55,
TA1535. LOBL] arad TALSI5-MA mustation in His GBS [Anues et al,
1575) The cardrogenic potential of the compounds was evalussed in
rats and ece end referred o as () carcinegenc asd (=) non-
carceogenic To predict acule ord oaidiy (ethal dose 5% L),
the onling software PHOTOX 1] was wed (Drwal et al. Z004)
considering the clsaficatien from [ oo VI, acooeding o ARNT HHE
14725-2 (219, Adverse events that may occur with the aee of the
malende were akio evalaatsd

Tha: search for potential taspets for eecdenalar docking peediction was
conducied using the SuperPred Wehserver peograns (Med et al, Z004),
& server for predicting mokecular targsts with patential ineraction with
the imastigaied lgands. The tanges, which showed redevance 1o the
Imvstigated Backogical activary, were obtained from. the Protein Data Bank
databese: {FDE 10 4H6] and SF19M40TY) Compounds with the highes
sonres for therapeats: activity {=T1% probabdity of hinding aed =70%
pradiction sooarecy) were sebecial for nulecular docking simulatiome.
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2.3 Docking molecular For HIE-1-a due %0 the ahseece of & crystallized inbibitor, data
froen the literavare and the cavity detector of the program [=ingh

Maolecular mrgeis were determined Hypoma-isducible facior et al. 2023; Kong et al., 2022} and the cavity detector of the MVD

1 alpha (HIF-1-a. PDB 4HED) and Cycbeoaygenase-2 (C0X-2, FDB - with coordimates x &35, v: ~26.3Y9, & 2237 and a sphere of 12 A

SEL9MOTY] The crystallographe: struoiure of the epeymes was were need. Ligands ussderwent 10 erative runs, and the pose with

retrieved from the Protein Data Baek (PDB) under the codes AH8]  the hest scorimg result wis consbdered for the anehsis of

{Cardoso et al. 2012) with a resolation of 152 & and 40TY witha  intermsalecalar interactions asing the DMecovery Studio Visualizer

rescdution of 2.35 A, {Discovery Sradio Visualizer Dassaali Sysbemees BIOVIA, 2021).
The stracvares of the conypounds were imittally cbtamed from

PubChens {haip pubchemoang) (e sdf format. OpenBabel [0 Hayle

e al, 2011} was weed 1o generate the 3D osordinates of the 2.4 Molecular -d_'.l'l"l-! mics lMD}

compoinds and optimized wsing the Gaussiam 09 software

Docking  meodeodar  simulatioes were condiscied  wsing  the The stability of the ligand-receptor complexes for the apo form
program  Molegre Vil Decker  (MYD)  wersbon 35 of HIF-lalpha aed its forns consplexed with nsalecabes 3, &, and the
(Biienomem-Ferrema and de Asevedo, 2019). referemce inhibitor lificigoar (Y1) wis analfyred. Also, the apo

Hedecking was performed using the imhibibor bamirecoxib  form of COX-2 complexed with molecules 15, 16, and the reference
(LUR) of the COX-Z protein [PDB 40TY). The epeymes active  inhibiter lemiracoxib. The AMBER22 simulation package was used
site wis defined as & sphencd region of 12 A based oo the o performs 200 ns MO simulatioss an all complexes prepared using
ceordinates of the orpstallographic ligasd bamiracoxib usieg the  the GPU-sccelerated version of the Particle Mesh Ewald Modecular
Molltock Score scoring fuescibon. Dyvnamnics (FMEMID) {Lee et al., 2008}

Franters im S msity bE hommninomg
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Proteins and lgands were prepared in (458 (Maler 2t al, 2013)
amd GrAFF (Wang et al, 2004, with atomnic charges calculaved wing the
resiraleed  elecirnstaic  potential (RESP) proccoed a1 the HE'%-
314725 theoretical level using the Gousien 09 software The
proionation states of the jonizable residoss were amalyeed by
cabculatiegg, the pia at neuiral pH using the PDHIPOHR server
(Dcdinsky e al. 2007 All spitens were solvaled @ the dleap
miodule using an octahedrd water box with the TIFIF moddd
(lorgensen e al, 15830 Ma ¢ jons were added 10 maintain the

sysem's elecironeutraliry. Each sep was performed by apphies

Frantiers i Cramalry

sigps of siogped decer minimetion followed by 5000 of
cojugaied gradient.

The systems were heated froe 0 o 300 K, maintained at 300 K
{Langevin thermostat], perfornung 200 ps of MDY amd 300 ps of
density equilibeation, and 500 ps withost peeftiosal resiraints a
cometant pressume. A catoff podnt of 10 A for the systems was wsed for
noed-bonded inieractions, the Fariicle Mesh Ewald (PME] nueihaed
{Petersen, 1995), and the SHARE algorithan [ Elber, 2011) were used
i restrict bomd lengths imecdving hydrogen atoms. Finally, MD
(production] simelatons were performed wsng 200 @ oa

boenlmnimomg



du Barrcs wl al

melecular dedkong preleools wilrsy the PO
pragramm. while i lhe co-cnulal boand ared red i the coupling paoisa

THHLE & Valuw of the binding smargas betseen the imonosds and HIFLA

Tl =lais =M T ZL11 —ia2 - 3047
3 =187 X il - =105
3 =LL&8 =145 N5l L =115z

Captian. VOO0, Dcrman b Shabpl asgodoraine, - e bediicy maka] appaliniaa

temsperature of 300 K withow posiitonal restraimts. The deviations of
the protein and protein-ligand complex sysiems wene analvzed by
caloulating the roof mean square deviation (EMSD), root mean
square  fluctuation  [RM2F), and hydrogen bonds wsing  the
CPFTRA] modue {Koe and Cheatham, 2013

2.5 Binding free energy calculation using
MM/GBESA

The MMMEHSA technique acoorately caloalates the total bieding
free  emergy  of  protein-ligand  complexes  usimg  the
AmberTooli2d padkage (Da Costa et al., 2022; Case a1 @, 2023)
The last 1} ns of the MD simulation iraecories were used o
caloulate the bindieg free emergy.

2 Results
21 Im silica evalution

Al limonotds already isolated from O guinmenss were included
im this spody. Simibarly, idemiified fatry acsds of ithe species were
sedected (Figure 1}

Hegarding the predictions of the physicodhemical characeristics
of the famy acsds {12, 13, 14 15 17, 18 19, and 20), they
demonsrated a partition coeffickent oil-water {Log#) higher than
5.0, whale the bimoeodds have hagher malecalar masses (MM), with
limonstd 11 wiolating the Lipinsii’s rule Molecule 2 showed onky
oo vickiion in medeoular mees (Tabde 1]
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Despite the compounds’ pernseability ranging from low to
high, all molecules appear 1o be well absorbed im the
pastrodntesiingl ract Regarding distribatson. molecales 2. 5, &,
9, 10, amd 11 exhibin reduced plasma proicin binding and
mederate disiribwtbon 1o the cemiral nervous systemn {CRS),
except moelecule &, which showed bow distribation. Only the
fatty acids distribute highly to the CW& likely due 1o their
high lipid sclubility (Chages et al. 2022). All limonobds
imhibit CYP20% and CYP3A4, with CYP3A4 being the main
enxyme involved in the metabolism of these maolecules. Faiy
wcids are imhibived by CYP2C19, CYP20Y, and CYP3A4 and do
not undergo phase | metabolism {Table 2).

The temictiy prediotbon model showed & limitaiion regarding
mealecule 11, for which it was mob possible 1o determine the
toxicity parameters. All compounds were toxic 1o algee, Daphnia,
and Medaka and Minnow fishes. Regarding nvatagenicity, the
farty acids were muagenic for strain TAIZ35_MA. The fatty acids
were carcimogenic for rats and mnice. Excepa for acids 13, 14, 15,
and 16, which were not carcinogenic for mice The limonobds
were Bl mutagenic, but they were carcisogenic for rats and mice,
excepl for 3, &, and 8, which were not carcinogemic for
muice [Table 35,

Regardieg scube oeal tnxicity, the molecules with the lowest booie
potential are the facty aceds {Class Y and V1) hanwewer, despie being
cosnkid ered of bow tomicity {Class 1Y), the limonolds appear 1o have a
lower poienilal for side effects (Table 4).

Hased om the prediciions relsed to  physicechemical,
pharmacokimetic, and bomicity  paramneters, the  molendes
comsidered most promnising were 3 A, 15, 1& Sohsequenily, the
targets with potential for bobagical actvity related o Leshmania
were determined  (Hypoxa-inducbde  factar 1 alpha,
Cydooaygenase-2) with a probability of comecimess amd accuracy
greater than 70%, and PDB {Protein Data Bank) code (4HE) and
SFIRAOTY) for dockieg, obizined through ihe online server as
demonstrated in Table 5

3.2 Docking maolecular simulation

Im thse redecking with the loniraceibs (LU R) inhibitor of the
COX-2 protein (FDB 40TY), it wes found that the redocked
conformaison of the ligand perfectly overlapped with the co-
crystallized ligand, with an RMSD valae of 033 A and
satisfactory precision in repositioning the LUR ligand within
the active site of COX-2. The RMSD valoe between ithe docking
pose and the orvsiallographic ligend pose o5 less  than
2.0 A (Figure ).

The validated docking protocol was subsequently wsed for
mrolecalar docking simulatton. Comparing the bindings of
compounds 3 and & 1o the enzyme Hypoxia-inducible facoor
1 [HIF1A], it is observed that compoand 3 boand with lower
energy and had a lower inhibiibon comstant than 6. Kegarding
compoands 13 and 16 with Cydosaygenase-2 [(20X2), despiie
the low bimding energy, the inhibition constants were higher
than thase of 3 and 6, with 16 being very high (Table &1

Regarding ihe imtersctions established between the limenolds
wnd the HIFLA protein, compound 3 did not hawe any
umfavorable bonds, establishing alkyl bonds and hydrogen

bonlmninmyg
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handing. Compound & presented 1 unfavosable bond, 1 alkyl
band, 1 C-H bond, and 4 hydrogen honds (Figure 2). Evaluating
the interacttons established by the fatty acids and the COX-2
protein, unfavorable bonds are observed for both compounds,
with hydrogen bonds, alkyl bonds, and C-H bonds also being
obaerved (Figure 3),

3.3 Molecular dynamics simulation

3.3.1 Interactions of the limonoids methyl
angolensate and 6-hydroxy-methyl angolensate
with HIF1A

Figure J shows the RMSDs of HIFIA complexed with ligands 3,
6, and YC-1, deplaying stable dynamic beavior and RMSD vadues
of 187 A (molecule 3), 1.55 A (nwdecude 6), 1.71 A (YC-1), and
161 A (HIF1A-6).

Figure 5 shows that all complexes fornsed by molecules 3, 6, and
the YC-I inhibitar exhibited samiar bebaviors, with manimal
Boctuations below 2 A, except n the regloas between restdues
344-346, which showed greater fluctuation and the presence of a
significant number of H beads, suggesting a strong Interaction
between a kgand-protein complex.

Ies Takle 6, #t can be ohserved that nsolecdle 3 showed the most
favorable biesding affinity ta the HIFIA protein (AGhind -20.356 keall
mod), compared %0 maobecale 6 (AGhind - 11.32 keal'mol).

Frortiers s Crmmatry

3.3.2 Interactions of fatty acids with COX-2

When consparesy the RMSD vadues over time, it & observed that
nolecules 15 and 16 exduibat Jower values than LUR (Figure 6). Regarding
the comparisan of RMSD and andeo add reidues, in mwst boeds,
precimitics were observed between this parsneter, however, the ket
RMSD values were observad for modecale 16 (Fiygute 6).

Regardieg the ligand's abdity to establish hydrogen bands with
COX-2, a greater number of bosds between the protem and
nscdecude 15 were ohserved (Figuee 7)

I Table 7, it can be observed that molecule 15 showed the most
favarable binding affinky to the COX-2 protein (AGbind -
5436 kadlmal), compared o nwdecude 16 (AGhind -
3590 kealimoal).

4 Discussion

This study evaluated the phivsicochemical, phamnvacokinetic, and
toockcity aspects of fatry ackds already identtfied in C gaamonsis Oul,
observing in the plyysicochensical study that they violate the LogP. The
Logl assesses the balasce between lpasclubility and hydresolubdiry,
anxd when it & above 5, It can be & peedictive factor for bow absception of
the coenpounds i the gistromtestinal tract. However, pharmacckiness:
prediction studies desvonstrated that in MDCK cdls, the permeability
of the comnpounds wis moderate to highy, whik in Caco2 cells, the
permeabdity wis moderate. The hagh permseabiizy in MDUK cdls

frenteninoy
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suggests that these compounds may be absorbed by passve diffusion
(Chem et al, 201E). Than is, they cam cross the liped layer due o their
high lipnsoluble poteniial. The permeability in Caon? cels evalisies
absorplion in the Codon regon, which ssems 1o be mwsderate, and
perhaps, the high iniestinal ahsoeptios of these compounds may sooer
due 1o ahsoeplion im different locations of the Gl mact (Da Slva
Mirards et al, 2022).

[rue w0 their MM < 5000 ard high biposalubilicy, the evalisaved
fanty ackds appear 1o frecly oress the hlond-brain barrier. Therefore,
therapestic  concentratbons  can be  achieved cemtrally and

Franters i Cramalry

peripherally. expamding  their medicinal potential.  However,
whverse  reaciions  may  ocoor  centrally  aed  peripherally.
Additonally, these compeunds siroegly bind to plasma proten
and appear not 1o be metabolized by CYP. 1 s worth noling that
phase 1 metabaodiorn makes the compousd moee polar asd facilitates
reral excretiom. It is impanani to enyphasize that ity acds play an
essenitlal rele in the body, froen sirengihening immunay o their
importance in the nflammatory response (Pereira. 2008

A ooncernieg point in terms of pharmmcolinetics & the
inhibitery potential of CYP2C15 CYPD0Y, and CYP3AL, whidh

bonlmEnmonyg
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may interfere with the metabodern of otver drugs. Since  pemorigemdcity, and mutagesicity. Therefore, while faity acids

CYP3AL mctabaolizes @ krge sunsber of drugs, its inhibation can
lead 10 an incredse im the plasmna concentration of these drugs and
clevate the nsk of boalc effects

Apather aportant aspect evalsted was the tomicity of faty
aclds in abgae, crustaceans, and b Adl fanty acids were inaic bo akgae
and cresteceans, while they were not tosie 1o fish The madel for
algae s wed to predicy acwte onal toxidey in ferms of mortality
1. The Drapheia cresstacean mode] is wed 10
predict acute and subchronie ooicities. The model for Medaka and
Minnow fish suggests aoute and subchronis toxicty, as well as
charges in differest argans (Paues

All fatiy achds showed mutagenic potential (TA -Wa), with
miitatbons potentialy eccurrieg in both somatic and germline cells,
depending on the genes, which may or may not have phenotypic

iL st hermmiless et al.,

effects, potemtlally beading o severe clinkcal  consequences.
Additionally, composnds 12 17, 18, 19 and 20 were foued 1o
have carcinogenic potential in rats aed nuice, with carcinogesesis
levelvieg the conversion of a normal cell into a maligram cdl,
requiring prolonged tinse and repeated expocre 1o carciEagens
et al., 2002 ). Thas, if used aosely or for shoet pericds, the
carcinogent: potential of faty acids is misdmieed.

Regarding acute oral toxicity, the molecules with the bowest soxic
potemtial are the Gty scids (Clas ¥ oand Y1), However, malecales
13, 14, and 16 appear o have sade effects relared o iritation,

[ TS
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nmiy mal be lethal when ingested, the dde effects on arganisms
are o trade-olf of thewe resalts, requinieg sttention o these molsndes
despite lenited toxicay studies

The limonobds, except for 11, followed the Lipieshi rale
hoswever, their permeablity in MDCE cels showed that only one
neodecide had hagh permseabality, suggesting that the mechanisem
used in celfalar diffasion enay not Be passive diffusion (Chen et al,
2002). Addnioeally, the results in Caca? cells showed moderate
permeahility, sugpesiing that absception in ihe intestine pocurs at
nzare than one Jocatles, thus explining the high istetinal
sbwoaption. However, limonosds have higher molecalar mass
(M) compared e fary aceds, but only molecule 2 has a
meodecidar mass (MM) exceedieg 300D, On the other hand,
mendecide 01 wedated the Lipinsdd rule. Despite limiied oeal
bivavailabdity in molecules that do not adhere o Lipeski's nale,
the therapeutic potential should et be ignored (Lipanskl, 2004)

Henilardy o fatty acids. Bmosaids eshibited high imtestinal
abworptioe. despiie Jow 1o moderate permeabilicy in MERCK aed
neaderate permseabibity in Caca? These resalis suggest that perhaps
the diffusion mechanisen theough membeanes is not passive and that
their absorptson may ocoer inoother imtestinal eeghoss (Chen eral,
2002). Another sinedarity with fatty acds was the poteniial
inhibitery effect on C¥Pa which could nterfere with the

neetabalisny of differant classes of dooggs (Chen e al . 2015

nimnmoy

53



duw Barroa wl al

54

15 Z36% rcham 2024 1304126

Rool Mean Sguare Deviation (RMSO})

a0

ER

1o

L A

(LT

(LR ' 1

Agrs proteen

25 a0 P

1080
Tievia (nis)

115 150

Aot Mean Square Fluctuation (RMSF)

RMSF (4]

Bpo proten
LA

msoleciube 15
malaculs 16

A acid Pesidees

Redfd €
Lompirnom of FMLLD m the Brdng of Wity eods and CUK - il a bane

an oF DImH

rnd amro sod e

Im terms of tomicity, the sigrificant advaniage of limonoids over
tatty acids is that they did el shaow minagene: poteniial i pradictions
A previons study demonsirated that limonocids found & andircba oll
haive  antl-inflansrnabory,  anticamcer,  antituneer, and  anciabergic
properties [Matsul et al. 2004; Hipachd et al, 2017, Tsukanuts, 2019

Dne disdvantage of inoeoids compared e faoty adds was their
tigher anse aral toxciy, with their simulated LDS0 belonging o class
IV, However, it is imporiam to establish the effective dose 50% of
linsoiads, this alloswieg the determination of the therapeuiic windme
of these compourck, envanieg ther sadety of use. On the other hand,
theere weere nn results nelated o side effects, which is encounagiegg for the
possibility of o pronsing deug (Mirands-Fmior et &L, 2002)

The molecular docking siwdies of the selected limonosds and
taity acids were conducied ageinst molecular targets of Leishenamia,

Franters i Chamalny

wimieg o explore their kishmamicidal poreptial These enzymees are
necessary for the parasite’s sarvival and represent relevami targets for
the development of new drugs (Degrossali et al, 2007, The
limonoids  exhibited the best charscterisiics aed  moelecular
affinities, & they formed  bhvdrogen  bonds  with  the
Ivr25d residue, which pamicipates in the active site, potentially
generating irreversible inhdbitors (Cardoso e al, 2012). Comparing
the twe limosnids and their beding o HIFLA, it can be suggesiad
that limonodd 3 established a better Bindieg,

Hegardieg, fatty acids and their binding to cyclooxygenise 2,
inhibition of which & redated o anti-inflanymatory effects, nwobeodes
15 &nd 1& bound with favorable bindieng esergy, but 16 had a very
unfavorabde inhibation comsiant Thus, the meore prom isieg moleculs
was 15, which may coniriaie to the trestment of culaneosus

benlmnmmyg
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TABLE 7 Viauws of the bind gt B falty scidy snd COX.2.

LUR 3770 -3577 “a “AM ~Man
s -7 -7 2155 -R8l R R
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lesshmaniasis an the wound healing phase. This process involves
nteraction between cells and varowes mesenger systems, divided
wto three phases inflampsatary, proliferative, and remodeling
(Velnar et o, 2008).

The results of malecular dynamics provide a detailed and
dynanuc view of modeadar behavice, essential for enderstanding
complex phesomena of molecule-pectein binding, Desplae the
RMSD valoes of limonouds 3 and 6 being clase and many
bydregen bonds being observed for both malecales, the better
binsding emergy was observed for lmonaid 3, suggesting that ot
muay be the most promising,

Ins tesmes of the dymamics of fatty acikds 15 and 6, 1t was ohserved
that the RMSD of these muodocules wis kwer than that of LUR. However,
there was & sight difference between the aumber of hydrogen boads and
the encrgy. with campound 15 beng the most promssing
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5 Conclusion

Is summary, the leishnanscidal effect of C. guiamensis appears to
result from the synergista effect between limonolds and fatty acids.
Umanedds have an antparastic effect, while fatty acids nuay
coalribuge 1o the wound healing process of Amencan cutancous
leshmaniasis. Another relevant point s related to mutagenicity,
with anly fatty acids presenting this potential, while lmonosds act as
protectars against mutagensc processes. Therefoee, C guiimensis ail
seems to be very promsing for the treatment of cutineous
letshmaniasis,
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CAPITULO 3

Estudos quimicos e avaliagcédo da atividade antileishmania de
Carapa guianensis

Renilson Castro Barros; Renato Araujo da Costa, Heliton Patrick Cordovil Brigido,
Juliana Correa-Barbosa Andrey Moacir R. Marinho; Lucas Botelho Jerdénimo, Pablo
Luis Baia Figuereido, Patricia Santana Barbosa Marinho, Fernando Tobias Silveira;
Marliane Batista Campos; Maria Fani Dolabela.

Resumo:

O 6leo resina de C. guianensis é amplamente utilizado pelas comunidades tradicionais
amazonicas para o tratamento de feridas de dificil cicatrizacdo. Entretanto, os estudos
com extrato (EECGf) e fracGes obtidos desta espécie sdo escassos. O presente
estudo comparou os aspectos quimicos e atividade antiparasitaria do 6leo de C.
guianensis ao extrato obtido das folhas. O EECGf e suas fracfes foram submetidos
a andlises em cromatografia em camada delgada (CCD) e alta eficiéncia acoplada a
arranjos diiodos (HPLC-DAD) e a ressonancia magnética nuclear (H1 RMN). O 6leo
foi submetido a técnica de hidrodestilacdo, sendo o 6leo essencial posteiormente,
submetido a analise em cromatografia gasosa acoplada a massa (CG-MS). Todas as
amostras foram submetidas a avaliacdo da atividade antipromastigota em Leishmania
L. amazonensis. A as moléculas da amostra mais ativa foram submetidos aos estudos
in silico. Na prospeccéo fitoquimica do EECPf foi detectado triterpenos e esteroides,
que também estavam presentes na fracdo hexanica. No HPLC, identificou-se a
presenca de flavonoides no extrato e fracdes. No RMN a presenca de terpenos. No
CG-MS, no dleo essencial de andiroba foram encontrados aldeidos, além disso, os
resultados dos estudos computacionais foram promissores, o composto 9 (Undec-2E-
enal) € um candidato para inibicdo da catepsina D

Palavras-chave: Carapa guianensis, Leishmania, Aldeidos.

1 Introducéo

A leishmaniose é causada por um protozoario Leishmania, transmitida pelo
flebotomineos. Existem 3 formas principais da doenca, sendo a leishmaniose cutanea
(LC) é a forma mais comum e causa lesdes cutaneas. Estima-se que 600.000 a 1
milhdo de novos casos ocorram anualmente em todo o mundo, porém héa
subnotificagdo da doenga (WHO, 2023)

O tratamento da leishmaniose é complexo e depende de multiplos fatores,
incluindo a forma clinica da doencga, a presenca de comorbidades, a espécie do
parasita envolvida e a localizacdo geografica do paciente. Embora seja uma doenca

tratavel e curavel, a eficacia da terapia esta diretamente relacionada a competéncia
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do sistema imunoldgico, pois 0s medicamentos disponiveis nao erradicam
completamente o parasita. Portanto, pacientes imunocomprometidos tém um risco
aumentado de recaidas e complicagbes (Madusanka; Silva; Karunaweera, 2022)
Outro problema relacionado ao tratamento da leishmaniose é elevado a toxicidade
dos farmacos, isto €, ao antimoniato de meglumina que possui elevado risco de
cardiotoxicidade (Bento et al., 2013), a anfotericina B pode ocasionar nefrotoxicidade
(Rahal et al.,, 2014). Outros medicamentos também s&o utilizados como a
paromomicina que pode causar ototoxicidade, toxicidade renal e hepatotoxicidade
(Pokharel; Ghimire; Lamichhane, 2021) e Miltefosina que pode causar problemas
gastrointestinais, incluindo anorexia, nausea, vomito e diarreia (Silva et al., 2024).

Torna-se importante a busca de novos farmacos antileishmania e a Carapa
guianensis pode ser uma fonte promissora de moléculas bioativas. O 6leo de C.
guianensis apresentou atividade antileishmania, sendo sua atividade relacionada aos
limonoides, mas os acidos graxos sdo 0s principais constituintes deste 6leo. Estudo
realizou a predicdo e o possivel mecanismo de agdo da atividade antileishmania de
Gedunina, 6a-acetoxigedunina, Metil angosenlato, 7-desacetoxi-7-oxogedunina,
Andirobina, 6-hidroxi-angolensato metilico, 17B-hidroxiazadiradiona, 1,2-diidro-3-
hidroxi-7-desacetoxi-7oxogedunina, xilocensina k, llbeta-hidroxigedunina, 6a,11-
11B-diacetoxigedunina, Acido oleico, Acido palmitico, Acido esteéarico, Acido
araquidico, Acido miristico, Acido palmitoleico, Acido linoleico, Acido linolénico e Acido
beénico. Apesar de varias moléculas violaram a regra de Lipinski, todas as moléculas
foram bem absorvidas no intestino e inibiram o CYP. Todos 0s compostos mostraram
toxicidade em algum modelo, com &cidos graxos sendo mutagénicos e
carcinogénicos, e limonoides n&o sendo mutagénicos e carcinogénicos, pelo menos
para ratos. Em modelos in vivo, os &cidos graxos foram menos téxicos. Dockings
moleculares foram realizados em esteroides COX-2 (15 e 16) e fator 1 alfa induzivel
por hipdéxia para limonoides (3,6), atuando de forma sinérgica onde os Limonoides 3
e 6 parecem ser promissores como agentes leishmanicidas, e acidos graxos sao
promissores como cicatrizantes de feridas (De Barros et al., 2024)

O presente estudo avaliou a atividade antileishmania do 6leo de C. guianensis,
de extrato e fragcdes em isolados de L. amazonensis de paciente com a forma difusa
e localizada. Estas amostras foram caracterizadas em termos quimicos e as

moléculas do Oleo essencial foram submetidas aos estudos in silico para predicao de
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diferentes parametros fisico-quimicos, farmacocinética, toxidade e toxidade aguda e

a docagem molecular.

2 Metodos

2.1 Estudos quimicos do extrato de C. guianensis

As folhas foram coletadas nas coordenadas: 1.474822, -48.455531 na
Universidade Federal do Pard, em Belém do Para, sua exsicata foi depositada IAN
201.467 e registrado no SISGEN A94E918. O EECGT foi obtido por maceracédo e
submetido ao fracionamento sob refluxo obtendo as fracbes hexano (FHCGH),
diclorometno (FDCGf), acetato de etila (FEACGf) e metandlica (FMCGf). As amostras
foram cacaterizadas por cromatografia em camada delgada (CCD) Adaptado de
WAGNER, 1984.) cromatografia de alta eficiéncia (HPLC-DAD) e ressonancia
magnética nuclear (H1-RMN).

O extrato etandlico (EE) e fracdes das folhas e foram submetidos a
cromatografia liquida de alta eficiéncia (CLAE) (Alliance e2695 chromatograph
(WatersR), sendo solubilizado 1 mg da amostra em 1 mL de metanol e transferiu-se
para o cartucho SPE C18. Posteriormente filtrou-se a extracdo com auxilio de filtro de
seringa 0,45 pm (hidrofilico), e transferiu-se para frasco de CLAE (vial) em
concentracdo de 1mg/mL (1:1). O gradiente exploratério linear empregado foi
H,O/ACN 95:5 (tempo= 0 minutos) e 60 minutos (0:100 H20/ACN), com uma vazao
de 1,0 mL/min. O intervalo de detecc¢do no ultravioleta-visivel variou de 210 a 600 nm.

O EE e fracdes das folhas foram analisadas em ressonancia magnética nuclear
(RMN) de hidrogénio 'H (Bruker Ascend 400 spectrometer (Bruker, Bremen,
Germany), sendo o EE (20 mg), e fracdes metanolicas e acetato (20 mg) solubilizados
em metanol deuterado (500 pL). As fragbes hexano (FH) (20 mg) e diclorometano (FD)
(20 mg) solubilizadas em cloroférmio (500 pL). O TMS foi utilizado como padrao
interno para a calibragcdo dos espectros. As constantes de acoplamento (J) foram
medidas em Hertz, e os deslocamentos quimicos foram reportados na escala delta
(). operado nos modos de ionizagao por electrospray tanto negativo quanto positivo.

Para processar os espectros utilizou-se o programa TopSpin, versao 4.5.

2.2- Obtencéo dos 6leos e caracterizagdo quimica
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As sementes foram coletadas nas coordenadas: 1.474822, -48.455531 e
registrado no SISGEN A94E918. As sementes foram submetidas em processo que
consistiu em cozinhar as améndoas até ficarem macias, o que levou 60 minutos. Em
seguida, elas foram secas e passaram por um periodo de fermentacdo que durou 30
dias. ApGs a fermentacdo, as améndoas foram cozidas e amassadas manualmente
para extracdo. O material obtido foi deixado em repouso para que o 0leo se separe e
surgisse naturalmente. Esse 0Oleo foi decantado e acondicionado em frascos de vidro
escuro. Todo o processo foi realizado a sombra, protegido da luz direta.

Posteriormente, cerca de 100g do Oleo foi submetido a hidrodestilacdo em
aparelho de clevenger modificado durante 3h, (Maia; Andrade, 2009). A composicao
quimica do 6leo essencial foi analisada em CG-EM (Modelo QP2010 ultra (Shimadzu,
Téquio, Japao) equipado com uma coluna capilar de silica fundida Rtx-5MS (30m x
0,25mm; espessura de filme de 0,25 um) (Restek, Bellefonte, EUA). Como gas de
arraste, usou-se o Hélio com fluxo de 1 mL/min a 57,5KPa. No CG-EM foi injetado 1
ML de solucdo de dleo essencial em hexano (na proporcéo de 5 uL de 6leo e 500 pL
de hexano), a injecéo foi do tipo Split (proporcéo de divisdo 1:20).

A temperatura do injetor e da linha de transferéncia foi de 250°C; a
programacao da temperatura do forno foi de 60 — 240°C (3°C/min), seguida por uma
isoterma de 10 minutos. As moléculas foram ionizadas por impacto eletrdnico com
energia de ionizacdo de 70 eV em que a temperatura da fonte de ions foi de 200 °C.
A obtencao dos espectros de massas foi por varredura automatica a cada 0,3 s, com
fragmentos de massa entre 35 - 400 m/z.

Para a analise quantitativa, um Cromatografo gasoso acoplado a um detector
de ionizagdo de chama (CG-DIC) também foi utilizado. Os dados quantitativos
referentes aos constituintes volateis foram obtidos utilizando um GC Série 2010,
operado em condi¢des similares ao sistema CG-EM. As guantidades relativas de
componentes individuais foram calculadas por normalizacdo de area de pico usando
o CG-DIC.

Os compostos foram identificados com base na interpretacdo de seus
espectros de massas obtidos e associados aos tempos e indices de retengdo
presentes nas bibliotecas Adams, FFNSC 2 e NIST (Adams, 2007; Mondello, 2011;
Raposo et al., 2018).
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2.3 Atividade antipromastigota

Neste estudo, foram utilizados duas cepas de Leishmania (Leishmania.)
amazonensis (MHOM/BR/2012/M29719/Tomé-Acu/Pard), isolada de caso clinico de
leishmaniose cutanea anérgica difusa (LCAD) e Leishmania (Leishmania.)
amazonensis (MHOM/BR/2012/M29125/Magalhdes Barata-Pa.), Isolada de caso
clinico de Leishmaniose tegumentar americana, forma clinica: Leishmaniose cutanea
localizada (LCL), ambas mantidas no mantida no criobanco (N2) do Laboratério de
Leishmanioses Prof. Ralph Lainson, do Instituto Evandro Chagas, Secretaria de
Vigilancia em Saude e Ambiente do Ministério da Saude.

As formas promastigotas de L. (L.) amazonensis obtidas durante a fase
logaritmica de crescimento, foram reunidas por centrifugacdo em meio RPMI completo
3500 rpm por 10 minutos. O precipitado foi resuspendido em meio RPMI completo, as
promastigotas foram quantificadas em camara de Neubauer e ajustadas para uma
concentracdo correspondente a 4 x 10° parasitas/100uL. Esta suspenséo foi
distribuida em placas com culturas de células com fundo chato previamente
dosificadas contendo o extrato vegetal e fracdes hexanica, dicorometano, acetato e
metanol.

Foram preparadas duas placas, o extrato e fracdes diluidos em metanol, o que
permitiu a pré-dosificacdo da placa. A placa dos 6leos resina e essencial diluida em
DMSO, o que nédo permitiu a pré-dosificacao da placa. A pré-dosificacado da placa do
extrato e fracOes foi realizada da seguinte forma: 1 mg da amostra foi solubilizada em
500pug/mL em metanol, sendo realizada diluicbes sucessivas para obter-se as
seguintes concentracdes finais: 200ug/mL, 100 pug/mL, 50 pg/mL, 25 pg/mL, 12,5
pg/mL, 6,25 pg/mL e 3,125 pg/mL. Apos as diluicdes, 10uL de cada solugédo foram
transferidos para cada poco em fluxo laminar e a placa ficou aberta até completa
evaporacao do solvente.

No caso dos Oleos, 6leo resina e Oleo esséncial, as amostras foram
solubilizados em DMSO 1%, sendo realizada diluicdes sucessivas para obter-se as
seguintes concentracdes finais: 200ug/mL, 100 pg/mL, 50 pg/mL, 25 pg/mL, 12,5
pg/mL, 6,25 ug/mL e 3,125 pg/mL. Em seguida, as placas foram incubadas a 26°C
por 24 horas. O controle negativo consistiu de uma suspenséao do parasita e meio de
cultura, controle do solvente para as placas pré-dosificadas (metanol evaporado +
suspensao do parasito + meio), controle do solvente para o 0leo resina e essencial

(DMSO + suspensao do parasito + meio) e o controle positivo consistiu de uma
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suspensdo de promastigotas adicionada de Anfotericina B (25,12,5, 6,25, 3,125,
1,5625, 0,78125 e 0,3906 p/mL). Apés o periodo de incubacéo de promastigotas com
as amostras e farmacos foram adicionados 10 pL de MTT (Brometo de 3- (4,5-
dimetiltiazol-2- yl)-2,5-difeniltetrazolium) (5 mg/mL) em cada poco.

A placa for recoberta com papel aluminio, sucedendo-se nova incubacéo por
4 horas em estufa a 26°C para que o MTT seja metabolizado e consequentemente
fossem formados os cristais de formazan (Veiga et al., 2017). Depois de 4 horas, foi
adicionado 10 pL de dimetilsuféxido (DMSO), para solubilizar os cristais de formazan
gerados, através da agitacdo manual até completa solubilizacdo dos cristais e
novamente foi realizado a incubacéo por 1h. Posteriormente, realizou-se leitura da
densidade éptica (D.O) das amostras em leitor de placas de ELISA sob comprimento
de onda de 490 nm. A viabilidade das formas promastigotas foi avaliada com base no
metabolismo do MTT, sendo a mesma proporcional ao valor da absorbancia gerada.
A porcentagem de células (promastigotas) pela férmula, adaptada de (Ngure et al.,
2009)

A Concentracdo inibitéria 50% (CI50) foi determinada por regressao linear
(Graph Pad Prism versao 8.0). A analise estatistica foi realizada pelo teste t de Student
(Biostat 5.0). Os resultados foram classificados de acordo com 0s seguintes critérios:
IC50 < 100 pg/mL: amostra ativa, IC50 entre 101 e 200 pg/mL - amostra

moderadamente ativa e IC50 > 200 pg/mL - amostra inativa (Veiga et al., 2017).

2.4- Estudos in silico

Foram realizados estudos in silico de moléculas que obtiveram pelo menos
atividade moderada ou na literatura para atividade leishmanicida. Além disso, no caso
do 6leo essencial em que foram obtidas as moléculas presentes, foram selecionados
compostos com rendimento igual ou maior a 1% e que nao foram publicados em artigo
publicado pelo autor, sendo selecionadas: 2-Pentilfurano, Valerato de propila,
Pentanoato de butila, n-nonanal, 2E-nonen-1-al, n-decanal, 2E-decenal, 2E,4E-
decadienal, Undec-2E-enal, y-Dodecalactona e cis-6-Octadecenoato de metila

As moléculas do Oleo essencial foram desenhadas utilizando o programa online
Marvin (2023) (https://marvinjs-demo.chemaxon.com/latest/demo.html), e para a
determinacdo das propriedades fisico-quimicas, foi utilizado o servidor online
HomeADMElab (https://admet.scbdd.com) (Dong, 2024). A Regra dos Cinco de

Lipinski e Veber foi considerada (Lipinski, 2004; Veber et al., 2002). Para as previsdes
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farmacocinéticas e de toxicidade, foi utilizado o programa PreADMET (verséo 2.0,
Copyright © 2005-2017), que considera as propriedades farmacocinéticas (A—
Absorcao; D-Distribuicdo; M-Metabolismo/Biotransformacdo; E-Excrecdo) e a
avaliacao de parametros de toxicidade (T—Toxicidade; Preadmet, 2020).

Para a avaliacdo da toxicidade em organismos marinhos, foram utilizados os
seguintes critérios: para toxicidade em algas (Costa et al., 2008); para Daphnia sp
(Guilhermino et al., 2000); para Medaka (Zucker, 1985; e para Minnow (Costa et al.,
2008). O risco de mutagenicidade foi avaliado pelo teste de ames com as seguintes
cepas de Salmonella Typhimurium: TA100-10RLI e TA100-NA com mutacdo em His
G46e plasmideo pKM101 sem S9; TA1535-10RLI e TA1535-NA com mutacdo em His
G46 (Ames; 1975). O potencial carcinogénico dos compostos foi avaliado em ratos e
camundongos e classificado como (+) carcinogénico e (=) ndo carcinogénico. Para
prever a toxicidade oral aguda (dose letal 50% - LD50), foi utilizado o software online
PROTOX Il (Drwal et al., 2014) considerando a classificacdo de | a VI, também foram

avaliados eventos adversos que podem ocorrer com o uso da molécula.

2.5. Docagem molecular e Refinamento da energia

O docking molecular seguido do refinamento da energia pelo método
MM/GBSA foi realizado usando a plataforma ChemFlow (Barreto, et al., 2023), que
integra trés modulos principais: DockFlow, LigFlow e ScoreFlow.

A estrutura dos compostos 4, 6, 7 e 9 foram baixados do banco de dados
PubChem no formato 3D e submetidos a uma optimizacao estrutural. A estrutura
cristalografica da cathepsin D (PDB ID: 6QBH) foi obtida do Protein Data Bank (PDB),
contendo o inibidor co-cristalizado S43. A preparacao da proteina incluiu a remocao
de moléculas de agua, adicéo de hidrogénios e ajuste dos estados de protonacéo dos
residuos no pH fisiolégico no servidor PDB2PQR (Dolinsky et al., 2007)

No modulo DockFlow, o docking molecular foi realizado com o software
PLANTS, a pontuacgdao inicial de encaixe foi realizada com o ChemPLP que combina
o PLP (Piecewise Linear Potential) com o Chemscore do GOLD (Korb; Stutzle; Exner,
2009). Para validagédo do protocolo, um redocking do inibidor S43 foi conduzido,
avaliando a sobreposicéo entre a pose predita e a co-cristalizada. O inibidor re-

encaixado foi entdo sobreposto ao co-cristalizado de referéncia usando PyMOL 2.3 e
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o desvio quadratico médio (RMSD) foi calculado. O centro do sitio ativo foi definido
com base nas coordenadas do inibidor (x =8.778,y = 16.692, z = 6.870), e uma esfera
de 15 A delimitou a cavidade de ligacdo, garantindo acessibilidade para os ligantes.

No moddulo LigFlow, os ligantes foram parametrizados utilizando o
ANTECHAMBER, as cargas atbmicas foram geradas pelo método AM1-BCC e os
arquivos de parametros baseados no campo de forca GAFF2.

No modulo ScoreFlow, as energias foram refinadas pelo método MM/GBSA
(Molecular Mechanics/Generalized Born Surface Area), implementado no
MMPBSA.py do AmberTools23. Essa abordagem permite uma estimativa mais
precisa das energias livres de ligacdo, considerando interacdes moleculares
detalhadas, reduzindo falsos positivos frequentemente associados as funcdes de

pontuacao padrao dos programas de docking.

3 Resultados

3.1 Analise quimica do extrato, fracdes e 6leo de C. guianensis

O EECGTf (rendimento de 13%) foi submetido a reextragcao sob refluxo obtendo-
se as fracbes hexano (FHCGf, rendimento= 3,6%), diclorometano (FDCGH,
rendimento= 2,6%), acetato de etila (FEACGf; rendimento= 2,8%) e metanolica
(FMCGf, rendimento= 7,4%). Todas as amostras foram sumetidas a analises em CCD,
sendo dectados triterpenos e esteroides (EECGf, FHCGf) e flavonoides (EECGH,
FDCGf, FEACGf e FMCGH).

Andlises e HPLC- DAD sugerem a presenca de flavonoides no EECGf (TR
entre 25 a 30min.; Fig.1.1). As fracdes FDCGf, FEACGf e FMCGf apresentaram prefis
cromatograficos semelhantes (Fig. 1.3.; 1.4.; 1.5.).
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Figura 1. Andlises cromatogréficas e espectros em ultravioleta de C. guianensis.

Legenda: 1- Extrato etandlico obtido das folhas de C. guianensis; 2- Fragdo hexano de C. guianensis; 3- Fracdo diclorometano de C. guianensis 4- fracédo
acetato de etila de C. guianensis; 5- Fracdo metandlica de C. guianensis. CondicBes Cromatograficas: t=0 min. H,O/ACN 95:5; t= 60 min. 0:100 H20/ACN,
fluxo= 1,0 mL/min., temperatura=40°C, A=210 a 600 nm
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A Ultima analise realizada nestas amostras foram H1-RMN, que sugerem a
presenca de terpenos no extrato etandlico (EECGf), fragcdo hexanica (FHCGY), fracao
diclorometano (FDCGf), fragcdo acetato de etila (FAECGf) e fracdo metandlica
(FMCGTf) (Material Suplementar) (Tabela 1).

Tabela 1- Analise pelo grupo funcional (CH2) em H1 RMN de extrato e fracdes.

Grupo EECGf - FHCGf FDCGf- FACGf- FMCGf
funcional Deslocamento Deslocamento Deslocamento Deslocamento Deslocamento
(ppm) (ppm) (ppm) (ppm) (ppm)
metileno - 0.68e0.81, 0.86e0.90, 1.10e1.92, 1.10e1.92,
(CHz) 0.98e1.68, 1.25e1.64. 1.11e1.23, 1.20e 1.27,
1.00 e 1.98, 2.17e2.63. 2.17 e 2.61.
1.60 e 2.04,
2.35e 2.76.

Fonte: Adaptado de Popova et al., 2009; Sarria et al., 2014; Amorim et al., 2020; Alvarez et al., 2024.

Na analise do 6leo essencial por CG-MS detectou-se a presenca de diferentes
classes quimicas, tais como acidos graxos, ésteres, aldeidos, cetonas, entre outras.
Ainda foram detectados 54 metabolitos diferentes, sendo que a maioria das moléculas
estava em concentragOes inferiores a 1%. Os constituintes em concentracdes
superiores a 1% foram: 2 acidos graxos (Acido hexadecanoico e &cido oleico); 5
aldeidos (n-Nonanal, 2E-Nonen-1-al; n-Decanal; 2E-decenal;2E-4E- Decadienal;
Undec-2E-enal); 6 esteres (Valerato de propila; Pentanoato de butila; Hexadecanoato
de metila; Hexadecanoato de etila; Palmitato de propila; cis-6-Octadecenoato de

metila); 1 lactona (y-Dodecalactona); 1 furano (2- Pentilfurano) (Tabela 2).

Tabela 2 - Resultado da cromatografia gasosa do 6leo essencial de andiroba.

IRC IRL CONSTITUINTE TEOR CLASSIFICACAO
799 8012 n-Hexanal 0,68 Aldeido
861 8632 n-Hexanol 0,03 Alcool
887 8892 2-Heptanona 0,05 Cetona
895 8982 Butanoato de Propila 0,04 Ester
899 899b Valerato de etila 0,43 Ester
900 9012 Heptanal 0,29 Aldeido
951 9472 2E-Heptenal 0,4 Aldeido
959 9582 6-metil-Heptan-2-ol 0,01 Outros
964 9592 n-Heptanol 0,23 Alcool
972 9672 Acido hexanoico 0,16 Acido graxo
975 978b Alcool vinil-amilico 0,22 Alcool
990 991b 2-Pentilfurano 2,12 Furano
995 996b Valerato de propila 2,05 Ester
998 9972 Hexanoato de etila 0,24 Ester
1001 9982 n-Octanal 2,1 Aldeido
1005 10052 Propanoato de pentila 0,09 Ester
1025 1030b 2-etil-Hexanol 0,04 Alcool

1035 1036b Oct-3-en-2-ona 0,18 Cetona




IRC IRL CONSTITUINTE TEOR CLASSIFICACAO
1049 10422 y-Hexalactona 0,04 Lactona
1054 1053b 2E-Octen-1-al 0,59 Aldeido
1067 10632 n-Octanol 0,34 Alcool
1089 1090b Metil heptil cetona 0,26 Cetona
1091 10922 Pentanoato de butila 1,3 Ester
1099 11972 2-Nonanol 0,61 Alcool
1102 11002 n-Nonanal 6,67 Aldeido
1156 1157aa 2E-Nonen-1-al 1,36 Aldeido
1175 11742 Terpinen-4-ol 0,06 Monoterpeno
1196 11962 Octanoato de etila 0,28 Ester
1203 12012 n-Decanal 3,09 Aldeido
1211 12102 Nona-2E,4E-dienal 0,28 Aldeido
1259 12602 2E-Decenal 2,73 Aldeido
1298 13002 n-Tridecano 0,29 Alcano
1313 13152 2E,4E-Decadienal 2,81 Aldeido
1361 1357b Undec-2E-enal 1,77 Aldeido
1375 1375b a-Copaeno 0,4 Sesquiterpeno
1378 13802 4E-Decenoato de etila 0,21 Ester
1398 1406b a-Gurjuneno 0,63  Sesquiterpeno
1430 14302 B-Copaeno 0,59  Sesquiterpeno
1483 14872 Aristoloqueno 0,51  Sesquiterpeno
1493 14952 2-Tridecanona 0,19 Cetona
1498 15002 n-Pentadecano 0,71 Alcano
1562 15612 E-Nerolidol 0,16  Sesquiterpeno
1668 16702 epi-B-Bisabolol 0,52  Sesquiterpeno
1675 16762 y-Dodecalactona 1,11 Lactona
1924 1925b Hexadecanoato de metila 3,86 Ester
1971 1977b Acido hexadecanoico 23,61  Acido graxo
1993 19922 Hexadecanoato de etila 6,25 Ester
2089 2091C Palmitato de propila 2,44 Ester
2091 2093b Linoleato de metila 0,55 Ester
2098 2104C cis-6-Octadecenoato de metila 3,13 Ester
2125 21242 Octadecanoato de metila 0,36 Ester
2166 2168C Acido oleico 4,34 Acido graxo
2192 2198b Estearato de etila 0,47 Ester

68

Classificacéo
(continuacéo)

CLASSIFICACAO TEOR (%)

Aldeidos
Alcano
Alcool

Acidos graxos

Lactona
Ester

Monoterpenos
Hidrocarbonetos
Sesquiterpenos

Qutros
Total

22,87
1
1,47
28,11
1,15
22,35
0,06
2,13
0,68
2,76
81,88%

dos

constituintes:
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3.2. Atividade antileishmania

O fracionamento do EECGf ndo contribui para a atividade antipromastigota
M29125, pois as Clso das fragcbes FHCGf (p>0,05), FDCGf (p>0,05) e FMCGf (p>0,05)
foram superiores a do EECGf. Somente a FEACGF teve uma Clso inferior ao EECGF,
mas sem diferenca significativa (p>0,05; Tabela 3). De forma similiar ao observado
para as promastigota M29125, o fracionamento EECGf ndo contribuiu para a atividade
contra promastigota de M29719, tendo sido observado uma elevacao significativa da
Clso FHCGf (p<0,05), FDCGTf (p<0,05) e menores diferencas foram observadas para
as fracdes FEACGf (p<0,05) e FMCGf (p<0,05) (Tabela 3).

Quando se compara as atividades antipromastigota entre os isolados M29125
e M29719, maiores Clso foram observadas para o isolado M29719 em todas as
amostras testadas, exceto FDCGf (Tabela 3). Em termos estatisticos, estas diferencas
nao sao significativas entre as cepas (p> 0,05).

O ORCG parece ser mais promissor que o OECG (p<0,05), pois as CI50 foram
menores nos dois isolados de Leishmania. Apesar de ser menos ativo, 0 OECG pode
conter moléculas com potencial antiparasitario (Tabela 3).

Tabela 3- Atividade Antipromastigota de partes da Carapa guianensis.
Clso ug/mL + DP

Amostras M29125 M29719 P
EECGf 175+0,13 180+0,10 P>0,05
FHCGf 230+0,18 250+0,12 P<0,05
FDCGf 232+0,06 220+0,05 P<0,05

FEACGT 170+0,10 190+0,09 P>0,05
FMCGf 180+0,08 185+0,11 P>0,05
ORCG 89+0,15 95+0,22 P<0,05
OECG 140+0,06 137+0,18 P>0,05

Anfotericina B 0,1788+0,0005 0,1655+0,00045 P>0,05

Legenda: Clso — Concentragdo inibitdria 50%; M29719- isolada de leishmaniose anergica difusa;
M29125- isolada de leishmaniose tegumentar localizada; Extrato Etandlico (ET); Fracéo de hexano
(FH); Fracdo diclorometano (FD); Fracdo acetato de Etila (FEA); Fragdo metanol (FMe); Oleo
Resina (OR); Oleo essencial (OE). Inativo = Inativo; A = Ativo; MA = Moderadamente Ativo.

3.3 Avaliagéo in silico

Como o ORCG mostrou-se mais promissor contra promastigotas de L.
amazonensis foi realizado um estudo in silico e publicado (De Barros et al., 2024b).
Algumas moléculas majoritarias presentes OECG estdo presentes no ORCG, tendo
sido excluidas do presente estudo (Acido hexadecanoico, &cido oleico,
Hexadecanoato de etila e Palmitato de propila). Desta forma, foram incluidas as
seguintes moléculas: 1- 2-Pentilfurano, 2 — Valerato de propila, 3 — Pentanoato de

butila, 4 — n-nonanal, 5 — 2E-nonen-1-al, 6 — n-decanal, 7 — 2E-Decenal, 8—2E ,4E-
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decadienal, 9 — Undec-2E-enal, 10- y-Dodecalactona, 11- cis-6-Octadecenoato de

metila (Figura 2):
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Figura 2- Moléculas selecionadas para estudo in silico. 1- 2-Pentilfurano, 2 — Valerato de propila, 3 —
Pentanoato de butila, 4 — n-nonanal, 5 — 2E-nonen-1-al, 6 — n-decanal, 7 — 2E-Decenal, 8—2E,4E-
decadienal, 9 — Undec-2E-enal, 10- y-Dodecalactona, 11- cis-6-Octadecenoato de metila.

Predicdes das propriedades fisico-quimicas sugerem que todas as moléculas
seguem os critérios estabelecidos por Lipinski e Veber. Também, a superficie polar foi
inferior a 140 A (Tabela 4).

Tabela 4- Predicdo das propriedades fisico-quimicas,
Moleculas MM LogP nHBA Nhbd TPSA

1 138,100 4,092 1 0 13,14
2 144,120 2,656 2 0 26,30
3 158,130 3,058 2 0 26,30
4 142,140 3,178 1 0 17,07
5 140,120 3,312 1 0 17,07
6 156,150 3,609 1 0 17,07
7 154,140 3,744 1 0 17,07
8 152,120 3,091 1 0 17,07
9 168,150 4,209 1 0 17,07
10 198,160 3,483 2 0 26,30
11 296,270 7,687 2 0 26,30

Regra de Lipinski e Veber: LogP - oeficiente de particdo 6leo-agua menor ou igual a 5< 5; TPSA: area
de superficie polar topoldgica (TPSA) menor ou igual a 140 A<140 A; nHBA: aceitadores de ligacdo de
hidrogénio< 10; nHBD doadores de ligacdo de hidrogénio< 5; MM — massa molecular < 500D (Lipinski,
2004; Veber, 2002). 1- 2-Pentilfurano, 2 — Valerato de propila, 3 — Pentanoato de butila, 4 — n-nonanal,
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5 — 2E-nonen-1-al, 6 — n-decanal, 7 — 2E-Decenal, 8—2E,4E-decadienal, 9 — Undec-2E-enal, 10- y-
Dodecalactona, 11- cis-6-Octadecenoato de metila.

Todas as moléculas apresentam algumas caracteristicas farmacocinéticas
similares, isto €, possuem elevada absorcéo trato gastrointestinal, elevada ligacéo a
PP e potencial inibitéria de 3 CYP (Tabela 5).

Tabela 5- Predicédo das propriedades farmacocinéticas

Absorcéo Distribuicéo Metabolismo

Moleculas MDCK Caco2 HIA PP BBB CYP Inibition CYP

1 H M H H M 2C9, 2C19, 3A4 W 2D6

2 M M H H M 2C9, 2C19, 3A4 W 2D6

3 M M H H M 2C9, 2C19, 3A4 3A4

4 H M H H H 2C9, 2C19, 3A4 W 3A4

5 H M H H H 2C9, 2C19, 3A4 -

6 H M H H H 2C9, 2C19, 3A4 -

7 H M H H H 2C9, 2C19, 3A4 -

8 H M H H H 2C9, 2C19, 3A4 -

9 H M H H H 2C9, 2C19, 3A4 -

10 M M H H H 2C9, 2C19, 3A4 W 2D6, W3A4

11 M M H H H 2C9, 2C19, 3A4 -

BBB: barreira hematoencefalica; CYP: citocromo P450; HIA: absorcédo intestinal humana; W: fraco; H:
alto; L: baixo; M: médio; 1- 2-Pentilfurano, 2 — Valerato de propila, 3 — Pentanoato de butila, 4 — n-
nonanal, 5 — 2E-nonen-1-al, 6 — n-decanal, 7 — 2E-Decenal, 8—2E,4E-decadienal, 9 — Undec-2E-enal,

10- y-Dodecalactona, 11- cis-6-Octadecenoato de metila.

Uma variacdo significatica significativo no potencial mutagénico e
carcinogénico, isto é, as moléculas 8, 9, 10 e 11 parecem nao ser mutagénicas.

Enquanto as moléculas 4, 5, 6. 7 ndo foram carcinogénicas (Tabela 6).

Tabela 6- Predicdo de toxicidade.

. Fish Carcino
Moleculas Alga Daphnia Medaka Minnow Ames (TA) Rato/Cam *
1 T T VT VT 1535_10RL; 1535 _NA; 100_NA P/P
2 T T VT VT 1535_NA; 100_NA N/P
3 T T VT VT 1535_NA; 100_NA N/P
4 T T VT VT 1535 _NA N/N
5 T T VT VT 1535_NA; TA100_NA N/N
6 T T VT VT N N/N
7 T T VT VT 100_NA N/N
8 T T VT VT N P/P
9 T T VT VT N N/P
10 T T VT VT N P/P
11 T T VT VT N P/P

T: téxico; NT: nao téxico; N: negativo; P: positivo. Parametros: algas — <1 mg/L téxico; >1 mg/L nao
téxico; teste com dafnia: < 0,22 pug/mL téxico; > 0,22 pg/mL — ndo toxico; teste em peixes medaka e
minnow: < 1 mg/L — muito téxico; 1-10 mg/L — toxico; 10-100 mg/L — prejudicial e > 100 mg/L —
extremamente tdxico; carcinogenicidade em rato/camundongo * = carcinogenicidade em
rato/camundongo. T — Téxico, NT — Nao téxico, VT — muito téxico, N — negativo, P — positivo. 1- 2-
Pentilfurano, 2 — Valerato de propila, 3 — Pentanoato de butila, 4 — n-nonanal, 5 — 2E-nonen-1-al, 6 — n-
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decanal, 7 — 2E-Decenal, 8—2E,4E-decadienal, 9 — Undec-2E-enal, 10- y-Dodecalactona, 11- cis-6-
Octadecenoato de metila.

As moléculas com menor toxicidade oral (2, 3) apresentaram elevado potencial
mutagénico e a molécula 1 foi a com maior potencial toxico. As demais moléculas

apresentaram mesma classe de toxicidade (Tabela 7).

Tabela 7- Prediction de toxicidade oral

Moleculas LD50 (mg/kg) Classe
1 1200 v
2 35420 VI
3 35420 \
4 5000 V
5 5000 Vv
6 5000 Vv
7 5000 V
8 5000 Y
9 5000 Y
10 4400 Y
11 3000 \Y
LD50 — dose letal 50%. | — Irritante, T — tumorigénico, M — mutagenicidade. Categoria I: 1 < LD50

< 5 mg/kg — extremamente toxico; categoria Il: 5 < LD50 < 50 mg/kg — altamente téxico; categoria lll;
50 < LD50 < 300 mg/kg — moderadamente téxico; categoria IV: 300 < LD50 < 2000 mg/kg — baixa
toxicidade; categoria V: 2000 < LD50 < 5000 — improvavel de causar dano agudo; categoria VI: DL50
> 5000 — nenhum dano. 1- 2-Pentilfurano, 2 — Valerato de propila, 3 — Pentanoato de butila, 4 — n-
nonanal, 5 — 2E-nonen-1-al, 6 — n-decanal, 7 — 2E-Decenal, 8—2E,4E-decadienal, 9 — Undec-2E-enal,
10- y-Dodecalactona, 11- cis-6-Octadecenoato de metila.

Baseados nos resultados da toxicidade foram selecionados as moléculas 4, 6, 7 e
9 para a predicdo dos possiveis alvos moleculares, sendo todas as moléculas
pertencentes a classe dos aldeidos. Todas as moléculas ligaram com elevada

acuracia na Catepsina D (Tabela 8). Sendo este alvo selecionado para a docagem

molecular.
Tabela 8 - Avaliacdo de alvos moleculares
Moleculas Probabilidade Acurécia Nome do alvo PDB
4 93,42% 98,95% Catepsina D 40D9/6QBH
6 93,42% 98,95% Catepsina D 40D9/6QBH
7 92,24% 98,95% Catepsina D 40D9/6QBH
9 92,24% 98,95% Catepsina D 40D9/6QBH

PDB: Protein Data Bank; 4 — n-nonanal, 6 — n-decanal, 7 — 2E-Decenal, 9 — Undec-2E-enal,

4.3 Docagem molecular e Calculo de Energia Livre de Ligagéo

A validagédo do protocolo de docking molecular foi realizada por meio do
redocking do inibidor co-cristalizado S43 na estrutura cristalografica da catepsina D
(PDB ID: 40D9/6QBH). O desvio quadratico médio (RMSD) entre a estrutura

reanalisada e a co-cristalizada foi de 0,033 A (Figura 3).
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Figura 3: Superposicdo da reancoragem do S43 (Ciano). O co-cristalizado (verde) no sitio ativo
usando PyMOL (RMSD = 0,033 A).

As moléculas 4, 6, 7 e 9 foram submetidas a simulacdes de docking molecular

contra a Catepsina D. As func¢des de pontuacao e as energias livres destas moléculas
sugerem que a ligacdes entre as moléculas e a catepsina D séo favoraveis. Entretanto,
a molécula 9 exibiu um melhor desempenho, sugerindo maior afinidade pelo sitio ativo
da proteina em comparacao aos demais compostos testados. O inibidor S43, utilizado
como controle, apresentou a menor energia de docking e a menor energia livre de
ligacdo (Tabela 9).

Tabela 9- Energias de ligacdo das moléculas presentes no 6leo essencial de C. guianensis

Moleculas ChemPLP AG
4 -62.5549 -22.6975
6 -59.4354 -22.9030
7 -64.7954 -25.6680
9 -70.7703 -29.5836
S43 -127.043 -59.3822

Legenda: AG: Kcal/mol. 4 — n-nonanal, 6 — n-decanal, 7 — 2E-Decenal, 9 — Undec-2E-enal.

Todas as moleculas, a se ligar a Catepsina D ndo apresentaram ligacdes
desfavoraveis, porém observam-se algumas diferencas entre as ligacdes destes
aldeidos a proteina. Quando se compara a molecula 4 (figura 4B) e a molécula 6
(Figura 4C) As moléculas 7 e 9, que possuem 10 carbonos e 11 carbonos em sua
estrutura, a molécula 9 (figura 4E) parece ser mais favoraravel que a molécula 7 (figura
4D), observa-se que o aumento do nimero de carbonos favorece a ligagdo. Em
termos de ligacdo, a molécula 9 apresentou um perfil similar das demais moléculas,
todos as moléculas estabeleceram ligacdes de hidrogénio com Ser80 e Gly79,
interacdes hidrofébicas com Tyr78, Phel26 e lle134 (Figura 4).
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Figura 4- Representacgao das intera§6es 2D do inibidor S43 (A), 4 (B), 6 (C), 7 (D) e 9 (E). Figura gerada
com o Discovery Studio 3.5 Visualizer. 4 — n-nonanal, 6 — n-decanal, 7 — 2E-Decenal,, 9 — Undec-2E-
enal.

4 Discusséo

Na medicina tradicional amazobnica, o 6leo de sementes de C. guianensis é
utilizado para o tratamento de feridas de dificil cicatrizacdo (De Souza et al., 2017)
porém atualmente € comum adicionar outros 6leos no produto, o que pode influenciar
na atividade, visando buscar outro tratamento para leishmaniose tegumentar, cujo a
caracteristica € uma ferida, utilizando técnicas fitoquimicas nas folhas e 6leo verificou
a diferenca dos componentes quimicos entre extrato e fracdes, Oleo resina e Oleo
essencial.

Essas diferencas impactam nos resultados da atividade antipromastigota,
sendo elucidado que a atividade antipromastigota presente no 6leo resina é devido a
presenca de limondides (Oliveira et al., 2018) No entanto, verificou-se que o extrato
etanolico das folhas de andiroba e fragdes, que possuem flavonoides e terpenos, nédo

possuem atividade antipromastigota. Outrossim, o éleo essencial que € composto por
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esteres, aldeidos e acidos graxos (Tabela 2) possuem atividade moderada, sendo
atividade cicatrizante devido aos acidos graxos (Chia et al., 2018)

A atividade bioldgica de aldeidos ainda € pouco explorada, sendo realizado a
investigagdo do potencial in silico dessas moléculas. A andlise das interacbes
moleculares revelou que todos 0os compostos testados estabeleceram ligacfes de
hidrogénio com Ser80 e Gly79, residuos criticos para a estabilizacdo do complexo
proteina-ligante na catepsina D. Essas interagfes sdo fundamentais para a afinidade
dos compostos pelo sitio ativo, uma vez que promovem um encaixe estavel e
favorecem a interacdo com a cavidade enzimatica. Estudos anteriores demonstraram
que inibidores potentes da catepsina D frequentemente interagem com esses
residuos, reforcando sua importancia no mecanismo de inibicdo da enzima (Abideen
et al., 2022;Houstecka et al., 2020).

As moléculas selecionas pertencem a classe dos aldeidos e tiveram 0 mesmo
alvo de acdo molecular, a catepsina-D que tem a funcdo no parasito de digestdo das
proteinas da célula hospedeira, sendo essencial para a sobrevivéncia do parasita
nesta célula (Sojka et al., 2016). Desta forma, o bloqueio dessa via pode ser um alvo
interessante para atividade anti-leishmanicida. Nas células tumorais ocorre a
superexpressao de catepsina-D o que pode favorecer a degradacdo da matriz célula
promovendo a metastase (Mijanovic et al., 2021). Também esta enzima parece
envolvida no processo de apoptose e respostas celulares ao estresse oxidativo
(Mijanovic et al., 2021). A principio, a inibicdo de catepsina-d parece ser interessante
um alvo de tratamento leishmaniose, merecendo uma atencéo especial.

Esses achados indicam que o composto 9 (Undec-2E-enal) € um candidato
promissor para inibicdo da catepsina D, embora sua afinidade ainda seja inferior a do
inibidor de referéncia. Modificagdes estruturais estratégicas podem ser exploradas
para otimizar sua interagdo com o sitio ativo e melhorar sua estabilidade
termodinamica.

5 Concluséo

Neste estudo, verificou-se que a presenca dos limonoides é um fator para atividade
antipromastigota do Oleo resina de Carapa guianensis. No entanto, apesar da
atividade moderada antipromastigota do 0Oleo essencial de Carapa guianensis,
existem moléculas promissoras para essa atividade biologica, os aldeidos, que

estudos em relacao a atividades bioldgicas sdo escassos. Portanto os resultados dos
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estudos in silico indicam que existe um poténcial de acédo antileishmania dessas

moléculas, sendo necessario estudos adicionais.
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5. DISCUSSAO INTEGRADORA

Na busca de alternativas terapéuticas para o tratamento da leishmaniose é
importante compreender a interacado parasito hospedeiro. Ao infectar o homem, o
parasita desenvolve varias estratégias que visam assegurar sua sobrevivéncia e
evasao do sistema imune (Cunningham, 2002; Dos-Santos et al., 2016).

A resposta imune mediada por células Thl CD4* é essencial para ativacdo de
macréfagos e eliminacdo do parasita, sendo o O6xido nitrico um componente
fundamental nesse processo (Machado et al., 2004; Silveira et al., 2008). Outras
espécies reativas de oxigénio também sdo essenciais nesse processo (Bogdan et al.,
2000; Silveira et al., 2008). Entretanto, o parasita desenvolve estratégias para resistir
ao estresse oxidativo (Olivier et al., 2005). Os farmacos disponiveis, como 0
antimoniato de meglumina (MA), causam alteracdes oxidativas que estdo envolvidas
tanto na atividade antiparasitaria quanto na toxicidade do farmaco (Solomon et al.,
2024). A forma nanoestruturada do MA favorece o aumento de expressao de NOS
TNF-a e IFN-y, diminuicdo de IL3 e ativa caspase-3 induzindo a apoptose de células
parasitarias (Yadegari et al., 2023).

Desta forma, o MA atua nos pontos criticos que favorecem a sobrevivéncia do
parasita no hospedeiro, isto é, para sobreviver o parasito diminui o estresse oxidativo,
o MA eleva o estresse; 0 parasita altera a resposta imune para favorecer seu
crescimento e o MA reverte este processo. Porém, as mudancas oxidativas
ocasionadas por MA estdo envolvidas em sua toxicidade. A nefrotoxicidade da
Anfotericina B também tem sido associada ao estresse oxidativo (Baginski et al.,
2006), a toxicidade da paromomicina tem sido associada a ROS, outros farmacos,
utilizam para o tratamento da leishmaniose que tem sido atribuida ao estresse
oxidativo a atividade e toxicidade a isotionato de pentamida (Bento et al., 2013) e
miltefosina (Olivier et al., 2005; Pinto-Martinez et al., 2018).

Na busca de alternativas terapéuticas, alguns estudos com plantas medicinais
demonstraram uma relacdo direta entre 0 estresse oxidativo e a atividade
antiparasitaria (Veiga et al., 2022; Brigido et al., 2024). A principio, parece interessante
buscar um novo farmaco que gera espécies reativas de O e N para o tratamento da
leishmaniose. Entretanto, estas mesmas espécies podem ocasionar diferentes
eventos adversos com potencial grave.

Diante destas reflexbes, o presente estudo tenta buscar uma possivel

alternativa terapéutica para o tratamento de leishmaniose que tivesse potencial
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antiparasitario sem o envolvimento do estresse oxidativo e alterasse o0 processo
inflamatorio envolvido na doenca. Desta forma, o 6leo de C. guianensis pareceu
promissor, visto que a atividade antiparasitaria dos limonoides ja é relatada (Oliveira,
2018) e atividade cicatrizante dos acidos graxos também esta relatada na literatura
(Chia, 2018). No entanto, os mecanismos envolvidos nestas atividades bioldgicas nado
€ conhecido. Visando compreender melhor o poténcial farmacolégico destas
moléculas foi realizado estudo in silico (de Barros et al., 2024).

A primeira preocupacéo foi em relagédo se um possivel medicamento com estas
moléculas pudessem ser usados por via oral. Os estudos de predicbes das
propriedades fisico-quimicas e farmacocinéticas sugerem que a via pode ser a oral
(de Barros et al., 2024).

Os medicamentos disponiveis, exceto a miltefosina, sédo de uso intravenoso e
intramuscular. Ressalta-se que a maioria dos pacientes com leishmaniose moram em
locais afastados e tem reacdes adversas e dificuldades de acesso a servicos de
saude, logo a via oral € mais adequada que a via parenteral, favorecendo a adesao
ao tratamento e melhorando a resposta ao tratamento (Laniado-Laborin; Cabrales-
Vargas, 2009; Solomon et al., 2024).

Como os farmacos disponiveis para o tratamento da leishmaniose apresentam
elevada toxicidade, torna-se importante buscar novas alternativas menos toxicas. O
presente estudo realizou as predi¢cdes de toxicidade para limonoides e acidos graxos
por meio de diferentes abordagens in silico. No entanto, todas moléculas
demonstraram toxicidade nos modelos de algas, Daphnia e peixes.

A toxicidade para Daphinia sugere que o uso de uma molécula em curto prazo,
em concentracdes subletais, podem ocasionar efeitos toxicos (da Silva et al., 2024) e
sdo recomendados estudos in vivo para avaliar a toxicidade renal, hepatica, cardiaca
e em outros érgaos.

A toxicidade pode resultar em efeitos adversos da molécula sobre o
crescimento, metabolismo ou sobrevivéncia do organismo, sendo uma escolha
ecotoxicolégica e pode ser para avaliacdo de moléculas candidatas a farmacos
(Giaginis et al., 2012). O uso deste modelo in silico sugere efeito toxicolégico agudo,
sendo considerado na avaliacdo preliminar (de Barros et al.,, 2024). Todas as
moléculas aumentadas de toxicidade neste modelo. A predicdo de toxicidade oral
aguda indicou que os limondides apresentavam baixa toxicidade, enquanto os acidos

graxos exibiam um potencial ainda menor, de forma geral.”
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Estudos in silico demonstraram que os limonoides podem afetar a membrana
celular dos parasitas através do estresse oxidativo, porém apresentam baixa
toxicidade para humanos em doses terapéuticas (de Barros et al., 2024). A toxicidade
foi relacionada para o uso de doses elevadas, podendo causar problemas
gastrointestinais, além de afetar a funcao cognitiva e a funcionalidade motora (Porfirio-
Dias et al.,2020). Entretanto, a exposicdo de ratos de forma prolongada levou ao
surgimento de hepatotoxicidade (Costa-Silva, 2008), porém estas alteracbes néo
foram observadas no presente estudo.

Em relacédo aos acidos graxos incluidos nesses estudos, sdo compostos que
podem interagir com as membranas de algas reduzindo a permeabilidade, levando o
ao estresse oxidativo e inibicdo do crescimento (Sun et al., 2018). Diante disso, todas
foram toxicas para algas.

Os efeitos toxicos dos acidos graxos para Daphinia podem resultar na formacao
de agregados lipidicos afetando a funcéo respiratoria (Tkaczyk et al., 2021). Para
verificar se os acidos graxos possuem toxicidade aguda foi realizada a predicéo de
toxicidade oral, sendo menor toxicidade observadas efeitos indesejaveis (13,14 e 16),
mutagénico (14 e 16) e tumorigénico (13 e 14). Verificou-se se os acidos graxos e
limonoides possuem potencial mutagénico e carcinogénico, novos estudos in silico
foram realizados, os limondides ndo foram mutagénicos e o0s acidos graxos possuem
potencial mutagénico em ST1535NA. Em sintese, estes resultados sugerem o
potencial genotoxico intrinseco de acidos graxos, sendo necessario estudos
adicionais.

Esperava-se que o0s &cidos graxos pudessem ser carcinogénicos e 0s
limondides ndo apresentassem efeito toxico. Tal premissa se fundamentou no fato que
mutacdes no DNA podem ocasionar alteragdes em genes que regulam o ciclo celular
como proto-oncogenes e genes supressores de tumor (Zacharias et al., 2020). Vale
ressaltar que nem toda substancia é carcinogénica (Kolbye e Carr, 1984). No presente
estudo, observa-se que os acidos graxos foram mutagénicos e apresentavam
potencial carcinogénico para ratos e camundongos (12,17,18,19,20) ou apenas ratos
(13,14,15).

Os limonoides ndo apresentaram potencial mutagénico, porém, foram
carcinogénicos, o que faz pensar em outros mecanismos envolvidos neste processo,

como aumento a taxa de ativacao celular sem causar mutac¢des (Chia, 2018) podem
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causar estresse oxidativo nas diversas expressoes génicas sem alterar no presente
estudo.

Desta forma, é importante investigar os mecanismos envolvidos no processo
de apoptose dos limonoides. Todas as moléculas foram toxicas para Medaka e
Minnow nos estudos in silico. Os estudos em peixes demonstraram bons indicadores
de toxicidade aguda (de Barros et al., 2024), porém a predicdo em ratos demonstrou
a seguranca das moléculas. Além disso, pode sinalizar o quanto moléculas lipofilicas
podem se acumular, ocasionando altera¢des enddcrinas e outras alteracdes (Geyer
et al., 1993).

Desta forma, ao que parece, as possiveis acdes ocasionadas pelos limonoides
e acidos graxos ndo sao letais, mas sédo alteracdes em 6rgaos ou sistemas que podem
desencadear reacfes tdxicas ou reacfes adversas. Nesse contexto, é importante a
realizacdo de estudos de toxicidade oral em doses repetidas associadas a “screening”
hipocrético, funcdo renal e hepatica, hemograma, analise imunohistoquimica e
dosagens de citocinas e NO. Estas andlises permitem prever as possiveis reacdes
adversas e toxicidade.

Depois destas andlises selecionou-se 2 limonoides (3 e 6) e 2 acidos graxos
(15 e 16) apresentaram melhor perfil de toxicidade para a docagem molecular e
dindmica molecular. Estudos preliminares demonstraram que os limonoides am HIF-
la na célula humana esta proteina esta envolvida na adaptacéo celular a hipdxia (de
Barros et al., 2024) e interage com o sistema imune contribuindo para modulacéo da
inflamacé&o e apoptose (Ferraris, 2011; Ferraris, 2012).

A leishmaniose ndo atua por meio do gene HIF-1la, mas pode induzir sua
expressdo nos macréfagos (Aghaei et al., 2020) o resultado desta ativacdo pode
modular a inflamacéo e apoptose, alterando o ciclo de vida do parasito (Mendonga et
al., 2020).

Os acidos graxos avaliados inibiram a COX-2, que € uma enzima essencial no
processo inflamatorio e induzida por estimulos inflamatérios, lesdes e infec¢gbes (de
Barros et al., 2024). A COX pode atuar regulando a resposta inflamatoria, contribuindo
com sua resolucdo ou cronificacdo (Rajakariar; Yaqoob; Gilroy, 2006). O uso de
inibidores de COX-2 para o tratamento da leishmaniose pode ter efeitos positivos
como o aumento de producédo de 6xido nitrico e de espécies reativas de oxigénio que
sao letais para o parasito e supressao da resposta inflamatoria (Bhattacharjee, et al.,

2012). Por outro lado, esta inibicdo pode interferir no equilibrio da resposta imune TH1
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e TH2, o que pode ndo ser bom para o tratamento da infeccdo (Bhattacharjee, et al.,
2012). De qualquer forma, o controle da inflamacéao pode ser Gtil para o tratamento da
leishmaniose, porém deve estar associado a um farmaco com propriedades
antiparasitarias.

Sempre que se avalia a antileishmania de ORCG atribui-se esta atividade aos
componentes fixos (Limonoides). Entretanto, no OECG pode conter outras moléculas
ativas no parasito. Entdo, foi obtido OECG, feito a caracterizacdo quimica e
identificados diferentes ésteres e aldeidos. Aldeidos isolados de plantas medicinais
mostraram-se ativos em doencas de chagas e leishmaniose (Machado et al.,.2012).
Logo, avaliar a atividade in silico de moléculas pertencentes a esta classe parece
interessante, também parece interessante avaliar a atividade do OECG.

O OECG mostrou-se menos ativo quanto as formas promastigotas M29125 e
M29719 que o ORCG, sugerindo a importancia dos limondides para esta atividade.
Nos estudos in silico, avaliou-se 5 aldeidos presentes OECG, 4 ésteres, 1 lactona e 1
furano. A inclusdo de ésteres se fundamenta na premissa que estes metabdlitos
possam alterar a integridade da membrana do parasito (Rabinovitch; Zilberfarb;
Ramagzeilles, 1986. Enquanto, lactonas podem ter atividade inibitéria na enzima
tripanomatioma redutase- (Possart et al.,, 2021) e furanos inibem a sintese do
ergosterol (Sathiyamoorthy et al., 2024).

Todos os componentes séo a regra de Lipinski e parecem ser bem absorvidos
por via oral. Sendo o principal critério utilizado para selecédo das moléculas que foram
para docagem a toxicidade. Neste contexto, as moléculas 6 (n-decanal), 8 (2E, )9, e
10 as mais promissoras. No entanto, somente as moléculas 4,5,6,7 ndo foram
carcinogénicas, a molécula 6 também nao foi mutagénica, enquanto a molécula 9 néo
foi mutagénica e carcinogénica para rato. A molécula 7 foi mutagénica, porém, nao foi
carcinogénica e a molécula 4 foi mutagénica e nao carcinogénica para ratos. Essas
moléculas nao foram toxicas quando avaliadas por via oral e diante desses resultados
foram selecionadas para os estudos in silico.

As moléculas selecionadas pertencem a classe dos aldeidos e tiveram o
mesmo alvo de agao molecular, catepsina-D que tem a fung&o no parasito de digestao
das proteinas da célula hospedeira, sendo essencial para a sobrevivéncia do parasita
nesta célula (Sojka et al., 2016). Desta forma, o bloqueio desta via pode ser um alvo
interessante para atividade anti-leishmanicida. Nas células tumorais ocorre a

superexpressao de catepsina-D, o que pode favorecer a degradacéo da matriz célula
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promovendo a metastase (Mijanovic et al., 2021). Também esta enzima parece
envolvida no processo de apoptose e respostas celulares ao estresse oxidativo
(Mijanovic et al., 2021). A principio, a inibicdo da catepsina-D parece ser interessante
um alvo de tratamento leishmaniose, merecendo uma atencéo especial.

Além de avaliar atividade antileishmania, do ORCG e OECG, foi avaliado a
atividade antipromastigota de EECGf, FHCGf, FDCGf, FEACGf e FMCGf, certamente
as composicdes quimicas do extrato e fracdes é muito diferente dos 6leos, sendo
detectado a presenca de flavonoides no EECGf e FDCGf, FEACGf e FMCGf. Além
disso, em analise de RMN, verificou-se a presenca de terpenos a partir dos
deslocamentos encontrados nas fracdes foram sugestivos da presenca de hidrogénios
referentes a grupos metilenos contidos em diferentes diterpenos e triterpenos
cicloartano (Popova et al., 2009). Na espécie em questdo ja foram identificados
variados terpenos, como triterpenoides (Sarria et al., 2014; Amorim et al., 2020) e
sesquiterpenos (Alvarez et al., 2024),

Apbs todos os estudos quimicos e avaliacdo da atividade antipromastigota,
percebe-se que o ORCG ainda é a melhor alternativa para o tratamento da
leishmaniose e os compostos fixos sdo importantes para esta atividade. Entretanto,
0S ensaios in vivo sdo importantes para compreender a atividade antiparasitaria e

antiinflamatéria de ORCG.
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6. CONCLUSAO

Ao final deste estudo conclui-se que o ORCG foi 0 mais promissor como anti-
leishmania, sendo contido neste Oleo constituintes fixos, limondides e constituintes
volateis, a resposta antileishmania pode resultar de um efeito sinérgico resultante da
inibicdo de vias envolvidas na resposta inflamatéria (COX-2) pelos acidos graxos,
associada anti-parasitario, promovido catepsina-d pelos aldeidos e pela inibicdo do
HIF1-a pelos limondides. Torna-se urgente investigar se associacdo da inbicdo destas
diferentes vias pode levar ao sinergismo para os efeitos tdxicos subletais em modelo
de roedores. Desta forma, pode se sugerir a seguranca do ORCG no tratamento da

leishmaniose tegumentar.
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APENDICE A
Figura 1S. RMN 1H Extrato etanolico (EECGf)
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Abstract: Teucrium polium L. is a plant with various claims of ethnobotanical use,
primarily for inflammatory diseases. Chemical studies have already isolated
different types of terpenes from the species, and studies have established its
pharmacological potential. The present study evaluates the components of T.
polium essential oil cultivated in the Algerian Saharan Atlas. GC-MS identified the
major components as fenchone (31.25%), 3-carene (15.77%), cis-limonene oxide
(9.77%), and myrcene (9.15%). In the in silico prediction, molecules with more
than 1% abundance were selected. Regarding Lipinski’s rule, all molecules
followed the rule. All molecules were found to be toxic in at least one model, with
some molecules being non-genotoxic (6, 8, 10, 11, 12, 13) and others being non-
mutagenic (5, 7, 9, 14). Three molecules were selected that showed the best results
in pharmacokinetic and toxicity studies: the molecules that did not present
carcinogenic potential (7—myrtenal; 9—myrtenol; 14—verbenol). The molecular

target was established, and it seems that all three bound to the nuclear factor NF-

1, Introduction

Teucrium polium L. (Lamiaceae) is found in Europe, North Africa, and Asia. The following medicinal claims

are attributed to it: treatment of inflammatory diseases, gastrointestinal disorders, diabetes, rheumatisms,

indigestion, abdominal pain, colds, and urogenital diseases [1,2].

Chemical studies conducted on T. polium oil have identified compounds belonging to the following classes:

sesquiterpenes (a- and t-cadinols), (E)-B-caryophyllene and its oxide forms, neoclerodane diterpenoids, and

monoterpenes. The proportions of these chemical



kappa-B. Based on the
docking and molecular
dynamics results, these
molecules have

potential as  anti-

inflammatory and antitumor therapies, with further in vitro and in vivo studies

needed to evaluate their activity and toxicity.
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constituents vary according to the collection site [2,3] and, possibly, factors such

as the time of plant collection and the part used for oil extraction, among others.
The following compounds have already been identified in T. polium oil and listed
as major components in at least one study: B-caryophyllene [4-8], germacrene D
[5], limonene [5,9], p-cymene, 2,4-di-tert-butylphenol [9], a-pinene [6,10], a-
thujene, terpinen4-ol [10], ledol oxide (I1), linalyl acetate, B-eudesmol [11], a-
cardinol, caryophyllene oxide, epi-a-muurolol, cadalene, longiverbenone,
carvacrol [6], 11-acetoxyeudesman-4-a-ol, abisabolol [7], B-pinene, a-muurolol,
a-cadinol, a-muurolol, a-cardinol, a-cardinol [8], caryophyllene, y-muurolene,
cadinol, a-gurjunene, rosifoliol, 3-carene, y-muurolene, a-phellandrene [12],
carvacrol, torreyol [13], lycopersen, dodecane, 1,5-dimethyl decahydro
naphthalene, tridecane [14], myrcene, menthofuran, ocimene, pulegone [15], B-
eudesmol [16], B-pinene, limonene, a-phellandrene, linalool, terpinen-4-ol, y- and
6cadinenes, cedrol, cedrenol, and guaiol. In summary, more than 80 molecules
have been identified in T. polium oils [17].

The essential oil of T. polium, with a-pinene, linalool, and caryophyllene
oxide as its major components, demonstrates activity against Gram-positive
bacteria (Staphylococcus aureus and Staphylococcus epidermidis) and Gram-
negative bacteria [18]. Essential oils obtained from subspecies also show activity
against Acinetobacter baumannii and Staphylococcus aureus [18].

T. polium is known for its antidiabetic effects through various mechanisms, such as
increasing insulin secretion and levels, inducing the regeneration of pancreatic B-
cells, reducing oxidative damage, promoting glucose uptake in muscle tissues,
inhibiting aamylase activity, and enhancing GLUT-4 translocation [2]. The
antidiabetic effect has also been observed in male Wistar rats induced with diabetes

by STZ injection (60 mg/kg, i.p.) and treated with Teucrium polium extract (100,



200, and 400 mg/kg) via daily gavage for 6 weeks. The results showed that the
group treated with the extract exhibited reductions in glucose, triglycerides, and
serum cholesterol, in addition to an attenuation of oxidative stress in aortic and
cardiac tissues [19].

Due to its antimicrobial and antidiabetic potential, as well as its variation in
chemical composition, it is crucial to identify the possible pharmacological markers
of the species and their potential mechanisms of action, toxicity, and other aspects.
In this context, in silico studies prove to be an important tool for predicting
molecular structures and potential mechanisms of action of such compounds, as
this type of study allows for the computational simulation of compounds from
databases to predict various parameters such as physicochemical, pharmacokinetic,
and toxicological properties [20].

This work is based on the analysis of the essential oil (EO) extracted from T.
polium, with the major molecules selected for investigation related to
physicochemical, pharmacokinetic, and toxicological predictions, biological
activities, and potential targets of action. Subsequently, molecular modeling of

the selected compounds is performed.

Materials and Methods
Chemical Studies
2.1.1. Plant Material, and Extraction of the Essential Oil

The aerial parts of T. polium L. (Lamiaceae) were collected in April 2023 from
Laghouat city (located in the south part of the Algerian Saharan Atlas); the GPS
coordinates were 33°47'59" N 2°51'564" E. The plant material was taxonomically
identified by the botanical survey, and its voucher specimen (LBAS Tp/04/23) was
deposited in the Herbarium of the Laboratory of Biological and Agricultural
Sciences, University of Amar Telidji, Laghouat, Algeria. After drying and grinding
the plant, 100 g of powder was mixed with 1.5 L of distilled water in a round-
bottomed flask and placed in a Clevenger-type apparatus for hydrodistillation.
After 3 h, the essential oil was recuperated and stored in a sealed vial at 4 ° C until

analysis.

2.1.2. Chromatographic Analysis
For the analysis of the essential oil, a Shimadzu GCMS QP 2010 ULTRA
(Kyoto, Japan) with an RXI-5MS capillary column (30 m"  x 0.25 mm inner

diameter, film thickness 0.25 um) was used. The percentage composition of the



essential oil was written by calculating gas chromatography flame ionization
detection (GC-FID) peaks.

The RXI-5MS capillary column (30 m" x 0.25 mm i.d., film thickness 0.25 um)
was used with helium as the carrier gas. The injector temperature was 250 ° C, and
the split flow was 1 mL/min. The GC oven temperature was kept at 40 *C for 3
min, programmed to 240 *C at a rate of 4 - C/min, and then kept constant at 240
*C for 53 min. For chemical component identification, Wiley and NIST electronic
libraries were used [21,22]. For this study, service was purchased from Kastamonu
University Central Research Laboratory “MERLAB” in Turkey.

In Silico Evaluation
The molecules were drawn wusing the Marvin JS online program

(https://marvinjsdemo.chemaxon.com/latest/demo.htm| (accessed on 1 October
2024) and saved in the

“Smiles” format for use on online servers (Table S1), while, for the determination
of physicochemical properties, the online server Home-ADMElab was used
(https://admet.scbdd. com) [23]. The Lipinski’s rule of five or “Rule of Five” was
considered [24]. For pharmacokinetic and toxicity predictions, the PreADMET
program (version 2.0, Copyright © 2005-2017) was used, which considers
pharmacokinetic ~ properties  (A—absorption; D—distribution; M—
metabolism/biotransformation; E—excretion) and the evaluation of toxicity
parameters (T—toxicity; PREADMET, 2020).

For the assessment of toxicity in marine organisms, the criteria used were as
follows. For toxicity in algae [25], Daphnia sp. [26], medaka [27], and for [25], the
mutagenicity risk was assessed by the Ames test with the following strains of
Salmonella typhimurium: TA100-10RLI and TA 100-NA mutation in His G46e
plasmid pKM101 without S9 and TA1535-10RLI and TA1535-NA mutation in His
G46 [238].

The carcinogenic potential of the compounds was evaluated in rats and mice and
referred to as (+) carcinogenic and (-) non-carcinogenic. To predict acute oral
toxicity (lethal dose 50%-LDso), the online software PROTOX Il was used [29],
considering the classification from I to VI [30]. Adverse events that may occur with

the use of the molecules were also evaluated.

Molecular Target and Docking
Based on the results obtained from in silico studies, particularly regarding

carcinogenicity and mutagenicity, the molecules myrtenal, myrtenol, and verbenol



were selected for docking. Initially, these molecules were submitted to the
SuperPred Webserver [31], a validated server based on machine learning and
similarity that utilizes the Smiles codes of promising molecules [32,33] (Table S1).
The server predicts molecular targets with potential interactions with the
investigated ligands that may be related to anti-inflammatory activity and cancer.

The only target that showed relevance for the investigated biological activity

was the nuclear factor NF-kappa-B p105, obtained from the protein data bank
(PDB ID 1SVC), as the compounds with this target achieved scores for
therapeutic activity interaction (= 90% binding probability and =90% prediction
accuracy). Other targets, such as DNA-(apurinic or apyrimidinic site) lyase and
the LSD1/CoREST complex, were not used because, despite their potential
therapeutic activity, they showed a binding probability and a prediction accuracy
below 90%.
Initially, the molecular structures of parthenolide, myrtenal, myrtenol, and verbenol
were retrieved from the PubChem database and optimized using the
DFT/B3LYP/cc-pVDZ quantum method with the Gaussian 09 program. The
crystallographic structure of the nuclear factor NF-kappa-B p105 enzyme was
obtained from the protein data bank (PDB ID: 1SVC) [34]. This PDB structure
consisted of 364 amino acids, corresponding to residues 2 to 365 of the full 968-
amino-acid sequence [35]. Among the 968 residues, the domain spanning amino
acids 42 to 367, known as the Rel homology domain (RHD), binds to DNA at the
major groove and is responsible for the transcriptional activity of the protein.
Therefore, this region represents a potential binding site for small molecules aimed
at inhibiting DNA transcription and was selected as the protein’s binding site, as
proposed in the study [36].

Molecular docking was performed using the Molegro Virtual Docker (MVD)
version 5.5 program [37]. The center of the sphere was defined with coordinates
x: 40.37, y: 27.49, and z: 44.60, with a radius of 12 A. The scoring function used
was the MolDock Score. In addition, the inhibitor parthenolide [38] was included
as a positive control in the study to enable a direct comparison of binding energy
values and interactions with amino acid residues between the phytocompounds
and this reference compound.

An analysis of intermolecular interactions was carried out using the Discovery Studio
Visualizer (Dassault Systemes BIOVIA, Discovery Studio Modeling Environment,

version 2021, San Diego: Dassault Systemes, 2021).



Molecular Dynamics
To gain further insights into the dynamic behavior and intermolecular interactions,

the protein in its unbound form (apo) and in a complex with parthenolide (reference
inhibitor), myrtenal, myrtenol, and verbenol was subjected to molecular dynamics
(MD) simulations using the GPU-accelerated Amber22 software [39]. The
restrained electrostatic potential (RESP) procedure was used to calculate the atomic
charges of the ligands using the Gaussian 09 program at the HF/6-31G theory level
[40]. The structures of the protein and the ligands were treated using the amber
force field ff14SB and the general amber force field (GAFF), respectively [41,42].
The protonation states of the amino acid residues were calculated at pH 7.4 using
the PDB2PQR server [43]. A TIP3P water box with a 12 A radius was used to
solvate the systems, and counterions were added to neutralize the system’s charges.
To neutralize the systems and maintain a physiological concentration (0.15 M), Na*
and Cl-ions were added [44].

Each solvated system was minimized in four stages: (i) ions and water molecules,
(ii) hydrogen atoms, (iii) water molecules and hydrogen atoms, and (iv) the entire

system. All steps were performed using 5000 steps with the steepest descent
method and 5000 additional steps with the conjugate gradient algorithm.
Subsequently, each system was heated for 200 ps to 300 K under a constant volume
with positional restraints on the solute. An unrestrained equilibration step of 1 ns
under a constant pressure was performed. Langevin dynamics was employed to
control the temperature (300 K) with a collision frequency of 2 ps~t. The SHAKE
algorithm [44] was used to restrain the bond lengths involving hydrogen atoms,
while the particle mesh Ewald (PME) method [45] was employed to handle long-
range electrostatic interactions. A 10 A cutoff was applied for non-bonded
interactions.

Finally, 200 ns of production was conducted without positional restraints at a
constant temperature of 300 K. The pressure was controlled by a Berendsen
barostat. The structural analysis of each system was performed by calculating the
root mean square deviations (RMSD) and the root mean square fluctuations
(RMSF) of the backbone atoms of the protein.

MM-GBSA Binding Free Energy Calculation

To estimate the binding free energy (AGbind) of the compounds parthenolide,
myrtenal, myrtenol, and verbenol with the nuclear factor NF-kappa-B p105
protein, we used the MM-GBSA method implemented in the AmberTools23 [46].



The calculations utilized the final 10 ns (1000 frames) of the MD simulation

trajectories. Established literature provides detailed descriptions of the MM-

GBSA equations [47,48].

Results

Characterization of T. polium Essential Oil

Thirty-three chemical compounds were identified, representing 92.62% of the T.

polium essential oil from the aerial parts (Table 1, Figure 1). Generally, the total

amounts of monoterpene hydrocarbons in the essential oil were higher than in other

groups. In the characterization of T. polium oil, 14 molecules were identified with

concentrations of 1% or greater (Figure 1), with the major compounds being

fenchone (31.25%), 3-carene (15.77%), limonene oxide, cis- (9.77%), and myrcene

(9.15%). An additional 10 compounds were present with concentrations of 1% or

greater.

Table 1. Essential oil composition of the aerial parts of Teucrium polium.

RRI References Compounds RA (%)
1 946 939957 Camphene 0.40
2 953 937-953 Verbenene 0.26
3 1008 997-1027 3-Carene 15.77
4 1009 990-1009 o-Phellandrene 0.75
5 1055 1059-1087 Fenchone 31.25
6 1064 1027-1050 B-Ocimene, (E)- 1.02
7 1089 1089 p-Cymene 0.65
8 1122 1106-1134 a-Campholenal 0.59
9 1132 1122-1144 Limonene oxide, cis- 9.77
10 1140 1140-1175 Myrcene 9.15
11 1146 1146 Verbenol 1.02
12 1150 1110-1150 6-2-Carene 0.72
13 1160 1121-1158 Pinocarvone 0.91
14 1162 1147-1176 Linalool oxide 0.64
15 1165 1134-1165 cis-Verbenol 0.36
16 1169 1122-1169 3-Carene 0.80
17 1182 1182 cis-Pinocarveol 2.92
18 1186 1159-1191 a-Terpineol 0.46
19 1194 1169-1200 Myrtenol 1.47
20 1195 1171-1206 Myrtenal 2.31
21 1204 1190-1224 Verbenone 0.38
22 1235 1206-1235 Carvone 0.28
23 1254 1259-1284 Bornyl acetate 0.31
24 1270 1270-1302  Terpinen-4-ol acetate 0.54
25 1290 1290-1316 Myrtenyl acetate 0.70



26 1484 1458-1491 Germacrene D 2.56
27 1500 1474-1501 Bicyclogermacrene 1.56
28 1521 1508-1539 6-Cadinene 1.18
29 1577 1562-1590 Spathulenol 1.47
30 1640 1610-1650 a-Muurolol, epi- 0.43
31 1649 1649-1686 a-Bisabolol 0.34
Table 1. Cont.
RRI References Compounds RA (%)
32 1654 1619-1662 a-Cadinol 0.35
33 1677 1676 (2)-Nerolidyl acetate 1.30
Grouped compounds (%) Monoterpene
hydrocarbons 43.15
Oxygenated monoterpenes 43.74
Sesquiterpenes hydrocarbons 5.73
Total identified compounds (%) 92.62

RRI: Relative retention indices, RA (=0.25): relative area (peak area relative to the total peak area) [49,50].
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Figure 1. Gas chromatography flame ionization detector (GC-FID) profile of the essential oil of Teucrium

polium.

In this study, terpenes were selected, including four monoterpenes (3-carene,

Figure 2a; myrcene, Figure 2d; B-ocimene, Figure 2m, (E)-; verbenol, Figure 2n),

five monoterpenoids (fenchone, Figure 2a; limonene oxide, cis-, Figure 2c; cis-

pinocarveol, Figure 2e; myrtenal, Figure 2g; myrtenol, Figure 2i), three

sesquiterpenes (germacrene D, Figure 2f; bicyclogermacrene, Figure 2h; 6-

cadinene, Figure 2l), and two sesquiterpenoids (spathulenol, Figure 2j; (2)-

nerolidyl acetate, F

igure 2K).

Predictions of Physicochemical, Pharmacokinetic, and Toxicity

Aspects

No molecule violated Lipinski’s rule with adaptation; however, it is worth

noting that all exhibited very low polar surface areas (0 to 26.3 A) and reduced

numbers of hydrogen bond acceptors and donors (Table 2).



An analysis of the pharmacokinetic parameters suggests that all molecules had
moderate permeability in Caco-2 cells, moderate-to-high permeability in MDCK
cells, and high intestinal absorption. Some molecules appeared to have a low
potential for binding to plasma proteins and a moderate distribution to the central
nervous system (CNS) (3 and 7), while others, despite their high plasma protein
binding, seemed to have a high potential for distribution to the CNS (4, 6, 8, 11,
12, 13, and 14). All molecules underwent phase 1 metabolism by CYP3A4 and
inhibited at least one CYP enzyme (Table 3).

All molecules were shown to be toxic to some marine organisms; however, the
molecules that appeared to have no mutagenic potential (6, 8, 10, 11, 12, and 13)
were carcinogenic to mice and rats (6, 8, 11, 12, and 13) or only to rats (10). On
the other hand, the molecules that were not carcinogenic to any animal species (5,
7,9, and 14) showed mutagenic potential (Table 4). Considering all the evaluated
toxicities, it can be suggested that, despite their mutagenic potential, molecules 5,

7,9, and 14 were the most promising.

Table 2. Prediction of physicochemical properties.

Molecules MM LogP TPSA nHBA nHBD
1 152.237 2.402 17.07 1 0
2 136.238 2.999 0.00 0 0
3 152.237 2.520 12.53 1 0
4 136.238 3.475 0.00 0 0
5 152.237 1.970 20.23 1 1
6 204.357 4.891 0.00 0 0
7 150.221 2.178 17.07 1 0
8 204.357 4.725 0.00 0 0
9 152.237 1.971 20.23 1 1
10 220.356 3.386 20.23 1 1
11 264.409 4.967 26.30 2 0
12 204.357 4.725 0.00 0 0
13 136.238 3.475 0.00 0 0
14 152.237 1.970 20.23 1 1

Lipinski’s rule: LogP—oil-water partition coefficient < 5; TPSA: topological polar surface area < 140 A; nHBA: number
of hydrogen bond acceptors < 10; nHBD: number of hydrogen bond donor groups < 5; MM— molecular mass < 500D [24].
1—fenchone; 2—3-carene; 3—limonene oxide, cis-; 4—myrcene; 5—cis-pinocarveol; 6—germacrene D; 7—myrtenal; 8—
bicyclogermacrene; 9—myrtenol; 10—spathulenol; 11—(Z)-nerolidyl acetate; 12—3&-cadinene; 13—B-ocimene, (E)-; 14—
verbenol.
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Figure 2. Molecules found in T. polium essential oil: (a)—fenchone; (b)—3-carene; (c)—limonene oxide, cis-
; (d)—myrcene; (e)—cis-pinocarveol; (f)—germacrene D; (g)—myrtenal; (h)—bicyclogermacrene; (i)—
myrtenol; (j)—spathulenol; (k)—(2Z)-nerolidyl acetate; (I)—&6-cadinene; (m)—B-ocimene, (E)-; (n)—
verbenol.

Another aspect evaluated was the potential acute oral toxicity of the
molecule, with the highest LD50 found for compound 11 (Class V1). Other
molecules exhibited an LD50 greater than 2000 mg/kg (1, 2, 7, 8, 10, 12, 13, and
14). The possible side effects of these molecules were also assessed, with no

events reported for 3, 5, 6, 12, and 13 (Table 5).

Table 3. Prediction of pharmacokinetic properties.

Absorption Distribution Metabolism
Molecules MDCK Caco 2 HIA PP BBB CYP Inibition CYP Phase 1
1 M M H H M 2C9, 3A4 3A4
2 H M H H H 2C9 3A4
3 H M H L M 2C9, 3A4 W 3A4
4 H M H H H 2C9, 3A4 3A4
5 M M H L H 2C9, 3A4 W 3A4
6 M M H H H 2C9, 2C19 3A4
7 H M H L M 2C9 W 3A4
8 M M H H H 2C9 3A4
9 H M H L H 2C9 W 3A4
10 H M H L H 2C9, 3A4 3A4
11 M M H H H 2C19, 2C9, 3A4 3A4
12 M M H H H 2C19, 2C9 3A4
13 M M H H H 2C19, 2C9 3A4
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M H H H 2C9 W 3A4

nan intestinal absorption; W: wez rveol; 6—germacrene &
M: medium; 1—fenchone; 2—3-carene; 3—limonen -; 4—myrcene; 5—cis-pinoca cadinene
D; 7—myrtenal; 8—bicyclogermacrene; 9—myrtenol; 10—

Table 4. Prediction of toxicity.

Molecules Alga Daphnia Medaka Fish Minnow Fish Ames Carcino Rato/Cam
*
1 T NT VT VT TA1535_10RLI N/P
2 T NT VT VT TA100_10RLI N/P
TA1535_10RL;
3 T NT VT VT - P/P
100_10RLI; 1535_NA
4 T T VT VT TA1535_NA P/N
TA100_10RLI;
5 T NT VT VT - N/N
1535_NA
6 T T VT VT N P/P
TA1535_10RLI;
7 T NT VT VT - N/N
100_10RLI
8 T T VT VT N P/P
TA1535_10RLI;
9 T NT VT VT - N/N
100_10RLI
10 T T VT VT N P/N
11 T T VT VT N P/P
12 T T VT VT N P/P
13 T T VT VT N P/P
TA1535_10RLI;
14 T NT VT VT - N/N
TA100_10RLI
T: toxic; NT: non-toxic; N: negative; P: positive. Parameters: algae—<1 mg/L toxic; >1 mg/L non-toxic

[25]; daphnia test: < 0.22 pg/mL toxic; > 0.22 ug/mL—mnon-toxic [26]; test on medaka and minnow fish: < 1 mg/L—very
toxic; 1-10 mg/L—toxic; 10-100 mg/L—harmful and > 100 mg/L—extremely toxic [27], carcino rat/mice * =
carcinogenicity in rat/mice. T—toxic, NT—non-toxic, VT—uvery toxic, N—negative, P—positive. 1—fenchone; 2—3-
carene; 3—Ilimonene oxide, cis-; 4—myrcene; 5—cis-pinocarveol; 6—germacrene D;

7—myrtenal; 8—bicyclogermacrene; 9—myrtenol; 10—spathulenol; 11—(Z)-nerolidyl acetate; 12—3&-cadinene; 13—-
ocimene, (E)-; 14—verbenol.

Table 5. Prediction of oral toxicity.

Molecules LD50 (mg/kg) Toxicity Class Side Effects
1 3087 Vv I
2 2799 Vv I/T
3 1447 v -
4 2561 Y I/T
5 1971 v -
6 1471 v -
7 2448 Y I
8 2766 Vv I/T/M
9 1736 v I
10 3278 Vv I/T

=
Y

5923 \ T



12 2090 Vv -
13 2652 \Y -

14 2280 \Y I

LD50—Iethal dose 50%. I—irritant, T—tumorigenic, M—mutagenicity. Category I: 1 < LD50 < 5 mg/kg— extremely toxic;
category Il: 5 < LD50 < 50 mg/kg—highly toxic; category I1l: 50 < LD50 < 300 mg/kg— moderately toxic; category 1V:
300 < LD50 < 2000 mg/kg—Ilow toxicity; category V: 2000 < LD50 < 5000 unlikely to cause acute damage; category VI:
DL50 > 5000 no damage. Source: [30] 1—fenchone; 2—3-carene; 3—limonene oxide, cis-; 4—myrcene; 5—cis-
pinocarveol; 6—germacrene D; 7—myrtenal; 8—bicyclogermacrene; 9—myrtenol; 10—spathulenol; 11—(Z)-nerolidyl
acetate; 12—=&-cadinene; 13—-ocimene, (E)-; 14—verbenol.

Predictions of Potential Molecular Targets of Compounds in T.
polium Essential Oil

Based on the studies of the physicochemical predictions, pharmacokinetics,
and toxicity, it can be suggested that the most promising molecules were 7, 9, and
14. Subsequently, targets with potential for biological activity related to cancer
(nuclear factor NF-kappa-B p105 subunit) were identified with a correction and
precision probability greater than 90%, and the PDB (protein data bank) code

(1SVC) for docking was obtained through the online server, as shown in Table 6.

Table 6. Molecular target assessment.

Molecules  Probability Prediction Accuracy Target Name PDB

7 91.76% 96.09% NF-kappa-B 1svC
9 96.52% 96.09% NF-kappa-B 1SvC
14 92.39% 96.09% NF-kappa-B 1SvC

PDB: protein data bank; NF-kappa-B: nuclear factor NF-kappa-B p105 subunit; 7—myrtenal; 9—myrtenol; 14—verbenol.

Docking Molecular Simulation
The compounds myrtenal, myrtenol, and verbenol, as well as the reference

inhibitor parthenolide, were evaluated for their interactions with the residues of
the NF-kB protein. These interactions are crucial for understanding the ligands’
affinity and specificity for the protein’s active site. Parthenolide exhibited
hydrogen bonds with the residues Gly68, Ser66, and Pro65, along with extensive
van der Waals interactions with several residues such as Gly116, Gly141, and
Vall15, reinforcing its role as an established NF-«B protein inhibitor (Figure 3).
In comparison, the compound myrtenal formed hydrogen bonds with the residues
Arg57, Arg59, and Gly141, and alkyl-type interactions with Pro65 and Vall15.
This distribution of interactions suggests that myrtenal has a robust binding pattern
similar to that of parthenolide, including critical interactions with Arg59 and
Gly141 which may explain its higher stability observed in molecular dynamics
analyses. Myrtenol interacted through hydrogen bonds with Tyr60 and Val61,
while establishing pi-alkyl interactions with Arg59 and Valll5 and alkyl



interactions with Phe56 and His67. Although myrtenol exhibited multiple
interactions at the active site, the combination of these interactions appeared to
induce greater structural instability, as observed in the molecular dynamics results
(Figure 4).

Figure 3. lllustration of the compounds docked on the active site of the NF-kB protein.

Verbenol, on the other hand, displayed hydrogen bonds with Pro65 and Gly68, as
well as pi-alkyl interactions with Arg59 and alkyl interactions with Phe56, Val115,
and 1le142. The interaction pattern of verbenol lies between that of myrtenal and
myrtenol, highlighting its potential as a promising ligand, with a greater affinity for
the active site than myrtenol but a lower dynamic stability compared to myrtenal
(Figure 4).

Molecular Dynamics Result

The RMSD graph (Figure 5A) demonstrates the structural stability of the NF-kB
protein in its unbound form (apo) and in complexes with the reference inhibitor
parthenolide, as well as with the compounds myrtenal, myrtenol, and verbenol over
200 ns of simulations. It was observed that the complex with myrtenal presented
the lowest average RMSD value

(4.11 A), indicating a superior dynamic stability compared to the other ligands,
including parthenolide (6.76 A). This result suggests that myrtenal may interact
very efficiently with the protein’s active site, potentially on par with or better than
the reference inhibitor. Myrtenol and verbenol exhibited average RMSD values of
5.44 A and 7.29 A, respectively, with myrtenol showing a greater structural
instability, while verbenol displayed a behavior intermediate between that of

myrtenol and that of parthenolide.



The RMSF graph (Figure 5B) corroborates these findings by revealing the protein’s
residual fluctuations in different regions. In the binding site region (residues 16—
26), myrtenal demonstrated lower fluctuations compared to the other ligands,
indicating a greater local stabilization capability. Parthenolide, although effective,
exhibited slightly higher residual fluctuations in this region, highlighting the
potential of the proposed molecules to achieve competitive or even superior
performance. Myrtenol, on the other hand, induced more pronounced fluctuations
in various regions, which may indicate fewer specific interactions or the need for
more significant conformational adjustments to fit into the active site. Verbenol,
with fluctuations similar to those of parthenolide, displayed a promising dynamic

profile.
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Figure 4. Representation of the 2D interactions of the molecules parthenolide, myrtenal, myrtenol, verbenol,
and the protein nuclear factor NF-kappa-B. Image generated with Discovery Studio
3.5 Visualizer.

These data are particularly significant, as they highlight the potential of myrtenal,
myrtenol, and verbenol as viable alternatives to the reference inhibitor
parthenolide. While parthenolide is widely recognized as an effective NF-kB
protein modulator, the proposed compounds, especially myrtenal, demonstrate
dynamic properties that make them promising for therapeutic applications.

Myrtenal’s superior stability suggests that it could be explored as a highly



competitive candidate, offering a foundation for chemical optimizations and further

studies.
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Figure 5. Chart of RMSD (A) and RSMF (B) of the apo form of the protein nuclear factor NF-kappa-B and
complexed with parthenolide, myrtenal, myrtenol, and verbenol.

The RMSD graph (Figure 5A) illustrates the structural stability of the NF-«xB

protein in its unbound form (apo) and when complexed with parthenolide,

myrtenal, myrtenol, and verbenol over 200 ns of simulations. The average RMSD

values for the protein in the apo, parthenolide, myrtenal, myrtenol, and verbenol
forms were 5.39 A, 6.76 A 4.11 A, 5.44 A and 7.29 A, respectively (Figure 5A).
The myrtenal compound exhibited a greater stability and less fluctuations



compared to myrtenol and verbenol, with a value close to that of the apo protein,
indicating that this compound is dynamically more efficient in stabilizing the
protein.

The RMSF graph (Figure 5B) illustrates the average residual fluctuations over time

for each residue of the protein in its different forms. It was observed that the largest



fluctuations were particularly pronounced in specific residues,
especially between residues 32—37 and residues 246253,
corresponding to loop regions, which are more flexible. In the
region where the ligand was accommodated, between residues 16—
26, there was a lower fluctuation level in the complex with
myrtenal, a phenomenon which is consistent with the RMSD data.
Notably, the complex with myrtenol showed the highest
fluctuations in several regions of the protein, corroborating the
RMSD observation that this ligand induces a greater structural
instability. The fluctuations observed in the complexes with
myrtenal and verbenol were comparable to and smaller than those
with myrtenol, suggesting that these ligands have a lesser impact
on the protein’s dynamics.

The greater instability observed with myrtenol may be associated
with a weaker or less specific binding to the active site or to the
induction of larger conformational adjustments in the protein to
accommodate the ligand. In contrast, the relatively stable behavior
of the protein in complexes with myrtenal and verbenol suggests
that these ligands are more compatible with the active site, resulting
in smaller conformational fluctuations. These data are crucial for
understanding the structure—function relationship and can guide
future studies in the chemical modification of these ligands to

enhance their efficacy and specificity.

MM-GBSA Binding Energies

The binding energies (AGbind) were calculated for the parthenolide-
1SVC, myrtenallSVC, myrtenol-1SVC, and verbenol-1SVC
complexes using the MM-GBSA method. The interaction energy
components, including the van der Waals energies (AEvdw),
electrostatic energies (AEele), polar solvation free energy (AGGB),
and apolar solvation free energy (AGSA), were analyzed for each

complex (Table 7).

Table 7. Binding energies and their components calculated by MM-GBSA (in kcal/mol).




Complex AEvdw AEele AGgs AGsa  AGpind

Parthenolide —2424 £272 0.10 £3.25 —24.14 £5.15 8.67 + 3.65 —15.47 £ 2.25
Myrtenal-1SVC —8.92 + 299 —98.53 - 8.44 81.12 £ 5.85 —107.46 + 7.33 —26.33 £ 3.5
Myrtenol-1SVC —5.59 +2.89 —58.77 £ 8.62 40.73 £5.94 —58.37 £ 7.47 —17.64 £+ 3.6
Verbenol-1SVC —17.01 £ 2.59 —81.45 £ 8.51 76.32 £ 724 —98.46 £+ 8.28 —22.14 + 3.3¢

The results show that the myrtenal-1SVC complex presented the
most favorable binding energy (AGbind = -26.33 + 3.57 kcal/mol),
followed by verbenol-1SVC (AGbind = -22.14 + 3.36 kcal/mol) and
myrtenol-1SVC (AGbind = -17.64 + 3.65 kcal/mol). These values
indicate that myrtenal forms the most stable complex with the 1SVC
protein, a finding which is consistent with the lower conformational
fluctuations observed in the RMSD and RMSF data, suggesting a
strong interaction of this compound with the protein’s interaction
site.

Comparatively, parthenolide (the reference inhibitor) exhibited a binding energy of
AGbind = -15.47 + 2.25 kcal/mol, which is superior in stability

compared to that of myrtenol but inferior to that of myrtenal and
verbenol. This difference suggests that, while parthenolide interacts
effectively with the protein, the compounds myrtenal and verbenol
exhibited stronger and more stable binding affinities.

The analysis of the energy components revealed that, in all
complexes, electrostatic energy (AEele) played a predominant role
in stabilizing ligand—protein interactions, especially in the case of
myrtenal-1SVC, which showed the most negative AEele value
(-98.53 + 8.44 kcal/mol). However, this strong electrostatic
contribution was partially counterbalanced by polar solvation
energy (AGGB), which was higher for myrtenal, indicating that the
electrostatic interactions were strongly solvated.

The MM-GBSA analysis results reinforce the observations from the RMSD and
RMSF analyses.  Myrtenal, which showed the most negative free

binding energy



(-26.33 + 3.57 kcal/mol), also induced the lowest structural
fluctuations, suggesting a combination of strong interactions and
dynamic conformational fit. Verbenol, with a free binding energy
of -22.14 + 3.36 kcal/mol, provided a better conformational stability
than myrtenol, as observed in the RMSD and RMSF analyses,
indicating that, while its binding affinity is lower than that of
myrtenal, it still presents a good potential for protein modulation.
These results indicate that both myrtenal and verbenol stand
out as compounds with a stronger inhibition potential relative to
NF-kB compared to parthenolide, with myrtenal showing the
highest potential, followed by verbenol, while myrtenol exhibited a

less stable interaction profile.

Discussion
The essential oil obtained from T. polium was subjected to GC-MS

analysis, revealing the major constituents as fenchone (31.25%), 3-
carene (15.77%), limonene oxide, cis- (9.77%), and myrcene
(9.15%). When comparing these results to other studies, it is
observed that other metabolites such as B-caryophyllene [3],
limonene [10], ledene oxide Il [11], a-cardinol [51], carvacrol [6],
and B-pinene were the major constituents [52]. Studies on the
environmental impact on the composition of T. polium oil are still
scarce; however, it is known that factors such as altitude, water
availability, macro and micronutrients in the soil, relative air
temperature, and soil pH directly affect the chemical profile of
plants [53].

Myrcene was reported in previous studies as the major component
of the essential oil of T. polium [54-58]. Myrcene was found to be
the major compound in our study, too. However, the main
constituents of the essential oils of the aerial parts were oxygenated
monoterpenes and monoterpene hydrocarbons, findings which are
in good agreement with the previous reports [54,59-62].

On the other hand, germacrene D was detected as a major

compound in the essential oil of T. polium samples from different



regions [58,60,63-65]. Similarly, germacrene D was detected as
the main compound in our study. While fenchone, 3-carene,
limonene oxide, and cis- were found to be the main compounds in
our study, they were minor or absent in essential oils of Teucrium
[10,63,66]. Therefore, environmental factors, the plant part used in
the extraction process, and the collection time can influence the
chemical composition of the essential oil.

All selected molecules adhered to Lipinski’s rule and appeared to
exhibit high intestinal absorption. However, only molecules 2, 4, 5,
6, 8-14 were distributed to the CNS. Adhering to Lipinski’s rule is
crucial for drug candidates, as it indicates that the drug will be well
absorbed in the gastrointestinal tract and adequately distributed
throughout the body, allowing for oral administration [24,32,67].
All molecules seemed to be metabolized by CYP3A4, but they
inhibited CYP and, sometimes, more than one CYP. Molecules that
inhibit CYP can interfere with the metabolism of other drugs,
necessitating dose adjustments. Another evaluated parameter was
toxicity, with 8, 10, 11, 12, 13 not being mutagenic, while 7, 9, and
14 were not carcinogenic. Unfortunately, no compound was devoid
of toxicity; however, all compounds had an LD50 > 1400 mg/kg.
Therefore, repeated-dose toxicity studies, in vivo genotoxicity, and
in vivo carcinogenicity studies are important for understanding
toxic effects and potential mechanisms.

After analyzing the pharmacokinetic studies and toxicities,
molecules without carcinogenic potential were selected (7—
myrtenal; 9—myrtenol; 14—verbenol). Myrtenal exhibited
antihyperglycemic effects, reducing blood glucose levels and
hemoglobin A1C and aiding in weight recovery [68]. Derivatives of
myrtenal have shown activity against various cell lines [68—71].
Other activities related to myrtenal derivatives include anxiolytic
[72], antiviral [72], antifungal [73], and analgesic [74]. Another
selected molecule was myrtenol, which inhibits biofilm formation
and virulence in the drug-resistant Acinetobacter baumannii.

Myrtenol improves the susceptibility of BP-AB to the antibiotic’s



amikacin, piperacillin/tazobactam, cefoperazone/sulbactam, and
ceftazidime. This molecule regulates the expression of biofilm-
associated genes in the BP-AB strain, and qPCR analysis has been
shown to reduce the expression levels of bfmR, bap, csuA/B, and
ompA in groups D, E, and F compared to groups A, B, and C. A
non-significant reduction in bfmR, bap, csuA/B, and ompA levels
has also been found in groups A, B, and C. The genes bfmR, bap,
CSUA/B, and ompA are key regulators of the transition from biofilm
formation to maturation in the BP-AB strain [75]. Myrtenol protects
against myocardial ischemia—reperfusion injury through antioxidant
and anti-apoptotic mechanisms [76], while verbenol exhibits anti-
ischemic and anti-inflammatory properties [77].

To identify the potential target involved in the biological activity of
myrtenal, myrtenol, and verbenol, prediction studies have been
conducted, suggesting that all three bind to the nuclear factor NF-
kappa-B, a family of transcription factors involved in inflammation,
immunity, cell proliferation, differentiation, and survival [78]. In
recent years, the presence and activation of the nuclear factor NF-
kappa-B in different types of cancer have been highlighted, as well
as the importance of developing inhibitors that act directly on the
nuclear factor NF-kappa-B [79]. The possibility of therapeutically
targeting this factor allows for a significant advance in tumor
destruction during treatment, thereby enhancing antitumor activity
[80].

It is worth highlighting the medicinal importance of Teucrium
species, which have been used since ancient times in the
Mediterranean region for treating gastrointestinal issues and
maintaining healthy endocrine gland functions, as well as treating
malaria and severe dermatological disorders. However, studies
evaluating their activity are scarce. Evaluations of the essential oils
and ethanolic extracts of Teucrium polium and Teucrium
parviflorum have shown that the extracts exhibit antioxidant, anti-

butyrylcholinesterase, anti-tyrosinase, and anti-urease activities



through in vitro and in silico assays [81]. It is noteworthy that T.
polium oil demonstrates a moderate antioxidant potential [82].

An in vivo study with the ethanolic extract of T. polium
demonstrated the plant’s antiinflammatory potential at
concentrations of 50 mg/kg, 100 mg/kg, and 150 mg/kg, leading to
a reduction in paw edema in rats [83]. When correlating this result
with prediction studies, the regulation of NF-«kB activity is crucial
to prevent chronic inflammation, meaning that substances with anti-
inflammatory activity can suppress NF-«kB activation or interfere
with its translocation to the nucleus, reducing the expression of
inflammatory genes [79]. In addition to its involvement in the
inflammatory process, NF-kappa-B (NF-«B) is involved in cell
proliferation, apoptosis (programmed cell death), stress response,
and other aspects relevant to cancer development and progression
[80].

It should be noted that the chronic inflammation process favors
mutations, uncontrolled cell proliferation, and resistance to
apoptosis, all of which are processes that can facilitate
carcinogenesis [84]. Furthermore, NF-«kB induces the production of
the vascular endothelial growth factor (VEGF) and regulates
molecules involved in cell mobility and tissue invasion, such as
matrix metalloproteinases (MMPs) [85,86]. Considering this, it can
be suggested that these molecules hold promise as antitumor and
anti-inflammatory agents, and in vitro and in vivo studies are
necessary to determine the best therapeutic use for these molecules.
The results obtained in the present study demonstrate that the
compounds myrtenal, myrtenol, and verbenol exhibit significant
interactions with the active site residues of the NF-«B protein, with
binding patterns comparable to those of the reference inhibitor
parthenolide. These interactions are particularly relevant,
considering that the NF-«B protein plays a central role in regulating
inflammatory responses and is associated with various pathologies

such as cancer, autoimmune diseases, and chronic inflammation



[87]. The presence of strong interactions with critical residues in the
active site suggests that the tested compounds have the potential to
modulate NF-kB activity, influencing the transcription of genes
involved in inflammation and disease development.
Previous docking studies of the DNA-NF-«B protein have revealed
that the compounds myrtenal, myrtenol, and verbenol bind to the
same pocket where the DNA interacts, a crucial point for stabilizing
the ligand—protein complex. This binding at the DNA interaction
site is fundamental, as it blocks the nuclear translocation of the NF-
kB transcription factor, preventing its activation and subsequent
expression of inflammatory genes. These findings are consistent
with results described in the literature, indicating that compounds
with interaction patterns similar to those of parthenolide have a
greater potential as NF-kB inhibitors [36]. The similarity of the
interactions with key residues at the protein’s active site and the
ability to block its nuclear translocation reinforce the idea that the
studied compounds may represent promising strategies for
developing new therapeutic agents targeting inflammatory diseases
and other conditions associated with exacerbated NF-«B activation.
The results highlight myrtenal as the most promising
compound among those tested, with interactions similar to those of
parthenolide, including critical residues at the active site of the
NF-kB protein. This underscores its potential as an effective and
stable ligand, potentially contributing to the functional inhibition
of NF-«kB.

Conclusions
Based on the results of the molecular docking, molecular dynamics,

and free energy calculations, this study suggests that the most
promising compounds for modulating the NF-kB protein are
myrtenal and verbenol, with myrtenal standing out due to its high
stability and binding affinity to the protein’s active site. Myrtenal
exhibited the most negative binding energy value (AGbind = -26.33

+ 3.57 kcal/mol), indicating a strong and stable interaction with the



protein which was corroborated by molecular dynamics simulations
revealing lower structural fluctuations (RMSD and RMSF)
compared to other compounds, including parthenolide, the
reference inhibitor.

Furthermore, the docking data and molecular interaction analysis
indicated that myrtenal and verbenol exhibit robust binding
patterns, with critical interactions with key residues of the NF-kB
protein. These compounds demonstrated not only significant
inhibition potential against NF-«B, but also lower conformational
instability, suggesting they are viable alternatives for the
development of anti-inflammatory and antitumor therapies.

Based on these results, additional chemical studies will be
conducted to isolate the priority molecules from the essential oil of
T. polium. After isolation, in vitro assays will be planned, including
evaluations of cytotoxicity, genotoxicity, mutagenicity, and
mechanisms of cell death. The active compound with the lowest
toxic potential will be subjected to studies to assess its mechanisms
of action, followed by structural modifications to optimize its
inhibitory potential and reduce toxicity.

The final phase of pharmacological studies will involve in vivo
testing (toxicity and activity) to establish dose-response
correlations. If the pharmacological potential is confirmed, it will
be possible to move forward with product development. In
summary, the essential oil of T. polium, due to its composition,
shows great promise as an anti-inflammatory and antitumor agent,
with the potential for new treatments based on the compounds

myrtenal and erbenol.
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