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RESUMO

Introducéo: O cancer é uma doenca que atinge milhGes de pessoas no mundo, sendo uma
das principais causas de morte e uma barreira significativa para a expectativa de vida.
Apesar dos avangos terapeuticos, a toxicidade e a resisténcia terapeutica ainda representa
um grande desafio no tratamento contra o cancer. Produtos naturais, particularmente os
metabolitos especiais encontrados em muitas plantas medicinais, apresentam grande
potencial terapéutico devido suas diversas caracteristicas bioldgicas. Por exemplo, o
género Copaifera, possui vérias atividades farmacolodgicas, incluindo anticancer, porém
ainda muito pouco estudada. Objetivo: este estudo teve como objetivo avaliar as
propriedades anticancerigenas e imunomoduladoras de compostos terpénicos naturais
obtidos a partir da oleorresina de Copaifera. Material e Métodos: os compostos foram
obtidos atraves da cromatografia flash utilizando silica-gel 70-230 mesh impregnada com
hidroxido de potassio. Foram utilizadas as linhagens celulares HL-60 (Leucemia
Mieldide Aguda), K562 (Leucemia Mieldide Croénica), assim como células PBMC
(Ceélulas Mononucleares Normais do Sangue Periférico), Vero (Célula epitelial do rins de
Cercopithecus  aethiops) e neutrofilos. O teste de viabilidade celular
Metiltiazoletrazolium (MTT) foi utilizado para estimar a citotoxicidade dos compostos.
Para avaliar a imunomodulacao foi realizado ensaios de producao de EROs (Especies
reativas de oxigenio), NETs (armadilhas extracelulares de neutrofilos) e dosagem de
citocinas (IL-1B, IL-6,IL-8 e IL-10) em neutrofilos. Resultados e conclusdo: Os
compostos de acido copélico e polialtico exibiram valores de IC50 de 19,36 e 26,54
ug/mL contra as cepas K562 ¢ HL60, respectivamente. Os compostos acidos 3-acetoxi-
copélico e 3-hidroxi-copalico exibiram valores de 13,73 e 33,20 ug/mL, respectivamente,
contra a cepa K562. Nossos resultados demonstraram que compostos diterpénicos
isolados da oleorresina de Copaifera spp exibem atividade citotoxica em células
neoplésicas, mas apresentam toxicidade dose-dependente em células normais.
Especificamente, o acido 3-hidroxi-copalico apresentou toxicidade significativa nas
células neoplasicas K562 e HL60, com efeitos minimos nas células normais, sugerindo o
seu potencial como agente terapéutico do cancer. Diante disso, os compostos acidos 3-
acetoxi-copalico e 3-hidroxi-copalico foram selecionados para avaliar quanto seu
potencial imunomodulador. Os resultados indicam que estes compostos apoiam a
viabilidade dos neutrofilos enquanto aumentam a libertacdo de ROS e NETSs. Eles
também elevam a liberacdo de histonas e modulam os niveis de citocinas. Estas
descobertas destacam os complexos efeitos imunomoduladores dos compostos,
destacando a necessidade de maior elucidacdo dos mecanismos e referéncias
metodoldgicas em estudos futuros.

Palavras-chave: Copaifera; bioprospeccdo; imunomodulagéo; cancer; terpenos.



ABSTRACT

Introduction: Cancer is a disease that affects millions of people around the world, being
one of the main causes of death and a significant barrier to life expectancy. Despite
therapeutic advances, toxicity and therapeutic resistance still represent a major challenge
in cancer treatment. Natural products, especially special metabolites found in many
medicinal plants, have great therapeutic potential due to their diverse biological
characteristics. For example, the genus Copaifera has several pharmacological activities,
including anticancer, but it is still very little studied. Objective: this study aimed to
evaluate the anticancer and immunomodulatory properties of natural terpene compounds
obtained from Copaifera oleoresin. Material and Methods: the compounds were
obtained through flash chromatography using 70-230 mesh silica gel impregnated with
potassium hydroxide. The cell lines HL-60 (Acute Myeloid Leukemia), K562 (Chronic
Myeloid Leukemia), as well as PBMC cells (Normal Peripheral Blood Mononuclear
Cells), Vero (Cercopithecus aethiops mouthwash epithelial cell) and neutrophils were
used. The Methylthiazoltrazolium (MTT) cell prediction test was used to estimate the
cytotoxicity of the compounds. To evaluate immunomodulation, assays were carried out
on the production of ROS (reactive oxygen species), NETs (neutrophil extracellular traps)
and measurement of cytokines (IL-1p, IL-6, IL-8 and IL-10) in neutrophils. Results and
conclusion: The copalic and polyaltic acid compounds exhibited IC50 values of 19.36
and 26.54 pg/mL against strains K562 and HL60, respectively. The compounds 3-
acetoxy-copalic acid and 3-hydroxy-copalic acid exhibited values of 13.73 and 33.20
ug/mL, respectively, against strain K562. Our results revealed that diterpene compounds
isolated from oleoresin from Copaifera spp present cytotoxic activity in neoplastic cells,
but present dose-dependent toxicity in normal cells. Specifically, 3-hydroxy-copalic acid
showed significant toxicity in K562 and HL60 neoplastic cells, with minimal effects on
normal cells, highlighting its potential as a cancer therapeutic agent. Therefore, the
compounds 3-acetoxy-copalic and 3-hydroxy-copalic acids were selected to evaluate
their immunomodulatory potential. The results indicate that these compounds support
neutrophil probability while increasing the release of ROS and NETS. They also elevate
histone release and modulate cytokine levels. These findings highlight the complex
immunomodulatory effects of the compounds, highlighting the need for further
elucidation of mechanisms and methodological references in future studies.

Keywords: Copaifera; bioprospecting; immunomodulation; Cancer; terpenes.
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1. INTRODUCAO

O céncer, uma das principais causas de mortalidade global, afeta milhdes de
pessoas e apresenta uma etiologia multifatorial e variados perfis de agressividade. Esta
doenca ¢ caracterizada por uma desregulacdo na divisao celular, decorrente de mutacdes
genéticas (HAUSMAN, 2019; INCA, 2022). A heterogeneidade celular intrinseca as
células cancerigenas aumenta a complexidade do tratamento, frequentemente resultando
em desfechos fatais. A mutacdo continua das ceélulas cancerigenas as torna mais
resistentes ao sistema imunoldgico, o que promove resisténcia terapéutica e leva a uma
variedade de reacOes ao tratamento, incluindo a possibilidade de interagdes
medicamentosas e recorréncia da doenca (VINAY etal., 2015; STANTA; BONIN, 2018).
Atualmente, as principais abordagens terapéuticas contra o cancer incluem cirurgia,
radioterapia, quimioterapia e imunoterapia (TERWILLIGER; ABDUL-HAY, 2017).

A quimioterapia pode causar uma série de efeitos colaterais ao danificar células
ou tecidos saudaveis, resultando em sintomas como nauseas, vomitos, diarreia e fadiga,
cuja gravidade varia conforme o medicamento e o tipo de cancer (ROHATGI etal., 2014).
Além disso, a crescente resisténcia as drogas, atribuida a diversos fatores, tem limitado a
eficacia da quimioterapia (HOLOHAN et al., 2013; ALFAROUK et al., 2015). Entre os
mecanismos de resisténcia destacam-se a reducdo do influxo da droga na célula, o
aumento do efluxo da droga, a inativacao de processos de ativacdo da droga, alteracdes
nos alvos das drogas, aumento da capacidade de reparo de DNA e modificacOes
epigenéticas (HOLOHAN et al., 2013; ALFAROUK et al., 2015). Em resposta a esses
desafios, novas estratégias terapéuticas estdo sendo desenvolvidas para reduzir os efeitos
colaterais e a resisténcia medicamentosa, com foco na utilizacdo de produtos naturais que,
na maioria das vezes, apresentam baixa citotoxicidade contra células ndo cancerigenas
(PIRES et al., 2012).

Os produtos naturais, especialmente os metabolitos especiais presentes em muitas
plantas medicinais, possuem um potencial terapéutico significativo devido as suas
diversas propriedades bioldgicas (LIMA, 2022). Atualmente, o uso de 6leos (oleorresinas
e Oleos essenciais) e extratos vegetais com propriedades bioativas tem ganhado
reconhecimento crescente (LIMA et al., 2022; ARRUDA et al., 2019). Esses produtos
naturais destacam-se por sua diversidade estrutural, poucos efeitos colaterais, maior
biodisponibilidade e atividades-alvo multiplas (LIMA et al., 2022; ARRUDA et al.,
2019). Entre as espécies produtoras de oleorresina, destacam-se aquelas do género

18



Copaifera, que possuem diversas aplicagdes farmacoldgicas, incluindo atividades
cicatrizante, purgativa, anticancerigena, anti-inflamatoria, antimicrobiana, anestésica
local, citotoxica e inseticida (LEANDRO et al., 2012; TRINDADE et al., 2018;
ARRUDA et al., 2019). Em vista disso, estudos tém sido direcionados ao isolamento e
identificacdo dos compostos organicos presentes nessas espécies, com o objetivo de
caracterizar suas atividades biologicas (ARRUDA et al., 2019).

Os terpenoides s@o 0s principais compostos encontrados na oleorresina de
Copaifera spp., com a fracdo volatil composta por sesquiterpenos como cariofileno,
copaeno e humuleno, e a fracdo ndo volatil contendo diterpenos &cidos, como os acidos
caurenoico, copélico e polialtico (LIMA et al., 2022). A composi¢do quimica das espécies
de Copaifera pode variar em termos de constituintes e concentracdo dos compostos. As
propriedades farmacolodgicas da oleorresina sdo geralmente atribuidas aos sesquiterpenos
e diterpenos. As caracteristicas estruturais desses compostos favorecem modificacdes que
podem aumentar as atividades bioldgicas dos diterpenos, substituindo a fun¢do acida ou
introduzindo grupos que intensificam essas atividades. No entanto, sdo necessarias
evidéncias mais robustas para confirmar a eficacia e seguranca farmacologica desses
compostos (BATISTA et al., 2016; ARRUDA et al., 2019).

Diante do exposto, torna-se clara a necessidade de aprofundar os estudos
cientificos que investiguem o espectro das atividades farmacolégicas dos compostos
terpenoides, com especial atencdo aos seus potenciais anticancerigenos e
imunomoduladores. Assim, este estudo pretende caracterizar as atividades

anticancerigenas e imunomoduladoras de derivados bioativos terpénicos.

2. REFERENCIAL TEORICO

2.1. Cancer: aspectos gerais

A palavra "cancer" teve sua origem atribuida a Hipdcrates, o antigo médico grego,
que ao examinar um tumor mamario, percebeu uma semelhanca intrigante com as patas
de um caranguejo (Karkinos). Esse termo perdurou ao longo dos séculos para descrever
uma doenca complexa e devastadora. O cancer é uma condi¢do caracterizada pela
proliferacdo celular desordenada, resultante de mutacdes genéticas que alteram 0s
mecanismos reguladores do ciclo celular (HAUSMAN, 2019; SRIVASTAVA et al.,

2019). Os numeros referentes a incidéncia global de cancer em 2022 sdo alarmantes, com
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19,76 milhdes de novos casos e 9 milhdes de mortes relatadas. Essa estatistica ressalta a
magnitude do impacto do cancer na satde publica e sua posi¢cdo como uma das principais
causas de mortalidade em todo o mundo (INCA, 2022; SUNG et al., 2021; GLOBOCAN,
2022).

Em 2022, o impacto global do céancer foi substancial. Estimativas do Global
Cancer Observatory (GLOBOCAN), elaboradas pela International Agency for Research
on Cancer (IARC), projetam 53.5 milhdes de novos casos para 0s proximos cinco anos
(GLOBOCAN, 2022). No Brasil, para o triénio 2023-2025, estima-se anualmente 704 mil
novos casos da doenga, com o cancer de prostata (10,2%) sendo o mais incidente entre 0s
homens, e o cancer de mama (10,5%) entre as mulheres (INCA, 2022).

Na figura 1 sdo apresentadas as estimativas com 0s dez tipos de cancer mais
incidentes em 2023, por sexo, fornecendo uma visao clara das variagdes na incidéncia de
cancer entre homens e mulheres no Brasil. A Figura 2, mostra a concentracdo das taxas
ajustadas de incidéncia nas diferentes regides do pais, revela disparidades geograficas
significativas. As regides Sul, Sudeste e Centro-Oeste apresentam as maiores taxas de
incidéncia por 100 mil habitantes, enquanto as regides Norte e Nordeste registram as
menores taxas. Essas variagbes regionais sugerem a influéncia de fatores

socioecondmicos, ambientais e de acesso aos servicos de saude (INCA, 2022).

Prostata 71730 30,0% Homens Mulheres ~ Mama feminina 73.610 30,1%
Galon e reto 21,970 9,2% Gélon e reto 23.660 9,7%
Traqueia, branquio e pulméo 18.020 7,5% Colo do dtero 17.010 7,0%
Estémago 13.340 5,6% Traqueia, bronquio e pulmdo  14.540 6,0%
Cavidade oral 10.900 4,6% Glandula tireoide 14.160 5,8%
Esdfago 8.200 3,4% Estémago 8.140 3,3%
Bexiga 7.870 3,3% Corpo do tero 7.840 3,2%
Laringe 6.570 2,7% Ovério 7.310 3,0%
Linfoma nao Hodgkin 6.420 2,7% Pancreas 5.690 2,3%
Figado 6.390 2,7% Linfoma ndo Hodgkin 5.620 2,3%

*Nu0meros arredondados para multiplos de 10.

Figura 1. Distribuigédo proporcional dos dez tipos de cancer mais incidentes estimados
para 2023 por sexo, exceto pele ndo melanoma*
Fonte: INCA, 2022.
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Figura 2. Representagéo espacial de taxas ajustadas de incidéncia por 100 mil homens
(@) e 100 mil mulheres (b), estimadas para o ano de 2023, de acordo com Unidade da
Federacdo (todas as neoplasias malignas, com excecao as de pele e melanoma).

Fonte: INCA, 2022.

O processo de carcinogénese, responsavel pelo desenvolvimento do céncer, é
altamente complexo e multifatorial, envolvendo uma interacdo intricada de diversos
fatores ambientais, genéticos e metabolicos (PARSA, 2012). Durante essa sequéncia de
eventos, as células normais sofrem uma serie de transformacbes que resultam em um
crescimento celular desregulado e agressivo. Essas células modificadas adquirem
caracteristicas como maior motilidade, capacidade invasiva e habilidade de remodelar o
microambiente circundante, favorecendo a formacéo e expansdo do tumor (VINAY etal.,
2015).

As etapas fundamentais da carcinogénese sdo: iniciagdo, promoc¢ao e progressao.
Na fase de iniciacdo, 0s genes das células sdo submetidos a acao de agentes cancerigenos,
resultando em alteracdes genéticas que podem predispor as células ao desenvolvimento
do cancer. A etapa de promocéo envolve a agdo de agentes cocarcinogénicos, que atuam
nas células j& modificadas, promovendo seu crescimento e proliferacdo descontrolada.
Por fim, a fase de progressao é marcada pela divisao celular irreversivel e descontrolada,

levando a formacgdo de um tumor maligno (SAITO et al., 2021) (Figura 3).
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Figura 3. Evolucdo do processo carcinogénico representando as etapas de Iniciacéo (3),
Promocao (4) e Progressdo tumoral (5).
Fonte: Adaptado de TEKHE, 2015.

As células transformadas, por meio dessas interagdes em evolugdo continua, se
comunicam e alteram o microambiente tumoral que consiste em células tumorais, vasos
sanguineos, células teciduais ndo malignas, células estromais, células imunes infiltrantes
e a matriz extracelular modificada (TZANAKAKIS et al., 2019; TZANAKAKIS et al.,
2020). Todo esse processo resulta em uma estrutura complexa da matriz extracelular
modificada composta por proteinas fibrilares, proteoglicanos e glicosaminoglicanos que
juntamente com o compartilhamento celular, formam uma nova neoplasia (WINKLER et
al., 2020; ANDERSON et al., 2020; GIATAGANA et al., 2021).

2.2. Microambiente Tumoral

O microambiente tumoral é uma estrutura complexa, composta por diversos
elementos, incluindo vasos sanguineos, células inflamatdrias da medula 6ssea, matriz
extracelular, células estromais, células imunes infiltrantes e outros tipos celulares ndo
imunes, como fibroblastos (TZANAKAKIS et al., 2020). Dentro desse ambiente, uma
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variedade de células imunes, como macrofagos, células dendriticas e células T
reguladoras, desempenham papéis distintos, com algumas apresentando atividade
antitumoral e outras exercendo fungdes imunomoduladoras (WANG et al., 2018;
SRIVASTAVA et al., 2019).

O tumor tem a capacidade de interagir com o microambiente por meio da liberacéo
de sinais extracelulares, promovendo processos como a angiogénese tumoral e a
tolerdncia a imunidade periférica (WANG et al., 2018; SRIVASTAVA et al., 2019).
Essas interacfes complexas entre as células tumorais e os diversos componentes do
microambiente tumoral desempenham um papel importante no crescimento e na evolucao
do cancer (WANG et al., 2018; SRIVASTAVA et al., 2019).

O sistema imunoldgico desempenha um papel crucial na modulacdo do
desenvolvimento e progressdo das células cancerigenas por meio de um processo
conhecido como imunoedi¢do do cancer, composto por trés fases distintas: eliminacéo
(imunovigilancia do cancer), equilibrio e escape (Figura 4) (MOHAMMAD et al., 2015;
TZANAKAKIS et al., 2019). Destaca-se que a matriz extracelular do tumor desempenha
um papel significativo na criacdo de uma rede imunossupressora. Nessa rede, as células
do estroma, juntamente com as células imunes inflamatorias e as células do sistema
vascular, interagem para formar um complexo de citocinas e quimiocinas que favorecem
0 escape imune tumoral (VINAY et al., 2015; ARNETH, 2019).
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Figura 4. Imunoedicdo do cancer: Quando o tecido saudavel (1) sofre lesédo, iniciam o
processo inflamatdrio agudo (2), que desencadeia uma série de eventos que restauram o
tecido lesado ao seu estado saudavel. A matriz extracelular é alterada e assumi
caracteristicas crénicas (3), a lesdo (4) pode se recuperar ao seu estado original, Sendo
possivel parar a formacdo de tumores nesta fase. No entando, se a inflamagéo cronica
persistir (5), um tumor priméario pode se desenvolver, podendo ser infiltrado por células
M1, Thl, Tc e Th17 (6) e estabelecer o estagio de equilibrio imunologico. Em contraste,
quando as células infiltrantes sdo macréfagos M2 Th2, linfécitos Treg (7) um meio pro-
tumorigénese € potencializado e o tumor primario evolui para um tumor
agressivo/metastatico. A matriz  extracelular é modulada e favorecem a
metastase (8). Esta Ultima etapa do ciclo tumor-imune é caracterizada pelo escape das
células tumorais do controle imunolégico.

Fonte: Adaptado de TZANAKAKIS et al., 2019.

Durante a fase de eliminacdo da imunoedicdo do cancer, as células cancerigenas
mais suscetiveis a resposta imune sdo reconhecidas e eliminadas pelo sistema
imunolégico devido a apresentacdo de antigenos tumorais (VINAY et al., 2015). No

entanto, a instabilidade genética das células tumorais pode levar a uma reproducéo
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continua, resultando em uma diminuicdo da imunogenicidade e, consequentemente, na
obstrucdo da eliminacdo imunoldgica (SWANN et al., 2007).

Nessa fase, o sistema imunolégico é ativado para identificar e eliminar as células
tumorais antes que estas se proliferem (SILVA et al., 2021). Esse processo depende da
interacdo entre os sistemas imunes inato e adquirido. No sistema imune inato, células
como as celulas NK (natural killers), linfocitos gama delta e macrofagos desempenham
um papel fundamental. No sistema imune adquirido, os linfécitos T citotoxicos (LCT)
CD8+, os linfacitos T auxiliares (Th) CD4+, os linfocitos T reguladores e os linfocitos B
sdo fundamentais para a resposta imune (ABBAS, 2017; MORROW et al., 2019).

A ativacdo da resposta imune no microambiente tumoral é desencadeada pela
presenca de antigenos tumorais ou alteracBes estromais (ABBAS, 2017; MORROW et
al., 2019). Esse processo de reconhecimento e eliminacdo das células tumorais pela
resposta imune constitui uma fase importante na tentativa do organismo de conter o
desenvolvimento do cancer.

Apos o recrutamento de células tumorais, os linfdcitos iniciam a producéo de
interferon-gama (IFN-y), que desencadeia a producéo local de quimiocinas e citocinas
pré-inflamatorias. Essas moléculas promovem o recrutamento de mais células do sistema
imune inato, incluindo macrofagos. Esses macrdofagos ativam um mecanismo de feedback
positivo ao liberar interleucina 12 (IL-12), que, por sua vez, estimula o recrutamento de
células NK (NAGARSHETH et al., 2017; MALE et al., 2019).

A elevacdo na producéo de IFN-y desencadeia uma série de eventos relacionados,
incluindo a liberacdo de mediadores que inibem ou reduzem a proliferacdo celular, além
da secrecdo de substancias pré-apoptdticas e angiostaticas. Isso resulta na eliminagéo de
um maior numero de células tumorais. Adicionalmente, os macréfagos ativados por IFN-
y estimulam a produgdo de espécies reativas de oxigénio (ROS), enzimas lisossdmicas,
oxido nitrico (NO) e fator de necrose tumoral alfa (TNF-a), todos com efeitos tumoricidas
(MALE et al., 2019). Este complexo interplay entre linfocitos, macréfagos e citocinas
pré-inflamatorias destaca a importancia da resposta imune na supressao e eliminacao de
células tumorais.

A fase de equilibrio é caracterizada pelo estado em que a formagdo de novas
celulas tumorais é balanceada pela sua eliminacdo. Durante esse periodo, as células
cancerigenas continuam a proliferar, acumulando mutacdes ou respondendo a processos

inflamatorios induzidos pelo sistema imunoldgico (NEAGU et al., 2019). Embora o
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sistema imunoldgico possa destruir tumores durante essa fase inicial de equilibrio, alguns
tumores conseguem evadir a resposta imune (MEILIANA et al., 2017).

Nesse estagio, as células imunes e seus mediadores exercem uma pressao seletiva
continua sobre o tumor, buscando conté-lo, porém sem conseguir erradica-lo
completamente. Esse cenario é uma consequéncia da heterogeneidade neoplasica,
resultante da instabilidade genética e de modificacGes epigenéticas presentes em todas as
neoplasias (VALENT et al., 2013; CASWELL et al., 2017).

Ao longo do tempo, a selecdo de subclones neoplasicos imunogénicos diminui
progressivamente, o que pode acelerar o desenvolvimento da doenca. Essa fase é
considerada a mais prolongada das trés etapas da imunoedicdo do cancer e pode persistir
por anos, ou até mesmo durante toda a vida do individuo (MOHME et al., 2017).

Durante a fase final, conhecida como escape ou evasao, as variantes neoplasicas
demonstram menor potencial imunogénico, promovendo a proliferacdo e disseminacgéo
da doenga (CASWELL et al., 2017; MOHME et al., 2017). Vérios fatores contribuem
para a capacidade das células cancerigenas de escapar do sistema imunoldgico. Esses
fatores incluem a auséncia de antigenos neoplésicos, a perda de Complexo Principal de
Histocompatibilidade | (MHC 1) ou de moléculas coestimuladoras (MITTAL etal., 2014).

Além disso, 0 escape estd associado a criagdo de um microambiente
imunossupressor maligno, onde s&o secretadas citocinas como o fator de crescimento
vascular endotelial (VEGF) e o fator de transformacao do crescimento beta (TGF-), bem
como moléculas imunorreguladoras como a enzima indoleamina 2,3-dioxigenase (IDO),
as vias de sinalizagdo PD-1/PD-L1, Tim-3/GALECTINA-9 e LAG-3, receptores de
adenosina e moléculas de checkpoint da familia B7 (COUSSENS et al., 2013; MITTAL
etal., 2014).

No microambiente de neoplasias hematoldgicas, algumas citocinas tém sido
relacionadas a promocao de células malignas. Mudangas qualitativas e quantitativas no
perfil dessas proteinas promovem a desdiferenciacao de células neoplésicas, gerando um
fenotipo maligno (RAJA et al., 2017). Esse fendmeno € observado principalmente em
citocinas pro-inflamatorias, como TNFa, IL1B ¢ IL6, mas também em citocinas anti-
inflamatorias, como IL-10, que, juntas, estdo associadas a progressdo de células
leucémicas (Figura 5) (CAMACHO et al., 2021).
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Figura 5: Alteracdes ou disfuncBes no sistema hematopoiético, causadas por citocinas
inflamatdrias no contexto da leucemia.

Fonte: Adaptado de CAMACHO et al., 2021.

Outra estratégia utilizada pelas células cancerigenas para evadir o sistema
imunolégico é induzir a deplecdo ou exaustdo das células T, um estado disfuncional que
emerge em resposta a exposicdo prolongada ao antigeno tumoral. Esse estado é
caracterizado por uma diminui¢do na funcédo efetora das células T, acompanhada pela
expressdo persistente de receptores inibitorios de superficie celular e pela ativacdo de
estados transcricionais anormais (WHERRY; KURACHI, 2015). Entre os varios
receptores inibitdrios de superficie celular que desempenham um papel na regulacédo da
exaustdo das células T esta o PD-1 (Programmed Death). A terapia anti-PD-1 tem sido
desenvolvida como uma estratégia de imunoterapia para restaurar parcialmente a funcéo
das células T exauridas; no entanto, essa restauracao é muitas vezes limitada e ndo resulta
em uma recuperacdo completa da resposta imune antitumoral (WHERRY; KURACHI,
2015).

No microambiente tumoral, além das células imunes efetoras com atividade
antitumoral, diversas células com fung¢es imunomoduladoras desempenham um papel
crucial na regulacao da resposta imune contra o cancer (WANG et al., 2017; TOPALIAN
et al., 2015). Entre essas células estdo as células supressoras de mieloides, os macréfagos
associados a tumores, as células dendriticas (CDs) e as células T reguladoras (Tregs), cuja
presenca é essencial para estabelecer um ambiente imunossupressor favoravel ao
desenvolvimento tumoral. Por exemplo, as células supressoras de mieloides tém a
capacidade de diminuir a resposta antitumoral do hospedeiro regulando a atividade de
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transcricio STAT1 e a expresséo de Oxido de Nitrogénio (NO) e arginase cancer (WANG
etal., 2017; TOPALIAN et al., 2015).

Além disso, elas produzem citocinas imunossupressoras que estimulam a
angiogénese e expressam o ligante 1 de morte celular programada (PD-L1), contribuindo
para reduzir a atividade antitumoral. Por sua vez, os macrofagos associados a tumores
expressam PD-L1, que, ao interagir com o PD1 expresso em células T, pode suprimir a
imunidade antitumoral das células T, evidenciando a regulacdo positiva de PD-L1 em
ceélulas tumorais cancer (WANG et al., 2017; TOPALIAN et al., 2015). Uma série de
disfuncdes nas células T, essenciais na coordenacdo da atividade imunoldgica no
microambiente tumoral, também pode ocorrer, prejudicando ainda mais a imunidade
antitumoral. Essa complexa interagdo entre células imunes e células tumorais, mediada
por uma variedade de mediadores e moléculas de sinalizacdo, desempenha um papel
fundamental na determinacao do destino do tumor e na resposta imune ao cancer (WANG
etal., 2017; TOPALIAN et al., 2015).

As células T de memoria CD8+ citotoxicas desempenham um papel fundamental
no microambiente tumoral, oferecendo uma perspectiva promissora para 0 prognostico
do céncer ao contribuir significativamente para a eliminacdo das células tumorais
(ARNETH, 2020). Estas células possuem a capacidade de reconhecer antigenos
especificos presentes nas células tumorais, desencadeando uma resposta imune que segue
uma via trifasica normal, culminando na destruicdo das células malignas. No
microambiente tumoral, a presenca de células Th1l (CD4+ T helper 1), que secretam IFN-
v ¢ interleucina-2 (IL-2), tipicamente estimula e amplifica a atividade das células T CD8+.
Em contrapartida, células Th2 e outros subconjuntos de células CD4+ produzem IL-4,
IL-5 e IL-13, contribuindo para a resposta das células B. Adicionalmente, as células Th17,
ao secretarem IL-17A, IL-17F, IL-21 e IL-22, desempenham um papel na promoc¢do da
inflamacgdo tecidual antibacteriana, embora também possam estimular o crescimento
tumoral (ARNETH, 2020). Essa interacdo complexa entre diferentes subpopulagdes de
células T e seus mediadores de sinalizacdo é fundamental na modulacdo da resposta
imune antitumoral e no microambiente tumoral.

Como mencionado anteriormente, as citocinas desempenham um papel crucial na
regulacdo das rea¢@es imunologicas, tanto na promogédo quanto na supressao, e exercem
efeitos significativos durante as respostas imunes a infec¢coes e cancer (OUYANG et al.,
2019). Entre essas citocinas, a interleucina (IL)-10 se destaca como uma molécula anti-

inflamatoria que desempenha um papel fundamental na modulacao da resposta imune. A
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IL-10 inibe as respostas Thl, reduzindo a expressdo e/ou atividade de vérias citocinas
inflamatorias em mondcitos e células T, incluindo IFN-y, TNF, IL-1 e IL-6. Além de seus
efeitos anti-inflamatérios, a 1L-10 demonstrou promover processos imunoldgicos, como
a sintese de imunoglobulina por células B, a citotoxicidade mediada por celulas NK e
células T CD8+, e a proliferacao de timdcitos (NAGATA et al., 2021). Essa dualidade de
fungdes da IL-10 destaca sua importancia na regulacdo do equilibrio entre resposta
imunoldgica efetora e tolerancia imunoldgica, e seu papel central no contexto da
imunidade antitumoral e inflamatdria.

A IL-6, IL-1 e TNF-a, juntamente com os fatores de transcricdo NF-kB (fator
nuclear-kappa B) e STAT3 (transdutor de sinal e ativador de transcrigéo 3), sdo citocinas-
chave na regulacdo da resposta inflamatéria. Em particular, a IL-6 desempenha um papel
crucial na ativacdo do NF-kB e STATS3, estabelecendo um loop de feedback positivo que
amplifica a inflamacdo (HIRANO, 2021). A ativacdo simultdnea desses fatores de
transcricdo em celulas ndo imunes, através do eixo IL-6-STAT3, pode desencadear uma
cascata de eventos que promovem interacdes patogénicas entre células ndo imunes e
células do sistema imunolégico (HIRANO, 2021).

Em muitos tipos de céncer, as vias de sinalizacdo IL-6/JAK/STAT3 estdo
hiperativadas de maneira aberrante, impulsionando o crescimento, a sobrevivéncia, a
invasdo e a metastase das células tumorais no microambiente tumoral. Além disso, essa
ativacdo exacerbada dessas vias pode inibir severamente a resposta imune antitumoral,
criando um ambiente favoravel para a progressao tumoral (JOHNSON et al., 2018).

Dessa forma, 0 microambiente tumoral desempenha um papel crucial na resolugéo
da doenca e na resposta terapéutica, pois influencia diretamente a interacdo entre as
células cancerigenas e o sistema imunoldgico. Com base nas caracteristicas do
microambiente imunoldgico, o cancer pode ser classificado em dois tipos distintos:
inflamatorio e ndo inflamatério (GAJEWSKI et al., 2017; SPRANGER, 2011).

Os tumores com um fenotipo inflamatorio sdo caracterizados pela presenca de
uma resposta imunologica ativa, atraindo células imunes como linfocitos T citotdxicos
CD8+, células B e macrdfagos. No entanto, apesar dessa presenca de células imunes, a
resisténcia imunoldgica ainda pode ocorrer devido a acdo de reguladores imunoldgicos
negativos presentes no microambiente tumoral. Esses reguladores podem suprimir a
atividade das células T e outras células do sistema imunolégico, contribuindo para a
progressdo do cancer (GAJEWSKI et al., 2017; SPRANGER, 2011).
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Por outro lado, os tumores com um fenotipo ndo inflamatorio geralmente carecem
da presenca de células T e reguladores da imunidade inata, resultando na inducao de um
estado de imunossupressdo. Nesses casos, a auséncia de uma resposta imunoldgica eficaz
permite que as células tumorais escapem da deteccdo e destruicdo pelo sistema
imunolodgico, facilitando assim a progressdo tumoral (GAJEWSKI et al., 2017,
SPRANGER, 2011).

Essas distingfes no microambiente tumoral tém importantes implicagdes clinicas,
influenciando a eficacia de diferentes estratégias terapéuticas e destacando a necessidade
de abordagens personalizadas para o tratamento do cancer, levando em consideracao as

caracteristicas especificas do ambiente imunoldgico de cada tumor.

2.2.1. Neutrofilos

A inflamagdo é uma resposta biolgica complexa que desempenha um papel
central no cancer, influenciando desde a iniciacdo até a progressdo e disseminagdo da
doenca (COLOTTA etal., 2009). As células inflamatorias infiltradas nos microambientes
tumorais secretam uma variedade de mediadores, como citocinas, quimiocinas e fatores
de crescimento, que promovem a proliferagdo celular, a angiogénese, a invasdo e a
metastase tumoral (COLOTTA et al., 2009). Entre essas células do sistema imunoldgico,
os neutrofilos tém sido cada vez mais reconhecidos como participantes importantes desse
processo inflamatorio tumoral. Sua atividade pode ser tanto pré-tumoral, contribuindo
para a promoc¢ao do crescimento tumoral e a supressdo da resposta imune antitumoral,
quanto antitumoral, exercendo funcgdes de citotoxicidade e modulacdo imunoldgica contra
as células cancerosas (FRIDLENDER et al., 2009; OSTRAND-ROSENBERG; SINHA,
2009; SMITH; KANG, 2013).

Consequentemente, o reconhecimento crescente do papel dos neutréfilos na
biologia tumoral tem sido observado. Na verdade, estudos recentes tém demonstrado
tanto propriedades pro-tumorais quanto antitumorais atribuidas a essas células (COOLS-
LARTIGUE et al., 2014; MIZUNO et al., 2019). Nos ultimos anos, pesquisas tém sido
conduzidas para investigar como diversas funcbes dos neutréfilos influenciam o
crescimento e desenvolvimento tumoral (LIU; LIU, 2019; MASUCCI et al., 2020;
MIZUNO et al.,, 2019). Entre essas funcdes, destacam-se a citotoxicidade direta, a
secrecdo de espécies reativas de oxigénio (ROS), o oxido nitrico (NO) e proteases, a
NETose, a autofagia, bem como a modulacdo de outras células do sistema imunoldgico.
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E notavel que a literatura cientifica engloba estudos que evidenciam tanto efeitos pro-
tumorais quanto antitumorais para praticamente todas as funcBes dos neutrdfilos,
sugerindo que essas células podem exercer efeitos diversos e, por vezes, contraditorios
no contexto do cancer(LIU; LI1U, 2019; MASUCCI et al., 2020; MIZUNO et al., 2019).

A producdo de ROS pelos neutréfilos desempenham um papel fundamental na sua
capacidade de eliminar patdgenos (AMULIC et al., 2012). Quando ativados, o0s
neutréfilos geram ROS como superdxido (O2-), peréxido de hidrogénio (H20>) e radical
hidroxila (OH-), principalmente atraves da ativacdo do complexo da oxidase de
nicotinamida adenina dinucleotideo fosfato (NADPH) na membrana celular. Essas ROS
tém propriedades oxidativas potentes que sdo eficazes na destruicdo de patdgenos,
incluindo bactérias, fungos e virus (BELAMBRI et al., 2018; WINTERBOURN;
KETTLE; HAMPTON, 2016).

No entanto, em certas condi¢des, como a inflamacdo cronica ou a presenca de
tumores, a producdo excessiva de ROS pelos neutréfilos pode desempenhar um papel
paradoxal (AMULIC etal., 2012; TOLLER-KAWAHISA etal., 2023). Por um lado, altos
niveis de ROS podem danificar as células saudaveis do hospedeiro e contribuir para a
inflamacdo cronica, promovendo a progressao tumoral. Por outro lado, as ROS podem
causar danos oxidativos nas celulas tumorais, contribuindo indiretamente para a
supressdo tumoral (TOLLER-KAWAHISA et al., 2023). Assim, o papel dos neutréfilos
na producdo de ROS e sua capacidade de eliminar patdgenos estdo intimamente ligados
ao contexto em que ocorre. Em condig0es normais, a producgédo controlada de ROS pelos
neutrdfilos € essencial para a defesa do hospedeiro contra infecgdes.

As NETs, além de sua funcdo antimicrobiana, tém sido cada vez mais
reconhecidas por desempenharem um papel relevante na biologia tumoral (BERGER-
ACHITUV et al., 2013; COOLS-LARTIGUE et al., 2013). Essas estruturas
tridimensionais, compostas principalmente por DNA nuclear, sdo decoradas com histonas
modificadas, que desempenham um papel crucial na regulacéo da estrutura e fungédo das
NETs (SANGALETTI et al.,, 2014). As histonas ndo apenas contribuem para a
estabilidade e integridade da rede de DNA, mas também estdo envolvidas na modulagéo
da resposta imune e inflamatdria no microambiente tumoral (SANGALETTI et al., 2014).

Dessa forma, os neutrofilos desempenham um papel essencial na modulacéo de
outras células do sistema imunolodgico, exercendo influéncia sobre uma variedade de
celulas imunes adaptativas, como linfécitos T, linfocitos B, macrofagos e células

dendriticas (LIU; LIU, 2019). Esse processo de modulacdo é mediado por uma série de

31



mecanismos, incluindo a secrec¢do de citocinas, quimiocinas, fatores de crescimento e
moléculas de adesdo celular (L1U; L1U, 2019).

Os neutréfilos podem secretar uma ampla gama de mediadores sollveis, como
interleucina-8 (IL-8), fator de necrose tumoral alfa (TNF-a), interferon-gama (IFN-y),
entre outros, que exercem efeitos diretos sobre a ativacdo e funcdo de outras células
imunes (MIZUNO et al.,, 2019; SHAUL; FRIDLENDER, 2019). Além disso, 0s
neutréfilos também podem expressar moléculas de superficie, como ligantes de adeséo e
moléculas coestimuladoras, que interagem com receptores em células imunes adjacentes,
modulando sua atividade (MIZUNO et al., 2019; SHAUL; FRIDLENDER, 2019).

Essa interagdo intricada entre neutrofilos e outras celulas do sistema imunolégico
desempenha um papel fundamental na coordenacdo da resposta imune contra agentes
patogénicos e células tumorais. No entanto, o desequilibrio nessa regulacdo pode
contribuir para o desenvolvimento de distarbios imunoldgicos e condicdes patoldgicas,
destacando a importancia de compreender os mecanismos envolvidos na modulacéo das
respostas imunes pelos neutrofilos.

Além disso, os neutrofilos associados ao tumor (TANS) sdo células infiltrantes no
microambiente tumoral que, assim como 0s macréfagos associados ao tumor (TAMS),
apresentam uma notavel plasticidade funcional, permitindo sua polarizacdo em fenétipo
“N1” anti-tumorigénico ou fendtipo “N2” pro-tumorigénico (MIZUNO et al., 2019).

Os neutréfilos "N1" exibem aumento da citotoxicidade e reducdo da capacidade
imunossupressora por meio da producéo de fator de necrose tumoral (TNF)-a, molécula
de adesdo intercelular (ICAM)-1, espécies reativas de oxigénio (ROS) e Fas, além da
diminuicdo da expressdo de arginase. Em contraste, os neutréfilos "N2" promovem a
expansdo tumoral expressando altos niveis de arginase, metaloproteinase de matriz 9
(MMP-9), fator de crescimento endotelial vascular (VEGF) e diversas quimiocinas,
incluindo CCL2, CCL5 e CXCL4 (FRIDLENDER et al., 2009; LIANG et al., 2014,
MIZUNO et al., 2019).

Além disso, neutrofilos ativados tém a capacidade de liberar NETs como uma
estratégia para capturar e reter células tumorais circulantes no sangue, inibindo sua
disseminacdo para outros 6rgdos e tecidos. Uma vez capturadas pelas NETS, as células
tumorais podem ser alvo de células imunes efetoras, como células natural killer (NK) e
células T citotoxicas, promovendo sua eliminacdo. Além disso, as NETs podem

desempenhar um papel na formacdo de um microambiente tumoral inflamatorio,
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contribuindo para a ativagdo do sistema imunoldgico no combate as células cancerigenas
(NAJMEH et al., 2017).

2.3.Leucemias: Aguda e Cronicas

A leucemia, uma neoplasia que afeta os leucdcitos, células do sistema
imunolégico, é caracterizada pelo acumulo anormal dessas células na medula 6ssea. Sua
origem ainda é em grande parte desconhecida, mas sua classificacdo é fundamental para
o diagndstico e tratamento adequados (INCA, 2022). A doenca é dividida em dois grandes
grupos: leucemias agudas e cronicas, cada uma subdividida em linfoides e mieloides,
dependendo da linhagem comprometida (ARBER et al., 2016; BAIN; ESTCOURT,
2013).

Existem doze subtipos principais de leucemia, cada um com caracteristicas
distintas. Entre eles, os mais relevantes sdo a Leucemia Linfoide Croénica (LLC), a
Leucemia Linfoide Aguda (LLA), a Leucemia Mieloide Cronica (LMC) e a Leucemia
Mieloide Aguda (LMA) (ARBER etal., 2016; BAIN; ESTCOURT, 2013). Esses subtipos
diferem em termos de perfil de células afetadas, padrdes de crescimento e progndstico.

As leucemias linfoides constituem distarbios relacionados a linhagem linfocitica
das células sanguineas, caracterizadas por uma proliferacdo anormal de linfocitos. Na
leucemia linfoide cronica (LLC), a etiologia frequentemente envolve alteracfes genéticas
que interferem no ciclo celular, promovendo a sobrevida prolongada dos linfocitos B e
impedindo sua apoptose programada (HALLEK, 2017).

Por outro lado, os fatores desencadeantes da leucemia linfoide aguda (LLA) estéo
associados a diversas alteragGes genéticas. Isso inclui a translocagdo t(12;21), que resulta
na fusdo TEL-AMLI1, e mutacGes em genes relacionados a via regulatéria HOX. Essas
mutacdes podem ocorrer diretamente, como translocagbes no gene MLL, ou
indiretamente, afetando os cofatores da via (HUNGER; MULLIGHAN, 2015;
JABBOUR et al., 2008). Essas anormalidades genéticas desempenham um papel
fundamental na patogénese das leucemias linfoides, influenciando o desenvolvimento e
a progressao dessas doengas.

As leucemias mieloides surgem devido a mutagdes na linhagem mielocitica das
celulas sanguineas. A LMC é caracterizada pela translocacao balanceada entre os genes
ABL1 e BCR, t(9;22), conhecida como cromossomo Filadélfia (JABBOUR et al, 2008).
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A LMA é definida como uma infiltracdo das celulas promielociticas ndo diferenciadas ou
com uma diferenciacio inadequada na medula 6ssea (DOHNER et al., 2015).

No Brasil, as estimativas de casos novos de leucemia para cada ano do triénio de
2023 a 2025 séo significativas, totalizando 11.540 casos. Esses nimeros representam um
risco estimado de 5,33 casos/100 mil habitantes, sendo 6.250 casos estimados entre
homens e 5.290 entre mulheres. Esses dados refletem um risco relativo mais alto entre os
homens, com uma taxa de 5,90 casos/homens, em comparagdo com 4,78 casos/mulheres.
Na regido Norte, € 0 sexto cancer mais frequente, em homens (4,53 por 100 mil) e
mulheres (3,64 por 100 mil) (INCA, 2022). Essas estimativas ressaltam a importancia da
vigilancia e do manejo adequado das leucemias, especialmente considerando suas
diferentes formas de apresentacao e padrdes de incidéncia em diferentes regides.

Para o diagnoéstico € utilizado amostra de puncdo medular para pesquisa de
alteracdes moleculares, morfologicas e quantitativas nas células do tecido sanguineo
(NAZ et al., 2019). Essa doenga se manifesta em todas as idades, desde o recém-nascido
até os idosos, sendo a LLA mais comum em criancas (taxa de predominancia de 75%),
enguanto a LMA é mais comum em adultos (taxa de predominancia de 25%). A LMC ¢
muito rara em criangas pequenas, e a LLC, predominante principalmente em pessoas >
40 anos (JULIUSSON et al., 2016).

O tratamento da leucemia é realizado através de quimioterapia, radioterapia e
transplante de medula 6ssea. Essas terapias convencionais utilizadas no tratamento da
leucemia, normalmente possui diversos efeitos colaterais sérios, ocasionando sintomas
graves nos pacientes (TERWILLIGE et al., 2017). A quimioterapia, por exemplo, causa
tanto a morte de células neoplésicas como de células normais, levando os pacientes a
sentirem nauseas, diarreia, feridas na boca, imunossupressdo e fadiga (PELCOVITS;
NIROULA, 2020).

Outro fator preocupante nos tratamentos utilizados é a resisténcia das células
neoplasicas aos medicamentos quimioterapicos, pois representam um grande obstaculo
no processo curativo do cancer, o que reduz significativamente a eficacia do medicamento
e também aumenta a recidiva do cancer (LONGLEY; JOHNSTON, 2005). Esse tipo de
resisténcia é classificada em primaria ou intrinseca (auséncia de resposta ao medicamento
antes da exposicdo do mesmo) e adquirida (resisténcia apos o tratamento) (BUENZ et al.,
2012). A resisténcia adquirida pela quimioterapia esta relacionada a exposicdo ao
medicamento que incialmente é eficaz contra o cancer. No entanto, ocorrem mutacoes

nas células cancerigenas que levam a resisténcia ao medicamento (HILLS et al., 2014).
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Isso ocorre devido as células neoplasicas desenvolverem mecanismos
independentes que conferem resisténcia celular aos medicamentos como as modificacbes
na farmacocinética, no metabolismo da droga, na expressdao ou funcdo alvo, na
diminuicdo da capacidade de reparo do DNA, nas alteracGes nas vias de sinalizacao
relacionadas a apoptose, a proliferacdo, a diferenciacdo, a autofagia e o0 aumento das
proteinas que interferem no transporte celular de drogas (bombas de efluxo) (FOLLINI
et al., 2019). Ocasionando nas células neoplasicas novas anormalidades cromossdmicas
e epigenéticas que contribuem para a sua resisténcia (HALLEK, 2017; BLACKBURN et
al., 2019).

2.4. Tratamentos e Resisténcia medicamentosa

As quatro principais modalidades de tratamento do cancer incluem quimioterapia,
radioterapia, imunoterapia e cirurgia, todas desempenhando papéis especificos na
abordagem terapéutica (INCA, 2022). Frequentemente, essas modalidades s&o
combinadas para maximizar a eficacia do tratamento, levando em consideracdo a
receptividade do paciente e a ordem ideal de administragdo. Raramente, neoplasias
malignas sdo tratadas exclusivamente por meio de uma Unica abordagem terapéutica,
destacando a importancia da abordagem multidisciplinar no combate ao cancer (INCA,
2022).

A cirurgia € considerada uma intervencdo curativa quando indicada nos estagios
iniciais da maioria dos tumores sélidos. Além disso, pode ser empregada com intencdes
curativas ou paliativas, dependendo do estdgio e da extensdo da doenca. Este
procedimento envolve a remocdo completa do tumor primario com margens de seguranca
adequadas, e, quando necessario, a excisdo dos linfonodos adjacentes para investigacao
de disseminacdo tumoral (INCA, 2022; MILLER et al., 2016).

A radioterapia ¢ uma modalidade terapéutica amplamente utilizada no tratamento
do cancer, sendo aplicada localmente para atingir areas especificas do corpo por meio de
equipamentos e radiacdo cuidadosamente controlada (JOYCE et al.,, 2015). Esse
procedimento visa erradicar o tecido tumoral e destruir as células cancerigenas por meio
do uso de altas doses de radiacdo ionizante. Frequentemente, a radioterapia € empregada
em conjunto com a cirurgia para reduzir ou eliminar tumores. A administracdo da
radiacdo pode ser realizada interna ou externamente ao local de destino, e ambos 0s
métodos podem acarretar efeitos adversos e danificar células normais (WANG et al.,
2018).
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Diversos tipos de tumores respondem bem a radioterapia, sendo comumente
empregada no tratamento de malignidades cerebrais, mamarias, cervicais, laringeas,
hepaticas, pulmonares, pancreaticas, prostaticas, cutaneas, gastricas e uterinas (BODET-
MILIN et al., 2016). Além disso, leucemia e linfoma estdo entre as malignidades que
podem ser tratadas com radioterapia. A dose de radia¢do necessaria para o local do cancer
ou tumor varia de acordo com a idade do paciente, o tipo e a localiza¢do do tumor, bem
como quaisquer efeitos colaterais potenciais nos tecidos e 6rgdos circundantes. Em
estdgios avancados do cancer ou quando o tumor esta localizado em regides
especialmente sensiveis, a radioterapia pode ndo ser uma opc¢ao viavel (WANG et al.,
2018; MEESAT et al., 2012).

A quimioterapia representa uma abordagem sistémica no tratamento do cancer,
envolvendo a administracdo regular de agentes quimioterapicos, cujos regimes
terapéuticos variam conforme a necessidade do paciente (INCA, 2022). Apesar de ser
reconhecida como uma estratégia eficaz para combater o cancer, ao destruir células
malignas e retardar o crescimento tumoral, os medicamentos utilizados podem ocasionar
significativos efeitos colaterais, afetando células e tecidos saudaveis (ROKHFOROZ et
al., 2017). Os agentes quimioterapicos selecionados dependem do tipo especifico de
cancer a ser tratado, e os efeitos adversos estdo correlacionados a localiza¢do do tumor e
a resposta individual do paciente ao regime de quimioterapia particular. Importante
ressaltar que os efeitos colaterais observados durante o tratamento oncol6gico nao
implicam na eficacia terapéutica e tendem a diminuir ap6s a conclusdo do tratamento
(BEDARD et al., 2020).

A quimioterapia é indicada para uma ampla variedade de tumores em adultos, bem
como para diversos tipos de cancer que afetam criancas e adolescentes. E uma opgéo
terapéutica recomendada para o tratamento de neoplasias hematoldgicas persistentes em
desenvolvimento, assim como para tumores solidos em estagios avangados, recorrentes
ou metastaticos (INCA, 2022). Em casos de doenca avancgada, recidivante ou metastéatica,
em que o tratamento curativo ndo € viavel e o progndstico € limitado, a terapia paliativa
visa aliviar os sintomas e melhorar a qualidade de vida do paciente (INCA, 2022).

Os medicamentos utilizados nesse procedimento apresentam potencial toxicidade
para células normais, além de outros efeitos adversos que podem comprometer 0 sucesso
terapéutico (MECHCHATE et al., 2021). Dentre os agentes quimioterapicos mais
conhecidos estéo as drogas alquilantes, inibidores de topoisomerase, compostos com agao
sobre a tubulina e antimetab6litos (DOLMANS; DONNEZ, 2021). Atualmente, 0s
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agentes anticancerigenos mais amplamente utilizados, representando mais de 60% do
mercado, sdo derivados de fontes naturais, incluindo plantas, microorganismos e espécies
marinhas (CRAGG; NEWMAN, 2013). Esses compostos naturais sao frequentemente
caracterizados como uma colecdo de estruturas quimicas "privilegiadas"”, desenvolvidas
pela natureza para interagir de forma eficaz entre si (BAILON-MOSCOSO et al., 2017;
MUKHERJEE; PATRA, 2017).

A imunoterapia emerge como uma abordagem terapéutica inovadora no combate
ao cancer, empregando estratégias baseadas no sistema imunolégico do paciente para
direcionar a doenca (SHARMA et al., 2019). Diferenciando-se das modalidades
tradicionais de tratamento, que frequentemente utilizam quimioterapia ou radioterapia,
muitas vezes associadas a danos colaterais em células saudaveis, a imunoterapia visa
potencializar a resposta antitumoral natural do corpo, minimizando efeitos adversos. Por
meio de inibidores de checkpoint imunologico e terapias baseadas em células T, a
imunoterapia tem demonstrado promissor no tratamento de leucemia e tumores sélidos
(SHIMU et al., 2022).

As estratégias imunoterapéuticas tém como alvo a evasdo imune das células
tumorais, abrangendo a inibic¢&o de receptores co-inibitorios do checkpoint imunoldgico,
utilizando anticorpos anti-PD1/PDL1 e anti-CTLA4, vacinas de células dendriticas e
terapias com citocinas (LERNER; BENZVI, 2022). Desde 2011, a Food and Drug
Administration (FDA) dos EUA aprovou seis inibidores de checkpoint (Tabela 1) para
diversas indicagdes de cancer, devido as notaveis e duradouras respostas observadas com
a utilizacdo direcionada a CTLA-4, PD-1 e PDL-1 (HARGADON et al., 2018).

Tabela 1. Inibidores de checkpoint aprovados pela Food and Drug Administration
(FDA).

Tipo de cancer Nome do Posologia Alvo Linha de
medicamento Tratamento

Melaloma 3 mg/kg EV a CTLA-4 1. Inicial
Ipilimumabe cada 3 2. Adjuvante
(Yervoy®) semanas, total 4

doses

Melaloma Pembrolizumabe 2 mg/kg EV a PD-1 Retratario

(Keytruda®) cada 3 semanas
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até progressao
ou toxicidade

Pulmdo de ndo Atezolizumabe 1.200 mg/kg a PDL-1 -

pequenas células (Tecentrig®) cada 3 semanas
carcinoma Avelumabe PDL-1 -
urotelial (Bavencio®)
Rim 3 mg/kg a cada PD-1 Apds terapia
Nivolumabe 2 semanas até antiangiogénica
(Opdivo®) progressao ou
toxicidade

*Adaptado de Hargadon et al., 2018.

O primeiro receptor de checkpoint co-inibitorio identificado foi o CTLA-4,
também conhecido como CD152, que desempenha um papel fundamental na supressao
da resposta antitumoral enddgena mediada por células T (YAN et al., 2022). O CTLA-4
opera como um mecanismo imunorregulador que limita a resposta inflamatoria contra o
cancer, prevenindo potencialmente danos teciduais excessivos, pois sua atividade requer
interacdo com o mesmo receptor da proteina CD28. A inibi¢do desse processo tem 0
potencial de potencializar a resposta antitumoral, permitindo uma maior eficicia na
destruicdo de células cancerigenas (SHIMU et al., 2022). Na imunoterapia do cancer, a
abordagem de bloqueio de CTLA-4 pode induzir a proliferacéo e a producéo de citocinas
por parte das células T. Por exemplo, os anticorpos monoclonais ipilimumabe e
tremelimumabe tém sido recentemente empregados para o blogueio de CTLA-4,
resultando na ativacdo do sistema imunoldgico para combater as células tumorais
(SADREDDINI et al., 2019).

Por outro lado, o PD-1 é outro receptor de checkpoint pertencente a familia
CD28/CTLA-4, expresso em células T e B ativadas, células mieloides, células NK,
células dendriticas e mondcitos. Ao contrario do CTLA-4, que atua na interface
CD28/CD80 e fornece um sinal imunorregulador adicional, o PD-1 exerce sua fungéo
imunorreguladora diretamente no receptor de linfocitos T. Em diversos tipos de cancer,
0s anticorpos que visam a interagdo PD-1/PDL-1 tém demonstrado resultados
terapéuticos favoraveis (SHIMU et al., 2022).

Para potencializar a atividade das células T efetoras contra células tumorais, o

bloqueio da via PD-1 é frequentemente utilizado como uma estratégia inicial. Esse
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blogueio tem o efeito de aumentar a atividade das células NK e a produgéo de anticorpos
mediada por células B PD-1+ no microambiente tumoral (HUANG et al., 2017). Estudos
conduzidos por TAURIELLO et al. (2018) e TAEFEHSHOKR et al. (2020) indicam que
a combinacéo das terapias PD-1/PDL-1 com a citocina TGF-p pode melhorar a eficacia
da resposta antitumoral, promovendo a infiltracdo de linfdcitos T citotdxicos e inibindo o
crescimento e a disseminacdo metastatica de carcinomas mamarios murinos EMT6 e
modelos ortotdpicos de cancer colorretal.

A resisténcia aos medicamentos continua a ser um desafio significativo no
tratamento do cancer, mesmo com 0s avancos terapéuticos mais recentes. Muitas vezes,
0s tratamentos bem-sucedidos ndo resultam em uma resposta tumoral completa e
duradoura, levando eventualmente a resisténcia terapéutica e recorréncia do tumor
(BEDARD et al., 2020). O mecanismo exato pelo qual a resisténcia se desenvolve no
cancer ainda ndo € totalmente compreendido. Embora as mutacdes genéticas irreversiveis
sejam tradicionalmente consideradas a principal causa da resisténcia ao tratamento no
cancer, pesquisas recentes sugerem que as vias protedmicas e epigenéticas reversiveis
também podem desempenhar um papel significativo. A heterogeneidade tumoral e as
interacdes mediadas pelo microambiente tumoral podem contribuir de maneira

substancial para a resisténcia a terapia do cancer (CHATTERJEE et al., 2021).

2.5.Atividades anticancerigenas de substancias naturais

Atualmente, diversos estudos constataram que substancias naturais e derivados
bioativos de plantas possuem acéo antineoplasica e/ou imunomoduladora, bem como, em
determinas circunstancias, eficacia contra efeitos colaterais especificos de
quimioterapicos (ROY et al., 2018; MECHCHATE et al., 2020). Essas substancias
demostraram ser capazes de interromper o ciclo celular (Figura 5), desencadear vias
apoptotias ou ndo apoptoticas e bloquear a angiogénese e disseminacdo de células
cancerigenas (SUBRAMANIAM e al.,, 2019). Assim, inimeras substancias e seus
derivados com efeito anticancerigeno foram descobertos e caracterizados ao longo dos
anos, como a vincristina e a vimblastina, que foram isoladas da vinca (Catharanthus
roseus); os derivados da podofilotoxina, procedidos de rizomas de Podophyllum

peltatume P. hexandrum; os oriundos da camptotecina, obtidos da Campotheca
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acuminata; o taxol e o docetaxol extraidos de Taxus brevifolia e T. baccata (Tabela 2)
(LU etal., 2017; OWEN et al., 2017; AHMAD et al., 2017; CHU; RUBIN, 2018).

Antibiético Antitumoral:
Bleomicina
Alcaléides da Vinca: Vimblastina, Vincristina,

M ‘ Vindesina, Vinorelbina.

,:5@ Taxanos: Paclitaxel, Docetaxel.

1 G,

Epipodofilotoxinas (Inibidor da
topoisomerase II)

Anailogos de Desoxicitidin

a
Gecintabina \
Fluoropirimidinas: 5-

fluorouracila
Antagonistas das Purinas: 6-

tiopurina I

Figura 6. Esquema representando atividade dos agentes quimioterapicos antineoplasicos
de acordo com a fase do ciclo celular.
Fonte: Adaptado de Almeida et al., 2005.

A espécie Catharanthus roseus € um alcaloide que apresenta um alto impacto
terapéutico contra o cancer. As estruturas alcalinas encontradas em C. roseus sao
semelhantes entre si, embora sua toxicidade e amplitude de atividade variam. A
vimblastina tem melhor efeito em cancer de mama, testiculo, bexiga e linfoma, ja a
vincristina responde melhor ao linfoma ndo Hodgkin, Hodgkin e leucemia aguda
(BRANDAO et al. 2010; SCHNEIDER et al., 2017). Seu mecanismo de acio baseia-se
na ligacdo da tubulina, pois a vincristina antimitética impede a polimerizacdo e o
desenvolvimento de microtibulos mitéticos na interface entre a mitose, que quando €
interrompida, ocorre a morte celular. Além disso, a vincristina impede a formacao de
proteinas e o uso de &cido glutdmico por &cidos nucleicos prejudiciais (BRANDAO et al.
2010; SCHNEIDER et al., 2017).
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Tabela 2. Quimioterapicos de origem natural mais utilizados no tratamento de cancer.

Espécie Farmaco Cancer alvo
Taxus brevifolia Paclitacel Mama, Ovario, pulméo
Docetaxel de ndo pequenas células,
cabeca, pescoco.
Catharanthus roseus Vimblastina Testiculos, bexiga,
Vincristina linfoma, mama, sarcoma
Vindesina de Kaposi, ceérvico-
Vinorelbina uterino, linfomas né&o-
Hodgkin, linfoma
Hodgkin, leucemia

aguda, pulmao

Camptotheca accuminata

Camptotecina
Topotecano

Irinotecano

Pulméo de ndo pequenas
células e de células
pequenas, ovario, colo
de atero, cancer
metastatico de ovario,

cerebral e colorretal.

Podophyllum peltatum.

Podofilotoxina
Etoposideo

Teniposideo

Nefroblastoma,

carcinomas de pulmao,
genitais (carcinoma
VErrucoso), testiculo
linfomas ndo-Hodgkin e
leucemia  linfoblastica

aguda em criancas.

Vitis vinifera L. Resveratrol (trans-3,4,5- Cancer de mama

trihidroxiestilbeno)

*Adaptado de Vieira et al., 2020; Lima et al., 2022.

O resveratrol (trans-3,4,5-trihidroxiestilbeno) é um polifenol natural que pode
ser encontrado em uma variedade de alimentos, incluindo vinho tinto e frutas como
mirtilos, muitos tipos de uvas vermelhas e amendoim. Possui caracteristicas

antioxidantes, anti-inflamatorias, anticancerigenas, antimicrobianas, anti-
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neurodegenerativas (SVAJGER et al., 2012). Apresenta acio contra o cancer de mama,
no qual pode induzir apoptose em células MCF-7 e MDA-MB-231 e 453 pela supressdo
da via P13K dependente de ERa, tirosina quinase Scr ¢ STATA3, respectivamente
(MITRA; DASH, 2018). Seu papel imunomodulador consiste em inibir o crescimento de
células do baco estimuladas por concanavalina A (ConA), interleucina-2 (IL-2) ou
aloantigenos (GAO et al., 2001; VARONI et al., 2016).

O paclitaxel € um composto terpeno, pertencente aos diterpendide triciclico
produzido naturalmente na casca da planta de espécie Taxus brevifolia, e € uma das drogas
naturais mais bem-sucedida no tratamento anticancerigeno (ZHU et al.,, 2019). O
mecanismo de acdo do paclitaxel baseia-se na sua ligacdo seletiva e reversivel a
subunidade da tubulina, que estimula a polimerizacdo da tubulina e estabiliza os
microtubulos (WEAVER et al., 2014). A estabilizacédo interrompe o ciclo celular na fase
G2/M, previne a mitose e causa apoptose, que resulta em morte celular. Por exemplo, no
cancer de mama o paclitaxel usa a via intrinseca para causar a morte celular, pois 0s
efeitos indutores que essa droga causa na morte celular através dessa via sao
acompanhados por um aumento na propor¢do de proteinas pro- apoptoticas para anti-
apoptéticas (NOBILI et al., 2009; BRANDAO et al., 2010; FUNATO et al., 2012).

Diante dos compostos discutidos acima que possuem atividade biologica e que
sdo de fontes naturais, observa-se a necessidade de pesquisas direcionadas a busca de
tratamentos alternativos eficientes e com menores efeitos colaterais. Oleos e extratos de
plantas, continuam sendo uma das opg¢oes terapéuticas mais relevantes por possuirem uma
variedade de moléculas bioativas. Considerando a inovacéo nas estratégias de tratamento
do céncer, direcionando o mecanismo particular para cada forma de neoplasia
(GREENWELL; RAHMAN, 2015; AQIL et al., 2019).

2.6.Bioativos terpénicos com potencial anticancerigeno e imunomodulador

Os produtos naturais encontrados em diversas plantas medicinais representam
uma fonte de grande potencial terapéutico, devido a sua ampla gama de propriedades
bioldgicas (LIMA et al., 2022). Atualmente, o uso de 6leos e extratos vegetais com
propriedades bioativas tem ganhado destaque devido a sua diversidade estrutural,
menores efeitos colaterais e maior biodisponibilidade, além de apresentarem atividades-
alvo multiplas (LIMA et al., 2022; ARRUDA et al., 2019). Entre os compostos bioativos
encontrados em plantas medicinais destacam-se 0s terpenos, os quais séo classificados de
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acordo com o tamanho de sua cadeia carbonica, seguindo a regra biogenética do isopreno,
e sdo agrupados em diferentes classes conforme suas unidades de isopreno (Tabela 3)
(LEANDRO et al., 2012; TRINDADE et al., 2018; ARRUDA et al., 2019).

Os terpenos (C5H8)n constituem uma classe diversificada e amplamente
distribuida de metabolitos especiais encontrados em vegetais (DEWICK, 2002). Sua
formagéo ocorre pela juncdo de cinco unidades de isopreno, um composto natural
sintetizado pela via metabolica do acido mevalénico, que serve como precursor para a
familia de terpenoides e confere propriedades similares aos lipidios. A biossintese dos
terpenos baseia-se na reatividade do difosfato de dimetilalila (DMAPP) e do difosfato de
isopentenila (IPP), que s&o unidades isoprénicas bioquimicamente ativas, formadas a
partir do &cido meval6nico (MVA) ou do metileritritol fosfato (MEP). Essas unidades
isoprénicas apresentam caracteristicas estruturais que contribuem para a formacéo dos

terpenos, por meio do aumento das cadeias carbdnicas (DUDAREVA et al., 2013).

Tabela 3. Classificagdo do Terpenos.

Classificacao Compostos Planta Propriedades bioldgicas
Hemiterpenos Piretrinas Chrysanthemum Inseticida
*(Cs) cinerariaefolium

Monoterpenos Metanol; linalol Mentha x piperita; anti-inflamatorios,
(Co) (Cymbopogon analgésicos,
citratus hipotensores,
vasorrelaxantes,

antinociceptivos

Sesquiterpenos  o-humuleno; B- Cordia verbenacea; Anti-inflamatorio,

(C1s) cariofilenoe «o- Copaiferareticulata antitumoral e
bisabolol antimicrobiano
Diterpenos (C2) Acido copalico  Copaifera Anti-inflamatorio
langsdorfii
Triterpenos Estigmasterol, o  Solanum sp. Analgésica e Antitumoral
(C2s) a- e 0 B-
sitosterol
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Tetraterpenos ou Licopenoe o a- Brassicaoleracea  Antioxidante

Carotenoide e f-caroteno.

(Cs0)

Politerpenos Hidrocarbonetos Hevea brasiliensis -
(Ca0)

* (C) Numero de Carbono.

Os terpenos presentes nas espécies produtoras de oleorresinas tém recebido
atencdo devido ao seu potencial etnofarmacol6gico, com pesquisadores buscando
correlacionar as atividades biologicas dessas oleorresinas com suas substancias
constituintes (VEIGA JUNIOR, 2002; VEIGA JUNIOR et al., 2007; LEANDRO, 2012;
LIMA et al.,, 2022). Essas substancias exibem uma diversidade de caracteristicas
estruturais, sendo classificadas em compostos volateis (sesquiterpenos), como f-elemeno,
a-humuleno e B-cariofileno, e componentes resinosos, como os acidos diterpenos do tipo
labdano, clerodano e caurano (LEANDRO, 2012).

Destacam-se no grupo das plantas produtoras de oleorresinas 0S géneros
Copaifera, pertencentes a familia botanica Fabaceae, que incluem diversas espécies
descritas na literatura (VEIGA JUNIOR, 2002; LEANDRO, 2012). Estudos fitoquimicos
dessas espécies tém correlacionado seus compostos quimicos com seu potencial
farmacologico, incluindo o B-cariofileno e o &cido copalico (VEIGA JUNIOR, 2002;
LEANDRO, 2012; TRINDADE et al., 2018). Nas ultimas décadas, o interesse pelos
diterpenos tem aumentado significativamente devido a sua abundancia como
constituintes de espécies naturais e, principalmente, por suas caracteristicas estruturais e
diversas propriedades bioldgicas, estimulando o desenvolvimento de numerosas
pesquisas (LIMA et al., 2022).

2.6.1. Sesquiterpenos e Diterpenos

Os sesquiterpenos sdo sintetizados a partir de difosfato de farnesil (FPP), onde o
grupo IPP (contendo 5 atomos de carbono) é adicionado a um ou mais GPPs para formar
0 FPP, que possui 15 atomos de carbono. O FPP serve como precursor tanto para oS
sesquiterpenos aciclicos quanto para os ciclicos. As cadeias carbénicas mais longas dos
sesquiterpenos permitem a formacdo de sistemas monociclicos, biciclicos e triciclicos,
proporcionando-lhes uma variacgdo estrutural mais complexa do que a dos monoterpenos
(HAY, 1993; DEWICK, 2002; NEERMAN, 2003).
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Os sesquiterpenos constituem a maior parte das fragdes dos 6leos essenciais e suas
propriedades fisico-quimicas mais marcantes sdo decorrentes de suas cadeias carbonicas.
Esses compostos sdo insolUveis em &gua, sensiveis a variacdes de temperatura, incolores
e possuem excelentes potenciais medicinais, incluindo propriedades anti-inflamatdrias,

antimicrobianas, anestésicas, analgésicas e sedativas (SIMOES et al., 2017).

e

Figura 7. B-cariofileno

Fonte: autora

A emissdo dos compostos sesquiterpénicos presentes em plantas, embora pouco
estudada, é de grande interesse para a comunidade académica, estimulando o
desenvolvimento de pesquisas (GUENTHER, 2015; BROCKSOM et al., 2017). O B-
cariofileno (Figura 6) ocorre naturalmente em plantas e € um liquido com odor
amadeirado, variando de incolor a levemente amarelo, insolivel em agua e soluvel em
6leos e ésteres, com o Oxido de cariofileno como subproduto de auto-oxidacgao. As acoes
bioldgicas associadas ao B-cariofileno incluem propriedades inseticidas, antibidticas,
anestésicas locais, anticancerigenas, anti-inflamatdrias, antileishmaniacas e antifngicas
(YANG et al., 2016; LIMA et al., 2020).

Além dos sesquiterpenos, outro grupo de destaque dentro dos terpenos sdo 0s
diterpenos, cujos principios ativos tém sido descritos por estudos fitoquimicos. Esses
compostos possuem uma estrutura fundamental de 20 atomos de carbono, caracterizada
pela presenca do anel decalina e véarios centros quirais (VEIGA JUNIOR, 2002; PIERI et
al., 2009; LEANDRO et al., 2012). Alguns dos diterpenos mais abundantes encontrados
no género Copaifera tornaram-se principais alvos de extracédo, isolamento, caracterizacao
e avaliacdo bioldgica, como os acidos copalico, 3-acetoxi-copalico, 3-hidroxi-copalico e
polialtico (Figura 7) (VEIGA JUNIOR, 2002; PIERI et al., 2009; LEANDRO et al.,
2012).
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Figura 8. Estrutura dos principais diterpenos &cidos encontrados nos géneros Copaifera.

Fonte: autora.

Dentre os diterpenos presentes na oleorresina de copaiba, o &cido copalico é o
unico encontrado em todas as espécies do género Copaifera. Este composto faz parte da
classe dos labdanos, que possuem um anel biciclico decalina formado pela ciclizacao da
unidade de Difosfato de Geranilgeranil (GGPP, C20) (VEIGA JUNIOR, 2002; VEIGA
JUNIOR etal., 2007). Em estudos sobre sua atividade anti-inflamatoria, o &cido copalico,
na concentragdo de 100 uM, inibiu 90% da producéo de Oxido Nitrico (NO), com um
ICso de 57,4 uM. O NO é um mediador crucial da inflamacéo, cuja producdo excessiva
estd associada a varias doencas graves. Neste contexto, avaliou-se a influéncia do acido
copélico na producdo de 6xido nitrico em uma linha celular de macrofagos murinos (J774)
estimulada por lipopolissacarideo (LPS) (VARGAS et al., 2015; SIMARO et al., 2021).

Estudos in vitro foram conduzidos para avaliar a absorcdo oral e a
biodisponibilidade do acido copélico e do acido caurendico, utilizando células de
adenocarcinoma do célon humano (Caco-2) como modelo de permeabilidade intestinal.

Além disso, foi investigado o transporte ativo através das membranas com o uso do
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verapamil, um inibidor da glicoproteina-P (P-gp), um transportador de efluxo que limita
a absorcéo oral de diversas drogas e xenobi6ticos. Os valores de permeabilidade aparente
(Papp) foram de 4,48 (£ 0,26) x 10—6 cm/s para o acido copalico e 5,37 (= 0,72) x 10—6
cm/s para o acido caurenoico. As células Caco-2, quando incubadas com esses acidos por
24 horas, apresentaram viabilidade dentro de um intervalo de 3,9-250 uM (MAURO et
al., 2019).

Na Tabela 4, sdo apresentados resultados de estudos de atividade citotoxica
envolvendo compostos sesquiterpénicos e diterpénicos, destacando-se o0 acido
caurendico, o acido copalico, o B-cariofileno e o dxido de cariofileno. O &cido copélico e
o B-cariofileno sdo particularmente notdveis por serem encontrados na maioria das
amostras de oleorresina de Copaifera, sendo considerados marcadores quimicos das

oleorresinas de copaiba (VEIGA JUNIOR, 2002; LIMA, 2020; SIMARO et al., 2021).

Tabela 4. Propriedades citotdxicas de terpenos.

Material Atividade Citotoxica Referéncia

acido caurendico IC 50 84,2 uM (MCF-7 — tumor de mama humano, Costa-Lotufo

45% de inibigdo de crescimento) e I1C 50 44,7 uM et al., 2002

(HCT-8 —tumor de c6lon humano, 45% de inibicdo

de crescimento).

ICs0= 55 a 73 uM (MCF-7 — tumor de mama

humano), (PC-3 - tumor de prostata), (A-:L349 ~ Legault et al.,
a-humuleno tumor de pulméo), (DLD-1- adenocarcinoma 2003

colorretal), (M4BEU — melanoma) e (CT-26 —

fibroblasto).

IC 50 = 3,95 uM (HepG2 — Carcinoma de

Hepatdcitos), IC 50 = 12,6 uM (AGS — células de
o6xido de B- adenocarcinoma gastrico), IC so = 13,55 uM (HeLa Jun et
cariofileno — células de adenocarcinoma cervical humano), IC al., 2011

50 = 16,79 UM (SNU-1 — Carcinoma Gastrico) e IC

50 = 27,39 UM (SNU-16 — Carcinoma Gastrico).
caurenoico, IC 50 =20 uM (AGPO1 - cancer gastrico humano), Vargas et al.,
copalico, 3- com 13% de inibig&o de crescimento; IC 50 20 uM 2015
hidroxi-copalico, (SF-295 - glioblastoma humano), com 18% de
colovico-15- inibicdo de crescimento.
metil éster, 3-
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acetoxi-copalico
e hardwickiic

acido copalico IC 50 = 68,3 pg/mL (MO59J — células de Abrdo et al,
glioblastoma humano) e IC 50 = 44,0 ug/mL (HeLa 2015
— células de adenocarcinoma cervical humano).

oxido de B- 1Cs0=28,94 x10(-3) mg/ml (A-2780 — linhagem de Shawwar et
cariofileno células de cancer de ovario humano). al., 2015

oxidko de - Oxido de p-cariofileno com o IC 50 = 57,7 pg/mL,
cariofileno, a- a-humuleno IC 5o = 24,1 ug/mL, Valenceno IC so =

i Ambroz et al.
humuleno, trans- 38,1 pg/mL e trans-nerolido IC sp = 28,7 pg/mL - or > o2 €&

. : ; . 201
nerolidol e (CaCo-2 — Linhagem de célula adenocarcinoma 015
valenceno colorretal humano).
ICs0 =28 pg/mL (HCT 116 — tumor de cdlon
o6xido de PB- humano), IC 50 = 32 pg/mL (PANC-1 — carcinoma
. e Dahham et
cariofileno; - pancreético), 1C 5o = 79 pg/mL (PC-3 — tumor de al. 2015

cariofileno prostata) e 1C 50 = 110 pg/mL (MCF-7 — tumor de
mama humano).

SANTIAGO et al. (2015) investigaram as propriedades imunomoduladoras das
oleorresinas de Copaifera, incluindo C. reticulata, C. duckei e C. multijuga,
demonstrando sua capacidade de influenciar mondcitos e citocinas humanas. Essas
oleorresinas foram capazes de modular o sistema imunoldgico, crucialmente impactando
a producéo de citocinas como o TNF-a, que esta associado a varias doengas imunoldgicas.
Além disso, as oleorresinas promoveram a producdo de IL-10 e induziram LPS, mantendo
niveis estdveis de TNF-a, sugerindo um efeito regulador significativo no sistema
imunoldgico.

Em outro estudo, KIM et al. (2015) examinaram o efeito anti-inflamatorio do
terpeno a-pineno utilizando macréfagos peritoneais de rato. O a-pineno mostrou uma
reducéo significativa na producéo de interleucina-6, TNF-a e 6xido nitrico (NO), que sdo
mediadores chave da inflamagdo. Além disso, o a-pineno inibiu a ativacdo do fator
nuclear kappa B (NF-kB) e das proteinas quinases ativadas por mitogenos (MAPK),
indicando uma potente acdo anti-inflamatoria. Esses achados destacam o potencial
terapéutico dos componentes das oleorresinas de Copaifera na modulagdo de respostas

imunoldgicas e inflamatorias.
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O triptolide, um diterpenoide triepdxido de lactona com uma estrutura abeo-
abietana, demonstrou atividade anticancerigena significativa em modelos farmacoldgicos
de doenca renal policistica em ratos. Sua estrutura quimica é caracterizada pela presenca
de trés grupos epoxido nos anéis C e D com estereoquimica relativa cis. Estudos de
atividade antiangiogénica utilizando células AsPC1 (adenocarcinoma de pancreas
humano) avaliaram sua eficacia contra o cancer de pancreas. Além disso, o triptolide
interfere com a cicloxigenase-2 (COX-2) e o fator de necrose tumoral-alfa (TNF-a),
mediadores cruciais nos processos inflamatdrios. Este diterpeno também inibe a atividade
dos linfécitos T e demonstrou efeitos na reducdo da dor neuropatica (MURPHY;
MORRIS, 2011; BARREIRO, 2015).

A dificuldade de tratamento do cancer com medicamentos que apresentem baixos
efeitos colaterais tem motivado diversos grupos de pesquisa em produtos naturais a
explorar as propriedades biologicas das plantas medicinais (DEWICK, 2011). Um
exemplo notavel é o paclitaxel (Taxol), que destréi diretamente as células tumorais e
modula vérias células do sistema imunoldgico, incluindo células T reguladoras (Tregs),
células T efetoras, células dendriticas (DCs), células natural killer (NK) e macrofagos
(Zhu & Chen, 2019). Nesse contexto, surgiram diversos derivados taxoides, como
docetaxel, cabazitaxel e ortataxel (NOBILI et al., 2009; DEWICK, 2011).

A crescente compreensao da modulagdo do sistema imunoldgico e seus beneficios
sobre as doengas tem recentemente atraido um interesse crescente na prevencdo e no
estudo aprofundado das caracteristicas imunomoduladoras dos produtos naturais. Este
interesse € especialmente focado em como esses produtos afetam os mondcitos e seus
receptores de reconhecimento de patdgenos. As proteinas adaptadoras podem estimular a
transcricdo do fator nuclear kB (NF-kB) na ativacdo celular, o que, por sua vez, leva a
expressao génica de citocinas, quimiocinas, peptideos antimicrobianos e moléculas
coestimuladoras (SANTIAGO et al., 2015).
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3. OBJETIVOS
3.1.0Dbjetivo Geral

Investigar a atividade anticancerigena e imunomoduladora in vitro de derivados

bioativos terpénicos.
3.2. Objetivos Especificos

e Isolar compostos terpénicos derivados da oleorresina de Copaifera;

e Avaliar a atividade citotoxica de derivados bioativos terpénicos em células

cancerigenas e nao-cancerigenas;
e Analisar a atividade imunomoduladora de derivados bioativos terpénicos em células

PBMCs e neutrofilos.
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4. MATERIAL E METODOS

4.1.Aspectos Eticos

O projeto faz parte da continuac&o de um estudo aprovado pelo Comité de Etica e
Pesquisa da Fundagdo HEMOAM (Numero do Parecer: 4.982.395) (CAAE
51257921.2.0000.0009) aprovado dia 17 de setembro de 2021, em concordancia com a
resolugédo 466/2012 do Conselho Nacional de Saude (CNS), a qual preconiza as diretrizes

e Normas Regulamentares da Pesquisa Envolvendo Seres Humanos.

4.2.1solamento de &cidos diterpenos da oleorresina de Copaifera spp e

elucidagéo estrutural dos compostos isolados

A cromatografia flash utilizando silica-gel 70-230 mesh impregnada com
hidréxido de potassio foi realizada para obtencdo dos terpenos. Cem gramas de silica
modificada (KOH) foram adicionados a uma coluna de vidro e lavada com hexano, sob
pressdo do ar. A oleorresina (5g) foi adicionado no topo da coluna iniciando-se 0 processo
de eluicdo com o diclorometano CH2CI2) e posteriormente metanol (MeOH). A fracdo
MeOH foi concentrada e acidificada até o pH 4 e extraida com CH2CI2 em um funil de
separacao. A fracdo CH2CI2 coletada foi entdo evaporado para concentracdo dos acidos
(PINTO et al., 2000).

A fracdo acida foi analisada por Cromatografia em Camada Delgada (CCD)
utilizando como fase mével uma mistura de hexano:acetato de etila (7:3), para visualizar
os acidos (DE LIMA et al., 2020). A purificacdo da fracdo acida foi realizada utilizando
0 método de Cromatografia Liquida de Média Pressdo (MPLC), usando o equipamento
Isolera One Flash Chromatography — Biotage, com fase mdvel hexano:acetato de etila
(7:3).

4.3.Analise por Cromatografia Gasosa acoplada a Espectrometria de
Massa (CG-EM)

4.3.1. Preparacdo das amostras
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O procedimento de preparo da amostra consistiu na técnica de derivatizagdo,
adaptada de (DRON et al., 2004). Foram introduzidos 90puL de cloroférmio em um frasco
contendo 10 pL de amostra. Apoés a introducdo de 50 pL do reagente TMSH, o frasco foi
levemente agitado manualmente até a obtengdo de uma solu¢do homogénea. Finalmente,

foi inserido cloroférmio até completos 1 mL e a mistura reacional foi injetado no GC.

4.3.2. Equipamento analitico e condices

A analise de GC dos acidos diterpenos foi realizada utilizando um cromatégrafo
gasoso da Shimadzu modelo QP2020 NX (Shimadzu Corporation, Kyoto, Japéo),
equipado com um amostrador automéatico AOC-20i. Foi utilizado como gés de arraste
Hélio (pureza > 99,9996%) com fluxo constante de 2,26 mL/min, volume de injecdo 1
uL e modo Splitless 1:20. A coluna utilizada, foi SH-RTX-5ms (SHIMADZU)-5% fenil:
95% dimetilpolisiloxane (30m x 0,25 mm x 0,25 pum). A identificacdo foi realizada por
comparagdo do espectro de massas usando a livraria NIST 17. A temperatura do injetor
foi de 220 °C e da linha de transferéncia de 250°C. Programa de temperatura do forno
cromatografico: 110°C (13°C/min), 140 °C (18°C/min), 220°C (15°C/min) até 270°C. O
analisador de massas foi operado em modo de aquisi¢do por varredura de ions totais (full
scan) na faixa de 40 — 400 m/z. A temperatura de fonte de ions foi de 250 °C.

4.3.3. Elucidacdo Estrutural por Ressonancia Magnética Nuclear
(RMN)

As estruturas dos compostos isolados foram elucidadas por espectroscopia de
ressonancia magnética nuclear de 'H e **C (RMN) unidimensional e bidimensional (1D
e 2D) foram realizados em um espectrometro Varian modelo MR-400 (frequéncias de
600 MHz) usando cloroférmio deuterado (CHCI3OD). Os espectros de RMN foram
obtidos utilizando o programa de software Mnova (KUHN et al., 2023).

4.3.4. Dados espectrais

Polyalthic acid methyl ester (GC) EIMS m/z 330 (M+, 15%), 315 (7); 271 (15);
189 (22); 121 (100); 107 (20), 95 (20); 81 (50). Dados de RMN do &cido polialtico (1)
(1H: CDCl3, 600 MHz; 13C: CDCls, 125 MHz), ver Tabela 1.
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Copalic acid methyl ester (GC) EIMS m/z 318 (M+, 20%), 303 (50); 271 (10);
244 (20); 205 (15), 189 (17); 177 (21); 149 (26); 137 (80); 114 (100); 109 (58); 107 (31);
95 (80); 81 (90). Dados de RMN do acido copalico (2) (1H: CDClIs, 600 MHz; 13C:
CDCls, 125 MHz), ver Tabela 1.

3-Acetoxy-copalic acid methyl ester (GC) EIMS m/z 376 (M+, 10%), 361 (5),
316 (10), 301 (40), 287 (10), 273 (12), 241 (18), 203 (25), 187 (20), 175 (21), 159 (23),
147 (25), 135 (100), 119 (42), 107 (62), 93 (42), 81 (40). Dados de RMN do 3-Acetoxy-
copalic acid (3) (1H: CDCls, 600 MHz; 13C: CDCls, 125 MHz), ver Tabela 1.

3-Hidroxy-copalic acid methyl ester (GC) EIMS m/z 334 (M+, 10%), 319 (10);
301 (22), 260 (17), 241 (17), 203 (20); 187 (10); 175 (22); 147 (19); 135 (100); 107 (65);
93 (44); 81 (39). Dados de RMN do 3-Hidroxy-copalic acid (4) (1H: CDCls, 600 MHz;
13C: CDClgz, 125 MHz), ver Tabela 1.

4.4. Cultura de Células

A avaliacdo dos compostos obtidos, acido copélico, acido polialtico, acido 3-
acetoxi-copalico e acido 3-hidroxi-copalico foi realizada utilizando as linhas celulares de
leucemia promielocitica aguda (HL60 — ATCC® CCL-240TM) e leucemia mieloide
cronica (K562 — ATCC® CCL-243TM). A citotoxicidade dos compostos também foi
avaliada para garantir a seguranca, empregando a linha celular ndo cancerigena Vero e
células mononucleares de sangue periférico humano (PBMCs). Estas PBMCs foram
obtidas de doadores de sangue humano que forneceram consentimento informado para
participar da pesquisa. A utilizacdo de PBMCs foi aprovada pelo Comité de Etica em
Pesquisa (CEP) da Fundacdo de Hematologia e Hemoterapia do Estado do Amazonas
(HEMOAM), Brasil, sob o nimero de aprovagdo 3.138.343, em 8 de fevereiro de 20109.
As linhas celulares HL60, K562 e PBMCs foram cultivadas em meio RPMI (meio RPMI
1640/Gibco, Rockville, MD), suplementado com 10% de soro bovino fetal (FBS; Gibco)
ativado, 100 pg/ml de penicilina e 100 pg/ml de estreptomicina. A linha celular Vero foi
cultivada em meio Dulbecco’s Modifield Eagle Medium (DMEM) suplementado com
10% de FBS e 100 pg/ml de estreptomicina. Todas as culturas celulares foram mantidas

em condigdes controladas de 37°C e 5% de CO, durante 0s experimentos.

4.5. Viabilidade Celular
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A citotoxicidade dos compostos foi avaliada utilizando o ensaio de
Methylthiazoletrazolium (MTT), conforme descrito previamente por Oliveira et al.
(2020). Em resumo, células das linhas celulares permanentes (1x10° células/pogo) ou
PBMCs (5x10° células/pogo) foram semeadas em uma placa de 96 pogos e tratadas com
diferentes concentracdes dos compostos, variando de 3 a 100 pg/ml. As células foram
incubadas a 37°C em uma atmosfera de 5% de CO2 por periodos de 24, 48 72 horas. Para
os controles, células néo tratadas foram usadas como controle negativo, enquanto células
tratadas com 100% de DMSO (diluente) serviram como controle positivo. Apos 0s
periodos de incubacdo especificados, 10 pl de uma solugdo de MTT (5mg/mL) foram
adicionados a cada poco, e as células foram incubadas por mais 4 horas sob as mesmas
condicdes. A reacdo foi interrompida adicionando-se 100 ul de HCL 0,1 N em isopranol
anidro a cada poco. A viabilidade celular foi determinada medindo-se a absorbancia das
amostras em espectrofotdmetro com filtro de comprimento de onda de 570nm. A
viabilidade relativa das células tratadas foi calculada utilizando a seguinte equacéo:

Viabilidade Relativa (%) = (Absorbéncia a 570 nm da amostra tratada) X 100

Absorbancia a 570nm da amostra néo tratada
Permitindo a avaliacdo quantitativa da viabilidade celular apds a exposi¢do aos

compostos em estudo.

4.6. Isolamento de Neutrofilos

O sangue foi coletado de doadores autodeclarados saudaveis, em tubos a vacuo de
9mL contendo heparina. Para a separacdo de leucécitos foi utilizado o método de
gradiente de densidade utilizando Histopaque-1077 (Sigma-Aldrich). Os tubos contendo
Histopaque e o sangue coletado na proporcdo 1:1 (v/v) foram centrifugados a 600 xg
durante 30 min a 20°C. Os neutrofilos, por serem mais densos, permanecem no fundo dos
tubos conicos, junto as hemaécias. Essa por¢ado foi coletada, e os eritrocitos foram lisados
3 vezes, utilizando tampao de lise (NH4Cl 150 mM, KHCO3 10 mM, Na;-EDTA 0,1 mM,
pH 7,2) (1:1), a uma temperatura de -20°C durante 5 min e centrifugados a 600 xg por 5
min a 4°C. Os neutrofilos foram lavados trés vezes com tampéo fosfato-salino (PBS;
NaCl 137 mM, KCI 2,7 mM, Na;HPO4.2H20 9,1 mM, KH2PO4 1,8 mM, pH 7,4) e
solubilizados em meio de cultura RPMI suplementado com gentamicina (100 pg/mL), L-
glutamina (2 mM) e 10% de soro fetal bovino. Uma aliquota de células foi utilizada para
a determinagdo do valor total de células em cdmara de Neubauer apds coloragdo com
solucéo de Turk (1:20 v/v) (PONTES et al., 2014).
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4.6.1. Ativacdo do Neutrofilos

Para estimulacédo celular, os neutrofilos humanos isolados foram incubados com
meio de cultura RPMI (controle negativo), LPS (Lipopolissacarideo de Eschericia coli;
1 pg/mL) e PMA (50 pg/mL) por 5 horas a 37°C em atmosfera umida e 5% de CO2 e 0s
compostos acido 3-acetoxi-copalico e &cido 3-hidroxi-copalico nas concentragdes de 25

a 6.2 pg/mL.

4.7. Determinacéo da Viabilidade Celular

Para determinar a citotoxicidade do acido 3-acetoxi-copalico e &cido 3-hidroxi-
copalico os neutrofilos foram incubados durante 5 horas em concentracdes de 25 a 6.2
pg/mL de ambos os compostos. Em seguida as células foram marcadas com anticorpos
anti-CD16 (FITC), anti-CD66 (PE) e o marcador de viabilidade celular ViaKrome405
durante 15 minutos. Apos isso, foram adquiridos 100.000 eventos de cada amostra

utilizando o citometro de fluxo Cytoflex S (Beckman & Coulter).

4.8.Quantificacdo da Producao de Espécies Reativas do Oxigénio (ROS)
por DCFDA

Para avaliar a produgdo ROS total, os neutréfilos estimulados com RPMI (controle
negativo), LPS (Lipopolissacarideo de Eschericia coli; 1 pg/mL), PMA (50 pg/mL) e os
compostos acido 3-acetoxi-copalico e acido 3-hidroxi-copalico durante 3 horas, foram
ressuspensos em meio Hanks (CaCl2 1,26 mM;KClI 5,33 mM; KH2PO4 0,44 Mm; MgClI
0,50 mM; MgS0O4 0,41 mM; NaCl 138 mM; NaHCO3 4,0 nM; Na2HPO4 0,30 Mm;
C6H1206 5,60 Mm) e adicionados a uma placa preta de 96 pocos em volume de 100 pL
(2x10° células/pogo), acrescidas de 100 pL de solucdo de fluoroforo DCFDA (2°,7’-
diacetato de diclorofluoresceina, 10 uM), por 30 minutos, a 37°C, ao abrigo de luz. Apds
esse periodo, a fluorescéncia foi determinada em espectrofotdmetro com excitagéo de 485
nm e emissao de 528 nm. Os dados foram expressos em intensidade de fluorescéncia.

4.9. Dosagem de Lactato Desidrogenase

As amostras de sobrenadante de cultura celular de neutrofilos estimulados por 5 h
conforme descrito no item acima foram utilizadas para determinar a concentracdo de

lactato desidrogenase (LDH) utilizando o kit LDH Liquiform (Labtest). O ensaio foi
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realizado conforme instruges do fabricante e os resultados foram expressos em U/L
(BOENO et al., 2019).

4.10. Quantificacdo da Liberacdo de DsDNA

Para a determinacdo da liberacdo de DNA, os neutréfilos (2 x 10° células/100 pL)
foram incubados com 4&cido 3-acetoxi-copalico e 4acido 3-hidroxi-copalico em
concentragdes ndo citotoxicas (grupo experimental), PMA (500 ng/mL) ou RPMI (grupo
controle negativo). A quantificacdo da liberacdo de DsDNA foi determinada no
sobrenadante através do kit picogreen dsDNA (Invitrogen). Como controle, foi utilizado
0 DNA liberado de neutrofilos apos a lise com 0,1% de Tween 20. As concentracfes de

NETSs foram calculadas utilizando-se DNA padréo (Sigma).

4.11. Imunofluorescéncia de Neutrofilos

Os neutrdéfilos humanos (2x10°) foram incubados por 3 horas e, em seguida, foram
colocados para aderir em laminulas tratadas com Poly-L-Lisina (100 pg/mL, Sigma
Aldrich) e colocadas em placas de 24 pocos. Em seguida, as células foram fixadas com
4% de paraformaldeido (Electron Microscope Science) a temperatura ambiente por 15
min, seguido de permeabiliza¢do com acetona e incubacdo com o anticorpo primario anti-
Histona H3 (1:250; Termo Fisher) overnight. Apos esse periodo, foi realizada a incubacgao
com anticorpo secundario anti-rabbit acoplado a Rodamina (1:120; Sigma Aldrich), por
1 h. As células aderidas as laminulas foram montadas com Fluoroshield contendo DAPI
(Sigma-Aldrich) para coloracdo do ndcleo e sytox Green (1:100; Sigma-Aldrich) para
coloracdo dos NETs. As laminas foram analisadas em um microscopio Nikon Eclipse Ti
acoplado a um sistema confocal Nikon AX utilizando objetiva de 100x em oleo de
imersdo. As imagens foram capturadas e renderizadas 3D usando ganho automatico
constante entre as condigfes. As imagens foram processadas utilizando o software ImageJ
(National Institutes of Health) para determinar os niveis de intensidade média de
fluorescéncia de 50 células consecutivas selecionadas imparcialmente. Os resultados

foram expressos como média normalizada do numero total das células.

4.12. Determinacdo da producdo de citocinas por Ensaio de
Imunoabsorcdo Enzimatica (ELISA)
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Para a dosagem de interleucinas IL-6, IL-1p, IL-8, IL-10 por ELISA, as células
neutrofilos (2 x 10° células/100 pL) foram incubadas (2 H), com 4cido 3-acetoxi-copalico
e acido 3-hidroxi-copalico em concentragdes ndo-citotoxicas, RPMI (grupo controle
negativo), LPS (1 pg/mL) ou PMA (500 ng/mL) (controles positivos). As placas de 96
pocos (NUNC MaxSorp) foram sensibilizadas com anticorpos de captura dissolvidos em
tampéo fosfato 0,1M pH 9,0, durante 12 h, a 4° C. Em seguida, as placas foram lavadas
com PBS-Tween (PBS contendo 0,5% de Tween 20) e, posteriormente, os sitios livres
foram bloqueados com 200 mL de tampéo de bloqueio, contendo 1% de BSA em PBS e
as placas incubadas por 18 h, a 4°C. A seguir, as placas foram lavadas trés vezes com
PBS-Tween e adicionados 50uL de sobrenadante de cultura de neutrdfilos ou padrdes
(recombinante) e incubados durante 2 h, a 4° C. Em seguida, as placas foram lavadas com
PBS-Tween e 100 pL de solu¢ao de anticorpos biotinilados foram adicionados e
incubados por 1 h em temperatura ambiente. Apds quatro lavagens, a presenca de
anticorpos biotinilados pode ser detectada com 100uL de estreptoavidina-peroxidase
(1:1000). Apo6s incubacdo por uma hora em temperatura ambiente, as placas foram
lavadas com PBS-Tween ¢ adicionados 100 pL de reagente cromogénico (3,3’,5,5’-
tetrametilbenzidina 0,1 mg/mL) dissolvidos em tampéo fosfato-citrato 0,05M (pH 5,0),
contendo 0,03% de peroxido de hidrogénio. A reagdo foi interrompida ap6s 20 min de
incubagdo a temperatura ambiente, pela adicdo de 50 puL de acido sulfurico 2,5M. A
absorbancia foi determinada em espectrofotdmetro a 450 nm e os resultados foram
confrontados a uma curva padréao efetuada com a citocina recombinante correspondente

para a determinagéo da concentracdo das citocinas representadas em ng/mL.

4.13. Analise estatistica

Os dados obtidos foram analisados por meio do software GraphPad Prism (v.5.0).
Todas as variaveis numéricas foram expressas por media + desvio padrdo ou mediana
(intervalo interquartil), caso ndo haja distribuicdo normal. Varidveis categoricas foram
expressas por valor absoluto (n) e frequéncia relativa (%). Foi utilizado o teste Qui-
quadrado ou exato de Fisher para varidveis categoéricas. Teste 't' de student ou ANOVA
foram utilizados para avaliar citotoxicidade relativa dos compostos testados. A ICso sera

estimada por meio do teste de regressao ndo linear.
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5. RESULTADOS

5.1. Analise citotdxica dos compostos

Para avaliar a atividade citotoxica dos compostos, as linhagens celulares HL60 e

K562 foram tratadas com diferentes concentragdes dos compostos (3-100 pg/ml) ao longo

COMPOSTOS
HL60 K562 Vero PBMCs
Acido copalico 26.45 19.36 >100 -
Acido polialtico 5.52 9.0 >100 -
Acido-3-acetoxi-copalico >100 13.73 >100 >100
Acido-3-hidroxi-copalico >100 33.20 >100 >100

de 24h, 48h e 72h. Os resultados obtidos estdo detalhados na Tabela 5.

Tabela 5. Atividades citotoxicas dos compotos avaliados em linhagens HL60, K562,

Vero e PBMCs humanas e suas respectivas 1Cso.

(-) Né&o avaliado. 1:Bioprocessos Avancados na Quimica de Produtos Naturais para 0 Desenvolvimento
Nacional pela Biodiversidade, ABC-NP — Instituto Militar de Engenharia, Rio de Janeiro.

Foram avaliados 4 compostos, sendo todos isolados a partir da oleorresina de
Copaifera spp. Esses compostos foram obtidos no Laboratério de Bioprocessos
Avancados na Quimica de Produtos Naturais para o Desenvolvimento Nacional pela
Biodiversidade, ABC-NP — Instituto Militar de Engenharia, Rio de Janeiro.

Os resultados detalhados relacionados ao isolamento dos compostos, a atividade
citotoxica e imunomoduladora apresentadas por esses compostos sao descritas a seguir

em forma de artigo, divido em capitulos.
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CAPITULO 1: Diterpenes: Nature's Hidden Gems of
Immunomodulation

Artigo em processo de submissao
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Abstract: Natural products, especially specific metabolites found in many medicinal plants, exhibit
extensive therapeutic potential due to their diverse biological characteristics. Among these compounds,
diterpenes stand out for their active principles described in phytochemical studies. Diterpenes demonstrate
immunomodulatory activities, influencing the production of cytokines and other signaling molecules
involved in the immune response, thus contributing to the establishment of a more balanced immune profile.
The ability to selectively and harmoniously modulate the immune response positions compounds derived
from natural products as a promising research field in the development of immunomodulatory therapies.
Due to the broad biological activities of diterpenes, the use of molecular docking emerges as a relevant tool
for the quantitative screening of a large number of these substances. This study provides a detailed analysis
of the pharmacological potential of diterpenes in modulating the immune system, using data from recent
scientific studies to investigate the involved molecular mechanisms. Additionally, experimental evidence
regarding the efficacy and safety of these compounds as therapies for immune dysfunctions is considered,
aiming to contribute to the development of new therapeutic strategies in this field.

Keywords: Terpenes. Secondary metabolism. Pharmacological properties.

1. Introduction

Substances synthesized by plants are recognized as secondary metabolites or
natural products, classified into phenolics, terpenes, and alkaloids, with terpenes being
the most abundant group in nature, with over 90,000 identified substances (LIU; CHEN;
ZHANG, 2023; LIU et al., 2023). They are further categorized based on the number of
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carbons in the structural skeleton of the substance, classified as Hemiterpenes (C5),
Monoterpenes (C10), Sesquiterpenes (C15), Diterpenes (C20), Sesterterpenes (C25),
Triterpenes (C30), Tetraterpenes (C40), and Politerpenes (above C40) (ANTOINE et al.,
2023; HANSON et al., 2019).

The significant diversity of terpenes is correlated with structural skeleton
functionalizations along with functional groups, explored for pharmacological purposes
(GOMEZ-HURTADO et al., 2017). Secondary metabolites, especially diterpenes, are
widely enriched with a broad range of pharmacological properties for the treatment of
breast cancer, diabetes, rheumatoid arthritis, and lung cancer, among others (EKSI;
KURBANOGLU; ERDEM, 2020b; GAZIM et al., 2014). Clinically used drugs,
commercially available, such as paclitaxel, oridonin, ginkgolide, or andrographolide, are
derived from diterpenes (JING et al., 2019).

Currently, numerous studies have found that diterpenes and their bioactive
derivatives have antineoplastic and/or immunomodulatory properties. Because of their
capability to disrupt the cell cycle, initiate either apoptotic or non-apoptotic pathways,
and hinder angiogenesis, thereby impeding the proliferation and dissemination of cancer
cells (SUBRAMANIAM; SELVADURAY; RADHAKRISHNAN, 2019). Moreover,
under specific conditions, they can be used as adjuvant therapies to alleviate the side
effects of chemotherapy (MECHCHATE et al., 2020).

Due to the increasing understanding of immune system modulation and its
benefits in various diseases, the investigation of the immunomodulatory potential of
natural products, particularly diterpenes and their bioactive derivatives has been gaining
more prominence. This is primarily attributed to their influence on monocytes and their
pathogen recognition receptors. Adapter proteins can stimulate the transcription of
nuclear factor kappa B (NF-kB) in cellular activation, which induces the expression of
cytokines, chemokines, antimicrobial peptides, and co-stimulatory molecules
(SANTIAGO et al., 2023).

In this context, the objective of this review is to provide significant insights into
the biosynthesis, chemical characteristics, and immunomodulatory properties of
diterpenes.

2. Methodology
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We conducted a literature review with an emphasis on qualitative and quantitative
studies to address the main biological activities of diterpenes, with a particular focus on
immunomodulatory activity. The databases evaluated included PubMed, ScienceDirect,
and SciELO. The terms employed in the search included "natural products,” "diterpenes,”

"biological activities,” "immunomodulation,” and "anti-inflammatory,” among others.
Based on the adopted search strategy, a total of 170 articles were identified.
Subsequently, these articles underwent a selection process based on their
relevance to the objectives of the review, following an established scope review protocol.
Screening resulted in 119 articles that met the selection criteria. Among these, 92 articles
were chosen for inclusion in this review after a thorough analysis conducted by our
research team. Additionally, systematic reviews, meta-analyses, and case reports were
also considered and included. The search period covered from March 15 to September

30, 2023.

3. In Silico Screening of Diterpenes: Perspectives and Limitations

In the pursuit of predicting and identifying substances with promising biological
activities, molecular docking has been successfully incorporated into research involving
complex biological and chemical systems. It aims to predict and identify bioactive
substances by exploring the conformations of ligands within receptor binding sites and
estimating the free binding energy between the ligand and receptor. This helps evaluate
critical phenomena involved in the in silico intermolecular recognition process
(FEDOROVA et al., 2021; FERREIRA et al., 2015).

Several in silico studies have reported the identification of active substances and
anti-inflammatory mechanisms (DE SOUSA et al., 2015), coumarins and their derivatives
(Badshah et al., 2019), lignans, phenols, alkaloids (CABARCAS-MONTALVO et al.,
2016)amides, among others, including diterpenes with structural and non-structural
proteins of DENV, ZIKV, and CHIKV (LI et al., 2021), Alzheimer's disease (XIAO et
al., 2023), AChE, BChE (WONG et al., 2010).

Due to the broad range of biological activities exhibited by diterpenes, molecular
docking is a significant tool for the quantitative screening of diterpenes (FEDOROVA et
al., 2021)). For instance, the diterpenes moluccelactone and genkwanin isolated from the
plant Moluccella aucheri Scheen (Syn. Otostegia aucheri) (Lamiaceae) showed anti-

acetylcholinesterase activity with binding energies of -12.2 and -10.07 kcal/mol,
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respectively. They formed pi-pi and pi-alkyl bonds with residues Tyr337, Phe338, and
Trp86 (DOORANDISHAN et al., 2021).

Alpha-glucosidase is an intestinal enzyme that catalyzes the final step in
carbohydrate  digestion,  converting  carbohydrates into  monosaccharides
(DOORANDISHAN et al., 2021). Inhibition of a-glucosidase activity can effectively
reduce blood sugar levels. Diterpenes such as Abeo-20 (10 — 9)-16a, 17-dihydroxy-
1(10)-ent-kaur-19-oic acid, and villanovane Il extracted from coffee inhibited a-
glucosidase with 1Cso values of 54.58 + 4.2 and 149.92 + 2.52, coupled with binding
energies of -9.2 and -8.7 kcal/mol, interacting with residues GLU277, ARG315, and
PHE303 (HU et al., 2021b).

The inhibition of the main protease of SARS-CoV-2 and papain-like protease was
promoted by abietane-type diterpenes dihydrotanshinone, tanshinone C, tanshinone A,
and tanshinone B isolated from branches of Glyptostrobus pensilis (Cupressaceae) with
binding energies ranging from -6.6 to -8.5. The binding involved residues Thr75, Pro129,
Tyrl72, Lys200, Lys274, and Cys284 (PHONG et al., 2022).

In conclusion, molecular docking has become an invaluable tool for predicting
and identifying substances with promising biological activities within complex biological
and chemical systems (XIAO et al., 2023). This accelerates the discovery and
development of novel therapeutics derived from natural products like diterpenes
(DOORANDISHAN et al., 2021).

4. Diversity of Diterpenes and Biological Activities

The physicochemical characteristics of diterpenes are correlated with the type of
skeleton and functional groups (ISLAM et al., 2020). These molecules display acidic
properties if they contain carboxyl groups. Additionally, they fluoresce under ultraviolet
light if they possess aromatic rings or conjugated double bonds. Furthermore, they are
non-volatile and only soluble in water when bound to sugars (glycosides) (EKSI;
KURBANOGLU; ERDEM, 2020b). Diterpenes with nitrogen atoms in the skeleton are
classified as alkaloidic diterpenes, conferring them basic characteristics (FENG et al.,
2022).

Diterpenes are classified based on the number of rings in the structural skeleton,
grouped into acyclic, monocyclic, bicyclic, tricyclic, tetracyclic, macrocyclic, and other
diverse structures (LIU; CHEN; ZHANG, 2023) (Figure 1). Less frequently found in
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nature, acyclic diterpenes including tetrahydrogeranylgeraniol, and
dihydrogeranylgeraniol have an unusual linear structure but are essential in various
biological research (ANTOINE et al., 2023; GAZIM et al., 2014). For example,
afacmines A—C isolated from Aphanamixis polystachya (Meliaceae) exhibited inhibitory
effects on nitric oxide production (ICso of 6.71-15.36 umol/L) and reduced inducible
nitric oxide synthase (iINOS) expression in LPS-induced RAW 264.7 macrophages
(ZHANG et al., 2021). Phytol, a crucial precursor for the synthesis of vitamin K1 and E
induces reactive oxygen species-mediated apoptosis by activating caspase-9 and -3
through TRAIL, FAS, and TNF receptors and inhibits the tumor progression factor
Glucose 6 phosphate dehydrogenase in the lung carcinoma cell line (A549) (THAKOR
etal., 2017).

Unlike many other diterpenes, which are more common, monocyclic diterpenes
stand out for having only a single ring in their core structure (GOMEZ-HURTADO et al.,
2017). Substances such as sauchuchinenones A — D, afpolins A and B isolated from
Saururus chinensis (Lour.) Baill (Saururaceae) and A. polystachya are examples of
monocyclic skeletons with antimicrobial activity against Aeromonas hydrophila ATCC®
7966, Klebsiella pneumoniae, Pneumoniae ATCC® 13883, Acinetobacter baumannii
ATCC® 19606 TMA, Escherichia Coli ATCC 2599 (ICso > 50 mg/mL) (FANG et al.,
2017; GAO et al., 2017).

Bicyclic diterpenes such as alphaepoetin and leojapones are characterized by
sharing two rings in carbon skeletons, with three subgroups divided into clerodanes,
halimanes, and labdanes (TRAN; WONG; CHAI, 2017). Labdane subgroup studies have
intensified due to their wide range of antibacterial, antimutagenic, cytotoxic, cytostatic,
and anti-inflammatory activities (PENG et al., 2017; RODRIGUEZ-SILVERIO et al.,
2021; TRAN; WONG; CHAI, 2017). An example of this subgroup of labdanes, the ent-
polialtic acid (PA), isolated from the oleoresin of Copaifera lucens, exhibited
anticariogenic and antiparasitic activity, inhibiting the growth of cariogenic bacteria and
the parasite Toxoplasma gondii (SANTIAGO et al., 2023). On the other hand, clerodanes
are characterized by anti-feedant activities against insects, anticancer, and antifungal
properties (BOZSO et al., 2024; LI; MORRIS-NATSCHKE; LEE, 2016; MARTINEZ-
CASARES et al., 2023).

PEI et al.,, 2024, demonstrateddemonstrou que diterpenoides isolados de
Hemionitis albofusca, especificamente os compostos A) 14-oxy-7p,20-dihydroxycyath-
12,18-diene; B) ent-8(14),15-pimaradiene-23,19-diol; C) ent-kaurane-16-ene-2f3,18a-
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diol; D) ent-kaurane-2,160,18a-triol demonstraram influenciar diversos aspectos da
resposta imune. Essas moléculas naturais foram capazes de modular a producgéo de 6xido
nitrico (NO) e a expresséo de fatores inflamatorios como iNOS, TNF-a e IL-6 em células
RAW264.7 induzidas por LPS. Aléem disso, os diterpenoides mostraram a capacidade de
inibir a fosforilacdo da proteina p38, interferindo na via de sinalizacdo p38 MAPK. Esses
resultados sugerem que os diterpenoides de H. albofusca possuem potencial para exercer
efeitos anti-inflamatdrios e modular a resposta imune, destacando seu possivel papel no
desenvolvimento de novas terapias anti-inflamatorias.

Levopimaric acid, ciate, and gangerencastane acids are tricyclic diterpenes with
three rings in the skeleton, important for the pharmaceutical industry due to anti-
inflammatory, antiviral (REVEGLIA et al., 2018), anticancer, antimalarial (ZHANG et
al., 2022), and antimicrobial properties, among others (GONZALEZ, 2015). This
subclass of diterpenes is also important for the textile industry for dye manufacturing
(LIU; CHEN; ZHANG, 2023).

Cauranoic acids, rebaudiosides, cafestol, and gibberellins are tetracyclic
diterpenes whose biosynthesis occurs from the cyclization of tricyclic diterpenes
(BOMKE; TUDZYNSKI, 2009). Gibberellins are diterpenes with a tetracyclic ent-
gibberellane carbon skeletal structure, arranged in four or five ring systems where the
variable fifth ring is a lactone, classified into two types according to the number of
carbons, C20-GAs and C19-GAs (ZIAUKA; KUUSIENE, 2010). GAs are acids whose
polarity is correlated with the number of hydroxyl and carboxyl groups, saturation level,
and the presence of methylene or sugar residues (BOMKE; TUDZYNSKI, 2009).
Tricyclic diterpenes are also characterized by their sweetening action (WANG et al.,
2018).

Macrocyclic diterpenes are a significant group of complex and mostly oxygenated
polycyclic skeletons that promote important anti-inflammatory, antitumor, antiviral, and
anticancer activities, among others (LIU; CHEN; ZHANG, 2023). Macrocyclic
diterpenes of the cembrane type are TNF-a inhibitors (BU et al., 2022), neocucurbins A—
C and their derivatives D-G are antimicrobial agents (HU et al., 2021c) and eufzicopias
A-T inhibit the NLRP3 inflammasome (ZHANG et al., 2022).

In conclusion, this diversity of diterpenes holds considerable importance owing to
their broad spectrum of biological activities, rendering them valuable targets for
pharmaceutical and medical research (EKSI; KURBANOGLU; ERDEM, 2020a). This
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presents promising opportunities for the development of novel drugs and therapies to

address various health conditions (HU et al., 2021a).

, CHs 9
x OH H,G CH, CH, CH,
AN VAN OH
H;C CHs CH3
P
6 Hige N
% P o
- { r
o\ e T
Ao _‘}_OH\I"’Z _’Z\/ """ % Qe
o‘;?,,- by © *
OH
8
O
\\ H

Figure 1. Structure of representative diterpenes with various rings. (1) Acyclic, (2)
Monocyclic, (3) Bicyclic, (4) Tricyclic, (5) Pimaranes/Cassanes, (6) Tetracyclic, (7)

Macrocyclic, and (8) Diverse structures.

4.1 Biosynthesis of Diterpenes

Diterpene biosynthesis usually begins with the production of isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). These compounds
serve as common intermediates in either the methylerythritol phosphate (MEP) or the
mevalonate (MVA) pathway. Geranylgeranyl diphosphate (GGPP) is formed through the
condensation of IPP and DMAPP, as described by Lichtenthaler in 1999. Subsequently,
diterpene synthase enzymes act on GGPP to produce diverse diterpene skeletons, which
can undergo hydroxylation and oxidation by other enzymes to form diterpene acids. The

cyclization of GGPP, mediated by enzymes, leads to the formation of carbocations and
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subsequent molecular rearrangement, resulting in the creation of various diterpene nuclei
(FRAZAO et al., 2023).

Enzymes known as diterpene synthases catalyze the transformation of the 20-
carbon GGPP into diterpenes, which are then hydroxylated and oxidized by other
enzymes to produce diterpene acids (DEWICK, [s.d.]). The cyclization reactions of
GGPP, catalyzed by enzymes, result in the formation of carbocations and subsequent
molecular rearrangement, leading to the creation of a variety of diterpene nuclei
(DEWICK, [s.d.]). The formation of these carbocation rearrangements can occur through
two pathways: the first pathway involves the protonation of GGPP, resulting in combined
cyclizations followed by the loss of a proton from a methyl group, leading to the
formation of (-)-copalyl diphosphate. The second pathway occurs through an alternative
folding, resulting in the formation of an enantiomeric product with opposite
configurations at chiral centers, namely (+)-copalyl diphosphate (labdadienyl
diphosphate) (BARBOSA,; VEGA, 2017; PETERS et al., 2001; RAVN et al., 2002).

After an intramolecular proton transfer and a 1,2-methyl migration, deprotonation
at one of the sites produces the main products levopimaradiene, abietadiene,
neoabietadiene, and palustradiene. The biosynthesis of other tricyclic diterpenes can
occur through deprotonation of the carbocation without rearrangements or by
deprotonation of pimaradienyl carbocation intermediate products. The abietadiene
synthase contains two aspartate-rich motifs, consistent with the two active sites: a DXDD
motif in the N-terminal domain, indicative of a class Il terpene synthase fold, and a
DDXXD motif in the C-terminal domain, indicative of a class | terpene synthase fold
(KEELING; BOHLMANN, 2006).

5. Unraveling the Immunoregulatory Potential of Diterpenes

Recent studies have unveiled the substantial immunomodulatory properties of
diterpenes, particularly underscored in contexts such as tuberculosis infections
(HERNANDEZ-HERRERA et al., 2022). This burgeoning field of research into the
effects of diterpenes on innate immunity and cytokine production has ignited novel
prospects for the development of more effective immunomodulatory therapies,
showcasing their potential in cancer cell proliferation, gene expression regulation,
differentiation, and apoptosis modulation (HOODA et al., 2024). Recent findings also
accentuate their ability to dampen the release of pro-inflammatory cytokines, fostering an
anti-inflammatory milieu, thereby suggesting the promise of these natural compounds in
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tailoring therapies aimed at reigning in dysregulated inflammatory processes (DIAZ-
VICIEDO et al., 2008).

Moreover, investigations into the effects of diterpenes on humoral and cellular
immune responses offer auspicious avenues for the development of immunomodulatory
therapies and intervention strategies for conditions entailing immune system dysfunctions
(LUO et al., 2023). Lastly, delving into the influence of diterpenes on inflammasome
pathways represents an emerging research frontier, poised with significant implications
for managing inflammatory conditions and delving into new therapeutic opportunities
rooted in natural compounds (HABTEMARIAM, 2023). These multifaceted insights
underscore the burgeoning potential of diterpenes in the realm of immunomodulation and
therapeutic intervention, warranting further exploration and translation into clinical

applications.

Table 1. Activity anti-Inflammatory de compounds diterpenes.

Species Compounds Reference

Gymnocoronis spilanthoides var. ent-kaurane (SELENER et al,
2024)

Copaifera langsdorffii B-caryophyllene (BECKER et al,
2020)

Copaifera pubiflora ent-hardwickiic acid (SIMARO et al.,
2021)

Hemionitis albofusca Onychiol B (PEl et al., 2024)

Pinus pinaster Dehydroabietic acid (MICHAVILA
PUENTE-
VILLEGAS et al,
2024)

Amomum villosum isocoronarin D (XU etal., 2024)
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Sigesbeckia glabrescens Siegetalis H (11) (ZHENG et al., 2023)

5.1 Anti-Inflammatory Properties of Diterpenes

Diterpenic acids have been the subject of many scientific studies due to their
biological activities, including anti-inflammatory, antimicrobial, gastroprotective,
antitrypanosomal, among others (BARDAJI et al., 2016; FRAZAO et al., 2023; LEMOS
et al.,, 2015). However, the immunomodulatory potential of these compounds is
underexplored, referring to the intrinsic ability of the compound to influence immune
response mechanisms with the aim of stimulating both natural and specific responses
while regulating excessively intense immune reactions (ULRIKSEN et al., 2022).

Figure 2 summarizes the interaction between immune cells and diterpenes,
highlighting the positive modulation of these compounds in cells such as macrophages
and lymphocytes. This modulation influences immune responses, particularly in
inflammatory processes, impacting the release of cytokines, such as TNF-a (WANG et
al., 2024). The figure includes chemical structures of diterpenes, emphasizing their
potential molecular action in immune system regulation and their ability to attenuate

inflammatory processes.
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Figure 2. The interaction between diterpenes and macrophages, resulting in the
secretion of cytokines such as TNF-o, which trigger inflammatory processes and

contribute to the elimination of microorganisms.

In the study conducted by SADEGHI et al. (2023), six new diterpenoid
compounds and nineteen known ones were isolated. These compounds demonstrated
significant anti-inflammatory activity in J774A.1 cell line previously stimulated with
Escherichia coli Lipopolysaccharide (LPS). They inhibited the release of nitric oxide
(NO) and the expression of pro-inflammatory enzymes, including cyclooxygenase-2
(COX-2). They showed a significant inhibition of COX-2 formation under inflammatory
conditions at all tested concentrations (50-12.5 uM; p < 0.001 vs LPS), comparable to
indomethacin, a reference drug.

Building on a similar study, NGO et al. (2021) isolated four previously unknown
diterpene compounds, alongside twelve familiar ones, and evaluated their potential to
combat inflammation. It was observed that the production of LPS-induced NO in RAW
264.7 cells demonstrated complete suppression of NO secretion, with an 1Csg value of 3.4
+ 1.2 uM, comparable to the positive control, celastrol. To investigate whether these
compounds inhibited the expression of inducible nitric oxide synthase (iNOS) and COX-
2 at concentrations ranging from 3 to 30 uM, the expression of iINOS and COX-2 was

analyzed using the Western blot technique. The results demonstrated that these
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compounds have the ability to inhibit iINOS protein production, and the intensity of this
inhibitory effect is related to the concentration of the compounds used in the experiment.

VARGAS et al. (2015) demonstrated that when evaluating the in vitro anti-
inflammatory effects of six diterpenic acids, only the caurenoic and copalic acids showed
notable hemolytic activities, reaching 61.7% and 38.4%, respectively, at a concentration
of 100 uM. Additionally, only copalic acid (with an inhibition rate of 98.5% * 1.3%) and
hardwickiic acid (with an inhibition rate of 92.7% + 4.9%) at 100 mM were able to inhibit
nitric oxide production in LPS-activated macrophages without affecting the production
of tumor necrosis factor-alpha. These acids also inhibited the production of IL-6 and
increased the production of IL-10. These results suggest a therapeutic potential for these
diterpenic acids in the treatment of acute injuries, such as inflammation or skin disorders.

A newly discovered diterpene structure, called plebeianiol A, was isolated
alongside four previously identified diterpenes. Plebeianiol A displayed notable efficacy
in neutralizing the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical, with 1Cso values falling
within the range of 20.0 to 29.6 pM. Furthermore, it demonstrated significant inhibition
of reactive oxygen species (ROS) production in macrophages stimulated by LPS.
Additionall, they inhibited NO production in LPS-induced macrophages, with 1Csg values
ranging from 18.0 to 23.6 M (ZHANG et al., 2015). These findings underscore the
significant antioxidant and anti-inflammatory properties of diterpenes, emphasizing their
significance as a potential therapeutic approach for diseases associated with oxidative
damage and inflammation. Thirteen diterpenoids were identified in the roots of
Euphorbia ebracteolata, and their structures were determined using techniques such as
1D and 2D Nuclear Magnetic Resonance (NMR), High-Resolution Mass Spectrometry
(HRESIMS), and Electronic Circular Dichroism (ECD). Through the Griess test, it was
found that among these compounds, three demonstrated a notable ability to inhibit NO
production in LPS-induced macrophages in the RAW 264.7 cell line, with 1Cso values of
2.44,2.76, and 1.02 uM, respectively (LIU et al., 2014). These results suggest a potential
anti-inflammatory effect of these compounds.

Hardwickiic acid, a diterpenic acid, has been extensively studied for its ability to
interact with biological systems, exhibiting antioxidant, antitumor, immunomodulatory,
antinociceptive and anti-inflammatory activities (SIMARO et al., 2021). In a luciferase
assay, (SIMARO et al., 2021) demonstrated the anti-inflammatory activity of this
compound. The study revealed its ability to inhibit the production of inflammatory

cytokines by suppressing the NF-kB signaling pathway.
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CHOUDHURY et al. (2021) conducted a study utilizing both in vitro and in vivo
models to investigate the anti-inflammatory effect of hardwickiic acid. Their results
indicated that hardwickiic acid could effectively inhibit the production of pro-
inflammatory cytokines and reduce the activity of inflammatory enzymes in the RAW
264.7 macrophage cell line, as well as in rats treated with lipopolysaccharide (LPS).
Moreover, the acid showed a decrease in the infiltration of inflammatory cells in the skin
and contributed to improvements in inflammation-related symptoms observed in the rats.
These findings highlight the significant anti-inflammatory potential of this compound,
suggesting it could serve as a promising alternative for the treatment of inflammatory
diseases.

BULATI et al. (2020) investigated the immunomodulatory effect of kaurenoic
acid, a diterpene present in various medicinal plants, on human monocytes and
macrophages. The results showed that kaurenoic acid was able to modulate cytokine
production and surface molecule expression in monocytes and macrophages, including
the reduction of IL-1, IL-6, and TNF-a production, and the decrease in CD80 and CD86
expression. Additionally, kaurenoic acid demonstrated antioxidant and anti-inflammatory
effects, indicating its therapeutic potential for the treatment of inflammatory and
autoimmune diseases.

The diterpenic acid polyaltic acid (AP) was investigated for its potential
chemopreventive effects, considering the interplay between inflammatory processes and
carcinogenesis. To understand the mechanisms involved in this effect, the anti-
inflammatory activity of AP was evaluated in terms of NO and prostaglandin E2 (PGE2)
production in rat macrophages. AP reduced LPS-induced NO levels in macrophages,
indicating an anti-inflammatory action mediated by the NO pathway. However, this
diterpene showed no effect on PGE2. These results suggest that AP may contribute to the
chemopreventive effect in a colon carcinogenesis rat model through its anti-inflammatory
activity (SENEDESE et al., 2019).

(DIAZ-VICIEDO et al., 2008) investigated the anti-inflammatory potential of
three diterpenoids isolated from H. annuus L. on murine RAW 264.7 macrophages.
Focusing on NO, PGE2, and TNF-a production, they found that low concentrations (10
M) of the compounds inhibited NO and PGE2 in LPS-stimulated macrophages. This
inhibition correlated with concentration-dependent decreases in NOS-2 and COX-2
protein and mMRNA expression, suggesting the diterpenoids suppressed NO and PGE2
production by downregulating their enzymes at the transcriptional level. Furthermore, the
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diterpenoids effectively blocked the release of TNF-a, a key inflammatory cytokine.
Importantly, the MTT assay confirmed that the diterpenoids did not exhibit cytotoxicity,
demonstrating their selectivity for inhibiting inflammatory processes without harming the
cells.

In this context, diterpenes present promising prospects for the treatment of a wide
range of diseases. It is expected that in the near future, these molecules with desirable
characteristics could be employed as therapeutic treatments, following careful clinical
trials, either as adjuncts to traditional pharmaceuticals or as a foundation for the

development of new drugs.

5.2. Impact of Diterpenes on Humoral and Cellular Immune Responses

Cytokines play a crucial role in inflammatory conditions and as considered key
elements in the immune response. They can act on adaptive immune response cells or
regulate inflammation. Cytokines can be categorized based on their target receptors for
signaling. Some pro-inflammatory cytokines (IL-1, IL-6, TNF-a) act through type |
cytokine receptors (Figure 3) (GUPTA; CHANDAN; SARWAT, 2022a). This diversity
of classifications highlights the complexity of interactions between cytokines and their
targets, outlining the precise regulation of these molecules in the context of immune
responses (Figure 3) (GUPTA; CHANDAN; SARWAT, 2022a).

Maintaining equilibrium in this modulation is vital for sustaining physiological
homeostasis and ensuring an appropriate response to infection. The immune system's
response to infection or other stimuli can lead to immunopathologies, primarily due to the
overproduction of pro-inflammatory cytokines like TNF-a. Striking the right balance in
this modulation is critical for avoiding potential disruptions in immune function.
(GUPTA; CHANDAN; SARWAT, 2022b; SANTIAGO et al., 2023). In this context, the
overproduction of pro-inflammatory cytokines can result in chronic inflammation and
damage to healthy tissues (GUPTA; CHANDAN; SARWAT, 2022a; SANTIAGO et al.,
2023).

Conversely, insufficient cytokine production can lead to a compromised immune
response, rendering the body vulnerable to unchecked infections (CHHABRA et al.,
2018; GUPTA; CHANDAN; SARWAT, 2022a). If there is insufficient production of

these cytokines, the immune system may not be able to mount an effective response
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against invading pathogens, rendering the body wvulnerable to severe infections
(CHHABRA et al., 2018; GUPTA; CHANDAN; SARWAT, 2022a).

Conversely, insufficient cytokine production can compromise the immune
response, leaving the body vulnerable to unchecked infections (CHHABRA et al., 2018).
Therefore, maintaining a proper balance in pro-inflammatory cytokine production is
essential for immune system homeostasis (GUPTA; CHANDAN; SARWAT, 2022a).
Imbalances can result in health issues such as immunopathologies or uncontrolled
infections, emphasizing the importance of immune response control and cytokine
modulation in various clinical contexts (CHHABRA et al., 2018; GUPTA; CHANDAN;
SARWAT, 2022a; SANTIAGO et al., 2023).
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Figure 3. It represents the influence of diterpenes on the production and release of
cytokines, with a focus on the balance between pro-inflammatory and anti-inflammatory
cytokines. A reduction in pro-inflammatory cytokines and an increase in anti-
inflammatory cytokines are observed, a result of the specific action of diterpenes. This
subtle molecular regulatory mechanism highlights the significant contribution of
diterpenes to the modulation of cellular responses, promoting a balanced immunological

environment less prone to exacerbated inflammation.
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The immunomodulation induced by natural compounds involves altering the
equilibrium among various subsets of immune cells. This sophisticated process entails a
complex interplay among opposite forces. On one side, pathogenic cells drive
inflammation, potentially harming the body. On the other side, protective cells act as
firefighters, quelling inflammation and regulating the immune response. By influencing
these cell populations, natural compounds can tip the scales, promoting health and
resilience (CHHABRA et al., 2018; RI; MA; JIN, 2021).

PEI et al.,, 2024, demonstrated that diterpenoids isolated from Hemionitis
albofusca, specifically compounds A) 14-oxy-7p,20-dihydroxycyath-12,18-diene; B) ent-
8(14),15-pimaradiene-23,19-diol; C) ent-kaurane-16-ene-2f,18a-diol; D) ent-kaurane-
2B,16a,18a-triol, influenced various aspects of the immune response. These natural
molecules were able to modulate nitric oxide (NO) production and the expression of
inflammatory factors such as iINOS, TNF-a, and IL-6 in lipopolysaccharide-induced
RAW?264.7 cells. Additionally, the diterpenoids showed the ability to inhibit p38 protein
phosphorylation, interfering with the p38 MAPK signaling pathway. The activation of
the p38 MAPK signaling pathway is associated with a variety of biological processes,
including immune response, inflammation, cell proliferation, differentiation, and
apoptosis. This natural compound-mediated immunomodulation process can encompass
a range of effects, including the suppression of exacerbated inflammatory responses and
the promotion of regulatory immune responses. Natural molecules can influence cytokine
secretion, cell proliferation, phagocytic activity, and other aspects of immune functions,
thus shaping the overall immune system response (CHHABRA et al., 2018; RI; MA; JIN,
2021).

This implies the ability to suppress the activity of specific pro-inflammatory cells,
namely Th17 cells and type 1 helper T cells (Th1). These cells are intrinsically associated
with exacerbated inflammatory processes and tissue damage in pathological contexts
((DAMSKER; HANSEN; CASPI, 2010)

Simultaneously, it is observed that these compounds may play a significant role
in promoting the function of regulatory cells in the immune system, such as regulatory T
cells (Tregs) (MOUDGIL; VENKATESHA, 2023). In the study by HANY SELMY et al.
(2023), diterpenoid compounds, such as neofitadiene, demonstrated cytotoxic activity
against cancer cells, suggesting a potential role in inducing apoptosis in these cells.
Additionally, it has been discussed that these compounds may have a significant role in
promoting the function of regulatory cells in the immune system, such as regulatory T
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cells (Tregs). Tregs play an essential role in modulating the immune environment,
controlling autoimmune responses, and ensuring immune tolerance. The ability of these
natural compounds to favor Tregs activity is of great relevance, as it contributes to
maintaining immune balance, preventing uncontrolled immune reactions, and
autoimmunity (EGGENHUIZEN; NG; OOI, 2020). This complex process of cellular
modulation highlights the potential therapeutic applicability of these compounds in the
fine and adaptive regulation of the immune system (MOUDGIL; VENKATESHA,
2023).natural products and their compounds may modulate the production of immune
mediators through different ways. Cymbopogon citratus and its isolated compound citral
were found to stimulate the production of IL-1p and IL-6 without affecting the production
of IL-10 in murine macrophages in vitro. This effect was observed in the context of
cytokine production by macrophages challenged with lipopolysaccharide (LPS), without
affecting the production of 1L-10 (BACHIEGA et al., 2012). Apis mellifera L., the p-
coumaric and cinnamic acids stimulated the production of IL-1b and inhibited the
generation of IL-6 and IL-10 by peritoneal macrophages (BACHIEGA et al., 2012).
Syzygium aromaticum can inhibit the production of IL-1b, IL-6, and IL-10, while eugenol
did not affect the production of IL-1b but inhibited the production of IL-6 and IL-10
(BACHIEGA et al., 2012). Baccharis dracunculifolia and caffeic acid stimulated I1L-1b
and inhibited the production of IL-6 and IL-10 (BACHIEGA et al., 2012). These findings
highlight the potential of natural products in activating different transcription factors in
macrophages, resulting the modulation of cytokine production.

SANTIAGO et al., (2023) demonstrated that oleoresins from Copaifera
(Copaifera spp) induce the activation of human monocytes without affecting cell viability
and suggest that diterpene or sesquiterpene acids may be involved in their mechanisms of
action. However, It is not clear how this compound affect the production of other
inflammatory mediators in monocytes. To fully understand how oleoresins work, we need
to delve deeper into two key areas: their impact on immune cells' ability to kill microbes
and how they affect cell receptors. This would provide valuable insights into the
mechanisms behind their action. Specifically, further studies are crucial to pinpoint the
exact effects of diterpenes and sesquiterpenes, the active compounds in Copaiba
oleoresin, on monocytes and other immune cells.

CERQUEIRA et al. (2004) elucidated in their study on abietane diterpenes from
the plant Plectranthus grandidentatus an ability to stimulate T cell proliferation while not
significantly influencing B cells, suggesting thus a selectivity towards distinct cellular
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phenotypes. On the other hand, GE et al. (2024) reported an immunosuppressive activity
of diterpenoid compounds from Cephalotaxus fortunei var. alpina and C. sinensis,
inhibiting both T and B cell proliferation. Similarly, KAWAKAMI; OTSUKA, (2023)
isolated diterpene cascarinoids from Croton cascarilloides, which showed
immunosuppressive activity against the proliferation of both B and T cells in vitro. These
compounds inhibited LPS-induced B cell proliferation and ConA-induced T cell
proliferation. The immunosuppression of these lymphocytes occurs due to the ability of
cascarinoids to modulate the immune response, interfering with cell proliferation
processes and B and T cell activation. This immunosuppressive action can be attributed
to mechanisms such as the inhibition of pro-inflammatory cytokine expression, the
regulation of adaptive immune response, and interference in cellular signaling necessary
for lymphocyte activation and proliferation. Understanding these mechanisms of
immunosuppression is crucial for exploring the therapeutic potential of cascarinoids A
and B and developing strategies to selectively modulate the immune response in
pathological conditions where exacerbated immune response may be detrimental. Such
disparities in the results point to the diversity of cellular responses triggered by different
classes of diterpenoids, consequently emphasizing the need for further investigations for
a deeper understanding of the therapeutic properties of these compounds. O estudo de
CROSSAY etal. (2023) sobre diterpenos dafnanes do latex de Hura crepitans L. também
destaca a diversidade de respostas celulares induzidas por diferentes classes de
diterpenoides, especificamente em relacdo a atividade antiproliferativa em células de
cancer colorretal. Os resultados indicam que huratoxina e 4'5'-epoxihuratoxina
apresentam uma inibicao significativa e seletiva do crescimento celular contra a linha de
células de cancer colorretal Caco-2 e células primarias de cancer colorretal cultivadas
como colonoides.

The ethanol (EtOH) extracts and andrographolides, purified diterpenes from the
plant Andrographis paniculata, demonstrated the ability to stimulate the immune response
in mice, evidenced by a notable induction of antibody production and a delayed
hypersensitivity response to antigens (PURI et al., 1993). In addition to these effects, the
plant preparations also triggered a non-specific immune response, involving macrophage
migration, efficient phagocytosis of bacteria, and proliferation of splenic lymphocytes.
These results point to a comprehensive modulation of the immune response, addressing

both specific and nonspecific components of the immune system (PURI et al., 1993).
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It is important to note that, although both andrographolide and EtOH extract
contributed to the stimulation of the immune response, it was observed that the specific
immune response was less intense with andrographolide compared to the EtOH extract.
This observation suggests that other substances present in the extract may play an
additional role in immunostimulation, highlighting the complexity and synergy of
compounds in preparations of Andrographis paniculata (PURI et al., 1993; CHURIYAH
et al., 2015).

The methanolic extract derived from the rhizome of Hedychium coronarium
exhibits remarkable inhibitory properties on the increased vascular permeability induced
by acetic acid in mice, as well as on the production of nitric oxide in lipopolysaccharide-
activated mouse peritoneal macrophages (MATSUDA et al., 2009). From this extract,
three new labdane-type diterpenes, named hediquilactones A, B, and C, were isolated,
along with six known diterpenes. The structural elucidation of hediquilactones was based
on chemical and physicochemical evidence (MATSUDA et al., 2009). The diterpene
constituents showed notable inhibitory effects in assays related to increased vascular
permeability. Additionally, they demonstrated the ability to inhibit nitric oxide production
and the induction of nitric oxide synthase in activated peritoneal macrophages. These
findings highlight the therapeutic potential of these compounds in modulating
inflammatory responses and regulating vascular events, suggesting potential
pharmacological applications derived from the plant Hedychium coronarium
(MATSUDA et al., 2009; ENDRINGER et al., 2014).

5.3. The influence of diterpenes on inflammasome pathways

Inflammasomes are multiprotein complexes essential for regulating the innate
immune response; however, their dysregulation is associated with various inflammatory
conditions. Inappropriate inflammasome activation can lead to excessive interleukin
release and induction of inflammatory cell death, contributing to the pathogenesis of a
wide range of inflammatory diseases (BROZ; DIXIT, 2016). These conditions include
cardiovascular disorders, neurological diseases, autoinflammatory syndromes, renal
disorders, gastrointestinal disorders, joint diseases, and dermatological conditions, among
others (BROZ; DIXIT, 2016). Therefore, proper regulation of inflammasomes is crucial
for the prevention and effective treatment of a diverse spectrum of inflammatory diseases.

ISLAM et al. (2020) conducted a review on the immunomodulatory effects of
diterpenes and their derivatives through the NLRP3 inflammasome pathway. The NLRP
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(Nucleotide-binding domain and Leucine-rich-Repeat-containing protein) family
inflammasomes, especially NLRP3, play a significant role in various pathologies. The
review identifies several diterpenes, such as andrographolide, triptolide, caurenoic acid,
carnosic acid, oridonin, teuvincenone F, and derivatives of tanshinone I1A and phorbol,
as potential candidates for treating NLRP3-mediated inflammatory diseases due to their
effectiveness in modulating the NLRP3 pathway.

HUANG et al. (2018) investigated the effects of phytanol and phytanilamine on
reducing NLRP3 expression and inflammatory cytokine production in mice. They found
that these compounds, along with the core of Taiwan fir, decreased the secretion of IL-
1P originating from NLRP3. This reduction in IL-1f secretion was observed in mouse
macrophages stimulated by LPS and adenosine triphosphate. These results highlight the
potential of phytanol, phytanilamine, and the Taiwan fir core as modulating agents for
inflammatory and immunological conditions, particularly in reducing NLRP3-mediated
inflammatory responses. This suggests promising therapeutic applications in contexts
related to inflammatory and immune disorders.

The diterpene triptolide, a natural compound isolated from the plant Tripterygium
wilfordii, has the ability to reduce serum levels of pro-inflammatory cytokines, including
IL-1pB and IL-18, as well as the expression of NLRP3 and toll-like receptor 4 (TLR4) in
animal models (He et al., 2018). This compound has the potential to prevent the
progression of inflammatory diseases such as immunoglobulin A (IgA) nephropathy and
aortic transverse constriction-induced myocardial remodeling (He et al., 2015).
Additionally, this compound can inhibit NLRP3 and the pro-fibrotic pathway of
transforming growth factor beta 1 (TGF-B1) and negatively regulate NLRP3 by targeting
hsa-miR-20b (microRNA) (LI; MORRIS-NATSCHKE; LEE, 2016; PAN et al., 2019).

The anti-inflammatory property of Triptolide manifests through the inhibition of
excessive NLRP3 inflammasome activation. This specific molecular action culminates in
the subsequent reduction of the inflammatory response associated with specific
pathological conditions (QIAN; ZHANG; SHI, 2019). In particular, Triptolide's ability to
modulate NLRP3 suggests potential applicability in the treatment of inflammatory
diseases where chronic inflammation plays a prominent role. Additionally, Triptolide's
role in attenuating cardiac fibrosis is highlighted (LI et al., 2021; QIAN; ZHANG; SHI,
2019). Cardiac fibrosis, a process characterized by the replacement of normal cardiac
tissue with scar tissue, often results from a chronic inflammatory response. By modulating

NLRP3, Triptolide presents therapeutic potential by interrupting or slowing the course of
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cardiac fibrosis, mitigating the underlying inflammatory response (QIAN; ZHANG; SHI,
2019).

Andrographolide is a bitter diterpene lactone with anti-colitis and antitumor
effects. This compound reduces the expression of cleaved CASP1, IL-1p, and the collapse
of the mitochondrial membrane potential through the PIK3CA-AKT1-MTOR-RPS6KB1
pathway (GUO et al., 2014). It also inactivates the NLRP3 inflammasome, induces
autophagy, and enhances the disruption of the NLRP3-PYCARD-CASP1 complex and
mitophagy in mouse macrophages (GUO et al., 2014).

Furthermore, it negatively regulates the expression of TNF-a, IL-1, and NLRP3
and suppresses ROS-mediated NF-kB expression in female C57/BL6 mice induced by
ovalbumin (OVA) and bone marrow-derived macrophages (BMDM) (primary culture of
murine bone marrow-derived macrophages) (PENG et al., 2017). Andrographolide also
exhibits a hepatoprotective effect in mice with choline deficiency, reducing hepatic
inflammation and fibrosis (CABRERA et al., 2017). This compound reduces the
overexpression of HMGB1, TLR4, NF-kB, COX-2, iNOS, and NLRP3, inhibits the
overexpression of MIP-1a and P2X7 receptor, and modulates the expression of protein
markers in mouse glial cells (DAS et al., 2017).

Although these results provide a comprehensive insight into the role of diterpenes
such as triptolide and andrographolide in modulating the NLRP3 inflammasome and their
potential therapeutic applications in inflammatory and immunological conditions, it is
concluded that they have the potential to modulate the NLRP3 inflammasome and
attenuate the inflammatory response in various inflammatory diseases. However, further
research is needed to fully understand their mechanisms of action and efficacy in specific
conditions. Addressing gaps in the understanding of these mechanisms and conducting
additional clinical studies to assess the safety and efficacy of diterpenes in patients with
inflammatory diseases are crucial. Furthermore, clarity in discussing the mechanisms of
action and potential side effects is essential to improve the understanding and clinical

applicability of these compounds.

6. Conclusion

Although natural products, especially diterpenes, show tremendous potential in
modulating the immune system, there are still several gaps that need to be filled. It is

crucial to better understand the specific mechanisms by which diterpenes exert their
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immunomodulatory effects. This includes investigating their interactions with different
types of immune cells, as well as the cellular signaling pathways involved in these
processes. Additionally, it is important to determine the optimal dosage, formulation, and
route of administration of diterpenes for therapeutic use, as well as to evaluate their
potential toxic effects and establish a long-term safety profile.

Furthermore, well-designed clinical trials are also needed to assess the real impact
of diterpenes on the treatment of various immune-related conditions. This includes
autoimmune diseases, allergies, chronic inflammatory diseases, and immune system
disorders. These clinical studies will provide valuable insights into determining the
benefits observed in animal models and how they can be replicated in human patients
requiring these interventions.

Similarly, it is necessary to further explore the possible interactions of diterpenes
with other medications or therapies used in the treatment of these conditions.
Understanding how diterpenes can be integrated into existing therapeutic approaches is
essential for optimizing their effectiveness and safety.

While diterpenes offer exciting promises as immunomodulatory agents, there is
still much to learn about their therapeutic potential and possible clinical uses. Through
carefully planned and conducted research, we can fill these knowledge gaps and move
towards a more comprehensive and applicable understanding of the role of diterpenes in

human health and the treatment of immune-related diseases.
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Abstract:

Cancer is a major global health issue and a leading cause of death. Despite therapeutic advances, challenges
like treatment toxicity and resistance persist. Natural products, especially from the genus Copaifera, show
promising anticancer properties but are not yet well-studied. The objective of this study was to isolate
diterpene compounds obtained from Copaifera spp oleoresin and evaluate the anticancer properties. For
this, isolation, structural elucidation and chemical analysis of the compounds were carried out. Next, the
anticancer activity was evaluated against HL60 (Acute Myeloid Leukemia), K562 (Chronic Myeloid
Leukemia) cancerous cell lines and the non-cancerous Vero and PBMC cells (Normal Peripheral Blood
Mononuclear Cells). Diterpenes were isolated by Flash Chromatography, followed by purification using
Thin Layer Chromatography (CDD). Chemical analysis was performed by Gas Chromatography coupled
to Mass Spectrometry (GC-MS) and structural elucidation was conducted by Nuclear Magnetic Resonance
(NMR). The cytotoxicity of the compounds was evaluated using the Methylthiazoletrazolium (MTT) cell
viability test. Four compounds were obtained: Polyalthic acid, Copalic acid, 3- Acetoxy-copalic acid, 3-
Hydroxy-copalic acid, which demonstrated toxicity in cancerous and non-cancerous cells. However,
hydroxycopalic acid showed significant cytotoxicity against K562 (1Cs0:33.20 pug/ml) (p<0.00001), HL60
and Vero cells, while exhibited no significant cytototoxic effect on human PBMC. These results suggest
that these acids may have anticancer potential, especially hydroxycopalic acid, which demonstrated low
cytotoxicity in normal cells.
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1. Introduction

Cancer is a devastating disease and one of the leading causes of death worldwide.
According to the World Health Organization (WHO), the incidence of cancer is expected
to increase by more than 50% in the coming decades (WHO, 2019). Its complex and
aggressive nature, the result of genetic mutations, presents significant challenges for
treatment (VINAY et al., 2015; STANTA; BONIN. 2018). Cancer cells, constantly
mutating, develop resistance to both the immune system and available treatments, leading
to recurrences and difficulties in controlling the disease (HAUSMAN, 2019; INCA,
2022).

Leukemia is a neoplasm that affects leukocytes, characterized by the
accumulation of abnormal cells in the bone marrow (INCA, 2022). These abnormal cells
arise from a variety of genetic mutations, with different subtypes related to maturation
and the cell type affected. Broadly categorized into Myeloid Leukemia and Lymphoid
Leukemia, Myeloid Leukemia can be acute (AML) or chronic (CML) (ARBER et al.,
2016; BAIN; ESTCOURT, 2013). AML is characterized by mutations in specific genes
such as FLT3, NPM1 and CEBPA, while CML is associated with the Philadelphia (Ph)
chromosome abnormality, resulting from a reciprocal translocation between
chromosomes 9 and 22 (HOGLUND; SANDIN; SIMONSSON, 2015; JABBOUR;
KANTERJIAN; TEFFERI, 2014).

Currently, the main therapeutic strategies for leukemia involve radiotherapy and
chemotherapy (TERWILLIGER; ABDUL-HAY, 2017). However, chemotherapy can
cause a variety of side effects, harming healthy cells or tissues and resulting in symptoms
such as nausea, vomiting, diarrhea, fatigue, among others, the severity of which varies
depending on the medication and the type of cancer (ROHATGI et al., 2014). Moreover,
increasing drug resistance due to several factors has limited the effectiveness of
chemotherapy (ALFAROUK et al., 2015; HOLOHAN et al., 2013). Therefore, it is
critical to continue advancing research and treatment options to address this urgent and
pressing issue.

Natural products, particularly special metabolites found in medicinal plants,
have significant therapeutic potential due to their diverse biological properties (DE LIMA

et al., 2022). These properties are attributed to the rich chemical composition of these
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products, among which terpenes stand out, a diverse class of organic compounds found
in a range of oleoresin-producing plants, including several species of the Copaifera genus.
(VEIGA JUNIOR, 2002; ARRUDA et al., 2019).

The formation of terpenes (CsHg)n derives from the combination of five isoprene
units, a natural compound synthesized through the mevalonic acid metabolic pathway, an
essential precursor to the terpenoid family, providing properties similar to those of lipids
(DEWICK, 2002). The biosynthesis of terpenes is based on the reactivity of
biochemically active units, such as Dimethylallyl Diphosphate (DMAPP) and Isopentenyl
Diphosphate (IPP), originating from Mevalonic Acid (MVA) or Methylerythritol
Phosphate (MEP) (DUDAREVA et al., 2013). These isoprenic units have structural
characteristics that contribute to the formation of terpenes, expanding the carbon chains
(DUDAREVA et al., 2013).

Terpenes are categorized into several classes based on the number of isoprene
units that make them up (monoterpenes, sesquiterpenes, diterpenes, triterpenes, and
tetraterpenes) (DE LIMA et al., 2022). In species of the genus Copaifera, two types of
terpenes are found, sesquiterpenes and diterpenes, identified in the volatile and resinous
fractions of oleoresin, respectively (VEIGA JUNIOR, 2002; LEANDRO et al., 2012).
Sesquiterpenes comprise volatile compounds such as p-elemene, a-humulene, and -
caryophyllene, while diterpenes include acids such as copalic, polyaltic, kaurenoic, and
acetoxycoplastic acids. (LEANDRO et al., 2012).

These compounds exhibit a wide range of pharmacological applications, including
wound healing, purgative, anticancer, anti-inflammatory, antimicrobial, local anesthetic,
cytotoxic, and insecticidal properties (ARRUDA et al., 2019; DA TRINDADE; DA
SILVA; SETZER, 2018; LEANDRO et al., 2012). In general, they demonstrate
significant structural diversity, few side effects and greater bioavailability, in addition to
exhibiting multifaceted activities (ARRUDA et al., 2019). As a result, research has
focused on isolating and identifying the organic compounds present in these species,
aiming to characterize their biological activities (ARRUDA et al., 2019).

Furthermore, the chemical composition of species in the genus can vary
considerably, affecting their therapeutic properties (DE LIMA et al., 2022). For example,
while sesquiterpenes, present in oleoresin, are generally attributed to various biological
activities, such as anti-inflammatory and antimicrobial, diterpenes also play a significant
role, often modulating these activities, either by replacing acidic function or introducing
groups that enhance these activities (ARRUDA et al., 2019; BATISTA et al., 2016).
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Understanding the structural features of these compounds is essential as it can provide
insights into how they can be modified to increase their therapeutic efficacy. However,
despite the progress made in understanding these compounds, more solid evidence is
needed to validate their pharmacological efficacy and safety. Therefore, this study aimed
to isolate diterpenes from Copaifera species and assess their cytotoxic effects on leukemia

cell lines.

2. Materials and Methods

2.1. Isolation of diterpene acids from Copaifera spp oleoresin and structural elucidation

of the isolated compounds

Flash chromatography using 70-230 mesh silica gel impregnated with potassium
hydroxide was performed to obtain the terpenes. One hundred grams of modified silica
(KOH) was added to a glass column and washed with hexane under air pressure. The
oleoresin (5g) was added to the top of the column, starting the elution process with
dichloromethane (CH2CI2) and then methanol (MeOH). The MeOH fraction was
concentrated and acidified to pH 4 and extracted with CH2CI2 in a separatory funnel. The
collected CH2CI2 fraction was then evaporated to concentrate the acids (PINTO et al.,
2000).

The acidic fraction was analyzed by Thin Layer Chromatography (TLC) using a
mixture of hexane: ethyl acetate (7:3) as a mobile phase, to visualize the acids (DE LIMA
etal., 2020). Purification of the acidic fraction was carried out using the Medium Pressure
Liquid Chromatography (MPLC) method, using the Isolera One Flash Chromatography

— Biotage equipment, with mobile phase hexane: ethyl acetate (7:3).

2.1.1. Analysis by Gas Chromatography coupled to Mass Spectrometry (GC-MS)

2.1.1.1. Sample preparation
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The sample preparation procedure consisted of the derivatization technique, adapted from
(DRON et al., 2004). 90pL of chloroform were introduced into a bottle containing 10 pL
of sample. After introducing 50 pL of the TMSH reagent, the bottle was gently shaken
manually until a homogeneous solution was obtained. Finally, chloroform was added to

1 mL and the reaction mixture was injected into the GC.

2.1.1.2. Analytical equipment and conditions

GC analysis of diterpene acids was performed using a Shimadzu gas
chromatograph model QP2020 NX (Shimadzu Corporation, Kyoto, Japan), equipped with
an AOC-20i autosampler. Helium (purity > 99.9996%) was used as the carrier gas with a
constant flow of 2.26 mL/min, injection volume 1 uL and Splitless mode 1:20. The
column used was SH-RTX-5ms (SHIMADZU)-5% phenyl: 95% dimethylpolysiloxane
(30m x 0.25 mm x 0.25 pm). Identification was performed by comparing the mass
spectrum using the NIST 17 library. The injector temperature was 220 °C and the transfer
line temperature was 250 °C. Chromatographic oven temperature program: 110°C
(13°C/min), 140°C (18°C/min), 220°C (15°C/min) up to 270°C. The mass analyzer was
operated in full scan acquisition mode in the range of 40 — 400 m/z. The ion source
temperature was 250 °C.

2.1.2. Structural Elucidation by Nuclear Magnetic Resonance (NMR)

The structures of the isolated compounds were elucidated by one-dimensional
and two-dimensional (1D and 2D) *H and '3C nuclear magnetic resonance spectroscopy
(NMR) using deuterated chloroform (CHCI3OD). NMR spectra were obtained using the
Mnova software program (KUHN et al., 2023).

2.1.3. Spectral data

Polyalthic acid methyl ester (GC) EIMS m/z 330 (M+, 15%), 315 (7); 271 (15);
189 (22); 121 (100); 107 (20), 95 (20); 81 (50). NMR data for polyaltic acid (1) (1H:
CDCI3, 600 MHz; 13C: CDCI3, 125 MHz), see Table 1.

Copalic acid methyl ester (GC) EIMS m/z 318 (M+, 20%), 303 (50); 271 (10);
244 (20); 205 (15), 189 (17); 177 (21); 149 (26); 137 (80); 114 (100); 109 (58); 107 (31);
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95 (80); 81 (90). NMR data for copalic acid (2) (1H: CDCI3, 600 MHz; 13C: CDCI3, 125
MHz), see Table 1.

3-Acetoxy-copalic acid methyl ester (GC) EIMS m/z 376 (M+, 10%), 361 (5), 316 (10),
301 (40), 287 (10), 273 (12), 241 ( 18), 203 (25), 187 (20), 175 (21), 159 (23), 147 (25),
135 (100), 119 (42), 107 (62), 93 (42), 81 ( 40). NMR data of 3-Acetoxy-copalic acid (3)
(1H: CDCIl3, 600 MHz; 13C: CDCI3, 125 MHz), see Table 1.

3-Hydroxy-copalic acid methyl ester (GC) EIMS m/z 334 (M+, 10%), 319 (10); 301 (22),
260 (17), 241 (17), 203 (20); 187 (10); 175 (22); 147 (19); 135 (100); 107 (65); 93 (44);
81 (39). NMR data of 3-Hydroxy-copalic acid (4) (1H: CDCI3, 600 MHz; 13C: CDCI3,
125 MHz), see Table 1.

2.2. Cell Culture

The evaluation of the obtained compounds, Polyalthic acid, Copalic acid, 3-
Acetoxy-copalic acid, 3-Hydroxy-copalic acid, was carried out using the cell lines of
acute promyelocytic leukemia (HL60 — ATCC® CCL-240TM) and chronic myeloid
leukemia (K562 — ATCC® CCL -243TM). The cytotoxicity of the compounds was also
evaluated to ensure safety, employing the Vero cell line and human Peripheral Blood
Mononuclear Cells (PBMCs). These PBMCs were obtained from human blood donors
who provided informed consent to participate in the research. The use of PBMCs was
approved by the Research Ethics Committee (CEP) of the Hematology and Hemotherapy
Foundation of the State of Amazonas (HEMOAM), Brazil, under approval number
3,138,343, on February 8, 2019. Cell lines HL60, K562, and PBMCs were cultured in
RPMI medium (RPMI 1640 medium/Gibco, Rockville, MD) supplemented with 10%
activated fetal bovine serum (FBS; Gibco), 100 pg/ml penicillin, and 100 pg/ml ml of
streptomycin. The Vero cell line was grown in Dulbecco’s Modifield Eagle Medium
(DMEM) supplemented with 10% FBS and 100 pg/ml streptomycin. All cell cultures

were maintained under controlled conditions of 37°C and 5% CO; during the experiments.

2.3. Cytotoxicity assay

The cytotoxicity of the compounds was evaluated using the
Methylthiazoletrazolium (MTT) assay, as previously described by Oliveira et al. (2020).
Briefly, cells from permanent cell lines (1x10° cells/well) or PBMCs (5x10° cells/well)
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were seeded in a 96-well plate and treated with different concentrations of the
compounds, ranging from 3 to 100 pg/ml. The cells were incubated at 37°C in an
atmosphere of 5% CO. for periods of 24, 48 and 72 hours. For controls, untreated cells
were used as a negative control, while cells treated with 100% DMSO (diluent) served as
a positive control. After the specified incubation periods, 10 pl of an MTT solution
(5mg/mL) was added to each well, and the cells were incubated for an additional 4 hours
under the same conditions. The reaction was stopped by adding 100 pl of 0.1 N HCL in
anhydrous isopranol to each well. Cell viability was determined by measuring the
absorbance of the samples in a spectrophotometer with a 570nm wavelength filter. The

relative viability of treated cells was calculated using the following equation:

Relative Viability (%) = (Absorbance at 570 nm of the treated sample)

Absorbance at 570nm of the untreated sample

2.4. Statistical analysis

Data were analyzed using GraphPad Prism software (v.8.0). Numerical variables
were presented as mean + standard deviation, while category variables were expressed as
absolute values (n) and relative frequencies (%). To evaluate the statistical significance
of the results, Student's t or ANOVA tests were applied, as appropriate for each data set.
Nonlinear regression was used to estimate the 1Csq of the compounds. A p value of less
than 0.05 was considered statistically significant. All experiments were performed in

triplicate to ensure the reliability of the findings.

3. Results

3.1. Compounds isolated from Copaifera spp.

From the separation of the volatile and resinous fractions of the oleoresin, using
a Flash column with silica impregnated with KOH, it was possible to obtain the desired
acidic fraction to then isolate the compounds. A preliminary analysis of the acid
compounds obtained was carried out by Thin Layer Chromatography (TLC), which
helped to identify the compounds and choose an ideal solvent for isolation in the
following steps. This assessment can be monitored by observing the different Retention
Factors (Rf) of the compounds (DE LIMA et al., 2020).
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Medium pressure liquid chromatography (MPLC) led to the isolation of four
diterpenes: polyaltic acid (1), copalic acid (2), 3-acetoxy-copalic acid (3) and 3-hydroxy-
copalic acid (4) (Figure 1), which were identified by spectroscopy and spectrometry. The
spectrometric analysis was obtained by Gas Chromatography Coupled to a Mass
Spectrometer (GC-MS), which generated information on the masses and fragmentations
of the isolated compounds, enabling identification using the charge mass data (m/z)
characteristic of the compounds (Appendix I — Chromatograms). Likewise, the NMR
spectra showed characteristic carbon and hydrogen chemical shift values that could be
interpreted in relation to the chemical substituents present in the skeletons (KOVATCH
etal., 2022; VARGAS et al., 2015b).

/0 HO._ O
14 M6 15
i3 16 _A14
11 _h2 13
20
13 29 17
T
3 7
18- H 6
NS
HO#5%0 18 19
Polyalthic acid (1) Copalic acid (2)

3B-acetoxy-copalic acid (3) 3B-hydroxy-copalic acid (4)

Figure 1. Diterpene compounds isolated from copaiba oleoresin

The NMR data of the four isolated diterpene acids showed chemical shift values
characteristic of diterpene compounds such as the presence of the carboxylic function for
compound 1, 2, 3and 4 (6C 184.4, C-19; 3C 171.5 C -15; 6C 170.9 C-15; 6C170.9 C-15,
respectively). Furthermore, signals from methyl groups were also identified such as those
from carbons C-20, C-18 and the unsaturated menthyl C-17 (Table 1). The combined
analysis of NMR signals and correlation experiments made it possible to determine the
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differences in the structures of the compounds, such as the presence of a f-
monosubstituted furan ring in 1, the extension of the carbon chain (C-21 and C22) in C-
3 replaced by an acetoxy group in 3 and the presence of a hydroxyl at C-3 in 4. Most of
the signals in the *H and 3C NMR spectra were assigned through gHSQC, gHMBC and
COSY correlation experiments, which allowed us to identify of all isolated compounds
and the most efficient analysis of chemical shifts and coupling constants, relating them to
the literature (CAVIN et al., 2006; KOVATCH et al., 2022; VARGAS et al., 2015b).
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Table 1. Chemical shifts *H- and *C- NMR data of compounds 1-4 in CDCls (*H: 600 MHz, 3C: 125 MHz)

1 (C20H2503) 2 (C20H3202) 3 (C22H3404) 4 (C20H3203)

Position dc on dc o dc o dc on

1 37.9 1.12 m (H1a); 1.78 m (H1b) 39.0 0.99 m (H1a); 1.73 m (H1b) 39.1 1.23td (H1a); 1.73 m 37.0 1.15td (H1a); 1.73 m (H1b)
(H1b)

2 18.3 1.60 m (H2a and H2b) 19.3 1.48 m (H2a); 1.60 m (H2b) 23.8 1.55 m (H2a); 1.73 m 27.8 1.55 m (H2a); 1.73 m (H2b)
(H2b)

3 37.0 1.63 m (H3a); 1,78 m (H3b) 42.1 1.17 m (H3a); 1.39 m (H3b) 80.6 1.17 m (H3a); 4.50 m 78.7 1.17 m (H3a); 3.25 dd (H3b)
(H3b)

4 47.4 - 355 - 37.9 - 38.1 -

5 49.5 1.94m 55.5 1.07 dd (H5) 54.6 1.16 dd 54.5 1.07 dd

6 26.7 1.34 m (H6a); 1.48 m (H6b) 244 1.24 m (H6a); 1.71 m (H6b) 242 1.38 qd (H6a); 1.73 m 239 1.38 qd (H6a); 1.73 m (H6b)
(Héb)

7 37.7 2.06 m (H7a); 2.37 m (H7b) 35.9 1.99 m (H7a); 2.39 d (H7b) 38.0 1.95 m (H7a); 2.39.d (H7b) | 39.1 1.96 m (H7a); 2.40 d (H7b)

8 147.1 - 148.2 - 147.4 - 1475 -

9 56.2 1.71m 56.1 158 m 55.7 1.55m 55.8 1.55m

10 38.9 - 39.7 39.2 394

11 24.4 1.63m (H11b); 1.71 m (H11a) | 215 1.48 m (H11a); 1.67 m (H11b) 21.6 1.55 m (H11a and H11b) 21.6 1.55 m (H11a and H11b)

12 214 2.25m (H12b); 2.56 m (H12a) | 40.1 1.99 m (H12b); 2.33 m (H12a) 39.9 1.95 m (H12b); 2.30 m 39.6 1.96 m (H12b); 2.30 m (H12a)
(H12a)

13 134.7 - 164,20 - 163.5 - 163.6 -
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14

15

16

17

18

19

20

21

22

110.9

143.9

138.7

107.3

16.3

184.4

14.7

6.24 s
7.08s
7.25s

4.86 d (H17b); 4.61 s (H17a)

1.14s

0.70s

114.9

171.5

19.2

106.3

335

21.7

14.4

5.67 s (H14)

2.16 s (H16)

450 s (H17a); 4.87 s (H17b)

0.87s
0.80's

0.68s

114.8

170.9

19.2

106.9

28.2

15.5

14.5

1714

21.3

5.65 s (H14)

215 (H16)

450 s (H17a); 4.86 s
(H17b)

0.86s
0.83s

0.70s

2.04s

114.8

170.9

19.1

106.8

28.2

15.3

14.4

5.65 s (H14)

2.15's (H16)

450's (H17a); 4.86 s (H17b)

0.98 s
0.76 s

0.68s
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3.2. Cytotoxic activity of compounds

Our findings demonstrated that the copalic acid has cytotoxicity against K562 and
HLG60 cell lines in a concentration-dependent manner (Figure 1A). In the K562 cell line,
the compound exhibited significant cytotoxic activity at concentrations of 50 and 100
pg/ml (p<0.001) in all treatment periods, as well as at concentrations of 25 pg/ml
(p<0.001) and 12 pg/ml (p<0.01) after 72 h of treatment, compared to the control (cells
without treatment). Likewise, in the HL60 cell line, the compound reduced cell viability
at concentrations of 25 pg/ml, 50 pg/ml and 100 pg/ml (p<0.00001) in all three treatment
periods compared to the control (Figure 1C). The ICso values of the compound for K562
and HL60 cells were 19.36 pg/ml (R?=0.99) and 26.45 pg/ml (R?=0.96), respectively
(Figure 1B and 1D). However, toxicity of this compound was observed at concentrations
of 25 pg/ml, 50 pg/ml and 100 pg/ml (p<0.00001) in all three treatment periods, as well
as at concentrations of 3 pg/ml, 6 pg/ml and 12 pg/ml (p<0.00001) after 24 h of treatment
in the Vero cell line. These results underscore the crucial need for thorough evaluation of

compound cytotoxicity selectivity and safety before in vivo studies
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Polyalthic acid demonstrated similar results to copalic acid, exhibiting significant
cytotoxic activity on HL60 and K562 cell lines at concentrations of 12 pg/ml, 25 pg/ml,
50 pg/ml and 100 pg/ml (p<0.00001) during all treatment periods, compared to control
(cells without treatment) (Figure 2A and 2C). The ICso values of the compound for K562
and HL60 cells were 9.0 pg/ml (R?=0.96) and 5.52 pg/ml (R?=0.98), respectively (Figure
2B and 2D). However, toxicity of this compound was observed at concentrations of 6
pg/ml, 12 pg/ml, 25 pg/ml, 50 pg/ml and 100 pg/ml (p<0.00001) in all three treatment
periods, as well as at a concentration of 3 pug/ml, (p<0.00001) after 24 h of treatment in

the Vero cell line (Figure 2E).
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cells, Vero (E), after treatment with the compound. Statistical significance was represented by asterisks; ****p<0.00001.
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The results found for 3- Acetoxy-copalic acid demonstrated cytotoxic activity in
cells of the K562 lineage at concentrations 12 pg/ml, 25 pug/ml, 50 pg/ml and 100 pg/ml
(p<0.00001) during all treatment periods and concentrations 3 pg/ml and 6 pg/ml
(p<0.00001) after 72 h of treatment, compared to the control (cells without treatment)
(Figure 3A). In contrast, in the HL60 cell line, this compound showed cytotoxicity only
at concentrations of 25, 50 and 100 pg/ml (p<0.00001) during all treatment periods
(Figure 3C), compared to the control. The ICsq values of the compound for K562 cells
were 13.73 pg/ml (R?=0.92) (Figure 3B). However, the results showed cytotoxic activity
of the compound against Vero cells at concentrations of 12 pg/ml, 25 pg/ml, 50 pg/ml
and 100 pg/ml (p<0.00001) during all treatment periods (Figure 3D). In human PBMC,
cytotoxicity was evaluated only at concentrations of 25 pg/ml and 50 pg/ml (p<0.00001),

where cytotoxic activity was observed only at the highest concentration (Figure 3E).

107



>

K562

oe]
(@]

HL60
B 24h

[ 48h
3 72h

120+
4 Bl 24h

1007 == 48h
80 = 72h

120+

=
ISEN)
S o
[P

LoglCso = 1.138 g/mL
1004 ICs0 = 13.73 g/mL.
1 R?=0.927

%k %k %k k

o]
o
1

60 ok ok ok

o
o
1

40

N
o
1

20

o
1
o
1

Viabilidade Celular Relativa (%)
D
o
1
Viabilidade Celular Relativa (%)
D
o
L 1 PR
L g
Viabilidade Celular Relativa (%)

0 T T T——¢ 1 :
0 3 6 12 25 50 100DMSO 00 05 10 15 20 2% 0 3 6 12 25 50 100DMSO

Concentracéo (pg/mL) 3-acetoxi-copalico Log (mg/mL) 3- acetoxi-copélico (24h) Concentragéo (ug/mL) 3-acetoxi-copalico

m

PBMC

)

Vero
120+

120+
E Sk HE 24h
—_—

1007 = 48h
80+ =1 72h
60

100 =

40+
20

Viabilidade Celular Relativa (%)
(2]
o
1
% %k %k

Viabilidade Celular Relativa (%)

1 1
0 3 6 12 25 50 100 DMSO BC DMSO 25 50

Concentragao (ug/mL) 3- acetoxi-copalico Concentragdo (ug/mL) 3- acetoxi-copalico
Figure 3. Cytotoxic effect of the compound 3- Acetoxy-copalic on K562 and HL60 leukemic and non-cancerous cell lines (Vero). Viability of K562 (A) and HL60 (C) cells treated with

different concentrations (3-100pug/mL) of the compound 3- Acetoxy-copalic acid for 24, 48 and 72 hours. The 1Cso values for K562 (B) and HL60 (D) were estimated using non-linear

regression. Cellular viability of non-cancer cells, Vero (E) and human PBMCs (F) after treatment with the compound. Statistical significance was represented by asterisks; ****p<0.00001.

108



3-Hidroxy-copalic demonstrated cytotoxic activity on K562 cells at
concentrations of 50 pg/ml and 100 pg/ml (p<0.00001) during all treatment
periods and at a concentration of 25 pg/ml (p<0.00001) after 72 h of treatment,
compared to the control (cells without treatment) (Figure 4A). In contrast, in the
HL60 cell line, this compound showed cytotoxicity only at the highest
concentration of 100 pg/ml during all treatment periods (Figure 4C), compared to
the control. The ICsp values of the compound for K562 and HL60 cells were 33.20
ng/ml (R?=0.95) and, respectively (Figure 4B). However, the results showed
cytotoxic activity of the compound against Vero cells at concentrations of 25
pug/ml (p<0.0001), 50 pg/ml and 100 pg/ml (p<0.0001) during all treatment
periods and at a concentration (Figure 4D). In human PBMCs, cytotoxicity was
evaluated only at concentrations of 25 pg/ml and 50 pg/ml, in which no cytotoxic

activity was observed (Figure 4E).
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4. Discussion

The present study evaluated the cytotoxicity of isolated diterpene compounds,
copalic acid, polyalthic acid, acetoxy-copalic acid and hydroxy-copalic acid. To
determine the cytotoxicity of these compounds, the leukemia cell lines K562 and HL60
were used, as well as the normal cell lines Vero (derived from the edge of the African
green monkey) and PBMCs (Human Peripheral Blood Mononuclear Cells).

The copalic and polyaltic acid compounds exhibited 1C50 values of 19.36 and
26.54 ug/mL against strains K562 and HL60, respectively. The compounds 3-acetoxy-
copalic acid and 3-hydroxy-copalic acid exhibited values of 13.73 and 33.20 pg/mL,
respectively, against strain K562.

There are few studies in the literature on the efficacy of diterpene compounds
against tumor strains. VARGAS et al. (2015a), evaluated some diterpene compounds
against cancerous and non-cancer cell lines. Among these compounds are copalic, 3-
acetoxy-copalic and 3-hydroxy-copalic acids that showed activity against the HCT-116
(colorectal) and MCF7 (breast cancer) lines after 72 h of exposure to 20 umol/L. And
they did not produce cytotoxic effects in normal cells (Macrophage J774), with 1Cso
below 100 uM.

Among the most studied diterpenes, copalic acid stands out and, in this study,
demonstrated significant cytotoxic potential in leukemic cell lines. Previous studies
corroborate these findings. ABRAO et al. (2015) reported the cytotoxicity of copalic acid
in several human tumor lines, including breast adenocarcinoma (MCF-7), cervical
adenocarcinoma (HelLa), hepatocellular carcinoma (HepG2) and glioblastoma (MO59J,
U343 and U251), with ICs values ranging from 44.03 to 351.20 pug/mL. On the other
hand, MAURO et al. (2019) observed that, when evaluating the cytotoxicity of copalic
acid in the human colon adenocarcinoma cell line (Caco-2), exposure to the compound at
concentrations between 3.9 and 250 uM for 24 hours did not result in significant cell
death. These results suggest that the cytotoxicity of copalic acid can vary considerably
depending on the type of tumor cell, highlighting the importance of specific studies for
different types of cancer.

Polyalthic acid was previously evaluated against two human tumor cell lines,
HelLa and MCF-7, and the results indicated that this compound did not show cytotoxicity
in any of these cells (SOUZA et al., 2020). However, our findings reveal a different

behavior, as this compound showed cytotoxic potential for both leukemic cells used.
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These results suggest that the cytotoxic activity of polyaltic acid may be specific to certain
types of tumor cells.

Regarding studies of these acids in leukemic cells, Vero and PBMCs, we found
few data available. However, existing research focuses on other cell lines and/or other
diterpenic acids. From the available data, it is observed that copalic and polyaltic acids
demonstrate high toxicity in both tumor and normal cells. On the other hand, 3-acetoxy-
copalic acid and 3-hydroxy-copalic acid showed cytotoxicity in cancer cells, and low or
no toxicity in normal cells, depending on the dose.

In the study by ZHAO et al. (2023), VERO cells were exposed to selenium-
chitosan-polyethylene glycol-carvacrol nanocomposites, a monoterpene, at various
concentrations. The authors observed that these nanocomposites did not significantly
affect the viability of VERO cells at all doses tested. In contrast, the study by JAMES et
al. (2024) evaluated the cytotoxicity of the flavonoid naringenin-7-O-glucoside in VERO
cells, reporting an 1Cso of 1196.52 pg/pL.

Although our results do not include direct evaluation of these specific compounds,
the determination of a safe dosage for other compounds in VERO cells is consistent with
the general methodology and approach of these studies. Such consistencies highlight the
relevance and applicability of our findings in the context of cytotoxicity and safety of
novel bioactive compounds in VERO cells.

Regarding studies of these acids in leukemic cells, we found few data available.
However, existing research focuses on other cell lines and/or other diterpenic acids. From
the available data, it is observed that copalic and polyalthic acids demonstrate high
toxicity in both tumor and normal cells. On the other hand, 3-Acetoxy-copalic acid and
3-Hidroxy-copalic acid, despite their toxicity in cancer cells, showed low or no toxicity
in normal cells, depending on the dose.

Our experiments using the VERO cell line demonstrated that the copalic and
polyalthic acid compounds have a safe dosage for use below 6 pg/ml, while the 3-
Acetoxy-copalic acid and 3-Hidroxy-copalic acid compounds have a safety margin for
dosages below 25 pg/ml. These findings are congruent with the studies conducted by
ZHAO et al. (2023) and JAMES et al. (2024), in which different substances were tested
on VERO cells to evaluate cytotoxicity.

In the study by ZHAO et al. (2023), VERO cells were exposed to selenium-
chitosan-polyethylene glycol-carvacrol nanocomposites, a monoterpene, at various

concentrations. The authors observed that these nanocomposites did not significantly
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affect the viability of VERO cells at all doses tested. In contrast, the study by JAMES et
al. (2024) evaluated the cytotoxicity of the flavonoid naringenin-7-O-glucoside in VERO
cells, reporting an 1C50 of 1196.52 pg/pL.

Although our results do not include direct evaluation of these specific compounds,
the determination of a safe dosage for other compounds in VERO cells is consistent with
the general methodology and approach of these studies. Such consistencies highlight the
relevance and applicability of our findings in the context of cytotoxicity and safety of new
bioactive compounds in VERO cells.

Therefore, when we consider the broad biodiversity of Amazonia, the immense
potential of this biological wealth for the discovery and development of new drugs of
natural origin becomes evident (CASTRO et al., 2023; PAVI et al., 2023). The Amazon
rainforest, with its incomparable diversity of plant species, offers an invaluable source of
bioactive compounds that can be explored for therapeutic applications. However, despite
this potential, the number of studies carried out with these isolated compounds remains
limited, highlighting a need for further exploration of this resource (BOLZANI et al.,
2012; ALMEIDA-SILVA et al., 2022CONCEICAO et al., 2023).

Each plant species presents a complex network of biosynthetic pathways, which
are capable of producing a variety of molecules with different structures and
pharmacological properties, offering a range of possibilities for therapeutic applications
(BOLZANI et al., 2012; ALMEIDA-SILVA et al., 2022CONCEICAO et al., 2023).
Previous experiences with plant-derived molecules have provided important information
for the development of effective drugs. For example, drugs such as vincristine, paclitaxel,
irinotecan and roscovitine were developed from plant compounds and are used in cancer
therapy around the world (CASTRO et al., 2023).

The search for new antitumor drugs from natural sources is driven by the
limitations of conventional treatments, such as high toxicity and resistance of tumor cells
to chemotherapy (SUN et al., 2013). Although there has been a significant improvement
in cancer treatment in recent decades, there are still barriers in obtaining antitumor drugs,
including high toxicity, solubility, bioavailability and cost-effectiveness (DE OLIVEIRA
et al., 2020).

Therefore, research into the biological activity of Copaifera oleoresin, especially
its effectiveness in treating cancer, is extremely important. This area of study is
fundamental, covering several essential steps: the isolation of the active compounds

present in the oleoresin, the detailed chemical characterization and the evaluation of its
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biological activity. Accurate identification and analysis of these components can provide
essential information for the development of new therapeutic agents (ABRAO et al.,
2015; ARRUDA et al., 2019; CHIBAS et al., 2019; DA TRINDADE; DA SILVA;
SETZER, 2018; DE LIMA et al., 2022).

Several scientific investigations have corroborated the antineoplastic capacity of
natural substances and bioactive derivatives from plants. In specific circumstances, these
substances have also been shown to be effective against particular side effects associated
with chemotherapy treatments (ROY etal., 2018; MECHCHATE et al., 2020). Therefore,
it is important to highlight the mechanisms of action underlying the biological properties
of these compounds, which include the ability to arrest the cell cycle, trigger apoptotic
pathways and block both angiogenesis and the spread of cancer cells (SUBRAMANIAM;
SELVADURAY; RADHAKRISHNAN, 2019).

These findings suggest that these substances and their derivatives may have
potential therapeutic application in cancer treatment, not only due to their intrinsic ability
to inhibit uncontrolled cell growth, but also by mitigating the adverse effects often
associated with conventional chemotherapy therapy. This duality of beneficial effects
highlights the promising nature of these substances in the field of oncology and paves the

way for a more comprehensive and less harmful approach to cancer treatment.

5. Conclusion

Our findings demonstrated that diterpene compounds isolated from Copaifera spp
oleoresin exhibit cytotoxic activity in neoplastic cells, but present dose-dependent
toxicity in normal cells. Specifically, 3-hydroxy-copalic acid showed significant toxicity
in K562 and HL60 neoplastic cells, with minimal effects on normal cells, suggesting its
potential as a cancer therapeutic agent. This compound stands out as a promising
candidate. Additional research is needed to elucidate its mechanism of action and explore
its therapeutic use or as an adjuvant in cancer treatments, aiming for greater efficacy and

lower toxicity.
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Abstract

Inflammation is crucial in cancer progression, driven by mediators released by inflammatory cells.
Neutrophils play dual roles in tumorigenesis by influencing tumor growth. Bioactive compounds, such as
3-acetoxy-copalic acid and 3-hydroxy-copalic acid, show promise in modulating immune responses. This
study evaluates their impact on neutrophil function using methods including viability assays, measuring
reactive oxygen species (ROS) via immunofluorescence assay, and quantifying the formation of neutrophil
extracellular traps (NETS). Furthermore, cytokine expression profiles were analyzed using ELISA
techniques. The results indicate that these compounds support neutrophil viability while increasing the
release of ROS and NETs. They also elevate histone release and modulate cytokine levels (IL1, IL6, ILS,
IL10). These findings highlight the complex immunomodulatory effects of the compounds, highlighting
the need for further elucidation of mechanisms and methodological references in future studies.

Keyword: Neutrophils, compounds, immunomodulation, inflammation, cytokines.

1. Introduction

Inflammation is a complex biological response that plays a central role in cancer,
influencing everything from initiation to progression and spread of the disease.
(COLOTTA et al., 2009). Inflammatory cells infiltrating tumor microenvironments
secrete a variety of mediators, such as cytokines, chemokines, and growth factors, that
promote cell proliferation, angiogenesis, invasion, and tumor metastasis (COLOTTA et
al., 2009). Among these immune system cells, neutrophils have been increasingly
recognized as important participants in this inflammatory tumor process. Its activity can
be both pro-tumor, contributing to the promotion of tumor growth and the suppression of
the anti-tumor immune response, and anti-tumor, exerting cytotoxicity and immune
modulation functions against cancer cells (FRIDLENDER et al., 2009; OSTRAND-
ROSENBERG; SINHA, 2009; SMITH; KANG, 2013).

121



Consequently, increasing recognition of the role of neutrophils in tumor biology
has been observed. In fact, recent studies have demonstrated both pro-tumor and anti-
tumor properties attributed to these cells (COOLS-LARTIGUE et al., 2014; MIZUNO et
al., 2019). In recent years, research has been conducted to investigate how various
functions of neutrophils influence tumor growth and development (LIU; LIU, 2019;
MASUCCI et al.,, 2020; MIZUNO et al., 2019). Among these functions, direct
cytotoxicity, secretion of Reactive Oxygen Species (ROS), Nitric Oxide (NO) and
proteases, NETosis, autophagy, as well as the modulation of other cells of the immune
system stand out (LI1U; L1U, 2019; MASUCCI et al., 2020; MIZUNO et al., 2019).

The production of ROS by neutrophils plays a key role in their ability to eliminate
pathogens (AMULIC et al., 2012). When activated, neutrophils generate ROS such as
superoxide (O2-), hydrogen peroxide (H202) and hydroxyl radical (OH-), mainly through
the activation of the Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase
complex in the cell membrane. These ROS have potent oxidative properties that are
effective in destroying pathogens including bacteria, fungi and viruses (BELAMBRI et
al., 2018; WINTERBOURN; KETTLE; HAMPTON, 2016).

However, in certain conditions, such as chronic inflammation or the presence of
tumors, excessive ROS production by neutrophils may play a paradoxical role (AMULIC
et al., 2012; TOLLER-KAWAHISA et al., 2023). On the one hand, high levels of ROS
can damage healthy host cells and contribute to chronic inflammation, promoting tumor
progression. On the other hand, ROS can cause oxidative damage in tumor cells,
indirectly contributing to tumor suppression (TOLLER-KAWAHISA et al., 2023). Thus,
the role of neutrophils in ROS production and their ability to eliminate pathogens are
closely linked to the context in which it occurs. Under normal conditions, the controlled
production of ROS by neutrophils is essential for host defense against infections.

Neutrophil Extracellular Traps (NETS), in addition to their antimicrobial function,
have been increasingly recognized as playing a relevant role in tumor biology (BERGER-
ACHITUV et al., 2013; COOLS-LARTIGUE et al., 2013). These three-dimensional
structures, composed mainly of nuclear DNA, are decorated with modified histones,
which play a crucial role in regulating the structure and function of NETS(SANGALETTI
et al., 2014). Histones not only contribute to the stability and integrity of the DNA
network, but are also involved in modulating the immune and inflammatory response in
the tumor microenvironment (SANGALETTI et al., 2014).
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In this way, neutrophils play an essential role in modulating other cells of the
immune system, exerting influence on a variety of adaptive immune cells, such as T
lymphocytes, B lymphocytes, macrophages and dendritic cells (L1U; LIU, 2019). This
modulation process is mediated by a series of mechanisms, including the secretion of
cytokines, chemokines, growth factors and cell adhesion molecules (LIU; LIU, 2019).

Neutrophils can secrete a wide range of soluble mediators, such as interleukin-8
(IL-8), tumor necrosis factor alpha (TNF-a), gamma interferon (IFN-y), among others,
which exert direct effects on the activation and function of other immune cell (MIZUNO
et al., 2019; SHAUL; FRIDLENDER, 2019). Furthermore, neutrophils can also express
surface molecules, such as adhesion ligands and costimulatory molecules, which interact
with receptors on adjacent immune cells, modulating their activity (MIZUNO et al., 2019;
SHAUL,; FRIDLENDER, 2019).

This intricate interaction between neutrophils and other cells of the immune
system plays a key role in coordinating the immune response against pathogens and tumor
cells. However, imbalance in this regulation may contribute to the development of
immunological disorders and pathological conditions, highlighting the importance of
understanding the mechanisms involved in the modulation of immune responses by
neutrophils.

Furthermore, another way to modulate these cells is through bioactive compounds,
which can act in several ways, including regulating the production of reactive oxygen
species, modulating the release of cytokines and chemokines, and altering the phagocytic
capacity of neutrophils (GUPTA; CHANDAN; SARWAT, 2022a; SANTIAGO et al.,
2023). These compounds can either potentiate or attenuate neutrophil responses,
depending on the immunological context and the specific characteristics of the compound
in question. This ability to modulate neutrophils may have important implications for the
regulation of inflammation, the immune response and immunological homeostasis,
highlighting the therapeutic potential of bioactive compounds in the context of
inflammatory and infectious diseases (GUPTA; CHANDAN; SARWAT, 2022b;
SANTIAGO et al., 2023).

The objective of this study was to investigate the impact of 3- Acetoxy-copalic
acid and hydroxycopalic acid compounds on the modulation of neutrophil activity and

function.

2. Methodology
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2.1. Obtaining the compounds

The compounds used in this study were previously isolated, identified and
structurally elucidated as “3-acetoxy-copalic acid and 3-hydroxy-copalic acid”, according
to methodologies and results described in detail in the article entitled "Anticancer
Properties of Diterpenes Isolated from Copaifera spp” (Almeida-Silva et al., 2024).

2.2. Neutrophil Isolation

Blood was collected from self-declared healthy donors in 9mL vacuum tubes
containing heparin. For the separation of leukocytes, the density gradient method was
used using Histopaque-1077 (Sigma-Aldrich). The tubes containing Histopaque and the
blood collected in a 1:1 (v/v) ratio were centrifuged at 600 xg for 30 min at 20°C.
Neutrophils, as they are denser, remain at the bottom of the conical tubes, next to the red
blood cells. This portion was collected, and the erythrocytes were lysed 3 times, using
lysis buffer (150 mM NHA4CI, 10 mM KHCO3, 0.1 mM Na2-EDTA, pH 7.2) (1:1), ata
temperature of - 20°C for 5 min and centrifuged at 600 x g for 5 min at 4°C. Neutrophils
were washed three times with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCI, 9.1 mM Na2HPO4.2H20, 1.8 mM KH2PO4, pH 7.4) and solubilized in RPMI
culture medium. supplemented with gentamicin (100 pg/mL), L-glutamine (2 mM) and
10% fetal bovine serum. An aliquot of cells was used to determine the total number of
cells in the Neubauer chamber after staining with Turk's solution (1:20 v/v) (PONTES et
al., 2014).

2.3. Activation of Neutrophils

For cell stimulation, isolated human neutrophils were incubated with RPMI
culture medium (negative control), LPS (Eschericia coli Lipopolysaccharide; 1 pg/mL)
and PMA (50 pg/mL) for 5 hours at 37°C in a humidified atmosphere and 5 % CO- and
3- Acetoxy-copalic acid and 3-hydroxy-copalic acid compounds at concentrations of 25
t0 6.2 pg/mL.

2.4. Determination of Cellular Viability

To determine the cytotoxicity of 3- Acetoxy-copalic acid and 3-hydroxy-copalic
acid, neutrophils were incubated for 5 hours in concentrations of 25 to 6.2 pg/mL of both
compounds. The cells were then labeled with anti-CD16 (FITC), anti-CD66 (PE)
antibodies and the cell viability marker VViakrome405 for 15 minutes. After that, 100,000
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events were acquired from each sample using the Cytoflex S flow cytometer (Beckman
& Coulter). Viability data was analyzed using GraphPad Prism9 software. Data were
presented as mean +- standard error, followed by Tukey's post-hoc test. The P value

considered statistically significant was <0.05.

2.5. Lactate Dehydrogenase Dosage

Cell culture supernatant samples from neutrophils stimulated for 5 h as described
in the item above were used to determine the concentration of lactate dehydrogenase
(LDH) using the LDH Liquiform kit (Labtest). The assay was carried out according to the

manufacturer's instructions and the results were expressed in U/L (BOENO et al., 2019).

2.6.Quantification of DsDNA Release

To determine DNA release, neutrophils (2 x 10° cells/100 uL) were incubated with
3- Acetoxy-copalic acid and 3-hydroxy-copalic acid at non-cytotoxic concentrations
(experimental group), PMA (500 ng/mL) or RPMI (negative control group).
Quantification of DSDNA release was determined in the supernatant using the picogreen
dsDNA kit (Invitrogen). As a control, DNA released from neutrophils after lysis with
0.1% Tween 20 was used. NETs concentrations were calculated using standard DNA

(Sigma).

2.7.Neutrophil Immunofluorescence

Human neutrophils (2x10%) were incubated for 3 hours and then allowed to adhere
to coverslips treated with Poly-L-Lysine (100 pg/mL, Sigma Aldrich) and placed in 24-
well plates. Then, cells were fixed with 4% paraformaldehyde (Electron Microscope
Science) at room temperature for 15 min, followed by permeabilization with acetone and
incubation with the anti-Histone H3 primary antibody (1:250; Termo Fisher) overnight.
After this period, incubation was carried out with an anti-rabbit secondary antibody
coupled to Rhodamine (1:120; Sigma Aldrich) for 1 h. Cells adhered to the coverslips
were mounted with Fluoroshield containing DAPI (Sigma-Aldrich) for staining the
nucleus and sytox Green (1:100; Sigma-Aldrich) for staining the NETs. The slides were
analyzed using a Nikon Eclipse Ti microscope coupled to a Nikon AX confocal system
using a 100x oil immersion objective. Images were captured and rendered in 3D using
constant automatic gain across conditions. Images were processed using ImageJ software

(National Institutes of Health) to determine the mean fluorescence intensity levels of 50
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impartially selected consecutive cells. The results were expressed as the normalized mean

of the total cell number.

2.8. Quantification of Reactive Oxygen Species (ROS) Production by DCFDA

To evaluate total ROS production, neutrophils stimulated with RPMI (negative
control), LPS (1 pg/mL), PMA (50 pg/mL) and with 3- Acetoxy-copalic acid and 3-
hydroxy-copalic acid compounds for 3 hours were resuspended in Hanks medium (CaCl2
1.26 mM; KCI 5.33 mM; KH2PO4 0.44 Mm; MgClI 0.50 mM; MgSO4 0.41 mM; NaCl
138 mM; NaHCO3 4.0 nM; Na2HPO4 0.30 Mm; C6H1206 5.60 Mm) and added to a
black 96-well plate in a volume of 100 pL (2x105 cells/well), plus 100 uL of DCFDA
fluorophore solution (dichlorofluorescein 2',7'-diacetate, 10 M), for 30 minutes, at 37°C,
protected from light. After this period, fluorescence was determined in a
spectrophotometer with excitation at 485 nm and emission at 528 nm. Data were

expressed as fluorescence intensity.

2.9. Determination of cytokine production by Enzyme-Linked Immunosorbent
Assay (ELISA)

For the measurement of cytokines (IL-6, IL-1f, IL-8, IL-10) by ELISA, the cells
(2 x 10° cells/100 pL) were incubated (2 H) with 3- Acetoxy-copalic acid and 3-hydroxy-
copalic acid at concentrations not -cytotoxic, RPMI (negative control group), LPS (1
ug/mL) or PMA (500 ng/mL) (positive controls). The 96-well plates (NUNC MaxSorp)
were sensitized with capture antibodies dissolved in 0.1M phosphate buffer pH 9.0, for
12 h, at 4° C. Then, the plates were washed with PBS-Tween (PBS containing 0 .5%
Tween 20) and, subsequently, the free sites were blocked with 200 mL of blocking buffer,
containing 1% BSA in PBS and the plates were incubated for 18 h at 4°C. Next, the plates
were washed three times with PBS-Tween and 50uL of neutrophil culture supernatant or
standards (recombinant) were added and incubated for 2 h at 4° C. Then, the plates were
washed with PBS-Tween and 100 pL of biotinylated antibody solution was added and
incubated for 1 h at room temperature. After four washes, the presence of biotinylated
antibodies can be detected with 100uL of streptoavidin-peroxidase (1:1000). After
incubation for one hour at room temperature, the plates were washed with PBS-Tween

and 100 pL of chromogenic reagent (3,3',5,5'-tetramethylbenzidine 0.1 mg/mL) dissolved
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in phosphate-citrate buffer 0. .05M (pH 5.0), containing 0.03% hydrogen peroxide. The
reaction was stopped after 20 min of incubation at room temperature by adding 50 pL of
2.5M sulfuric acid. Absorbance was determined in a spectrophotometer at 450 nm and
the results were compared to a standard curve performed with the corresponding

recombinant cytokine to determine the concentration of cytokines represented in ng/mL.

2.10. Statistical analysis

The means and Standard Error of the Mean (S.E.M.) of all data were obtained.
Statistical significance was determined using a t test or analysis of variance (ANOVA)
followed by the Tukey post hoc test. Statistical significance was determined to be p <

0.05. Analysis was completed using GraphPad Prism.

3. RESULTS

3.1.Effect of compounds on cell viability

To assess the relative viability of cells following treatment, 3-acetoxy-copalic acid
and 3-hydroxy-copalic acid were subjected to in vitro tests. These tests involved exposing
cells to various concentrations of the compounds for a five-hour period. The results
obtained, as illustrated in figure 1, indicate that the cells remained viable at all
concentrations tested, demonstrating the absence of induction of cell death by the

compounds.
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Figure 1. Cytotoxic effect of the compounds 3- Acetoxy-copalic acid and 3-hydroxy-copalic acid on
neutrophils. Treated with different concentrations (25, 12.5, 6.2 pug/mL) of the compound for 5 hours.
RPMI, PFA, PMA, LPS and DMSO were used as controls. Represented as the mean and standard error of
3 donors. *P<0.05, compared to the negative control. (Data were presented with ANOVA followed by
Tukey post-test).

3.2. Effect of compounds on the production of Active Oxygen Species (ROS)

Our findings indicate that both 3-acetoxycopalic acid and 3-hydroxycopalic acid
can induce the production of reactive oxygen species (ROS) in neutrophils. However, a
greater production of ROS was observed at concentrations of 1.5 pg/mL The analysis
presented in figure 2 shows that these results were statistically significant (p<0.05) at all

concentrations tested, even exceeding the levels observed in the positive control (LPS).
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Figure 2. Production of Reactive Oxygen Species (ROS) by human blood neutrophils. The H202
production assay was performed with human neutrophils (2x10°) from 3 different donors (3 Ns), stimulated
with RPMI (negative control), LPS (1 pg/mL; positive control) or with the compounds (25, 12.5, 6.2, 3.1,
1.5, ng/mL) for 3 h at 37°C and 5% CO2. The results were expressed as fluorescence intensity, represented
as the mean and standard error of 3 donors. *P<0.05, compared to the negative control. (Data were presented
with ANOVA followed by Tukey post-test).

3.3. Effect of compounds on the release of Neutrophil Extracellular Traps
(NETS)
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The results demonstrated that all tested concentrations triggered a significant
release of NETS, suggesting a strong cellular response to the presence of these
compounds. Interestingly, an inverse dose-dependent relationship was observed, with

NET release increasing as the compound concentration decreased (Figure 3).

NETs
400~
E= Untreated
. 300- =1 PMA
E . _’;_ mEm DMSO
2 2001 — ¥, ¥ O HYDX
g . * * B3I ACETX
D *
100-
0 T T T T T | | | | | 1 | |
DO DN YD D DN YD
ST VTRl Pt elg?
S Q
&
N)

concentratrion .g/mL

Figure 3. Assessment of NETs Release by Neutrophils. The NETSs release assay was performed with
human neutrophils (2x105) from 3 different donors (3 Ns), stimulated with PMA (500 ng/mL) or RPMI
(negative control), with the compounds (25, 12.5, 6.2, 3.1, 1.5, pg/mL) for 5 h at 37°C and 5% CO,. Using
the LDH Liquiform kit (Labtest) and the picogreen dsDNA kit (Invitrogen). NETs concentrations were
calculated using standard DNA (Sigma).

To verify the presence and composition of NETs, we performed an
immunofluorescence assay on neutrophils stimulated with 3-acetoxy-copalic acid and 3-
hydroxy-copalic acid for 1 hour. This assay specifically targeted histones, a key
component of NETs. The results revealed a significant increase in histone release
compared to the control group, indicating that both compounds stimulated NET
formation. These findings support the role of terpene compounds in regulating neutrophil-
mediated immune responses. They suggest the potential of these compounds to modulate

neutrophil activity and the resulting inflammatory response.
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Figure 4. Cell area analysis in human neutrophils by immunofluorescence. The immunofluorescence
assay to determine the cell area was performed with human neutrophils (2x10%) from 3 different donors (3
Ns) stimulated with RPMI (negative control), LPS (1 pg/mL; positive control) for 1 h at 37 °C and 5%
CO,. Images were collected with constant automatic gain between samples at 1000x magnification.
Representative figure from an experiment of three independent experiments (A). Average cell area analysis
was calculated using 50 cells in the field of view of each condition collected unbiasedly (C) and plotted as
area per cell in um (D). Values are the mean and standard error of 3 donors. *P<0.05, **P<0.01,
***pP<(.001, ****P<0.0001 compared to negative control (data were presented with ANOVA followed by
post-test Dunnett). The illustration was created with Biorender (https://biorender.com).

3.4. Dosage of cytokines in neutrophils

Neutrophils were treated with 25, 12.5 and 6.2 pug/mL of 3-acetoxy-copalic acid
and 3-hydroxy-copalic acid. Treatment with both compounds resulted in a significant
reduction in IL1p levels (p<0.05). Notably, IL6 levels were significantly increased with
3-hydroxy-copalic acid at 25 pg/mL (p<0.05) and with 3-acetoxy-copalic acid at 12.5
ug/mL (p<0.05), compared to untreated cells. Both compounds induced the production of
IL8 at concentrations of 25 and 12.5 pg/mL. Furthermore, IL10 levels were significantly
increased with 3-acetoxy-copalic acid at 12.5 and 6.2 pg/mL, while 3-hydroxy-copalic
acid significantly reduced IL10 levels at all concentrations tested, compared with

untreated cells.
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Figure 5. Immunomodulatory effects of 3-acetoxy-copalic acid and 3-hydroxy-copalic acid on cytokine production in human neutrophils. Immunomodulatory effect of
3- Acetoxy-copalic acid and 3-hydroxy-copalic acid compounds. The levels of the cytokines IL1p, IL6, IL8 and IL10 were evaluated by ELISA in the supernatant of human

neutrophils from 3 different donors (3 Ns) treated with concentrations of 25, 12.5, 6.2 pg/mL of the compounds. Statistical significance was represented by asterisks; *p<0.05.
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4. DISCUSSION

Tumor-Associated Neutrophils (TANs) are infiltrating cells in the tumor
microenvironment that, like Tumor-Associated Macrophages (TAMs), present clear functional
plasticity, allowing their polarization into an anti-tumorigenic “N1” phenotype or a pro-
tumorigenic “N2” phenotype. -tumorigenic (MIZUNO et al., 2019).

"N1" neutrophils exhibit increased cytotoxicity and reduced immunosuppressive
capacity, highlighted by the production of tumor necrosis factor (TNF)-a, intercellular adhesion
molecule (ICAM)-1, reactive oxygen species (ROS) and Fas, in addition to the decrease in
arginase expression (FRIDLENDER et al., 2009; LIANG et al., 2014; MIZUNO et al., 2019).
Grecian, Whyte e Walmsley (2018) emphasized the ability of neutrophils to induce tumor cell
lysis through the production of hypochlorous acid, a process mediated by ROS. The production
of hypochlorous acid involves the enzyme myeloperoxidase (MPO), which uses hydrogen
peroxide (H203), a byproduct of ROS, to generate hypochlorous acid, acting as an antimicrobial
and cytotoxic agent, causing significant damage to tumor cells and leading to their death.

Our results indicate that 3- Acetoxy-copalic acid and 3-hydroxy-copalic acid
demonstrated an "N1" response pattern in neutrophils, promoting the viability of neutrophils.
Maintaining this viability is essential to preserve the functionality of the immune system,
fighting infections and improving the effectiveness of the antitumor response of bioactive
compounds ((FRIDLENDER et al., 2009). Less toxic compounds reduce the incidence of
immunological complications, such as neutropenia, contributing to greater tolerability of the
treatment. Furthermore, maintaining cell viability prevents immunosuppression, avoiding
vulnerabilities to infections and allowing effective immune responses against tumors.

These compounds further triggered the release of reactive oxygen species (ROS) and
induced a dose-dependent increase in NET release. Interestingly, NET release was highest at
lower compound concentrations.

Activated neutrophils have the ability to release NETSs as a strategy to capture and retain
circulating tumor cells in the blood, inhibiting their spread to other organs and tissues
(NAJMEH et al., 2017). Once captured by NETSs, both tumor cells and pathogens can be
targeted by immune effector cells such as Natural Killer (NK) cells and cytotoxic T cells,
promoting their elimination. NETs may play a role in the formation of an inflammatory
microenvironment, contributing to the activation of the immune system to combat cancer cells
and infections (NAJMEH et al., 2017). These findings highlight the complexity of interactions
between neutrophils, NETSs, and target cells. Our study suggests a direct association between



the compounds and NETSs, highlighting their potential to modulate immune responses and
paving the way for new therapeutic approaches to treat inflammatory diseases, infections and
cancer.

To validate these results, neutrophils treated with the compounds were subjected to
measurement of the cytokines IL1p and IL6, revealing a significant reduction in these
cytokines. Research indicates that the reduction of IL1p and IL6 cytokines in neutrophils may
be associated with the modulation of the inflammatory response, crucial for controlling
inflammation and pathological conditions, such as hematological malignancies (CAMACHO;
KUZNETSOVA; WELNER, 2021; BAK et al., 2017; KLEPPE et al., 2015)(Kleppe et al.,
2015; Bak et al., 2017; Camacho et al., 2021). Cytokines such as IL-1f, IL-6, IFN-y and TNF-
a play key roles as immunomodulators in the progression of leukemic diseases (CAMACHO;
KUZNETSOVA; WELNER, 2021; BAK et al., 2017; KLEPPE et al., 2015).. These results
suggest a potential modulatory effect of the 3- Acetoxy-copalic and 3-hydroxy-copalic acids on
the expression of pro-inflammatory cytokines, highlighting their possible relevance in the
regulation of the immunological response associated with neutrophils. These findings highlight
the ability of compounds to modulate the inflammatory response in pathological conditions
were exacerbated neutrophil activation plays a significant role.

In this study, the diterpenic acids, 3-acetoxy-copalic acid and 3-hydroxy-copalic acid,
demonstrated a significant ability to reduce the pro-inflammatory cytokines IL1p and IL6 in
neutrophils. These results are particularly relevant in light of the research by BLAZEK et al.
(2015), who highlighted the crucial role of neutrophils in autoimmune arthritis and the efficacy
of IFN-A2/IL-28A treatment in reversing collagen-induced arthritis. IL-28A treatment not only
reduced the number of IL-17-producing Th17 and yd pro-inflammatory T cells in joints and
lymph nodes, but also limited the recruitment of IL-1p-producing neutrophils, essential for the
amplification of inflammation. Neutrophils, expressing receptors for IFN-A (IFNLR1) and IL-
28 (IL28RA), are potential targets for therapies that aim to modulate the inflammatory response,
suggesting a parallel with the effects observed of diterpenic acids in our study.

However, in relation to the cytokine IL8, the compounds demonstrated a significant
increase under the same experimental conditions. Furthermore, it was observed that 3- Acetoxy-
copalic acid increased IL10 levels, while 3-hydroxy-copalic acid resulted in a significant
decrease in all concentrations used, compared to the control. Indicating a complexity in the

cytokine response to the tested compounds, suggesting different mechanisms of action.



These findings emphasize the importance of evaluating the effects of compounds on

neutrophils to gain a comprehensive understanding of their impact on the immune response.

5. Conclusion

This study highlights the crucial role of neutrophils in the immune response and the
potential of diterpene bioactive compounds to modulate their activity. The ability of these
compounds to influence neutrophil function suggests promising therapies for inflammatory and
infectious diseases. More research is needed to fully elucidate the therapeutic mechanisms and

impacts of these compounds on neutrophils and the overall immune response.
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7. LIMITACOES

Durante a realizacdo da pesquisa, diversas limitagcbes impactaram significativamente o
progresso do projeto. A pandemia de COVID-19 foi uma das principais dificuldades
enfrentadas, impossibilitando o inicio das atividades planejadas devido as restricGes de acesso
aos laboratorios e as instituicdes de ensino e pesquisa. Esse atraso inicial teve um efeito domind,
comprometendo o cronograma e dificultando a execucéo das atividades previstas, uma vez que
a interacdo presencial e 0 uso de equipamentos laboratoriais eram essenciais para 0 andamento
do projeto.

Além disso, a auséncia de uma metodologia padronizada para o isolamento das
substancias necessarias representou um grande desafio. O processo de isolamento dos acidos,
crucial para o desenvolvimento da pesquisa, levou muito mais tempo do que o esperado.
Diversas tentativas e ajustes constantes foram necessarios, aumentando o0 tempo e 0S recursos
empregados para obter os compostos puros indispensaveis para 0s experimentos subsequentes.

Outro obstaculo significativo foi a adequacdo das concentracdes dos &cidos junto ao
diluente. Era fundamental garantir que o diluente utilizado ndo interferisse nos resultados,
assegurando que a acdo observada fosse exclusivamente dos compostos estudados. Esse
processo demandou indmeros testes e ajustes meticulosos para garantir a precisdo e a validade
dos resultados experimentais. A necessidade de assegurar que o diluente fosse inerte em relacao
aos compostos adicionou uma camada extra de complexidade ao trabalho laboratorial.

A auséncia de uma infraestrutura e recursos necessarios para a realizacdo de algumas
analises biologicas, resultou em um deslocamento para outro estado, o que ndo sé aumentou 0s
custos do projeto, mas também exigiu uma logistica complexa e tempo adicional. Esse
deslocamento gerou desafios de coordenacdo e planejamento, impactando diretamente o
cronograma de pesquisa e introduzindo incertezas adicionais quanto a viabilidade e ao tempo
de concluséo do projeto.

Além disso, a realizacdo dos ensaios bioldgicos foi prejudicada pela demora na chegada
dos reagentes, especialmente condicionada pela localizacao na regido Norte do pais. A logistica
complicada e os longos prazos de entrega para essa regidao contribuiram para atrasos adicionais,
dificultando ainda mais o progresso do projeto.

Essas limitacGes ilustram a complexidade e os desafios inerentes ao desenvolvimento

de uma pesquisa, ndo somente a nivel de doutorado.
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