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ESPIRITO SANTO, Renan Fernandes do. Caracterizacdo famacoldgica pré-clinica da
brailina em modelos experimentais de inflamacéo e asma. 2021. 92 f. Tese (Doutorado em
Biotecnologia em Saude e Medicina Investigativa) — Instituto Gongalo Moniz, Fundagédo
Oswaldo Cruz, Salvador, 2021

RESUMO

A inflamagdo é um quadro patoldgico resultante de um conjunto de a¢fes do organismo em
resposta a agentes irritantes ou causadores de lesdo tecidual; esse quadro pode levar aperda da
funcdo do orgdo afetado. Entre as diversas doencas inflamatorias respiratdrias cronicas, a
asma é um importante problema de saude publica que afeta 334 milhdes de pessoas no mundo
e mata cerca de 5 pessoas diariamente. O tratamento da asma € baseado na utilizacdo de
agonistas B2-adrenérgicos, glicocorticoides e inibidores de fosfodiesterase 4. No entanto, 0s
efeitos adversos a esses medicamentos, sobretudo mediante uso crénico, sdo as principais
limitacOes terapéuticas enfrentadas pelos pacientes. Os produtos naturais sé@o fontes de
moléculas bioativas amplamente empregados no desenvolvimento de novos farmacos; seu uso
historico permanece relevante nos dias atuais. A brailina, uma cumarina natural, apresenta
consistentes propriedades anti-inflamatorias associadas a mecanismos que sugerem seu
potencial no controle da asma. Dessa forma, o objetivo do presente estudo foi investigar o
potencial terapéutico da brailina em modelo murino de asma, bem como seu mecanismo
imunomodulador. A atividade imunomoduladora da brailina foi avaliada em cultura de
macrofagos estimulados com LPS+INFy quantificando-se 0s niveis de nitrito, IL-1p, TNF-a e
IL-6. O mecanismo de ac¢do foi investigado pela inibicdo farmacoldgica do efeitoda brailina
pelo antagonista glicocorticoide (RU-486) e por analise in silico de acoplamento molecular. A
atividade da brailina por via inalatéria foi determinada em modelo experimental de asma
induzida por ovalbumina em camundongos C57BL/6 BALB/c, machos, 20-25 ¢
(CEUA/FIOCRUZ/L-IGM-015/2013). Foram realizadas as contagens total e diferencial de
células inflamatorias no lavado broncoalveolar (LBA), quantificacdo de citocinas (IL-4, IL-5
e IL-13), avaliacdo do filtrado inflamatério e da producdo de muco pelas células caliciformes.
Em ensaios in vitro, a brailina exibiu atividade supressora dependente da concentracdo em
macrofagos ativados. Brailina (10-40uM) reduziu a producdo de nitrito, IL-1p, TNF-o ¢ IL-6
em células J774 e em macrofagos de exsudato peritoneal estimulados com LPS e IFN-y
(p<0,05). Resultados do acoplamento molecular sugeriram que a brailina apresenta uma pose
de interacdo paraatuar como um ligante do receptor de glicocorticoide. Corroborando essa
ideia, o efeito inibitério da brailina sobre os macréfagos foi prevenido pelo RU486, um
antagonista do receptor de glicocorticoide (p<0,05). Além disso, o tratamento com brailina
reduziu fortemente a atividade transcricional dependente de NF-xkB em células RAW
264.7 (p<0,05). A administracdo inalatéria de brailina (50mg/Kg) reduziu a celularidade total
no LBA em 45,32% e reduziu a quantidade de neutrdfilos e eosinofilos em relacdo ao
tratamento com veiculo (p<0,05); esses efeitos foram similares aos da administracéo sistémica
de dexametasona (30mg/kg, padrdo ouro). A liberacéo de citocinas tipo Th2 (IL-4, IL-5 e IL-
13) também foi reduzida nos animais tratados com brailina ou dexametasona (p<0,05). No
tecido pulmonar, a brailina e a dexametasona reduziram o infiltrado de células inflamatorias e
diminuiram a producdo de muco em relagdo ao grupo controle (p<0,05). Em conclusédo, a
brailina promoveu uma importante atividade imunomoduladora em macrofagos via receptor
glicocorticoide; ademais, o tratamento inalatério com brailina reduziu diferentes parametros
da asma experimental em camundongos, indicando que este composto tem potencial para o
desenvolvimento de novos farmacos para o controle da asma.

Palavras-chave: Imunomodulagdo. Brailina. Asma.
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ABSTRACT

Inflammation is a pathological condition that results from a set of reactions from the organism
to irritant or damaging agents; this condition can lead to the loss of function ofthe affected
organ. Among the several chronic inflammatory disorders of the airways, asthma is a serious
public health issue that affects 334 million people worldwide, killingapproximately 5 people
daily. The treatment of asthma is based on [2-adrenergic agonists, glucocorticoids, and
phosphodiesterase-4 inhibitors. However, the adverse effects of these drugs are a major
therapeutic limitation faced by patients, specially afterchronic exposure. Natural products are
rich sources of bioactive molecules widely used in the development of new drugs; their
historical use is still currently relevant. Braylin, a natural coumarin, has consistent anti-
inflammatory properties associated with mechanisms that indicate its potential in the
treatment of asthma. Therefore, the aim of this study was to investigate the therapeutical
potential of braylin in a murine model of asthma, as well as its immunomodulatory
mechanism. The immunomodulatory action of braylin was evaluated in cultivated
macrophages stimulated with LPS+INFy by quantifying the levels of nitrite, IL-1B, TNF-a,
and IL-6. The mechanism of action was investigated by the pharmacological inhibition of
braylin’s effect by the glucocorticoid antagonist (RU-486) and by in silico analysis of
molecular docking. The effect of braylin by inhalation route was determined in an
experimental ovoalbumin-induced model of asthma in male BALB/c mice weighting 20-25 g
(permit number CEUA/FIOCRUZ/L- IGM-015/2013). Total and differential counts of
inflammatory cells in the bronchoalveolar lavage (BAL) were performed, along with
quantification of cytokines (IL-4, IL-5, and IL-13), evaluation of the inflammatory filtrate,
and evaluation of mucus production by goblet cells. In in vitro assays, braylin exhibited
concentration-dependent suppressive activity on activated macrophages. Braylin (10—-40uM)
reduced the production of nitrite, IL-1, TNF-a, and IL-6 in J774 cells and in macrophages
from peritoneal exudate stimulated with LPS and IFN-y (p<0.05). The results from molecular
docking suggested that braylin presents an interaction pose to act as a ligand of glucocorticoid
receptor. Corroborating this idea, the inhibitory effect of braylin on macrophages was
prevented by RU486, a glucocorticoid receptor antagonist (p<0.05). Moreover, the treatment
with braylin strongly reduced NF-xB-dependent transcriptionalactivity in RAW 264.7 cells (p
<0.05). The inhalation of braylin (50 mg/kg) reduced thetotal cellularity in BAL by 45.32%
and reduced the number of neutrophils and eosinophils when compared to vehicle-treated mice
(p<0.05); these effects were similar to those induced by systemic dexamethasone (30 mg/kg,
reference drug). The release of Th2-typecytokines (IL-4, IL-5, and IL-13) was also reduced in
animals treated with braylin or dexamethasone (p<0.05). In the pulmonary tissue, both braylin
and dexamethasone reduced the inflammatory cells infiltrate and decreased mucus production
when comparedto the control group (p<0.05). In conclusion, braylin promoted a significant
immunomodulatory activity on macrophages via glucocorticoid receptors; moreover, the
inhalation treatment with braylin reduced different parameters of experimental asthma inmice,
indicating that this compound has a potential for the development of new drugsfor asthma
control.

Keywords: Immunomodulation. Braylin. Asthma.
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1 INTRODUCAO E JUSTIFICATIVA

Inflamacdo é uma resposta protetora do corpo contra condi¢Ges nocivas e interrupgdo
da integridade tecidual. Entretanto, o resultado deste mecanismo de defesa pode ser
prejudicial quando evolui para estados de inflamagdo crbnica, favorecendo ao
desenvolvimento de doengas graves como aterosclerose, cancer, asma, entre outras (OKIN;
MEDZHITQOV, 2012; ROIFMAN et al., 2011).

A asma é considerada um problema de satde publica mundial, que afeta populacdes
de todo o planeta, sendo considerada a 14% mais importante doenga no mundo em termos de
extensdo e persisténcia da incapacitacdo. Apenas no Brasil, ocorrem cerca de 56bitos por dia
e mais de 120.00 hospitalizagdes/ano decorrentes da asma levando a um gasto de 170 milhdes
de dolares a cada ano.

A farmacoterapia atual das doencas inflamatdrias é baseada nos anti- inflamatorios
ndo esteroidais e glicocorticoides. O tratamento adequado das desordens inflamatorias deve
ser capaz de controlar a inflamacdo, prevenindo danos aos tecidos e alcancando remissdo
da doenca. Entretanto, os tratamentos disponiveis ndo atendem plenamente essa demanda,
exibindo limitacGes de eficacia e apresentando efeitos adversos. Esse panorama é ainda mais
critico para as condicGes crénicas, como a asma, pois 0 uso prolongado dos glicocorticoides €
associado a efeitos adversos graves, que limitam a adesdo do paciente ao medicamento
aumentando as taxas de hospitalizacdo (DAUGHERTY et al., 2018; HUSCHER et al.,
2009). Esse panorama torna evidente a demanda por estudos focados no desenvolvimento de
novos medicamentos eficazes e com menos efeitos adversos para o tratamento das doencas
inflamatorias e asma.

Produtos naturais sdo fontes relevantes de moléculas com atividade anti- inflamatdria
e imunomoduladora. Essas atividades puderam ser observadas em inumerasclasses quimicas
como: alcaloides (WATZL, 2008), glicosideos (CHEENPRACHA et al., 2010) , flavonoides
(KIM et al. , 2004), 6leos essenciais (MIGUEL, 2010) e cumarinas (FYLAKTAKIDOU et al.,
2004) que apresentaram diferentes vias de modulacdo da resposta inflamatéria e
imune (AZAB; NASSAR; AZAB, 2016). A brailina que ¢ uma molécula da classe das
cumarinas apresenta algumas atividades farmacoldgicas a descritas: anti-agregante
plaquetéria, vaso relaxante, anti-HIV, e inibidora de fosfodiesterase 4, onde a inibi¢cdo da
fosfodiesterase 4 foi demonstrada em um ensaio in vitro junto com 21 outras cumarinas, todas
de origem natural (TSAI et al., 1997; RAKOTOARISON et al., 2003; XIE et al., 1999; LIN et

al.,, 2014). Considerando que inibidores da fosfodiesterase 4 vem sendo considerados
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promissores no tratamento de doencas inflamatdrias e respiratorias, o presente estudo
foi delineado para investigar o potencial farmacologico dessa cumarina em modelos
experimentais de inflamacdo e asma. Dados desse estudo podem contribuir para a
identificacdo de moléculas protétipos para o processo de desenvolvimento de novos farmacos

voltados ao tratamento da inflamacéo e asma.
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2 REVISAO DE LITERATURA

2.1 INFLAMACAO E CITOCINAS

A inflamagcéo foi inicialmente caracterizada com base na observagéo de seus chamados
“sinais cardinais” que sdo rubor, tumor, calor, dor e perda de funcgéo. Os quatroprimeiros sinais
cardinais de inflamacdo foram nomeados por Celsus na Roma antiga (30-38 a.C.) e o dltimo
por Galeno (130-200 d.C.) (MEDZHITOV, 2010; RATHER, 1971; TRACY, 2006). Mais
recentemente a inflamagdo foi descrita como “uma sucessdo de mudangas que ocorre num
tecido vivo quando este for danificado, desde que a lesdo ndo seja de tal grau, capaz de
destruir sua estrutura e vitalidade” (PUNCHARD; WHELAN; ADCOCK, 2004). Apoés a
ocorréncia da lesdo tecidual, muitos mediadores quimicos séo produzidos e liberados pelas
células lesadas e por células do sistema imune recrutadas, criando uma “‘sopa inflamatéria”
que contém citocinas, quimiocinas, prostaglandinas, bradicininas, fatores de crescimento do
nervo, purinas, aminas, ions e muitos outros (DRAY; URBAN; DICKENSON, 1994,
HADDAD, 2007).

O termo citocinas foi proposto por Cohen et al. em 1974 para substituir o termo
linfocinas, que caracterizava no final da década de 60 as “proteinas solUveis derivadas de
linfocitos que possuiam efeitos imunologicos” (DUMONDE et al., 1969). As citocinas sdo
moléculas pertencentes a um grande grupo de hormonios proteicos ndo enzimaticos, cujas
acOes sdo diversificadas e sobrepostas que atuam em diferentes células-alvo desencadeando
respostas e funcgdes fisiologicas (KELSO, 1998). (SHUBAYEV; KATO; MYERS, 2010)
ainda acrescenta que as citocinas sdo proteinas reguladoras liberadas por uma ampla
variedade de células com o objetivo de modular interacdes célula-célula desempenhando
fungdes importantes na dor, inflamacdo e resposta imune. Estas moléculas participam dequase
todos os processos bioldgicos, como o desenvolvimento embrionario, patogénese de doengas,
resposta ndo especifica as infecgdes, resposta especifica a antigenos, alteragdes nas funcées
cognitivas e progressdo dos processos degenerativos do envelhecimento, ou seja, desde a
formacéo até a morte do individuo (DINARELLO, 2018).

Diferentemente dos horménios classicos, as citocinas ndo sdo armazenadas como
moléculas pré-formadas e atuam tanto por mecanismos paracrinos (células vizinhas) quanto
autocrinos (préprias células produtoras) (LIN; CALVANO; LOWRY, 2000). De acordo com
Zhang (ZHANG; AN, 2007), diferentes tipos de celulas podem secretar umamesma citocina, e

uma mesma citocina pode atuar em diferentes tipos de células, fendmeno chamado de
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pleiotropia. Com frequéncia, uma citocina estimula as células-alvoa produzirem uma outra
citocina, ou modulam sua prépria sintese, iniciando um fenémeno em cascata.

Com relacdo a sua participacdo nos processos inflamatorios, as citocinas podem ser divididas
em pro-inflamatérias como por exemplo, interleucina-1p (IL-1p), fator de necrose tumoral-a
(TNF-a) e interleucina-6 (IL-6), e anti-inflamatorias como interleucina-10 (IL-10),
interleucina-13 (1L-13), fator de transformacdo do crescimento- 3 (TGF-B) (DINARELLO,
2018). Durante o curso da inflamacdo, tanto citocinas pr6 quanto anti-inflamatorias sdo
produzidas, e 0 seu balanco determina a magnitude da resposta inflamatéria (VERRI et al.,
2006). As citocinas anti-inflamatérias modulam os eventos imunes e inflamatorios, inibindo a

producdo e a atividade das citocinas pré-inflamatorias.

2.2 ASMA

No inicio da década de 90 a asma era definida como uma sindrome caracterizadapor
variaveis e reversiveis obstrucdes das vias aéreas, acompanhadas de um anormal aumento da
hiperresponsividade das mesmas a varios estimulos, porém apesar da existéncia de uma
definicdo, o autor ressalta que ainda ndo existia uma definicdo consensual para a doenca,
devido as diferentes causas, mecanismos e respostas as terapias (BOUSQUET et al., 1990).
Com o grande avanco do conhecimento no campo da imunologia, tem sido possivel elucidar
diversos pontos deinterrogacdo deixados nos anos anteriores e atualmente, de acordo com o
National Heart,Lung and Blood Institute (NHLBI) a asma € uma doenca pulmonar cronica que
inflama e contrai as vias aéreas sendo comum observarmos em pacientes asmaticos
periodos recorrentes de sibilancia, aperto no peito, falta de ar e tosse (NIH, 2007). Ja as
diretrizespara manejo da asma da Sociedade Brasileira de Pneumologia e Tisiologia acrescenta
em sua definicdo que para além da cronicidade e inflamacdo tecidual na asma existe a

participacdo de muitas células e elementos celulares (SBPT, 2012).

2.2.1 Epidemiologia

A asma entre outras diversas doencas respiratorias cronicas é um importante problema
de saude publica tendo um grande impacto negativo na populacdo(BOUSQUET; GODARD;
DAURES, 2005). Os numeros referentes a prevaléncia de asma no mundo sao
impressionantes e de acordo com o Global Asthma Network (2014) afetam 334 milhdes de

pessoas, sendo a 14 mais importante doenca no mundo em termos de extensao e duragdo da
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incapacidade provocada, além de ser mais dificil o controle em criangas e idosos.

No Brasil, de acordo com Cardoso et al. (2017), em 2013, ultimo ano pesquisado,
ocorreram aproximadamente 5 dbitos por dia e mais de 120.000 hospitalizacdes. A taxa de
mortalidade da asma em pacientes hospitalizados é de 0,5% eo tempo de hospitalizacéo gira
em torno de 3 dias. Também é importante ressaltar que ashospitalizacbes referentes a asma
geraram um custo ao sistema publico de salde quase 170 milhdes de dolares. Sendo que a
Bahia é o estado com a maior taxa de hospitalizacdo dentre todos os estados brasileiros,
chegando a cerca de 250 por 100.000 habitantes o quedaria um gasto de mais de 5 milhdes de
reais apenas no estado (CARDOSO et al., 2017), talvez este nimero maior de hospitalizacGes
na Bahia possaser atribuido a um programa de tratamento e distribuicdo de medicamentos para
pacientesasmaticos que se tornou referéncia para o Brasil, resultando em melhora do controle,
da qualidade de vida e da renda familiar (FRANCO et al., 2009) e que faz com que a Bahia
tenha o menor numero de 6bitos ligados a asma emtodo o Brasil.

Sabe-se também que o gasto com a utilizacdo de servicos de saude e com
medicacBes gastas dos pacientes asmaticos € o dobro entre pacientes com asma nao
controlada que entre aqueles com asma controlada, sendo a falta de controle da asma o fator
de maior influéncia na utilizagdo dos servicos de salde, aumentando 0s gastos
proporcionalmente a gravidade da doenca (SBPT, 2012). Com relacdo ao impacto da asma na
renda familiar, atualmente, os gastos chegam a 25% em pacientes de classes menos
favorecida, o que € 20% maior do que a recomendacédo da Organizacdo Mundial da Saude que

é de esses gastos ndo ultrapassem 20%.

2.2.2 Patogénese

A asma estad associada a resposta imune do tipo Th2, envolvendo eosinofilia,
mastocitose e elevagdo dos niveis de IgE desencadeada por alérgenos (SILVEIRA etal.,
2002). O alérgeno quando entra em contato com as células apresentadoras de antigeno, é
capturado e processado, permitindo a sua apresentacdo para linfécitos T CD4+ via MHCI|,
levando & ativacéo e a diferenciacdo destes em linfocitos Th2 (SILVA; VARGAFTIG, 2005).
A recirculacéo de linfocitos entre diferentes superficies mucosas € um dos componentes mais
importantes do sistemaimune pois permite que as respostas locais sejam integradas em rede.

Segundo Kumar e colaboradores (2000), a sequéncia de eventos que desencadeiam a
asma, inicia-se com a producdo de IgE pelos linfocitos B em resposta a primeira exposi¢ao ao

antigeno, chamada de sensibilizacdo. Esta producéo elevada de IgE¢ atribuida a interacdo entre
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linfocitos T e B que resulta no amadurecimento dos linfocitos B e na sua diferenciacdo em
células secretoras de anticorpos. Durante a diferenciacdo, a célula B altera a expressdo da
classe da cadeia pesada, deixando de ser uma célula produtora de IgM para ser secretora de
IgE. A mudancga de classe para IgE € dependentedas citocinas IL-4 e IL-13 secretadas pelos
linfocitos Th2 ativados, que se ligam a seus receptores na superficie dos linfocitos B,
desencadeando vias de sinalizacdo intracelular que culminam com a translocagdo para o
nucleo de fatores de transcri¢do que se ligam aogene codificante da regido constante da cadeia
pesada do isotipo IgE (PAGE, 1993). Alémdesse primeiro sinal, é necessaria a interacao entre
a proteina transmembrana CD40L na superficie dos linfécitos T ativados com o receptor
CD40, molécula co-estimulatéria doslinfocitos B, para promover um desvio de producédo de
anticorpos da classe IgM para IgEnos linfécitos B e sua proliferacdo (MADORE; LAPRISE,
2010).

Durante uma posterior exposicdo do organismo ao alérgeno, ocorre a liga¢do cruzada
entre o alérgeno-IgE especifico e a IgE ligada ao seu receptor Fc de alta afinidade (Fce) na
superficie dos mastdcitos e basoéfilos, ativando-os e causando liberacdo de mediadores
quimicos. Além das citocinas IL-4 e IL-13, ha o aumento da producdo de IL-1, IL-5, IL-8 e de
TNF-a (BABU; NUTMAN, 2003; BARNES, 2001).

Entre as multiplas substancias liberadas imediatamente ou secretadas logo ap6s a
ativagdo dos mastocitos, incluem-se a histamina, a substancia de reagdo lenta da anafilaxia,
substancias quimiotaticas para eosinofilos e neutrofilos, proteases, heparina e fatores de
ativacdo plaquetaria. Esses fatores causam fendmenos como dilatacdo de vasos sanguineos
locais, atracdo de eosinofilos e neutréfilos para o local da reacdo, lesdo de tecidos locais pela
protease, aumento da permeabilidade capilar e perda de liquidos paraos tecidos, e contracao
de células musculares lisas locais, que, coletivamente, causam o aumento da permeabilidade
vascular, broncoconstric¢do, contragdo da musculatura lisa, aumento na producgdo de muco e
inflamacdo local (KELLER; RODRIGUEZ; RUSSO, 2005; PAWANKAR, 1999). O
eosinofilo desempenha um papel central na patogenia das doencas alérgicas por ser uma
potente célula efetora citotoxica. Este tipo celular possui um reservatorio de proteinas basicas,
assim como de mediadores lipidicos e radicais de oxigénio, com grande poder de destruicdo
tecidual e parasitario, podendo causar lesdo tecidual (MCBRIEN; MENZIES-GOW, 2017).
Sua funcdo é estimulada por mediadores lipidicos e citocinas liberadas por outras células
desencadeando eventos que ocorrem tanto na fase aguda quanto na fase tardia da asma, que

leva a broncoconstric¢do, edemae inflamacéo.
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2.2.3 Tratamento

Ao se pensar a respeito do tratamento de um paciente asmatico, deve-se levar em
consideracdo que o objetivo do mesmo é melhorar a qualidade de vida do paciente, que pode
ser alcancado por meio do controle dos sintomas e melhora ou estabilizacdo da fungéo
pulmonar. Atualmente, o tratamento deve incluir, obrigatoriamente, medidas né&o
medicamentosas, associada & farmacoterepia (BRASIL; MINISTERIO DA SAUDE, 2013).

No que diz respeito ao tratamento ndo farmacoldgico, algumas recomendacdes sao
essenciais, como, a reducdo a fatores desencadeantes como alérgeno respiratorios e
medicamentos, devendo o paciente receber orientacdo e reforco na educagcdo em saude além
de orientacbes quanto a identificacdo precoce dos sintomas. A educacdo do paciente é
fundamental no controle da asma e deve-se levar em conta a histérico do paciente, seus
aspectos socioculturais e ambientais, compreendendo o contexto em que 0 paciente esta
inserido (BATEMAN et al.,, 2014; GIBSON et al., 2002). Adicionalmente, o tratamento
farmacoldgico da asma tem evoluido muito ao longo dos ultimos anos, principalmente com a
inser¢do da imunoterapia no portfélio de op¢des ao lado dos corticosteroides e agonistas 32
adrenérgicos (SCHOFIELD, 2014).

Os agonistas B2 adrenérgicos atuam via interacdo seletiva com os receptores [32
presentes no musculo liso bronquiolar, provocando um aumento do AMPc intracelular, que
resulta em relaxamento da musculatura lisa, aumento da frequéncia do batimento ciliar e a
reducdo da viscosidade do muco (CARDOSO, 2005). Com isso, 0s agonistas 32 promovem
broncodilatacdo, aliviando os sintomas decorrentes da constricdo bronquiolare diminuindo a
resisténcia a entrada de ar durante a respiracdo (FIREMAN, 1995). Esta classe € dividida
entre agonistas B2 de curta e de longa acdo. Os agonistas B2 de curta acdo sdo
preferencialmente utilizados nas exacerbagbes asmaticas agudas como um répido
broncodilatador, sendo que, seu uso regular ndo é recomendado devido a possibilidade de
desenvolvimento de dor de cabeca, tremor, palpitacGes, taquicardia, além de aumentar a
hiperresponsividade (ABRAMSON; WALTERS; WALTERS, 2003; SCHOFIELD, 2014). Ja
os agonistas B2 de longa acdo promovem cerca de 12 horas de broncodilatacdo,
provavelmente devido a sua interacdo com lipidios do musculo liso dasvias aéreas e formando
pequenos depdsitos da droga, que acaba sendo liberada gradativamente, mantendo a agéo
esperada (CAZZOLA et al., 2013).

Durante 40 anos os corticosteroides inalatorios tém sido utilizados na asma e hoje, seu

dominio é incontestavel e as conquistas alcancadas com seu uso dificil de serem desafiadas
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cientificamente (SUISSA et al., 2000). Dentre elas, pode-se destacar do a reducéo do risco de
morte por asma e a diminuicdo de admissdes hospitalares decorrentes da doenca (DONAHUE
et al., 1997). Além da acdo broncodilatadora dos antagonistas 2 adrenérgicos, a atividade
anti-inflamatoria é outra atividade que tem impacto positivo notratamento da asma, sendo 0s
corticosteroides inalatorios os mais escolhidos desta classe (BATEMAN et al., 2014). A
preferéncia pela via inalatoria visa a tentativa de diminuir os diversos efeitos adversos ja
conhecidos desta classe (hipertensao, hiperglicemia, ganho de peso, entre outros) ainda mais
qguando falamos de uso crénico, no entanto, mesmo por esta via, 0s seus efeitos adversos ndo
podem ser ignorados (CHARRIOT et al., 2016). No entanto, vale ressaltar que por serem
efeitos adversos mais raros, nesta via, o risco/beneficio do uso de corticosteroide inalatorio é
favoravel ao beneficio para pacientes asmaticos (DAHL, 2006; KELLY; NELSON, 2003).
Com a capacidade de reduzir a reatividade brénquica e recuperar a integridade das vias
aéreas, 0 tratamento a base de corticosteroides é o mais eficaz, atuando por diferentes
mecanismos de ac¢do, como inibindo a producdo de citocinas e quimiocinas, suprimindo a
producdo de proteinasinflamatorias e de fatores de transcricdo (BARNES, 2001; BOYTON;
ALTMANN, 2004). Uma das desvantagens tratamento com corticosteroides inalatorios na
asma é ofato dos seus efeitos farmacoldgicos desaparecerem rapidamente quando o tratamento
é interrompido (GUILBERT et al., 2006).

Ao longo dos Ultimos anos farmacos bioldgicos como os anticorpos monoclonaistem
ganhado espaco na terapia contra a asma. Através da engenharia genética, proteinas que
possuem como alvo mediadores especificos e importantes no processo da doenca podem ser
modulados (CALHOUN, 2015). Os medicamentos bioldgicos mais utilizados para o
tratamento da asma sdo o omalizumab (anti-IgE) e o mepolizumab (anti-IL-5). Sendo
aprovado em 2003 pelo FDA para uso em casos de asma grave nao controlada comaltas doses
de corticosteroides e com evidéncia de desencadeadores alérgicos, os bioldgicos anti-IgE
atuam bloqueando os sitios de alta e baixa afinidade dos receptores de IgE, impedindo que o
IgE livre se ligue aos receptores presentes na superficie de mastocitos e baséfilos (MENZIES-
GOW et al., 2003). Ja os biologicos anti-IL-5 foram aprovados em 2014 pelo FDA como
alternativa amanutencédo do tratamento para pacientes com asma eosinofilica grave. Apesar de
ndo apresentar melhora no volume expiratorio forcado no primeiro segundo (VEF1) dos
pacientes asmaticos em mais de um ensaio clinico, a quantidade de eosinofilos no sanguee no
escarro diminuiram significativamente, o que ja era esperado devido ao papel do IL-5 na
populacdo eosinofilica (HALDAR etal., 2014; ORTEGA et al., 2014). Os principais

problemas associados a terapia biologica tém sido o valor do tratamento e algumas
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reacOes alérgicas importantes (CHARRIOT etal., 2016).

Apesar das diferentes estratégias para o tratamento e melhora da qualidade de vidados
pacientes asmaticos, a multifatoriedade que pode levar ao desencadeamento da doenga a torna
cada dia mais desafiadora para os pesquisadores. Com isso, novos esfor¢oscontinuam a serem
dispensados para 0 controle da asma, seja na descoberta de novas moléculas ativas, novas
estratégias bioldgicas ou até novos sistemas de liberagdo de farmacos.

2.3 UTILIZACAO DOS PRODUTOS NATURAIS COMO FONTE DE MEDICAMENTOS

O uso medicinal de produtos naturais - compostos ou produtos derivados de fontes
naturais como plantas, animais ou micro-organismos - precede o que se conhece da historia
humana, provavelmente por milhares de anos. Por exemplo, estudos antropoldgicos
descobriram em uma caverna do Iraque, evidéncias de que h& mais de 60.000 os
Neandertais tinham conhecimento das propriedades medicinais de produtos naturais, pois
foram encontrados depositos de polen proximos a sepulturas no local. Ao longo dos milénios
que se seguiram a humanidade foi descc;tz)lrindo e fazendo uso terapéutico de milhares
de compostos naturais, ao ponto de possuirmos hoje mais de 214.000 registros no
dicionario de produtos naturais (JI; LI; ZHANG, 2009).

Os produtos naturais séo, ainda nos dias atuais, muito importantes na descoberta de
farmacos. A metade dos 20 medicamentos mais vendidos no mundo sdo oriundos de produtos
naturais, e movimentam com suas vendas cerca de 16 bilhdes de ddlares anualmente
(BARREIRO; BOLZANI, 2009). Além do montante financeiro envolvido nacomercializacéo
de medicamentos de origem natural, a importancia dos mesmos no tratamento de doencas
humanas foi analisada por Newman e Cragg (NEWMAN; CRAGG, 2020). Os autores
verificaram que das 1881 novas substancias quimicas descobertas no periodo de 1981 a 2019,
cerca de 65% possuia algum tipo de ligagdo comos produtos de origem natural. Outro dado
importante € que entre todas as novas entidadesmoleculares ja aprovadas pelo Food and Drug
Administration (FDA) para fins terapéuticos, os produtos naturais e seus derivados
representam mais de um terco (PATRIDGE et al., 2016). Apesar do historico de sucesso dos
produtos naturais na descoberta de novos medicamentos, ainda hd muitos recursos naturais
para serem explorados. O dicionario de produtos naturais contém certa de 170.000
estruturas Unicas de metabolitos secundérios, contudo, somente 15% dos ensaios clinicos
registrados no site americano clinicaltrials.gov, que controla a maioria dos ensaios clinicos

para novos medicamentos no mundo, estdo relacionados a plantas. Entre as moléculas em
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estudo, 60% é obtida de apenas 10 familias taxonémicas, o que mostra que inumeras plantas
de diferentes familias ainda necessitam de uma investigacdo sisteméatica (HARVEY;
EDRADA-EBEL; QUINN, 2015). Essa constatacdo evidencia que o enorme potencial
farmacoldgico dos produtos naturais ainda permanece pouco explorado.

Especificamente considerando a capacidade de modular a resposta inflamatéria e
imune, os produtos naturais consistem em relevantes fontes para o desenvolvimento de anti-
inflamatdrios e imunomoduladores, como evidenciado pelo classico exemplo do isolamento
do acido salicilico que culminou com o desenvolvimento da classe dos AINE. Durante o
periodo de 1981 a 2019, 53 novas entidades quimicas foram aprovadas pelo FDA para
utilizacio como  anti-inflamatorios, 19 como  analgésicos e 20 como
imunossupressores/imunomoduladores, todos derivados ou inspirados em produtos naturais
(NEWMAN; CRAGG, 2020). O que demonstra a importancia da investigacdo de
propriedades anti-inflamatérias e imunossupressoras em moléculas obtidas a partir deprodutos
naturais.

Uma classe de moléculas com inimeras propriedades farmacoldgicas ja descritasé a
classe das cumarinas, que sdo consideradas uma das mais importantes dentre 0os compostos
naturais. Essas moléculas sdo heterociclos de carbono contendo oxigénio, também conhecidas
como benzopironas, com seu primeiro representante descoberto em 1820 (MALIKOV;
SAIDKHODZHAEV; ARIPOV, 1998). Desde entdo, diversas
propriedades farmacoldgicas tém sido atribuidas a esta classe, como atividades
anticoagulantes, antirretrovirais, antiparasitarias, antitumorais (GOMEZ-OUTES et al., 2012;
OGUNGBE; ERWIN; SETZER, 2014; SCIO et al., 2003; WITAICENIS et al., 2014), além
das propriedades antinociceptivas, anti-inflamatérias e imunomoduladoras ja demonstradas
por nosso e outros grupos de pesquisa (BARROS et al., 2010; DE LIMA et al., 2011; DESAI,
DESAI; DESAI, 2008; KONTOGIORGIS; HADJIPAVLOU-LITINA, 2005; MORE;
MAHULIKAR, 2011). Atualmente, o principal uso das cumarinas na industria farmacéutica é
o fornecimento do nucleo quimico para sintese de compostos com atividades antitumorais
(KUPELI AKKOL et al.,, 2020), aléem de serem a classe quimica de um importante
anticoagulante antagonista da vitamina K, o dicumarol (SUN et al., 2020).

A brailina (C15H1404) é uma molécula representante da classe das cumarinas e
apesar de ter sido descrita pela primeira vez em 1949 (ANEJA; MUKERJEE; SESHADRI,
1958), existem poucos estudos sobre suas propriedades farmacologicas. Atividades
antiagregante plaquetaria, vaso relaxante, anti-HIV, e inibicdo de fosfodiesterase 4 (LIN; et
al., 2014; RAKOTOARISON et al.,, 2003; TSAI et al., 1998) ja foram descritas para a
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brailina. Diante do exposto, considerando a relevancia daspropriedades bioativas da classe das
cumarinas, e sobretudo, a atividade de inibicdo de fosfodiesterase 4 previamente descrita para
a brailina, o presente trabalho foi delineado para investigar o potencial farmacolédgico dessa

cumarina natural em modelos experimentais de inflamacédo e asma.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Investigar as propriedades farmacologicas da brailina em modelos experimentais

deinflamacédo e asma, avaliando possiveis mecanismos de acéo.

3.2 OBJETIVOS ESPECIFICOS

e Investigar o potencial anti-inflamatério da brailina in vitro;

e Identificar e caracterizar as propriedades farmacoldgicas da brailina em modelos
experimentais de inflamacé&o e dor in vivo;

e Investigar a possivel interacdo da brailina com receptores de glicocorticoide por analises

e insilico;

e Avaliar a contribuicdo de receptores de glicocorticoide para os efeitos anti-inflamatdrios
da brailina;

e |dentificar se a brailina preserva suas propriedades farmacol6gicas por via inalatoria;

e Identificar e caracterizar as propriedades farmacoldgicas da brailina em modelo

experimental de asma.
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Abstract

Braylin belongs to the group of natural coumarins, a group of compounds with a wide range
of pharmacological properties. Here we characterized the pharmacological properties of
braylin in vitro, in silico and in vivo in models of inflammatory/immune responses. In in vitro
assays, braylin exhibited concentration-dependent suppressive activity on activated macro-
phages. Braylin (1040 pM) reduced the production of nitrite, IL-18, TNF-a and IL-6 by J774
cells or peritoneal exudate macrophages stimulated with LPS and IFN-y. Molecular docking
calculations suggested that braylin present an interaction pose to act as a glucocorticoid
receptor ligand. Corroborating this idea, the inhibitory effect of braylin on macrophages was
prevented by RU486, a glucocorticoid receptor antagonist. Furthermore, treatment with
braylin strongly reduced the NF-kB-dependent transcriptional activity on RAW 264.7 cells.
Using the complete Freund's adjuvant (CFA)-induced paw inflammation model in mice, the
pharmacological properties of braylin were demonstrated in vivo. Braylin (12.5-100 mg/kg)
produced dose-related antinociceptive and antiedematogenic effects on CFA model. Braylin
did not produce antinociception on the tail flick and hot plate tests in mice, suggesting that
braylin-induced antinociception is not a centrally-mediated action. Braylin exhibited immu-
nomodulatory properties on the CFA model, inhibiting the production of pro-inflammatory
cytokines IL-1B, TNF-a and IL-6, while increased the anti-inflammatory cytokine TGF-B. Our
results show, for the first time, anti-inflammatory, antinociceptive and immunomodulatory
effects of braylin, which possibly act through the glucocorticoid receptor activation and by
inhibition of the transcriptional activity of NF-kB. Because braylin is a phosphodiesterase-4
inhibitor, this coumarin could represent an ideal prototype of glucocorticoid receptor ligand,
able to induce synergic immunomodulatory effects.
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Introduction

Immune-mediated disorders, such as rheumatoid arthritis, Crohn’s disease, asthma and ulcer-
ative colitis, are a group of diseases associated with inflammatory pathogenetic mechanisms
that involve an inappropriate or excessive immune response [1]. They affect approximately
5-7 percent of the population in Western countries [2,3]. The immune dysregulation causes
inflammatory injury in various organs, resulting in morbidity, reduced quality of life and pre-
mature death [3]. The ideal drug to treat immune-mediated inflammatory disorders needs to
stablish early control of inflammation, preventing the tissue damage, parallel to a favorable
profile of adverse effects. Currently, the available anti-inflammatory drugs do not meet these
requirements, often displaying more adverse effects than is acceptable, less therapeutic effects
than desirable, or both.

Natural products have been considered a plentiful source in the search for new chemical
entities that modulate the immune system with reduced adverse effects. Plant secondary
metabolites are important for flavoring of food, resistance against pests and as drugs, including
substances with immunosuppressive activity [4]. Coumarins, a group of plant-derived poly-
phenolic compounds, have attracted intense interest in recent years due to their diverse and
potent pharmacological properties. The structural characteristic of coumarins depicts a frame-
work consisting of fused benzene and a-pyrone ring systems [5]. This type of special benzo-
pyrone structure enables its derivatives to exert noncovalent interactions with various active
sites in organisms, such as enzymes and receptors, and thus display a wide range of biological
activities [6]. In fact, these compounds have been considered to possess wide potential as
medicinal drugs and have served as valuable leads for further design and synthesis of more
active analogues.

Among the multiple pharmacological properties of coumarins, their potent anti-inflamma-
tory activity has been evidenced [7]. The anti-inflammatory properties of coumarin are associ-
ated with several mechanisms, including reduction of inflammatory molecules expression,
inhibition of cyclooxygenase and lipoxygenase enzymes and inhibition of nuclear transloca-
tion of the transcription factor kB, NF-xB [7-10]. Braylin (Fig 1) is a coumarin first described
in 1949, with limited data on their pharmacological properties already described [11]. Re-
cently, Lin et al. showed that braylin presents potent phosphodiesterase-4 (PDE4) inhibitory
activity [12]. Phosphodiesterases are enzymes that regulate the cellular levels of the second
messengers cAMP and cGMP, by controlling their rates of degradation [13]. PDE4 is the pre-
dominant cyclic AMP degrading enzyme in a variety of inflammatory cells, and its inhibition
elevates intracellular cAMP, which in turn down-regulates the inflammatory response [14,15].
Thus, this enzyme has been identified as a therapeutic target of high interest for immune-
mediated inflammatory diseases [15-18]. Therefore, the present study was designed to evalu-
ate whether braylin presents anti-inflammatory and immunomodulatory properties. Using in
vitro, in silico and in vivo assays, we show here the pharmacological properties of braylin,
including its possible mechanisms of action.

Materials and Methods
Extraction and isolation of braylin

Braylin was isolated from the roots of Zanthoxylum tingoassuiba A. St. Hil (Rutaceae) collected
in August 2009 in Feira de Santana, Brazil, 12°12'52.9” S, 38°52/44.1” W. A voucher specimen
(n°. 88005) has been identified and deposited at the Herbarium Alexandre Leal Costa (ALCB)
of the Federal University of Bahia, Brazil. Braylin (837 mg) was isolated from the root bark
(76.423 g) of Zanthoxylum tingoassuiba as a yellow amorphous solid and was identified by
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Flg 1. Chemical structure of braylin.

https://doi.org/10.1371/journal.pone.0179174.g001

spectroscopic data comparison according to literature procedures [19]. 'H (500 MHz) and "*C
(125 MHz) NMR spectra were acquired at room temperature on a VARIAN Inova-500 spec-
trometer, with CD;OD as solvent (S1 Table). The HPLC/ MS analysis was obtained with a
HPLC Shimadzu 20A with Bruker micrO-TOF II spectrometer, using (N,) 10 eV for MS

and 45 eV for MS/MS, in positive ionization mode with a Phenomenex Luna C,g column

(4.6 x 250 mm, 5 um particle size, 0.6 mL-min-1 oven at 35°C) (S1 Fig). Analytical HPLC
analysis was carried out on a Shimadzu Prominence LC-6A instrument with Kromasil® C,g
column (4.6 x 250 mm, 100A 5 pm particle size, 0.6 mL-min-1) and guard column (4.6 x
20mm, 5 um particle size). All methods analyses were performed with isocratic flow of solvent
A (MeOH) and solvent B (H,0) in proportion 50:50. HPLC eluates were monitored using UV
detection at wavelengths of 254 nm. All solvents used were of analytical grade (Merck, Kenil-
worth, NJ, USA). The percent purity of braylin used in the pharmacological experiments car-
ried out was greater than 98%, as determined by HPLC.

Chemicals and drugs

Dexamethasone, antagonist of glucocorticoid receptor R486, complete Freund’s adjuvant
(CFA), phosphate buffered saline (PBS), Tween 20, phenylmethylsulphonyl fluoride (PMSF),
benzamethonium chloride, EDTA, aprotinin A, Dulbecco’s Modified Eagle’s Medium
(DMEM), and 3,3",5,5 - tetramethylbenzidine (TMB) were obtained from Sigma Chemical
Company (St. Louis, MO, USA). Diazepam and morphine were obtained from Cristalia (Ita-
pira, SP, Brazil). Dexamethasone was dissolved in ethanol (10% in normal saline). Braylin was
dissolved in 50% propylene glycol plus saline, and remaining substances were dissolved
directly in saline. Drugs were administrated by intraperitoneal (ip) route 40 minutes before
testing, and the control group only received vehicle.

Peritoneal exudate macrophages cultures

Peritoneal exudate cells were obtained by washing, with cold saline, the peritoneal cavity of

mice 5 days after injection of 3% thioglycolate in saline (1.5 mL per mouse). Cells were washed
twice with DMEM, resuspended in DMEM supplemented with 10% fetal bovine serum (Culti-
lab, Campinas, Brazil) and 50 pg/mL of gentamycin (Novafarma, Anapolis, Brazil), and plated
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in 96-well tissue culture plates at 2 x 10° cells per 0.2 mL per well. After 2 hours of incubation
at 37°C, non-adherent cells were removed by two washes with DMEM. Macrophages were
then submitted to the protocol of cytotoxicity, cytokine and nitric oxide determinations, as
described below.

Cytotoxicity to mammalian cells

To determine the cytotoxicity of braylin, murine macrophage-like cell line J774, kindly pro-
vided by Dr. Patricia S. T. Veras (Gongalo Moniz Institute, Fiocruz/BA), Raw 264.7 Luc cells
or peritoneal exudate macrophages were plated into 96-well plates at a cell density of 2 x
10°cells/well in Dulbecco’s modified Eagle medium (DMEM,; Life Technologies, GIBCO-BRL,
Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO), and

50 pg/mL of gentamycin (Novafarma, Anapolis, GO, Brazil) and incubated for 2 hours at 37°C
and 5% CO,. Braylin was added at four concentrations ranging from 10 to 80 uM in four repli-
cates, and plates were incubated for 72 hours. Twenty pL/well of Alamar Blue (Invitrogen,
Carlsbad, CA) was added to the plates during 12 hours. Colorimetric readings were performed
at 570 and 600 nm. Gentian violet (Synth, Sao Paulo, Brazil) at 10 uM was used as positive con-
trol. Three independent experiments were performed.

Measurement of cytokine and nitric oxide concentrations on
macrophages

For cytokine and nitric oxide (NO) determinations, J774 cells or peritoneal exudate macro-
phages were seeded in 96-well tissue culture plates at 2 x 10° cells/well in DMEM medium sup-
plemented with 10% of FBS and 50 pg/mL of gentamycin for 2 hours at 37°C and 5% CO,.
Cells were then stimulated with LPS (500 ng/mL, Sigma) and IFN-y (5 ng/mL; Sigma) in the
presence of braylin, vehicle or dexamethasone at different concentrations, and incubated at
37 C. Cell-free supernatants were collected 4 hours (for TNF-o. measurement) and 24 hours
(for IL-1B, IL-6 and nitrite quantification) and kept at -80 C. Cytokine concentrations in
supernatants from macrophage cultures were determined by enzyme-linked immunosorbent
assay (ELISA), using the DuoSet kit from R&D Systems (Minneapolis, MN, USA), according
to the manufacturer’s instructions. For the antagonism assay, the glucocorticoid receptor
antagonist RU486 was added in some cultures at a final concentration of 10 uM. Quantifica-
tion of nitric oxide was done using the Griess method [20].

NF-kB luciferase assay

The murine mouse leukemic monocyte macrophage cell line Raw 264.7 Luc cells bearing the
pBIIX-luciferase (pBIIX-luc) targeting vector containing the firefly luciferase gene (luc) driven
by two NF-kB binding sites from the kappa light chain enhancer in front of a minimal fos pro-
moter [21] was kindly provided by Maria Célia Jamur (University of Sao Paulo, Ribeirao
Preto, Brazil). Cells were cultured in RPMI medium (Sigma) supplemented with 20% FBS and
50 pg/mL of gentamycin at 37°C in a humidified environment containing 5% CO,. For lucifer-
ase reporter assays, 5 x 10° cells/ml were pretreated with different concentrations of braylin
(40, 20 or 10 uM) for 1 hour prior to stimulated with LPS (500 ng/mL) and IFN-y (5 ng/mL)
for 3 hours. Then each well was washed with cold-PBS and cells were incubated with TNT lysis
buffer (200 mM Tris, pH 8.0, 200 mM NaCl, 1% Triton X-100) for 20 minutes at 4°C. The
luciferase activity in the cell lysates was determined using the Luciferase Assay System (Pro-
mega, Madison, WI, USA). The samples were analyzed in a Globomax 20/20 luminometer
(Promega). Data were then expressed as relative light units.
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Molecular docking

Molecular docking and scoring protocols were used as implemented in GOLD version 5.2
(CCDC, Cambridge, UK) [22] to investigate the possible ligand binding conformations within
the glucocorticoid receptor (GR) binding pocket. X-ray crystallographic data for GR com-
plexed with R486 group 2.3 A (PDB ID 1INHZ) used in the docking simulations were retrieved
from the Protein Data Bank (PDB). The ligand and water molecules were removed from the
binding pocket and hydrogen atoms were added in standard geometry using the Biopolymer
module implemented in SYBYL 2.0 (Sybyl x 2.1. Tripos, 2010). The residues within the bind-
ing sites were manually checked for possible flipped orientation, protonation, and tautomeric
states with Pymol 1.3 (Delano Scientific, San Carlos, USA) side-chain wizard script. The bind-
ing sites were defined as all the amino acid residues encompassed within a 10.0 A radius sphere
centered on catalytic. Docking method was validated by redocking of the GR structure to crys-
tal structure (PDB: 1INHZ) with R486.

Animals

Experiments were performed on male Swiss Webster mice obtained from the Animal Facilities
at the Instituto Gongalo Moniz (FIOCRUZ; Salvador, Brazil). Animals (22-28 g) were housed
in temperature-controlled rooms (22-25°C), under a 12:12 hours light-dark cycle, with access
to water and food ad libitum until experimental initiation. All behavioral tests were performed
between 8:00 a.m. and 5:00 p.m., and animals were only used once. Animal care and handling
procedures were in strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health and Brazilian College of Ani-
mal Experimentation. The protocol was approved by the Institutional Animal Care and Use
Committee, Ethics Committee for Animal Experimentation of FIOCRUZ (CEUA/FIOCRUZ.
Permit Number: L-IGM-015/2013). Every effort was made to minimize the number of animals
used and any discomfort. Behavioral tests were performed without knowing to which experi-
mental group each mouse belonged. Results shown are from two independent experiments
performed.

Inflammatory model

Mice were lightly anesthetized with halothane and received 20 uL of complete Freund’s adju-
vant (CFA 1 mg/mL of heat killed Mycobacterium tuberculosis in 85% paraffin oil and 15%
mannidemonoleate; Sigma) in the plantar region of the right hind paw, according to a previ-
ously reported method [23]. Inflammatory hyperalgesia, edema, and local cytokines levels
were measured by von Frey filaments, plesthismometer and ELISA, respectively, as described
below. Mice were injected with braylin (12.5 to 100 mg/kg), vehicle (50% propylene glycol in
physiological saline; control group) or dexamethasone (2 mg/kg, reference drug) by ip route
40 minutes before CFA.

Inflammatory hyperalgesia evaluation

The threshold to mechanical stimulation was measured with von Frey filaments (Stoelting,
Chicago, IL, USA). In a quiet room, mice were placed in acrylic cages (12x10x17 cm) with
wire grid floors, 30 minutes before the beginning of the test. This consisted of evoking a hind
paw flexion reflex with one of a series of filaments with logarithmically incremental stiffness
(0.0045-28.84 g). A positive response was characterized by the removal of the paw followed by
clear flinching movements. A tilted mirror placed under the grid provided a clear view of the
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hind paws of the mice. An up-down method was used to record the threshold, which was rep-
resented as the filament weight (g) in which the animal responds in 50% of presentations [24].

Plesthismometer test

The volume of each mouse paw was measured (mm?) with a plesthismometer (Ugo Basile,
Comerio, Italy) before (Vo) and after (VT) the CFA injection, as described previously [23].
The amount of paw swelling was determined for each mouse and data were represented as
paw volume variation (A, mm?).

Cytokine measurement by ELISA

The paw levels of cytokines were determined as previously described [25]. Treatments were
performed 40 minutes before the CFA injection. Skin tissues were removed from the paws 2,
4, 8 or 24 hours after CFA, in mice terminally anesthetized with halothane from each experi-
mental group. Tissue proteins were extracted from 100 mg tissue/mL phosphate buffered
saline (PBS) to which 0.4 M NaCl, 0.05% Tween 20 and protease inhibitors (0.1 mM PMSF,
0.1 mM benzethonium chloride, 10 mM EDTA, and 20 KI aprotinin A/100 ml) were added
(Sigma). The samples were centrifuged for 10 minutes at 3000 g and the supernatant was fro-
zen at -70°C for later quantification. Interleukin-1p (IL-1p), tumor necrosis factor o (TNF-a),
interleukin-6 (IL-6), interleukin-13 (IL-13), interleukin-10 (IL-10) and transforming growth
factor B (TGF-P) levels were estimated using commercially available immunoassay ELISA kits
for mice (R&D System, Minneapolis, MN, USA), according to the manufacturer’s instructions.
The results are expressed as picograms of cytokine per milligram of protein.

Tail flick and hot plate tests

The tail flick test in mice was conducted as described elsewhere [26]. Before the experiment,
each animal was habituated to the restraint cylinder for 20 minutes/day for 5 consecutive days.
On the day of the experiment, mice were placed in the restraint cylinder and the tail tip (2 cm)
was submersion in a water bath at 50 + 0.5°C. The latency of the tail withdrawal reflex was
measured in seconds. Each submersion was terminated after 16 seconds to minimize potential
skin damage. Tail flick latency was measured before (baseline) and after treatments. The hot
plate test in mice was conducted as described elsewhere, with minor modifications [27]. On
the experiment day, mice were placed on the equipment (TECA Corporation, Chicago, IL,
USA), which was maintained at 52 + 0.5°C, and latencies to hind-paw licking or jumping
(nociceptive thermal threshold) were recorded with a cut-off time of 16 s. The threshold was
measured before (baseline) and after treatments.

Motor function assay

To evaluate possible non-specific muscle-relaxant or sedative effects of braylin, mice were
submitted to the rota-rod test, as previously described [26]. The rota-rod apparatus (Insight,
Ribeirao Preto, SP, Brazil) consisted of a bar with a diameter of 3 cm, subdivided into five com-
partments. The bar rotated at a constant speed of 6 revolutions per minute. The animals were
selected 24 hours previously by eliminating those mice that did not remain on the bar for two
consecutive periods of 120 s. Animals were treated and 40 minutes afterwards were placed on
a rotating rod. The resistance to falling was measured for up to 120 s. The results are expressed
as the average time (s) the animals remained on the rota-rod in each group. Diazepam (10 mg/
kg) was the reference drug.
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Statistical analysis

Data are presented as means + standard error of the means (SEM) of measurements made on
6-9 animals in each group. Comparisons between three or more treatments were made using
one-way ANOVA with Tukey’s post-hoc test, or for repeated measures, two-way ANOVA
with Bonferroni’s post-hoc test, as appropriate. All data were analyzed using Prism 5 Com-
puter Software (GraphPad, San Diego, CA, USA). Statistical differences were considered to be

significant at p < 0.05.

Results

Initially, the pharmacological effects of braylin were investigated on a set of in vitro assays. The
effects of braylin on cell viability was determined by a colorimetric Alamar Blue assay 24 hours
after treatment. As revealed in Fig 2, braylin at a concentration of 40 uM or lower did not
induce cytotoxic effect on J774 cells or peritoneal exudate macrophages, stimulated with LPS
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Fig 2. Cytotoxic effect of braylin and its modulation of nitric oxide production on macrophages. Panels A
and C: J774 cells (A) or peritoneal exudate macrophages (C) were incubated with vehicle (50% propylene glycol in
saline, Ct, control group) or different concentrations of braylin (BRA; 10, 20, 40 or 80 uM) for 72 hours and cell
viability was determined by Alamar Blue assay. Gentian violet (GV) was used as positive control. Data are
expressed as means = SEM; n = 9 determinations per group. *Significantly different from the vehicle treated
cultures (p < 0.05). ANOVA followed by Tukey ‘s multiple comparison test. Panels B and D: Concentrations of
nitrite were determined in J774 macrophages (B) or peritoneal exudate macrophages (D) treated with vehicle (50%
propylene glycol in saline, Ct+, control group), braylin (BRA; 10, 20 or 40 uM) or dexamethasone (Dexa; 40 uM) in
the presence of LPS (500 ng/mL) + IFN-y (5 ng/mL). Cell-free supernatants were collected 24 hours after
treatments for nitrite quantification by the Griess method. Ct- shows concentrations of nitrite in unstimulated cells.
Data are expressed as means + SEM; n= 9 determinations per group. *Significantly different from the vehicle
treated cultures stimulated with LPS + IFN-y (p< 0.05). ANOVA followed by Tukey ‘s multiple comparison test.

https://doi.org/10.1371/journal.pone.0179174.9002
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and IFN-y. Therefore, subsequent experiments were performed with braylin at 40 uM. The
modulatory effects of braylin on macrophages were investigated through the quantification of
the inflammatory mediators NO and cytokines, produced by activated macrophages. As
shown in Fig 2B and 2D, braylin treatment reduced, in a concentration-dependent manner,
the production of nitrite on macrophages stimulated with LPS and IFN-y, suggesting a reduc-
tion of NO production. The inhibitory effect of braylin on J774 cells and peritoneal exudate
macrophages was statistically significant until 20 and 10 pM, respectively. Dexamethasone at
40 pM reduced nitrite production.

Fig 3 shows that braylin treatment was able to reduce, in a concentration-dependent man-
ner, the production of TNF-o, IL-1p and IL-6 by macrophages stimulated with LPS and IFN-y.
Braylin reduced the production of TNF-o on J774 macrophages (Fig 3A) at concentrations of
20 and 40 uM. The inhibitory effect of braylin on the TNF-u production by peritoneal exudate
macrophages was statistically significant at 10, 20 and 40 uM (Fig 3B). The braylin-induced
reduction of IL-1 (Fig 3C) and IL-6 (Fig 3E) production on J774 macrophages was statistically
significant at 10, 20 and 40 pM. In addition, braylin reduced the production of IL-1p (Fig 3D)
and IL-6 (Fig 3F) on peritoneal exudate macrophages at 20 and 40 M. Under the same condi-
tions, dexamethasone (40 uM) caused a similar reduction of TNF-o, IL-1p and IL-6 produc-
tion (Fig 3).

To assess the possible interactions of braylin in the binding pocket of glucocorticoid re-
ceptor (GR), docking studies were performed. The validation of the method showed a good
superimposition between the crystal pose and the docked pose of RU486, a GR antagonist, sug-
gesting that the docking method is sufficiently robust to determine the correct ligand poses in
the active site of GR. The results were compared with docking poses of the antagonist RU486
and the agonist dexamethasone to suggest best fit interactions and supposed mechanism of
action. The best poses obtained to RU486, braylin and dexamethasone in the glucocorticoid
receptor (PDB: 1HNZ) are showed in Fig 4.

Based on docking studies RU486, dexamethasone and braylin, presented interactions on
the same site of the GR. When the occupancy was analyzed, RU486 showed interactions in two
different subpockets, which are promoted by groups prop-1-yne and N,N-dimethylaniline.
Dexamethasone presented a different subpocket interaction, promoted by ketone group and
terminal ring (A) of the molecule. On other hand, braylin occupies only the active site of GR.
The analyses of the interaction residues suggested by docking have shown that RU486 presents
tree hydrogen bonds, with GLN 642, ARG 611 and GLN 570 (Fig 5A). For dexamethasone,
the major interactions were observed in relation to dextrane group and two important hydro-
gen bonds with the carbonyl group of the TRY-735 and GLY-567 (Fig 5B). For braylin, the
docking studies suggest the stabilization in the GR by hydrophobic interactions, hydrogen
bond with GLY-567 like dexamethasone, and the PHE-623 promote a 7- stack with aromatic
ring (Fig 5C).

The possible antagonism of RU486 on the braylin-induced inhibitory effect in stimulated
macrophage cultures was then evaluated. Addition of RU486 (10 uM) to J774 macrophage
cultures stimulated with LPS and IFN-y partially prevented the inhibitory effect of braylin
(40 uM) on the TNF-u production (Fig 6A). As expected, in the presence of RU486, the inhibi-
tory effect of dexamethasone (40 M) on the TNF-o. production by macrophages was reduced.

Next the NF-xB reporter system, in Raw 264.7 cells transfected with p-NF-xB-Luc reporter
plasmid, was used to evaluate the effect of braylin on NF-kB activation. Initially, the effects of
braylin on Raw 264.7 cell viability was determined. Braylin, at a concentration of 80 pM or
lower, did not induce cytotoxic effect on Raw 264.7 cells 72 hours after treatment (S3 Fig).

As revealed in Fig 6B, macrophage cultures stimulated with LPS and IFN-y showed high levels
of NF-xB dependent transcriptional activity. Treatment with braylin (10, 20 and 40 pM)
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Fig 3. Effect of braylin on cytokine production by activated macrophages. Concentrations of TNF-q, IL-18 and IL-6 were
determined in cultures of J774 macrophages (panels A, C and E) or peritoneal exudate macrophages (panels B, D and F) treated
with vehicle (50% propylene glycol in saline, Ct+, control group), braylin (BRA; 10, 20 or 40 uM) or dexamethasone (Dexa; 40 uM)
in the presence of LPS (500 ng/mL) plus IFN-y (5 ng/mL). Cell-free supernatants were collected 4 hours (for TNF-a measurement)
and 24 hours (for IL-18 and IL-6) after treatments for ELISA assay. Ct- shows cytokine concentrations in unstimulated cells. Data
are expressed as means + SEM; n= 10 determinations per group. *Significantly different from the vehicle treated cultures
stimulated with LPS + IFN-y (p < 0.05). ANOVA followed by Tukey’s multiple comparison test.

https://doi.org/10.1371/journal.pone.0179174.9003

dramatically reduced NF-kB dependent transcriptional activity when compared with vehicle-
treated cultures. Treatment with dexamethasone (40 pM) also was able to reduce the NF-xB
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Fig 4. Best poses of the docking results to RU486 (pink), dexamethasone (orange) and braylin (cyan)
superimposed in GR (pdb 1NHZ).

https:/doi.org/10.1371/journal.pone.0179174.9004

dependent transcriptional activity, but the effect of braylin, at all tested concentrations, was
higher than that of dexamethasone.

Based on the reliable results from the in vitro assays, the potential of braylin as an immuno-
modulatory agent was next evaluated on the CFA-induced paw inflammation model. The
effects of braylin on inflammatory hyperalgesia, paw edema and local levels of cytokines was
assessed. Administration of braylin (25-100 mg/kg) by ip route, 40 minutes before CFA, sig-
nificantly reduced inflammatory hyperalgesia at 2, 4 and 8 hours after the stimulus (Fig 7A).
The pre-treatment with braylin (12-100 mg/kg, ip) significantly reduced paw edema 2, 4 and 8
hours post- stimulus (Fig 7B). Supporting data from braylin, vehicle treatment (50% propylene
glycol in saline) yielded no activity, while the reference drug, dexamethasone (2 mg/kg), inhib-
ited CFA-induced hyperalgesia and edema. Braylin had a greater efficacy than dexamethasone,
considering both hyperalgesia (Fig 7A) and edema (Fig 7B) signs; however, its effects were
short-lasting.

The effects of braylin were also evaluated on the tail flick and hot plate tests, which mainly
identify central analgesics. The ip administration of braylin (100 mg/kg) did not alter the
latency time in the tail-flick (Fig 8A) and hot plate (Fig 8B) tests. The administration of mor-
phine (5 mg/kg ip), the reference drug, resulted in a significant increase in the latency time at
both, tail flick and hot plate tests (Fig 8). Moreover, relaxing or motor deficit effects were dis-
carded, since administration of braylin (100 mg/kg, ip) did not affect the motor performance
in mice on the rota-rod test (54 Fig). As expected, diazepam (10 mg/kg ip), a central nervous
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Fig 5. Docking solutions showing the main interactions for (A) RU486 (pink), (B) dexamethasone (orange)
and (C) braylin (cyan) superimposed in GR (pdb 1NHZ).

https://doi.org/10.1371/journal.pone.0179174.9005
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expressed as means = SEM; n= 10 determinations per group. sSignificantly different from the vehicle treated cultures unstimulated
(p < 0.05); *Significantly different from the vehicle treated cultures stimulated with LPS + IFN-y (p < 0.05). *Significantly different
from the group untreated with antagonist (p < 0.05). Panel B shows the effect of braylin on the activation of NF-kB on RAW 264.7
Luc macrophages. Cells were pretreated with vehicle (50% propylene glycol in saline, Ct+, control group), braylin (BRA; 10, 20 or
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vehicle treated cultures unstimulated (p < 0.05); *Significantly different from the vehicle treated cultures stimulated with LPS + IFN-
vy (p< 0.05). “Significantly different from the Dexa group (p < 0.05). ANOVA followed by Tukey ‘s multiple comparison test.

https://doi.org/10.1371/journal.pone.0179174.g006

system depressant used as standard drug, reduced the permanence time of mice on the rota-
rod (84 Fig).

Considering the inhibitory effect of braylin on macrophage cells, its possible modulatory
action on cytokine production during inflammation was evaluated. Data obtained by ELISA
analyses shows that braylin (50 mg/kg) and dexamethasone (2 mg/kg) reduced the local levels
of IL-1PB (Fig 9A), TNF-o. (Fig 9B) and IL-6 (Fig 9C) during CFA-induced paw inflammation.
The inhibitory effects of braylin on TNF-0, and IL-1p levels were statistically significant 2 and 4
hours after CFA, while on IL-6, a significant inhibition was seen 2 hours after stimulus. Dexa-
methasone reduced the IL-1p and TNF-o levels until 8 hours after stimulus, but the IL-6 level
was reduced just until 4 hours. The modulatory effects of braylin on anti-inflammatory cyto-
kines production were also investigated. Treatment with braylin (50 mg/kg) enhanced the paw
levels of TGF-B (Fig 9F), while IL-13 (Fig 9D) and IL-10 (Fig 9E) were not modulated by this
coumarin. Instead, dexamethasone enhanced I1L-10, but not TGF-p or IL-13 concentrations.

Discussion

The present study demonstrated, for the first time, the consistent anti-inflammatory and immu-
nomodulatory properties of braylin. Braylin exhibited low cytotoxicity and consistent suppres-
sive activities on macrophages cultures. Braylin acts, at least in part, through activation of GR,
since the GR antagonist RU486 prevented the in vitro effects of braylin. Docking data corrobo-
rated with this hypothesis. In addition, using the NF-xB luciferase assay, the treatment with
braylin dramatically reduced the NF-kB dependent transcriptional activity on macrophages.
Systemic administration of braylin inhibited in vivo events related to inflammation, namely
hyperalgesia and edema. Furthermore, this coumarin induced evident immunomodulatory
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Fig 7. Effects of braylin on complete Freund’s adjuvant (CFA)-induced paw inflammation. Mice were injected with braylin (BRA; 12.5—
100 mg/kg), vehicle (50% propylene glycol in saline; control group) or dexamethasone (Dexa; 2 mg/kg; reference drug) by ip route 40 minutes
before CFA (injected at time zero). (A) Inflammatory hyperalgesia measured at 2, 4, 8 and 24 hours after the CFA stimulus. The mechanical
nociceptive threshold (axis of ordinates) is represented as the filament weight (g) in which the animal responds in 50% of presentations. (B)
Paw edema measured at 2, 4, 8 and 24 hours after CFA, represented as paw volume variation. Data are expressed as means + SEM; n=6
mice per group. * Significantly different from the control group (p < 0.05). Two-way ANOVA followed by the Bonferroni's test.

https://doi.org/10.1371/journal.pone.0179174.9007

property in vivo through the modulation of pro- and anti-inflammatory cytokines levels. These
results describe the pharmacological properties of braylin, indicating this coumarin as a poten-
tial candidate to drug development.

Because macrophages play a central role in the immune regulation and inflammatory
responses, the possible suppressive effect of braylin was initially evaluated on these cells. Acti-
vated macrophages release cytokines such as IL-1, IL-6, TNF-a, IL-10 and IL-18, that coordi-
nate immune/inflaimmatory responses. They are activated by different signals, including
inflammatory cytokines such as TNF-«, and deactivated by anti-inflammatory cytokines, such
as TGF-P [28]. Activated macrophages are also capable of releasing high levels of NO, and this
mediator has been implicated as a pro-inflammatory agent [29]. Braylin, at non-cytotoxic
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Fig 8. Effects of braylin on tail flick and hot plate tests in mice. Panels representing the latency in seconds in the tail flick (panel A)
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group (p < 0.05). Two-way ANOVA followed by the Bonferroni’s test.

https://doi.org/10.1371/journal.pone.0179174.g008

concentrations, reduced the production of nitrite, TNF-c, IL-1p and IL-6 by stimulated mac-
rophages in a concentration-dependent manner, suggesting the anti-inflammatory and immu-
nomodulatory potential of this coumarin.

To understand how braylin inhibits the production of inflammatory mediators by macro-
phages, the contribution of glucocorticoid receptor (GR) was first investigated by theoretical
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methods. Based on docking studies RU486, dexamethasone and braylin presented interactions
on the same site of the GR. Analyzing the possible mode of interaction between the GR and
RU486, dexamethasone and brailyn (S2 Fig), it was possible to verify that an important char-
acteristic is the influence of the N,N-dimethylaniline group of RU486, which by steric hin-
drance displaces an alpha-helix, number 12, as previously observed [30-32]. In the mode of
biding of dexamethasone and braylin, however, there is insufficient molecular volume to pro-
mote changes in conformation of the 12 alpha-helix due to the absence of groups that can con-
fer this displacement. However, the mode of interaction with GR4, the specific receptor for
dexamethasone, showed no withdrawal from this alpha-helix, thus suggesting a selectivity

of dexamethasone and braylin by the GR receptor. The contribution of GR activation to the
immunomodulatory effect of braylin was confirmed in an antagonism assay, in which RU486
partially prevented the inhibitory effect of braylin on stimulated macrophages.

Although glucocorticoids remain the most effective therapy for inflammatory and immune
diseases, their use is associated with side effects and many patients with chronic diseases
become resistant to glucocorticoids requiring higher doses [33]. Aiming to overcome this clin-
ical problem, research has been focused on the development of more potent GR agonists or
combination pharmacological strategies that target the GR, as well as other targets [34]. On the
“combination therapy”, a second drug is added to potentiate the effects of the glucocorticoid.
It has been demonstrated that the combined use with phosphodiesterase-4 inhibitors enhance
the clinical efficacy of glucocorticoids, probably by elevating intracellular cAMP [35]. Impor-
tantly, braylin presents potent phosphodiesterase-4 inhibitory activity [12], in addition to a
partially GR-dependent immunomodulatory effect of braylin demonstrated herein. Thus,
according to the current goals of drug development, braylin can represent an ideal GR ligand
prototype, able to cross-talk with other signaling pathways and inducing synergic immuno-
modulatory effects.

The GR activation mediates transactivation or transrepression of several genes involved
with the reduction of inflammation and immune function [36]. Glucocorticoids induce their
transcriptional effects by direct DNA binding of the GR or by binding to other transcription
factors, such as NF-kB and AP-1, to repress their function [34]. In addition, an important sig-
naling pathway used by Toll-like receptors in activated macrophages results in NF-xB activa-
tion. The genes that are expressed in response to NF-kB transcriptional activation encode
several pro-inflammatory proteins, such as IL-1B, TNF-«, and inducible nitric oxide synthase
[28]. Considering the inhibitory effects of braylin on these mediators, as well as the well-
described crosstalk between NF-kB and glucocorticoid signaling, the effect of braylin on NEF-
kB activation was also evaluated.

We found here that braylin treatment was able to intensely reduce the transcriptional activ-
ity of NF-kB. Considering that NF-kB is a central regulator of inflammatory response, it is pos-
sible to propose that the mechanism of action of braylin, involved with its anti-inflammatory
and immunomodulatory effects, is through the inhibition of the transcriptional activity of NF-
kB. On the other hand, braylin possesses inhibitory activity on PDE, [12], and PDE, inhibitors
present a broad range of anti-inflammatory activities in experimental and clinical conditions
[16,37]. Whether or not the PDE, inhibition contributes to the pharmacological effects of
braylin presented here is still on investigation.

The potential of braylin as an immunomodulatory agent was also demonstrated in vivo
using the CFA-induced paw inflammation model, a well-established experimental protocol for
study of inflammation and anti-inflammatory drugs. CFA induces local release of mediators,
such as cytokines and prostanoids, involved in the inflammatory signs, such as edema, hyper-
algesia and vasodilation [38-42]. Importantly, systemic administration of braylin reduced the
CFA-induced hyperalgesia with a greater efficacy than dexamethasone, considered the gold
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standard drug, showing an important and dose-related antinociceptive effect of braylin. The
lack of effects in motor performance of mice on the rota-rod test reinforced the antinociceptive
properties of braylin. The tail flick and hot plate tests, which mainly identify central-acting
analgesics [43], indicated that the braylin-induced antinociception is not a centrally-mediated
action, but likely an effect associated with anti-inflammatory properties.

Peripheral inflammation is associated with the local production of neuroactive inflamma-
tory cytokines and growth factors. It has already been established that the local injection of
CFA produces inflammatory hyperalgesia initiated by peripheral nociceptor activation and
local release of mediators, such as IL-1B and TNF-«, which has a major role in the production
of inflammatory pain hypersensitivity [38,44]. In addition to the inhibitory effect of braylin on
macrophage cells in vitro, we showed that braylin reduced the local levels of IL-1, TNF-o and
IL-6 during CFA-induced paw inflammation. Cytokines play an essential role in the develop-
ment of inflammatory signs and symptoms, and the first cytokines described as participating
in the development of inflammatory pain were IL-1f, TNF-u and IL-6 [39,45,46]. In addition,
upon inflammatory stimulation, the activation of the cytokine pathways precedes the release of
final mediators such as prostaglandins, which are involved with nociceptive sensitization, in
addition to its ability to trigger acute inflammation producing vasodilatation, vascular perme-
ability and edema [46-51]. Considering the key role of IL-1B, TNF-o and IL-6 to the inflam-
matory response, it may be suggested that the antinociceptive and antiedematogenic effects of
braylin are related to its ability to inhibit the release of inflammatory cytokines.

During the course of an inflammatory process, pro- and anti-inflammatory mediators are
produced and the balance between these two signals determines the magnitude of the inflam-
matory response. In the present study, the antiedematogenic and antinociceptive effects of
braylin were simultaneous to a substantial increase in the production of TGF-f. The TGF-f
family members are cytokines that have been implicated in a broad range of biological func-
tions including modulation of cell proliferation or cell differentiation, immunosuppression,
tissue repair, and neuroprotection [52-54], and their immune functions are mostly anti-
inflammatory. Chen et al demonstrated a pivotal role for TGF- in the regulation of immune
response leading to suppression of synovial inflammation and matrix destruction in strepto-
coccal cell wall-induced erosive polyarthritis [55]. Systemic administration of TGF-p prevents
the relapse of autoimmune encephalomyelitis [56]. In addition, TGF-p inhibits the prolifera-
tion of glial cells and induces anti-inflammatory and immunosuppressive effects on these cells
[57,58]. Considering the above described properties of TGF-B, it is possible to propose that the
braylin-induced pharmacological effects are mediated by this anti-inflammatory cytokine. In
addition, under inflammatory conditions, TGF-B inhibits TNF-u production [59], corroborat-
ing the results showed here. In fact, beneficial effects of TGF-B on models of pain have been
evidenced. TGF-f induces antinociceptive effect, inhibits the activation and proliferation of
microglia and astrocytes and reduces the expression of pro-inflammatory cytokines involved
with neuropathic pain maintenance [58,60].

Conclusions

In conclusion, to the best of our knowledge, this is the first in vivo demonstration of pharma-
cological properties of braylin. Using in vivo and in vitro approach, antinociceptive, anti-
inflammatory and immunomodulatory properties of braylin were demonstrated, likely linked
to GR activation and its ability to induce inhibition of the transcriptional activity of NF-kB.
Our results demonstrate a strong potential of braylin as a candidate drug for the treatment of
immune-inflammatory diseases.
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Supporting information

S1 Table. NMR data of braylin (CD30D, 'H 500 MHz; '*C 125 MHz).

(TIF)

S1 Fig. HPLC/MS analysis of braylin (250 mm; 4.6 mm; 5 um, flow 0.6 mL/min, 35°C).
(TIF)

$2 Fig. Interactions of (A) RU486 (pink), (B) dexamethasone (orange) and (C) braylin (cyan)
with the GR. In A it is possible to see the steric steric hindrance displaces promoted by N,N-
dimethylaniline group of the RU486 in the alpha-helix 12. Dexamethasone and brailyn did not
induce changes in alpha-helix 12.

(TIFF)

$3 Fig. Cytotoxic effect of braylin on RAW 264.7 Luc macrophages.
(TIF)

$4 Fig. Effects of braylin on motor function assessed by rota-rod test in mice.
(TIF)
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Resumo: Asma, a doenga inflamatdria pulmonar mais comum do planeta, acomete as vias aéreas
superiores e inferiores, cursando com inflamagdao e remodelamento estrutural, o que afeta
severamente a fungao respiratéria. O tratamento farmacolédgico atual da asma nao tem agao curativa e
esta associado a efeitos adversos frequentes. Considerando o potencial imunomodulador da brailina,
uma cumarina natural, o presente estudo foi delineado para investigar suas propriedades
farmacolégicas em modelo animal de asma. Camundongos da linhagem BALB/c machos foram
sensibilizados e desafiados com ovalbumina, para o desenvolvimento da asma experimental, e
tratados com brailina por via inalatéria. Os seguintes parametros foram analisados: contagem de
células totais e diferenciais no lavado broncoalveolar (LBA), quantifica¢do de IL4, IL-5 e IL-13 no LBA
por ELISA, avaliacdo do infiltrado inflamatorio no tecido pulmonar, produgao de muco pelas células
de Goblet. A administracao inalatéria de brailina (50mg/Kg) reduziu a celularidade total no LBA em
45,32% e reduziu a quantidade de neutrofilos e eosinofilos em relagdo ao tratamento com veiculo
(p<0,05), assim como a administra¢ao sistémica de dexametasona (30mg/kg, padrao ouro). A liberacao
de citocinas tipo Th2, IL-4, IL-5 e IL-13, também foi reduzida nos animais tratados com brailina e
dexametasona (p<0,05). No tecido pulmonar, a brailina e a dexametasona reduziram o infiltrado de
células inflamatorias e diminuiram a produc¢do de muco em relagdo ao grupo controle (p<0,05). Em
conclusao, os resultados apresentados aqui indicam que o tratamento inalatério com brailina reduz
diferentes parametros da asma experimental em camundongos, indicando que este composto tem
potencial para o desenvolvimento de novas alternativas terapéuticas para o controle da asma.

Palavras-chave: asma; brailina; imunomodulacao; citocinas

1. Intodugao
A asma é uma doenga respiratdria heterogénea caracterizada pela inflamagado cronica das vias

aéreas, em que o paciente apresenta histérico de falta de ar, chiado e aperto no peito, além de tosse
que varia com o tempo e intensidade[1]. A heterogeneidade da doenga pode ser evidenciada pelo fato

de que tanto fatores genéticos quanto a exposi¢ao ambiental contribuem para sua fisiopatologia, além
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da grande diferencga entre os desfechos em pacientes de classes socioecondmicas diferentes[2]. Nos
ultimos 60 anos, a prevaléncia da asma tem crescido muito, oque tornou esta doenga cronica uma das
mais comuns do mundo, principalmente pela transicdo da populacdao para ambientes cada vez mais
urbanizados[3]. Atualmente, mais de 240 milhdes depessoas sofrem com asma ao redor do mundo[4] e
a cada ano aproximadamente 43 milhdes de novos casos sao diagnosticados, sendo ainda associada a
uma elevada taxa de mortalidade [5].

As opgdes de tratamento da asma, apesar de ndo serem curativas, podem auxiliar no controle dos

sintomas, permitindo que o paciente asmatico possua uma vida ativa e reduzindo a mortalidade[6, 7].
A escolha das alternativas terapéuticas para o tratamento dessa doenga respiratéria depende da sua
severidade e incluem corticosteroides inalatorios e orais[8], agonistas 32 adrenérgicos de longa e curta
agao[9], antagonistas do receptor de leucotrienos[10] e inibidores da fosfodiesterase-4 (PDE4)[11].
(LAZARINIS; JORGENSEN; EKSTROM; BJERMER et al, 2014; OBYRNE; NAYA; KALLEN;
POSTMA et al., 2008)(GIEMBYCZ; NEWTON, 2015; GRUNDY;
PLUMB; KAUR; RAY et al, 2016)Apesar dos nitidos beneficios da terapia farmacoldgica para
pacientes asmaticos, os efeitos adversos dos farmacos utilizados impactam negativamente em sua
qualidade de vida. Esses efeitos incluem redugao da velocidade de crescimento, osteoporose, diabetes,
supressao do eixo hipotalamico-pituitdrio-adrenal, catarata e infec¢bes respiratérias pelo uso de
glicocorticoides[12], além de hipocalemia, efeitos cronotrdpicos cardiacos, nauseas, vomitos[13]. Como
principal consequéncia dos efeitos indesejados, observa-se uma baixa taxa deadesdao ao medicamento
profilatico aumentando as taxas de hospitalizagao[14].

Uma das estratégias para reduzir efeitos adversos e aumentar a efetividade do tratamento é
combinar mais de uma classe farmacoldgica para obtencao do efeito sinérgico, sendo a associagdoentre
glicocorticoides inalatdrios e agonistas 32 uma das mais comuns para a asma[15, 16]. No entanto, uma
associagdo que vem sendo considerada boa estratégia no tratamento das doencas respiratérias é a
utilizagao de glicocorticoide com inibidores de PDE4[17, 18]. Nesse sentido, a utilizagdo de farmacos
com agao dual também tem sido considerada uma boa estratégia terapéutica para melhorar a resposta
clinica e reduzir os efeitos adversos, principalmente quando trata-se do uso prolongado em casos de
doengas cronicas, como depressao[19] e diabetes[20]. Umexemplo desses farmacos sao os inibidores
simultaneos de COX e 5-LOX utilizados como tratamento alternativo em algumas doencas
inflamatorias[21]. No contexto da asma, no entanto, ndo estd ainda disponivel (JAIN,
2004)(WOOLSTON, 2013)um farmaco com ag¢ao dual para sua farmacoterapia.

As cumarinas, sdo compostos com relevantes propriedades farmacologicas[22] e com usos
clinicos aprovados como anticoagulante[23], antitumoral [24] e anti-inflamatério[22], sendo

considerada uma das classes quimicas mais importantes dentre os compostos naturais[25]. A brailina
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(6-methoxyseselin) é uma cumarina descrita pela primeira vez em 1949, cujas propriedades
farmacolégicas foram ainda pouco exploradas[26]. Até os dias atuais, ja foram identificadas para essa
cumarina atividade antiagregante plaquetaria[27], vaso relaxante[28, 29] e inibi¢ao da fosfodiesterase
4[30, 31]. Em adigao, nosso grupo de pesquisa foi o primeiro a descrever propriedades farmacoldgicas
da brailina in vivo, demonstrando sua agdo anti- inflamatéria e imunomoduladora em modelos
animais, possivelmente, mediadas parcialmente pelo receptor de glicocorticoide[32]. Considerando as
propriedades anti-inflamatérias e imunomoduladoras da brailina, assim como seu potencial para
atuar como farmaco dual via receptor de glicocorticoide e via inibicao de fosfodiesterase-4, o presente

estudo foi delineado para investigar a atividade farmacolédgica da brailina em modelo animal de asma.

2. Resultados
2.1 Influéncia da via de administragdo sobre a bioatividade da brailina no modelo de asma em camundongos

Com o objetivo de estabelecer se a brailina possui atividade farmacologica quando administrada
por via inalatoria, o efeito da administragdo inalatéria ou intraperitoneal dessa cumarina sobre a
contagem de células inflamatorias no lavado broncoalveolar (LBA) foi comparado.

Os camundongos induzidos ao modelo de asma por ovalbumina e tratados com veiculo
apresentaram aumento no nimero de células infamatorias totais no LBA em comparacao com animais
naive. O ntimero de células inflamatdrias no LBA foi significativamente menor (p<0,05) nos animais
doentes tratados com a brailina (50 mg/kg), tanto por via intraperitoneal quanto porvia inalatéria. Uma
inibigdo significativa desse parametro também foi observada em camundongos tratados com o

farmaco padrao ouro, dexametasona na dose de 30 mg/kg por via intraperitoneal (Figura 1).
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Figura 1. Efeito da brailina administrada por diferentes vias no modelo de asma em camundongos. O eixo X
representa os grupos testados: camundongos sem manipulacao experimental (Naive), camundongos induzidos
ao modelo de asma tratados com veiculo (Ve; 10% propilenoglicol em salina), com dexametasona por via
intraperitoneal (30 mg/Kg/ip; padraoouro), com brailina 50 mg/kg por via intraperitoneal (50 ip), e com brailina
50 mg/kg por via inalatdria (50 in). O eixo Y mostra a quantidade de células inflamatorias totais (x10*) contadas no
lavado broncoalveolar. Os tratamentos foram realizados durante 5 dias consecutivos, 2 horas antes do desafio
com ovalbumina. O lavado broncoalveolar foi coletado para as quantificagdes 24horas apds o ultimo desafio. As
células foram quantificadas no lavado broncoalveolar em microscopio de luz com o auxilio da camara de
Neubauer. *Diferenca estatisticamente significativa entre os grupos tratados e o grupo veiculo (p<0,05). “Diferenca
estatisticamente significativa em relagdo ao grupo naive (p<0,05). Dados representados como média + desvio
padrdo com n=5 animais por grupo. Teste de one-way ANOVA, seguido do pods-teste de Tukey de comparagao
multipla.

2.2 Curva dose resposta da brailina inalatdria no modelo de asma em camundongos

A relacao de dose-dependéncia do efeito da brailina administrada por via inalatdria na faixade
dose de 12,5 a 100 mg/kg foi a seguir avaliada (Figura 2). A brailina inalatoria nas doses de 25,50 e 100
mg/Kg reduziu, de modo ndo dependente da dose, a quantidade de células inflamatériasno LBA de
camundongos com asma experimental em comparagao com os tratados com veiculo (p<0,05). Na dose
de 12,5 mg/Kg a brailina ndo apresentou efeito. O efeito da brailina inalatéria teve eficacia similar ao

tratamento com dexametasona (30 mg/kg/ip), considerado padrao ouronesse ensaio.
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Figura 2. Curva de dose-resposta da brailina inalatéria no modelo de asma em camundongos. Oeixo X representa
os grupos testados: camundongos sem manipulagdo experimental (Naive), camundongos induzidos ao modelo
de asma tratados com veiculo (Ve; 10% propilenoglicol em salina) e brailina (12,5 a 100 mg/kg) por via inalatoria.
Dexametasona (30 mg/Kg) por via intraperitoneal foi o padrdo ouro. O eixo Y mostra a quantidade de células
inflamatdrias totais (x10%) contadas no lavado broncoalveolar. Os tratamentos foram realizados durante 5 dias
consecutivos, 2 horas antes do desafio com ovalbumina. O lavado broncoalveolar foi coletado para as
quantifica¢des 24 horas apds o ultimo desafio. As células foram quantificadas no lavado broncoalveolar em
microscépio de luz com o auxilio da camara de Neubauer. *Diferenca estatisticamente significativa em relagao ao
grupo veiculo (p<0,05). *Diferenca estatisticamente significativa em relacdo ao grupo naive (p<0,05). Dados
representados como média + desvio padrao com n=5 animais por grupo. Teste de one-way ANOVA, seguido do

pos-teste de Tukey de comparagao multipla.

2.3 Brailina reduz a presenga de eosindfilos e neutrdfillos no lavado broncoalveolar

Além de quantificar o niimero total de células inflamatorias do lavado broncoalveolar, também foi
realizada a quantificagdo diferencial entre eosindfilos, neutrdfilos e células mononucleares nessas
amostras (Figura 3). O tratamento inalatério com brailina (50 mg/Kg) reduziu a quantidade de
eosinofilos e neutrdfilos presentes no LBA em comparagao com o lavado de animais tratados com
veiculo (p<0,05). A quantidade das células mononucleares dos animais tratados com brailina se
aproximou dos valores encontrados nos camundongos do grupo naive, ndo induzidos a asma
experimental. A dexametasona (30 mg/kg/ip) induziuefeito com perfil similar ao da brailina, com redugao

nos numeros de eosinofilos e neutréfilos no LBA.
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Figura 3. Efeito da brailina sobre a contagem diferencial de células inflamatérias do lavado broncoalveolar no modelo de
asma em camundongos. Painéis mostram imagens representativas de células de lavado broncoalveolar de (A) animais
naive, (B) animais induzidos ao modelo de asma e tratados com veiculo, (C) animais induzidos e tratados com
dexametasona (30 mg/kg/ip), e (D) animais induzidos ao modelo e tratados com brailina (50 mg/Kg/in). Material corado
com hematoxilina e eosina, aumento de (100X). Quantifica¢do diferencial de mondcitos (E), neutrdfilos (F) e eosinéfilos (G)
no lavado broncoalveolar. Dado representado como percentual em relagdo a contagem total. *diferenca estatisticamente
significativa em rela¢do ao grupo naive (p<0,05). *Diferenga estatisticamente significativa entre os grupos tratados e o
grupo veiculo (p<0,05). Dados representados como média

+ desvio padrdo com n=5 animais por grupo. Teste de one-way ANOVA, seguido do pds-teste de Tukey de comparagdo

multipla.

2.4 Brailina modula as citocinas I1L-4, IL-5 e IL-13
Os niveis das citocinas que participam da resposta Th2 foram quantificados no lavado
broncoalveolar dos camundongos dos diferentes grupos experimentais. Camundongos induzidos ao

modelo de asma apresentaram niveis elevados das citocinas de IL4, IL-5 e IL- 13 no LBA em relagao
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aos camundongos naive (p<0,05). Brailina inalatdria, nas doses de 25 e 50 mg/Kg, reduziu os niveis de
IL4, IL-5 e IL-13 no LBA (p<0,05). No entanto, brailina na dose de 12,5 mg/kg, induziu reducdo
significativa de IL-5 e IL-13 , mas nado de IL-4, no LBAdos camundongos. Os animais tratados com a
dexametasona sistémica (30 mg/kg/ip) apresentaram redugdo nos niveis de todas as citocinas

quantificadas no LBA (Figura 4), commagnitude similar ao obtido com a brailina inalatdria.
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Figura 4. Efeito da brailina sobre os niveis de citocinas no lavado broncoalveolar de camundongos com asma
experimental. Painéis mostram os niveis das citocinas (A) IL-4, (B) IL-5 e (C) IL-13 no lavado broncoalveolar de
camundongos, determinados por ELISA. O eixo X representa os grupos testados: camundongos sem manipulagdo

experimental (Naive), camundongos induzidos ao modelo de asma tratados com veiculo (Ve; 10% propilenoglicol
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em salina), dexametasona (30 mg/Kg/ip; padrao ouro), e brailina (12,5, 50 e 100 mg/kg) por via inalatdria. Os
tratamentos foram realizados durante 5 dias consecutivos, 2 horas antes do desafio com ovalbumina. O lavado
broncoalveolar foi coletado para as quantificagdes 24 horas apés o ultimo desafio. *Diferenca estatisticamente
significativa em relagdo ao grupo veiculo (p<0,05). “Diferenga estatisticamente significativa em relagdo ao grupo
naive (p<0,05). Dados representados como média + desvio padrao com n=6 animais por grupo. Teste de one-way

ANOVA, seguido do pés-teste de Tukey de comparagao multipla.

2.4 Brailina reduz o infiltrado inflamatdrio pulmonar e a ocorréncia de metaplasia das células de Goblet.

Para caracterizar as alteragdes teciduais provocadas pela indugdo do modelo asma e o possivel
efeito da brailina sobre a migracdo das células inflamatorias, foram examinados cortes de pulmdes
corados com HE. Um grande infiltrado celular contendo linfécitos, macrofagos e eosinofilos foi
observado nos animais induzidos ao modelo e tratados com veiculo. Os camundongos tratados com
brailina inalatéria a 50 mg/Kg tiveram redugao na inflamagao pulmonar com diminui¢do da presenca
de células inflamatérias em comparagaocom os animais tratados com veiculo (p<0,05, Figura 5I). O
tratamento sistémico com dexametasona (30 mg/Kg/ip) também foi capaz de reduzir o infiltrado
inflamatdrio pulmonar. A ocorréncia de metaplasia das células de Goblet no epitélio bronquiolar foi
determinada por coloracdo do tecido com acido perioédico-Schiff (PAS) e evidencia uma maior
formacdo de muco. Os pulmodes de camundongos com asma experimental tratados com veiculo
apresentaram uma maior drea corada com PAS (p<0,05, Figura 5]). O tratamentocom brailina reduziu a
marcacdo de células de Goblet no epitélio bronquiolar dos animais com asma induzida (p<0,05),
indicando sua capacidade de modular a produgao de muco. Como esperado, a dexametasona

sistétmica também reduziu a presenca de muco nas células de Goblet coradas com PAS.
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Figura 5. Efeitos da brailina sobre parametros teciduais e celulares pulmonares. Painéis mostram imagens
representativas de camundongos tratados com veiculo (C-D), dexametasona (E-F; 30 mg/kg/ip) ou brailina (G-H;
50 mg/kg/in). Animais nao manipulados experimentalmente compreendem o grupo naive (A-B). Pulmdes corados
com HE (A,C,E,G). Pulmdes corados com acido periédico-Schiff (PAS) (B, D, F, H). Cabecasde seta indicam células
do infiltrado inflamatdrio. Setas indicam as células de Goblet marcadas com PAS. Aumento de 40X, barra de 50

pm. Painel I mostra a contagem de células no infiltrado inflamatério dos diferentes grupos experimentais,
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enquanto o painel J a quantificacdo de células de Goblet produtoras de muco marcadas com PAS. *Diferenga
estatisticamente significativa em relagao ao grupo veiculo (p<0,05).

"Diferenca estatisticamente significativa em relagdo ao grupo naive (p<0,05). Dados representados como média +
desvio padrdo com n=5 animais por grupo. Teste de one-way ANOVA, seguido do pods-teste de Tukey de

comparagao multipla.

3 Discussao

O presente estudo evidenciou a atividade farmacoldgica da brailina, administrada por via
inalatéria, em modelo animal de asma induzida por ovalbumina. A brailina modulou relevantes
parametros associados a fisiopatologia da asma experimental, como a reducdo do infiltrado
inflamatdrio no lavado broncoalveolar e no tecido pulmonar, a redugao da metaplasia das célulasde
Goblet e a inibicdo da producao de citocinas chaves para o desenvolvimento da resposta imune Th2.
Esses resultados indicam que essa cumarina natural tem potencial como candidato a farmaco no processo
de desenvolvimento de novas drogas para o tratamento da asma.

A brailina reduziu a celularidade do lavado broncoalveolar em camundongos com asma
induzida. O efeito da brailina administrada por via inalatéria na dose de 50 mg/Kg teve eficacia
similar a da dexametasona sistémica na dose de 30 mg/kg. Esses resultados apontam que o efeito
farmacolégico da brailina é relevante, considerando que na faixa de dose sistémica utilizada aqui, a
dexametasona € considerada padrao ouro na asma experimental[33]. Além disso, ter eficacia por via
inalatoria é uma propriedade extremamente desejada para candidatos a fdrmacos destinados ao
tratamento da asma. O uso cronico de corticoides provoca efeitos adversos graves como osteopenia,
hiperglicemia, catarata e hipertensao, limitando seu uso sistémico [34, 35]. Dessa forma, sua
administragdo inalatéria se mostrou uma boa estratégia terapéutica no tratamento da asma pois
permite atingir uma alta concentracdo local do ativo nos pulmoées, com reduzida absorcdo e,
consequentemente, menos efeitos adversos[36]. De fato, o desenvolvimento dos glicocorticoides
inalatdrios revolucionou a farmacoterapia da asma a partir dos anos 1950. Mesmo com relatos de
tratamentos via inalatéria na India ha 4000 anos atras, foi em 1956 gracasao inalador dosimetrado que
este método de administragdo foi incorporado no manejo de pacientes asmaticos, sendo hoje
considerado peca chave no tratamento desta doenga [37].

Além da redugao do infiltrado total, uma diminui¢ido da quantidade de neutrdfilos e
eosinofilos foi observada no LBA dos animais tratados com brailina, sugerindo que essa cumarina induz
uma alteragao fenotipica benéfica na populagao de células encontradas no LBA de animaiscom asma
experimental. A presenca de neutrdfilos é comum e alguns pacientes com asma cronica, sendo as primeiras
células recrutadas pods inicio da reagdo alérgica. Quando ativados no tecido pulmonar, neutréfilos se

tornam aptos a liberar mediadores, como espécies reativas de oxigénio, mieloperoxidases, IL-8,
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tromboxanos, elastase e moléculas de adesao, que juntos promovem a broncoconstric¢do, formagao de
exsudato, hiperprodugao de muco, hiper-reatividade e remodelamento brénquico, prolongando os
sintomas da asma[38-44]. De fato, a maioria das pessoas que sofrem de asma severa exibem um
aumento da quantidade de neutrdfilos no LBA [45, 46]. No que diz respeito aos eosindfilos, sua
presenca possui uma relagao direta com a gravidade da asma, e essas células apresentam um papel
central na patogénese da doenca. De modo que, quando recrutados e ativados via citocinas Th2, como
IL-4, IL-5 e IL-13, liberaram leucotrienos e outros mediadores inflamatorios derivados do acido
araquidonico, aumentando o estado inflamatério pulmonar, induzindo o hiperresponsividade e
remodelamento das vias aéreas[47, 48]. Nesse contexto, a inibicdo da produgao de citocinas de perfil
Th2 pela brailina, demonstrada no presente estudo, reforca o potencial dessa cumarina para aplicacao
futura na farmacoterapia da asma. As citocinas IL-4, IL-5 e IL-13, todas moduladas negativamente pela
brailina, estdo envolvidas diretamente na sinalizacdo, recrutamento e diferenciacdo de células
envolvidas na fisiopatologia da asma[49]. Foi demonstrado que o aumento da IL-5 em individuos
asmaticos esta diretamente relacionado a diferencia¢do, recrutamento e ativagdo de eosinéfilos nos
pulmdes[50], assim como IL-4 e IL-13 sao responsaveis pela liberacdo de IgE via ativagao de células B,
e atuam diretamente na musculatura lisa e epitélio das vias aéreas provocando a hiper-reatividade das
mesmas[47]. De fato, a capacidade das cumarinas de modular a produgao de citocinas que fazem
parte da resposta Th2 ja foi demonstrada por Li e Wu[51], que demonstraramque cumarinas reduzem a
liberagdo de histamina por mastdcitos, de IL-4 e a ativagao do fator de transcricdo NFkB. Chiang e
colaboradores também demonstraram a atividade da cumarina ostoleem modelo de asma induzida por
OVA com reducdo da producao de IL-4, IL-5 e IL-13, do infiltrado inflamatdrio e da produgao de
muco no tecido pulmonar[52].

No presente estudo, o tratamento inalatério com brailina também foi capaz de reduzir a
producao de muco pelas células de Goblet no tecido pulmonar. Estudos anteriores correlacionaram a
redugdo da producdo de muco com a redugao da resposta alérgica em modelode asma[33, 53, 54]. Esta
correlacdo ressalta a importancia da modulagao da metaplasia das células de Goblet, um parametro
caracteristico do quadro asmatico. A metaplasia destas células caliciformes e aumento da producao de
muco sao responsaveis pela primeira linha de defesa contra substancias tdxicas, alérgenos ou detritos
que acessam as vias aéreas[55]. Porém, quando a metaplasia mucosa persiste, esta hipersecrecao de
muco contribui para o aumento da morbidade e mortalidade dos pacientes asmaticos[56]. Dessa forma,
o efeito inibitério da brailina sobre a produgdo de muco pelas células de Goblet, refor¢a o potencial
terapéutico dessa cumarinapara a asma.

Os mecanismos responsaveis pelos efeitos farmacoldgicos da brailina ndo sdo ainda bem

compreendidos. Embora essa questdo nao tenha sido objeto do presente estudo, é possivel que osefeitos
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terapéuticos aqui descritos na asma experimental dependam da ativagdo de receptores de
glicocorticoides[32] e da inibicao de PDE4[31], os quais sdo mecanismos de a¢do ja propostos paraa
brailina. Utilizando abordagens in vitro, in silico e in vivo, Espirito-Santo, et al. [32] demonstraram que
a brailina induz efeitos anti-inflamatérios e imunomoduladores mediados, pelo menos em parte, por
receptores de glicocorticoide. Adicionalmente, Lin et al. [31], demonstraram que a brailina foi capaz
de inibir a atividade da PDE4 em ensaio enzimatico, comvalor de ICs0 menor que 10 uM. Trabalhos
como o de Junchao et al.[57] e Belvisi et al.[58], demonstraram que moléculas farmacologicamente
ativas em modelo de asma via receptor glicocorticoide exibem efeitos com perfil similar ao
demonstrado para a brailina, ou seja, reducdo da producdo de muco, diminuicdo do infiltrado
inflamatdrio tecidual e da celularidade do LBA, e modulagao de citocinas Th2. Seguindo a mesma
linha de raciocinio, o inibidor de PDE4 piclamilast também apresenta padrao de efeitos
farmacolégicos similar a brailina em modelo experimental de asma induzida por OVA [59]. Portanto,
€ possivel especular que os efeitos da brailina na asma experimental sejam mediados por sua agao
dual em receptores de glicocorticoides e PDE4, embora essa hipotese ndo tenha sido investigada no
presente trabalho.

Segundo Kumar e colaboradores, apesar dos inibidores de PDE4 e agonistas glicocorticoidesserem
potentes inibidores da inflamacao das vias aéreas e do remodelamento, eles possivelmente agem de
forma diferente, podendo ser complementares no efeito terapéutico na asma [60]. Dessa forma, os
dados aqui apresentados indicam que a brailina pode representar um prototipo inovador para o
desenvolvimento de fadrmacos para o tratamento da asma. Embora essa hipdtese seja também
corroborada pelo fato de farmacos clinicamente importantes no tratamento da asma incluirem os
agonistas de receptores de glicocorticoides e os inibidores de PDE4[61, 62], ela aindarequer estudos de

confirmacgao.

4 Material e Métodos
4.1 Extracdo, isolamento e identificacéo da brailina

Espécimes de Z. tingoassuiba St. Hil foram coletadas em 12 de agosto de 2009 no distrito de Jaiba
municipio de Feira de Santana — Bahia (12° 12" 52.560" S; 38° 52' 46.205" W). A identificagao do
espécime foi realizada pela Professora Maria Lenise da Silva Guedes. Com exsicata depositada no
Herbario Alexandre Leal Costa (ALCB) sob o numero 88005. Os procedimentos de extracao
purificacao e identificagao da brailina a partir raizes de Z. tingoassuiba St. Hil foram descritos porCosta
e colaboradores[63]. A férmula foi estabelecida por analise em espectroscopia de massa e ressonancia
magnética nuclear (RMN) para confirmagao da sua estrutura quimica com grau depureza superior a

99%[64].
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4.2 Animais

Camundongos machos da linhagem BALB/c, pesando entre 20 e 25g, provenientes do biotério
do Centro de Pesquisas Gongalo Moniz, FIOCRUZ/BA. Os animais foram mantidos em condic¢des de
temperatura controlada (22+2°C), em ciclo claro/escuro de 12 horas com agua e ragao ad libitum. Todos
os protocolos e manipula¢des foram aprovados pela Comissao de ética para experimentacao animal da

FIOCRUZ (CEUA/FIOCRUZ/ L-IGM-015/2013).

4.3 Modelo de asma e tratamentos

Os camundongos foram divididos em grupos de seis animais e imunizados com uma injecao
subcutanea de 10 pg de ovalbumina (Sigma, St. Louis, MO) diluida em 2 mg/ml alum (AlumImject;
Pierce, Rockford, IL), seguida de uma injegao de refor¢o 14 dias depois. A partir do dia 28, os
camundongos foram acondicionados em caixa de acrilico e submetidos a exposigao inalatéria de
ovalbumina (1%) durante 15 minutos por dia, durante cinco dias consecutivos. A solucdao de
ovalbumina foi nebulizada pelo inalador ultrassonico (RespiraMax, Brasil). O protocolo utilizado para
inducdo da asma experimental foi realizado como previamente descrito [48]. O grupo naive foi
desafiado apenas com solugdo salina. Para a realizacdo dos tratamentos, duas horas antes de cada
desafio por via inalatdria, os camundongos foram tratados com brailina (100, 50, 25,5 e 12,5 mg/kg, via
inalatéria), dexametasona (30 mg/kg via intraperitoneal) ou veiculo(10% propilenoglicol em salina, via

inalatoria).

Coleta do lavado broncoalveolar

Os animais foram eutanasiados com dose letal de cetamina e xilazina (300mg/Kg e 30mg/Kg,
respectivamente via i.p.) 24 horas ap0s o ultimo desafio para a coleta do lavado broncoalveolar (LBA).
Foi realizada a instilagdo intratraqueal de 1 ml de PBS gelado, seguida de coleta do LBA, e esse
procedimento foi repetido. A primeira lavagem foi centrifugada e o sobrenadante armazenado a -70°C
para posterior quantificacdo de citocinas por ELISA. A segunda lavagem foi centrifugada, o
sobrenadante desprezado e os pellets ressuspensos em 1 mlde salina para a contagem de leucdcitos
totais com auxilio da camara de Neubauer. Para a realizagdo da contagem diferencial das células,
foram coletadas 10.000 células da ressuspensao anterior, centrifugadas no Cytospin® e coradas com

hematoxilina e eosina [33].

Andlise histopatoldgica e morfométrica
Apds a coleta do lavado broncoalveolar, foi realizada a perfusao pulmonar via intratraqueal

com 1 ml formalina (4%) e, posteriormente, o lobo direito dos pulmdes de cada animal foi removido e
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fixado na mesma solu¢do para andlise histoldégica e morfométrica. As sec¢des foram coradas com
hematoxilina e eosina para quantificagdo das células inflamatdrias por microscopia dtica de acordo
com a quantidade de nticleos presentes nos campos com maior populagio de células. Para a
quantificagdo da produgao de muco, a coloragao foi feita com acidoperiddico de Schiff (PAS) e as areas
marcadas foram quantificadas. A area de tecido pulmonar marcada com PAS foi considerada positiva
para o muco produzido pelas células de Goblet [65]. Foram analisados 10 campos (400x) por animal
em um total de 5 animais, e os dados foram utilizados para calcular a média de células por mm? ou a
area corada com PAS. O programa utilizado para auxiliar na contagem de células e determinagdo da

area foi o Image-Pro PLUS, versao 4.5 (Media Cybernetics, Silver Spring, EUA).

Quantificagdo de citocinas no lavado broncoalveolar
O sobrenadante do lavado broncoalveolar armazenado a -70°C foi descongelado e utilizado
para a quantificacdo das citocinas IL-4, IL-5 e IL-13 pelo método de ELISA, usando kits especificos

(R&D System, Minnesota, MN, USA) para camundongos, seguindo as instrugdes do fabricante[33].

Andlise estatistica

Os resultados foram expressos como média + desvio padrao. As diferencas estatisticas foram
determinadas pelo teste de one-way ANOVA, seguido do pds-teste de Tukey, com nivel designificancia
previamente estabelecido em p<0,05. As analises foram realizadas utilizado o programa GraphPad

Prism 5.0 (California, LA, USA).

5 Conclusao

Em conclusao, o presente estudo demonstrou que a brailina administrada por via inalatéria tem
propriedades farmacoldgicas consistentes na asma experimental. Essa cumarina reduziu importantes
eventos fisiopatoldgicos associados a asma, com eficdcia similar a dexametasona sistémica,
considerada o farmaco padrao ouro. Estes resultados sugerem que a brailina pode serum promissor
candidato no tratamento da asma por regular a resposta Th2 e apresentar eficaciarelevante por via
inalatéria. Com base no perfil farmacoldgico aqui descrito e nos dados da literatura sobre seu
mecanismo de agao, é possivel que os efeitos da brailina na asma experimental decorram de sua agao
dual em receptores de glicocorticoide e inibicdo de fosfodiesterase-4. No entanto, estudos mais

aprofundados, sobretudo no que diz respeito ao mecanismo de agao da brailina, sdo ainda necessarios.
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5 DISCUSSAO

Neste trabalho foi demonstrado, pela primeira vez, as propriedades anti- inflamatorias
e imunomoduladoras da brailina, uma molécula natural da classe das cumarinas. Utilizando
ensaios in silico, in vitro e modelos de inflamacéo, dor e asma em camundongos, os efeitos
terapéuticos da brailina foram caracterizados, e corroboram seu potencial para o
desenvolvimento de novos farmacos para o controle da inflamacdo e asma.

O potencial anti-inflamatério da brailina foi inicialmente investigado in vitro.
Utilizando ensaios em macrofagos, foi possivel estabelecer que essa cumarina inibe a resposta
dessas células a estimulos inflamatorios, reduzindo a produgdo de 6xido nitrico e citocinas
pro-inflamatorias, TNF-o, IL1-p ¢ IL-6, em macrofagos estimulados com LPS+INF-y. Com
base nos resultados dos ensaios in vitro, e considerando o potencial intrinseco das cumarinas
como moléculas farmacologicamente ativas, e seu ndcleoquimico com grande potencial de
atividade anti-inflamatéria (BANSAL; SETHI; BANSAL, 2012), foi a seguir avaliado se a
brailina tem propriedades farmacoldgicas emmodelos experimentais de inflamacéo e dor em
camundongos. Baseado em ensaios comportamentais, testes de nocicepcdo e modelo de
inflamacdo induzida por CFA, foi possivel estabelecer que a brailina possui propriedades anti-
inflamatorias e antinociceptivas consistentes. Esse estudo representa a primeira demonstracéo
das propriedades farmacoldgicas da brailina in vivo.

Com o objetivo de investigar o mecanismo de acdo da brailina, sua possivel interacdo
com receptores de glicocorticoide, foi inicialmente investigada in silico utilizando docking
molecular. Os testes de docking molecular sdo ferramentas in silico que possibilitam prever
ou confirmar as interagcdes entre um ligante e um receptor alvo (KITCHEN et al., 2004).
Tendo como principal objetivo, simular computacionalmente se o ligante possui afinidade e
capacidade quimica de interagir com o alvo, sendo este processo realizado em centenas ou
milhares de conformacdes diferentes (FISCHER, 2008). Desta forma, o docking desempenha
um papel importante nos processos de sintese e descoberta de novos farmacos (MENG et al.,
2011). O ensaio de docking molecular indicou a interagdo entre a molécula de brailina e o
receptor glicocorticoide. Neste ensaio, a brailina foi capaz de interagir com o receptor
glicocorticoide no mesmo sitio de interacdo do antagonista de receptor glicocorticoide
RU486 e do ligante padrdo ouro dexametasona, sendo possivel prever a conformacdo do
ligante, bem como sua posi¢do e orientacdo, além da avaliagcdoda afinidade da ligagdo com o
receptor glicocorticoide. A contribuicdo dos receptores de glicocorticoides para os efeitos

farmacologicos da brailina foi entdo confirmada utilizando um ensaio de reversdo funcional
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por antagonista. A brailina, de fato, teve sua atividade imunomoduladora em macrdfagos
reduzida quando incubada concomitantemente com o antagonista glicocorticoide RU-486,
sugerindo fortemente queesta poderia ser uma das vias farmacoldgicas pela qual ela exerce
sua atividade.

Considerando que a ativacao dos receptores de glicocorticoides induz efeitos anti-inflamatérios
e imunomoduladores mediados pela inibicdo da atividade de fatores de transcricdo nuclear
como NFkB (COUTINHO; CHAPMAN, 2011; DE BOSSCHER, 2000), o efeito da brailina
sobre essa via foi também avaliado. Utilizando o ensaio da luciferase em macrofagos, foi
possivel demonstrar que a brailina é capaz de reduzir a atividade de NFkB, um fator de
transcricdo chave na resposta inflamatoria e imune, apontando um possivel mecanismo de
acao e corroborando a participacéo e receptores deglicocorticoide.

Nessa primeira série de experimentos, 0s consistentes efeitos anti-inflamatérios da brailina
foram demonstrados, e sua mediag@o por receptores glicocorticoides foi evidenciada. Esses
achados, aliados aos dados da literatura indicando que essa cumarina € um inibidor de
fosfodiesterase 4 (LIN et al., 2014), levaram a proposicdo de outra série de experimentos,
voltados a investigar o potencial da brailinacomo candidato a farmaco para o controle da
asma. O potencial terapéutico no controle da asma é fundamentado no mecanismo de agéo
proposto, que engloba receptores de glicocorticoides e a inibicdo de PDE4. As
fosfodiesterases sdo enzimas que regulam os niveis intracelulares dos segundos mensageiros
AMP ciclico e GMP ciclico, controlando suas taxas de degradacdo (BENDER; BEAVO,
2006). Os inibidores de PDE4 sdo moléculas que reduzem a degradacdo de AMPc pela
enzima, elevando o AMPc intracelular, regulando negativamente a resposta inflamatoria, pois
a PDE4 esta amplamente presente em células inflamatérias (SALARI; ABDOLLAHI, 2012;
SEREZANI et al., 2008). Assim sendo, a

PDE4 vem sendo identificada como alvo terapéutico de alto interesse para doencas
inflamatorias mediadas pelo sistema imune, como os glicocorticoides, classes utilizadas na
clinica em doencas inflamatdrias respiratérias como asma e DPOC (BAUMER et al.,
2007; HOUSLAY; SCHAFER; ZHANG,2005; LIPWORTH, 2005; STRAND et al., 2013).
Utilizando o modelo de asma induzida por ovalbumina em camundongos, foi possivel
demonstrar que a brailina ¢ ativa por via inalatoria, e inibe relevantes eventos fisiopatologicos
associados a asma experimental, como a celularidade total do lavado broncoalveolar, a
producdo de citocinas da resposta Th2 (IL-4, IL-5 e IL-13), o infiltradoinflamatorio pulmonar
e a producdo de muco. Considerando que esses eventos também estdo associados a morbidade

e mortalidade em pacientes asmaticos (IZUHARA et al., 2009), é possivel propor que a
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brailina seja uma molécula com um potencial a ser desenvolvido para o tratamento da asma.
Embora o estudo do mecanismo de agdo da brailina na asma experimental ndo tenha sido
objeto do presente estudo, seu mecanismo de acdo aqui demonstrado em modelos de
inflamacédo, em associacdo ao proposto na literatura, indicam que essa molécula pode possuir
atividade dual, modulando duas vias diferentes clinicamente Uteis no tratamento da asma
(CAZZOLA; MATERA, 2020; SANTOS et al., 2020). Os farmacos duais vém sendo
utilizados ha alguns anos, como rivastigmina, amitriptilina e tramadol, e sdo alternativas a
polifarmécia, reduzindo reacdes adversas e interacdes medicamentosas. Outras estratégias,
como associacdo medicamentosa e sistemas de liberacdo prolongada, também sdo
consideradas como alternativas (PATYAR; PRAKASH; MEDHI, 2011). Porém, a longo
prazo um Unico ativo que possui capacidade de contribuir para a melhora clinica por duas ou
mais vias diferentes, parece ser uma alternativa mais segura, esbarrando, no entanto, na
dificuldade de se chegar ao farmaco com tal caracteristica (AROOJ et al., 2013;
JANKOWSKA et al., 2017). A busca

por tais compostos representa, sem ddvida, uma estratégia de inovacdo perseguida pela
industria farmacéutica em todo o mundo. Embora o presente trabalho mostre dados
promissores que apontam a brailina como um candidato nessa busca, sua validagdo comoum
composto com acdo terapéutica na asma e mecanismo de acdo dual demandaréd aindanovos

estudos.
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6 CONCLUSAO

No presente estudo, evidenciamos uma molécula de origem natural, ativa por via
inalatéria em modelos de inflamagdo e asma, com potencial mecanismo de acdo dual em
receptores de glicocorticoide e inibicdo de PDE4, que pode representar um protétipo no
processo de desenvolvimento de farmacos inovadores para o controle da asma. Vale ressaltar
que mais estudos pré-clinicos s@o ainda necessarios para fornecer um perfil de seguranca e

mecanismo de acdo da brailina na asma.
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ARTICLEINFO ABSTRACT
Keywords: Aims: The present study was designed to investigate whether the antinociceptive effect of bone marrow-derived
Neuropathic pain mesenchymal stem/stromal cells (MSC) during oxaliplatin (OXL)-induced sensory neuropathy is related to
;hemim;“:ly % antioxidant properties.

e_senc, R Main methods: Male mice C57BL/6 were submitted to repeated intravenous administration of OXL (1 mg/kg, 9
Oxidative stress e g i A 2 £ X
Gitckiies administrations). After the establishment of sensory neuropathy, mice were treated with a single intravenous

administration of MSC (1 x 10°), vehicle or gabapentin. Paw mechanical and thermal nociceptive thresholds
were evaluated through von Frey filaments and cold plate test, respectively. Motor performance was evaluated in
the rota-rod test. Gene expression profile, cytokine levels, and oxidative stress markers in the spinal cord were
evaluated by real-time PCR, ELISA and biochemical assays, respectively.

Key findings: OXL-treated mice presented behavioral signs of sensory neuropathy, such as mechanical allodynia
and thermal hyperalgesia, which were completely reverted by a single administration of MSC. Repeated oral
treatment with gabapentin (70 mg/kg) induced only transient antinociception. The IL-1p and TNF-a spinal levels
did not differ between mice with or without sensory neuropathy. MSC increased the levels of anti-inflammatory
cytokines, IL-10 and TGF-§, in the spinal cord of neuropathic mice, in addition to increasing the gene expression
of antioxidant factors SOD and Nrf-2. Additionally, nitrite and MDA spinal levels were reduced by the MSC
treatment.

Significance: MSC induce reversion of sensory neuropathy induced by OXL possibly by activation of anti-
inflammatory and antioxidant pathways, leading to reestablishment of redox homeostasis in the spinal cord.
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Painful neuropathy is a common adverse effect of oxaliplatin (OXL), a platinum-derivative chemotherapeutic agent. Oxidative
stress and mitochondrial dysfunction are key factors contributing to the development of OXL-induced peripheral neuropathy
(OIPN). Based on the antioxidant and antinociceptive properties of mesenchymal stem/stromal cells (MSC), the present study
tested the hypothesis that MSC induce antinociceptive effects during OIPN by promoting regulation of redox environment and
mitochondrial homeostasis in the nociceptive primary afferents. C57Bl/6 mice submitted to the OXL-chronic neuropathy
induction protocol by repeated intravenous administration of OXL (1 mg/kg) were evaluated to determine the paw mechanical
and thermal nociceptive thresholds using the von Frey filaments and cold plate tests, respectively. Two weeks after the
neuropathy induction, mice were treated with bone marrow-derived MSC (1 x 10°), vehicle, or gabapentin (GBP, 70 mg/kg).
Four weeks later, mitochondrial morphology, gene expression profile, and oxidative stress markers in the sciatic nerve and
dorsal root ganglia (DRG) were evaluated by transmission electron microscopy, RT-qPCR, and biochemical assays, respectively.
OXL-treated mice presented behavioral signs of sensory neuropathy, such as mechanical allodynia and thermal hyperalgesia.
The behavioral painful neuropathy was completely reverted by a single administration of MSC, while the daily treatment with
GBP induced only a short-lived antinociceptive effect. The ultrastructural analysis of the sciatic nerve and DRG of OIPN mice
revealed a high proportion of atypical mitochondria in both myelinated and unmyelinated fibers. Importantly, this
mitochondrial atypia was strongly reduced in MSC-treated neuropathic mice. Moreover, MSC-treated neuropathic mice showed
upregulation of Sod and Nrf2 mRNA in the sciatic nerve and DRG. In line with this result, MSC reduced markers of nitrosative
stress and lipid peroxidation in the sciatic nerve and DRG from OIPN mice. Our data suggest that the reestablishment of redox
homeostasis in the nociceptive primary afferents is a mechanism by which MSC transplantation reverts the OXL-induced
chronic painful neuropathy.



77

O R Wb
Article
(E)-2-Cyano-3-(1H-Indol-3-yl)-N-Phenylacrylamide,

a Hybrid Compound Derived from Indomethacin and

Paracetamol: Design, Synthesis and Evaluation of the
Anti-Inflammatory Potential

Pablo Silva 230, Maria de Almeida 2, Jamire Silva %*(), Sonaly Albino 30,
Renan Espirito-Santo 56 Maria Lima 4, Cristiane Villarreal %, Ricardo Moura 30
and Vanda Santos %*

1 Programa de Pos-Graduacao em Ciéncias Farmacéuticas, Universidade Estadual da Paraiba,

Campina Grande 58429-500, PB, Brazil; pablo-rayff@hotmail.com (P.S.); sonaly.albino@hotmail.com (S.A.);
ricardo.olimpiodemoura@gmail.com (R.M.)

Laboratorio de Ensaios Farmacologicos, Departamento de Farmacia, Universidade Estadual da Paraiba,
Campina Grande 58429-500, PB, Brazil; cris.freire21@hotmail.com

Laboratorio de Desenvolvimento e Sintese de Farmacos, Departamento de Farmacia, Universidade Estadual
da Paraiba, Campina Grande 58429-500, PB, Brazil; jamiremuriel@hotmail.com

Programa de Pos-Graduagao em Ciéncias Farmacéuticas, Universidade Federal de Pernambuco,

Recife 58429-500, PE, Brazil; nenalimamariadocarmo@gmail.com

Instituto Gongalo Moniz, Fundacao Oswaldo Cruz, Salvador 40296-710, BA, Brazil;
r.fernandes88@hotmail.com (R.E.-S.); cfv@ufba.br (C.V)

6 PFaculdade de Farmacia, Universidade Federal da Bahia, Salvador 40170-290, BA, Brazil

*  Correspondence: vandaluciasantos16@gmail.com; Tel.: +55-(83)-98846-6949

=]

w

check for
Received: 10 March 2020; Accepted: 3 April 2020; Published: 8 April 2020 updates

Abstract: The compound (E)-2-cyano-3-(1H-indol-3-yl}-N-phenylacrylamide (ICMD-01) was designed
and developed based on the structures of clinically relevant drugs indomethacin and paracetamol
through the molecular hybridization strategy. This derivative was obtained by an amidation reaction
between substituted anilines and ethyl 2-cyanoacetate followed by a Knoevenagel-type condensation
reaction with indole aldehyde that resulted in both a viable synthesis and satisfactory yield. In order
to assess the immunomodulatory and anti-inflammatory activity, in vitro assays were performed in
J774 macrophages, and significant inhibitions (p < 0.05) of the production of nitrite and the production
of cytokines (IL-1f and TNF«x) in noncytotoxic concentrations were observed. The anti-inflammatory
effect was also studied via CFA-induced paw edema in vivo tests and zymosan-induced peritonitis.
In the paw edema assay, ICMDO1 (50 mg kg_l) showed satisfactory activity, as did the group treated
with dexamethasone, reducing edema in 2-6 h. In addition, there was no significant inhibition of PGE,,
IL-1B or TNFx in vivo. Moreover, in the peritonitis assay that assesses leukocyte migration, ICMD-01
exhibited promising results. Therefore, these preliminary studies demonstrate this compound to be a
strong candidate for an anti-inflammatory drug together with an improved gastrointestinal safety
profile when compared to the conventional anti-inflammatory drugs.

Keywords: cytokines; paw edema; PGEy; phenylacrylamide
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Bioactive Compounds from the Aerial Parts of Evolvulus linarioides
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ABSTRACT: Three new caryophyllane-type sesquiterpenoids,
linariophyllenes A—C (1—3), two new hamamelitol derivatives,
linaritols A (4) and B (5), two new chromones, linariosides A (6)
and B (7), and three known chromones, cnidimol C (8),
monnieriside A (9), and undulatoside A (10), were identified
from the aerial parts of Evolvulus linarioides. The structures of these
compounds were elucidated by NMR, MS, and IR data. The
absolute configurations of compounds 1—5 and 7 were established
via electronic circular dichroism data. The anti-inflammatory
potential of compounds 1-5 and 7-10 was evaluated by Evolvulus linarioides

determining their ability to inhibit the production of nitric oxide

(NO) and proinflammatory cytokine IL-1/ by stimulated J774 macrophages. Compounds tested at noncytotoxic concentrations
inhibited NO production by macrophages, exhibiting IC;, values between 17.8 and 66.2 M, and inhibited IL-1/3 production by
stimulated macrophages by 72.7—96.2%.
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Abstract: Diabetic neuropathy is a frequent complication of diabetes. Symptoms include neuropathic
pain and sensory alterations—no effective treatments are currently available. This work characterized
the therapeutic effect of bergenin in a mouse (C57/BL6) model of streptozotocin-induced painful
diabetic neuropathy. Nociceptive thresholds were assessed by the von Frey test. Cytokines, antioxidant
genes, and oxidative stress markers were measured in nervous tissues by ELISA, RT-qPCR,
and biochemical analyses. Single (3.125-25 mg/kg) or multiple (25 mg/kg; twice a day for 14 days)
treatments with bergenin reduced the behavioral signs of diabetic neuropathy in mice. Bergenin
reduced both nitric oxide (NO) production in vitro and malondialdehyde (MDA)/nitrite amounts
invivo. These antioxidant properties can be attributed to the modulation of gene expression by the
downregulation of inducible nitric oxide synthase (iNOS) and upregulation of glutathione peroxidase
and Nrf2 in the nervous system. Bergenin also modulated the pro- and anti-inflammatory cytokines
production in neuropathic mice. The long-lasting antinociceptive effect induced by bergenin in
neuropathic mice, was associated with a shift of the cytokine balance toward anti-inflammatory
predominance and upregulation of antioxidant pathways, favoring the reestablishment of redox
and immune homeostasis in the nervous system. These results point to the therapeutic potential of
bergenin in the treatment of painful diabetic neuropathy.

Keywords: neuropathic pain; diabetic neuropathy; natural product; analgesic; antioxidant;
immunomodulation; cytokine; spinal cord; sciatic nerve
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ARTICLE INFO ABSTRACT

Keywords: This current study presents the phytochemical analysis of Croron velutinus, describing phenylpropanoids obtained
Croton velutinus from this species. The fractionation of the roots hexane extract led to the isolation of four new phenylpropanoids
Phenylp_mpanoids derivatives, velutines A-D (1-4) and three known (5-7). Their structures were established based on spectro-
g’;‘;‘::::idal scopic (1D-2D NMR; HRMS and IR) analysis. Cytotoxic, trypanocidal and anti-inflammatory activities of com-

pounds 1-7 were evaluated. Only compounds 2 and 5 showed cytotoxic activity against cancer cell lines
(B16F10, HL-60, HCT116, MCF-7 and HepG2), with ICs, values ranging from 6.8 to 18.3uM and 11.1 to
18.3 yM, respectively. Compounds 2 and 5 also showed trypanocidal activity against bloodstream trypomasti-
gotes with ECs, values of 9.0 and 9.58 uM, respectively. Finally, the anti-inflammatory potential of these
compounds was eval d on cultures of activated macrophages. All compounds exhibited concentration-de-
pendent suppressive activity on the production of nitrite and IL-1p by macrophages stimulated with LPS and [FN-
y- These results indicate phenylpropanoids esters (2 and 5) from C. velutinus as promising cytotoxic, trypanocidal
and anti-inflammatory candidates that warrants further studies.

Anti-inflammatory

1. Introduction

Croton, the second largest genus of the Euphorbiaceae family, is
represented by approximately 1300 species, among which 68 species
were reported in the Caatinga biome, where 21 are considered endemic
[1-3]. Previous phytochemical studies described diterpenes and alka-
loids as the main secondary metabolites found in this genus. Sesqui-
terpenes and monoterpenes were also reported, mostly as essential oil
constituents [4].

Anti-inflammatory activity of compounds obtained from plants of
the genus Croton have been previously described using bioguided assays
[5], as well as inhibition of macrophage activation and cyclooxygenase
activity assays [6,7]. The use of Croton species in folk medicine due to
an anticancer activity have been validated by the demonstration of
cytotoxicity potential of compounds obtained from this genus in several

* Corresponding author.
E-mail address: josean@Itf.ufpb.br (J.F. Tavares).

https://doi.org/10.1016/j.fitote. 2020.104632

cancer cell lines [8-10]. In addition, Croton species also exhibit trypa-
nocidal activity against all the evolutive forms of Trypanosoma cruzi,
possibly by targeting the trypanotihione reductase pathway [11]. In-
terestingly, all the biological activities cited above have been described
to compounds from the phenylpropanoid class [12-14].

Croton velutinus Baill. can be found in several areas of the Brazilian
northeast region, mainly in rupestrian fields and places considered
Cerrado of altitude. Cezar (2016) reported the identification of flavonoids,
sesquiterpenes and one diterpene, as well as inhibition of angiotensin-I-
converting enzyme (ACE), anticholinesterase, antioxidant and larvicidal
activities of methanolic and hexane extracts from this species [15].

In search for bioactive compounds found in species from semi-arid
Brazil region, this current work describes the occurrence of new phe-
nylpropanoid derivatives in C. velutinus, unusual in the Croton genus,
with cytotoxic, trypanocidal and anti-inflammatory activity.

Received 9 April 2020; Received in revised form 14 May 2020; Accepted 17 May 2020

Available online 22 May 2020
0367-326X/ © 2020 Elsevier B.V. All rights reserved.
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Fluorescent Canthin-6-one Alkaloids from Simaba bahiensis:
Isolation, Identification, and Cell-Labeling Properties
Rafael dos Santos Costa,™" Renan Fernandes do Espirito-Santo,™ ¢ Lucas Silva Abreu,!
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Marcelo Sobral da Silva,” Milena Botelho Pereira Soares, Eudes da Silva Velozo,*® and

Cristiane Flora Villarreal*® 9

Canthin-6-one alkaloids, which are present in plants of the
genus Simaba, are natural compounds that are capable of
acting as fluorescent probes. However, the chemical composi-
tion and fluorescent properties of most species of this genus
have not been analyzed. The objective of this study was to
characterize the fluorescent properties of an extract of S.
bahiensis and identify the chemical entities responsible for
these properties. In addition, the cell-labeling properties of the
fluorescent dye from A and of the isolated compounds were
characterized by confocal fluorescence microscopy and flow
cytometry. One quassinoid and three fluorescent alkaloids were

isolated from S. bahiensis, all compounds were identified by
using NMR spectroscopy and high-resolution mass spectrome-
try. Staining experiments and HPLC-FL analysis shown that
canthin-6-one alkaloids are the main green fluorescent com-
pounds in the analyzed dyes. All compounds evaluated showed
a cytoplasmic marker with a residence time of 24 h. The present
study is the first to describe the presence of canthin-6-one
alkaloids in S. bahiensis, in addition to demonstrating promising
cell-labeling properties of fluorescent compounds from S.
bahiensis with broad emission wavelengths.
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ARTICLEINFO ABSTRACT

Keywords: Chromones are a group of natural substances with a diversity of biological activities. Herein we assessed the
Chromones pharmacological potential of three chromones (1, 2 and 3) isolated from Dictyoloma vandellianum as anti-in-
A““:'inﬂ_ﬂ“““_amfy flammatory agents using in vitro and in vivo approaches. During in vitro screening, the production of NO and
:zt:;:c“pm“ cytokines by macrophages stimulated with LPS and IFN-y was inhibited by all chromones at concentrations

(5-20 M) that did not induce cytotoxicity. Analysis of pharmacokinetic parameters (in vitro half-life and in-
trinsic clearance) using human liver microsomes revealed that 3 has a superior pharmacokinetic profile, com-
pared to 1 and 2. Treatment with 3 (100 mg/kg, ip) did not affect the mice motor performance, while 1 and 2
induced motor deficit. Taking into account the pharmacokinetic profile and absence of motor impairment, 3 was
selected for further pharmacological characterization. Corroborating the data from in vitro screening, treatment
of cell cultures with 3 (5-20 pM) reduced TNF-a, I1L-6 and IL-1B production by stimulated macrophages. In the
complete Freund's adjuvant-induced paw inflammation model in mice, 3 (25 and 50 mg/kg, ip) inhibited me-
chanical hyperalgesia, edema and cytokine production/release (IL-1f, IL-6 and TNF-a). 3 (5-20 uM) also re-
duced the transcriptional activity of NF-xB in stimulated macrophages. Furthermore, treatment with RU486, a
glucocorticoid receptor (GR) antagonist, partially prevented the inhibitory effect of 3 on macrophages, in-
dicating that this chromone exerts its anti-inflammatory effects in part through the activation of GR. The results
presented herein demonstrate the pharmacological potential of natural chromones, highlighting 3 as a possible
candidate for the drug discovery process targeting new anti-inflammatory drugs.

Cytokines
Glucocorticoid receptor
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IGF-1 overexpression improves g
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cord injury

Kyan James Allahdadi', Thais Alves de Santana'”, Girlaine Café Santos'?, Carine Machado Azevedo'”,
Roberta Alves Mota™, Carolina Kymie Nonaka'*?, Daniela Nascimento Silva'”?, Clarissa Xavier Resende Valim',
Cléudio Pereira Figueira, Washington Luis Conrado dos Santos>?, Renan Fernandes do Espirito Santo™?,
Afranio Ferreira Evangelista®, Cristiane Flora Villareal®?, Ricardo Ribeiro dos Santos'#,

Bruno Solano Freitas de Souza'*** and Milena Botelho Pereira Soares'**

Abstract

Background: Survival and therapeutic actions of bone marrow-derived mesenchymal stem cells (BMMSCs) can be
limited by the hostile microenvironment present during acute spinal cord injury (SC). Here, we investigated
whether BMMSCs overexpressing insulin-like growth factor 1 (IGF-1), a cytokine involved in neural development and
injury repair, improved the therapeutic effects of BMMSGCs in SCI.

Methods: Using a SCI contusion model in C57Bl/6 mice, we transplanted IGF-1 overexpressing or wild-type
BMMSCs into the lesion site following SCI and evaluated cell survival, proliferation, immunomodulation, oxidative
stress, myelination, and functional outcomes.

Results: BMMSC-IGFT transplantation was associated with increased cell survival and recruitment of endogenous
neural progenitor cells compared to BMMSC- or saline-treated controls. Modulation of gene expression of pro- and
anti-inflammatory mediators was observed after BUMSC-IGF1 and compared to saline- and BMMSC-treated mice.
Treatment with BMMSCIGF1 restored spinal cord redox homeostasis by upregulating antioxidant defense genes.
BMMSCHGF1 protected against SCl-induced myelin loss, showing more compact myelin 28 days after SCI.
Functional analyses demonstrated significant gains in BMS score and gait analysis in BMMSCHGF1, compared to
BMMSC or saline treatment.

Conclusions: Overexpression of IGF-1 in BMMSC resulted in increased cell survival, immunomodulation,

myelination, and functional improvements, suggesting that IGF-1 facilitates the regenerative actions of BMMSC in
acute SCl.

Keywords: Spinal cord injury, Bone marrow-derived mesenchymal stem cells, IGF-1, Gene and cell therapy
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ESIMS" profile from Dictyoloma vandellianum
leaves

Lucas Silva Abreu»"2, lura Muniz Alves®, Renan Femandes do Espirito Santo®*, Yuri
Mangueira do Nascimento', César Augusto Gongalves Dantas', Gisele Graca Leite dos
Santos®, Mireille Le Hyaric®, Maria Lenise Silva Guedes®, Marcelo Sobral da Silva’,
Cristiane Flora Villarreal®**, Eudes da Silva Velozo??, Josean Fechine Tavares '+

1 Programa de Pés-Graduagdo em Produtos Naturais e Sintéticos Bioativos, Universidade Federal da
Paraiba, Jodo Pessoa, Brazil, 2 Faculdade de Farmacia, Universidade Federal da Bahia, Salvador, Brazil,
3 Instituto de Quimica, Universidade Federal da Bahia, Salvador, Brazil, 4 Instituto Gongalo Moniz,
Fundagdo Oswaldo Cruz, Salvador, Brazil, 5 Departamento de Quimica, Universidade Federal de Juiz de
Fora, Juizde Fora, Brazil, 6 Instituto de Biologia, Universidade Federal da Bahia, Salvador, Brazil

* josean @Itf. ufpb.br

Abstract

Limonoids, quinolone alkaloids and chromones have been reported as constituents of Dic-
tyoloma vandellianum Adr. Juss. (Rutaceae). Although those compounds are known for
their biological activities, only the anti-inflammatory activity of chromones isolated from the
underground parts has been evaluated. There are no studies of the pharmacological proper-
ties of the aerial parts of D. vandelianum. The present study was carried out to determine
the phytochemical profile and antinociceptive activity of the methanol extract, fractions and
isolated compounds of leaves of D. vandellianum. The phytochemical profile was performed
by HLPC-DAD-ESIMS" and pure substances obtained were characterized by MS and NMR
spectroscopy. The antinociceptive activity was assessed using the formalin assay in mice,
and the motor function in the rotarod test. ME and all the fractions obtained from ME pro-
duced antinociceptive effects. Among them, the ethyl ether fraction was the most active.
Data from HPLC-DAD-ESIMS" showed that the ethyl ether fraction presented 42 com-
pounds. The major compounds isolated from this fraction—gallic acid, methyl gallate and
1.2,6-tri-O-galloyl-B-o-glucopyranose—were tested and produced antinociceptive effects.
Gallic acid, methyl gallate and 1,2,6-tri-O-galloyl-B-o-glucopyranose at antinociceptive
doses did not affect the motor performance in mice in the rotarod test. This work is the first
report of the occurrence of gallotanins in D. vandelfianum. In addition, the pharmacological
study showed that D. vandellianum|eaves present antinociceptive activity, probably induced
by gallic acid, methyl gallate and 1,2 6-tri-O-galloyl-B-o-glucopyranose.

Introduction

Pain is an unpleasant sensation that affects 20% of adults worldwide and it is associated with a
wide range of diseases and tissue damage [1]. Currently, pharmacological management of pain

PLOS ONE | https://doi.omy/10.1371/joumal.

ne.0224575
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ABSTRACT

Physalins are seco-steroids with a variety of pharmacological
activities already described. In this study the pharmacological
properties of a standardized concentrated ethanolic extract
from Physalis angulata (CEEPA), rich in physalins B, D, F and G,
were studied in models of pain and inflammation in mice.
Inflammatory mediators were measured by radioimmunoassay
and Real-Time PCR in mice paws after the CFA stimuli. Systemic
administration of CEEPA produced antinociceptive effect on the
writhing test and formalin test. In the writhing test, physalins B,
D, F and G showed that the antinociceptive effect of CEEPA is
more potent than that of these purified compounds. In addition,
CEEPA reduced the levels of TNF-a, IL-1B, COX-2 and iNOS mRNA
in the CFA-induced paw inflammation. Likewise, CEEPA decreased
the TNF-o, IL-1B and PGE, paw levels. In conclusion, CEEPA indu-
ces antinociceptive and anti-inflammatory effects, with improved
pharmacological potency relative to pure physalins, associated to
modulation of cytokine and cyclooxygenase pathways.

: PHYSALINB |*

I PHYSALIN D |
:
| PHYSALINF 1|

| PHYSALIN G ,.

— e
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ARTICLE INFO ABSTRACT

Keywords: The present study was undertaken to characterize the behavioral manifestations of nociception and the local

Widow spider mechanisms involved with the nociceptive response elicited by Latodectus curacaviensis venom (LCV) in mice.

Pain After the intraplantar LCV inoculation, spontaneous nociception, mechanical and thermal nociceptive thresh-

Nociception olds, motor performance, edema and cytokine levels were evaluated using von Frey filaments, hot/cold plate,

:{i’:l;'m rota-rod, plethismometer and ELISA, respectively. Analysis of LCV was performed by SDS-PAGE and chroma-

Infl tion tography. Intraplantar injection of LCV (1-100 ng/paw) induced intense and heat-sensitive spontaneous noci-
ception, mediated by serotonin and bradykinin receptors, TRPV1 channels, as well as by transient local in-
flammation. LCV (0.1-10 ng/paw) induced mechanical allodynia, which was reduced by the local pretreatment
with H1 receptor or TRPV1 antagonists. Corroborating the TRPV1 involvement, in thermal nociception assays,
LCV induced a similar response to that of capsaicin, a TRPV1 agonist, facilitating the response to noxious hot
stimuli and inhibiting the response to cold noxious stimulation. LCV promoted mast cell degranulation, increased
IL-1B paw levels, but did not produce a relevant edematogenic effect Analysis of LCV components showed a
predominance of high malecular weight proteins. This work provides the first mechanistic hypothesis to explain
the local pain induced by LCV, the most frequent clinical symptom of human envenomation.

1. Introduction

Latrodectus (Araneae, Theridiidae) is a widespread genus of medi-
cally important spiders that causes thousands of venomous bites in
humans around the world annually (Biched, 1972; Chippaux and
Alagén, 2008). L. curacaviensis, one of the species found in Brazl (Levi,
1959), is the main responsible for human latrodectism in this country
(Lucas, 2003; Souza, 2012). Latrodectism syndrome is characterized by
neuromuscular manifestations, such as muscle cramps, involuntary
contractions and hypertonicity, leading to rigidity of the abdomen and
lower limbs. This syndrome is also associated with facies latrodectismica,
characterized by the facial muscles twisted in a grimace, besides ble-
pharitis, rhinitis, cheilitis and trismus of masseters (Aradjo and Souza,

Abbreviations:LCV, Latrodectus curacaviensis venom

1988; Lira-da-Silva et aL, 1995; Maretic, 1983).

The most frequent symptom of L curacaviensis bite is intense
burning local pain. Bitten patients also report generalized muscle pain,
which intensifies over time, leading the victim to a state of physical and
mental exhaustion (Aratjo and Souza, 1988; Lira-da-Silva et al.,, 1995;
Maretic, 1983).

In fact, widow spider bites are described as the most painful spider
envenomation (Sylvie, 2015). Nevertheless, the mechanisms by which
Latrodectus spp. venoms elicit pain are so far unknown. Reflecting this
knowledge gap, the therapeutic approaches used in bitten patients
aiming the pain control are often inadequate, considering that in most
of them analgesia does not reach satisfactory levels (Antoniou et al.,
2014; Offerman et al., 2011).
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1 | INTRODUCTION

Chemotherapy-induced neuropathy is a disabling pain condition resulting from
chemotherapy for cancers. Up to now, no drug is available to cure chemotherapy-
induced neuropathy. In the present study. we describe the structural design. synthe-
sis, chemical and pharmacological characterization of 15 thiazolidinones, a class of
potential analgesic compounds. The synthesis of new thiazolidinones was achieved
by using the thiazolidinone heterocyclic as main structural pharmacophoric group
and varying the substituents attached to the phenyl near to the iminic bond. The an-
algesic potential of the compounds was investigated in a mice model of oxaliplatin-
induced neuropathic pain, using von Frey, rota-rod and open-field tests. Except for
compound 14, these thiazolidinones exhibited antinociceptive property without caus-
ing motor impairment. Thiazolidinones 12, 15 and 16 displayed a dose-dependent
antinociceptive effect, with similar efficacy and enhanced potency than gabapentin,
the gold standard drug used for neuropathic pain. In addition, the antinociceptive
activity of 16 lasted longer than gabapentin. The antinociceptive effect of thiazolidi-
nones was prevented by GW9662, a PPARy antagonist. The main antinociceptive
compounds exhibited positive Lipinski's index, predicting their oral bioavailability.
In conclusion, the structural design performed here led to the identification of new
compounds endowed with potent antinociceptive activity, potentially useful to treat
chemotherapy-induced neuropathic pain.

KEYWORDS
analgesic. glitazones, neuropathic pain. oxaliplatin, PPAR

response to painful and innocuous stimuli.'” Despite the
great morbidity, social cost and negative impact on quality

The neuropathic pain is mainly initiated by a primary lesion
in the nervous system, commonly caused by a trauma, infec-
tion or ischemia. Alternatively. a dysfunction can be induced
by cancer and the use of chemotherapy.""’ This chronic syn-
drome is characterized by spontaneous pain and an increased

of life. the neuropathic pain has limited therapeutic options,
due to the reduced number of pharmaceutical with efficacy
in this syndrome ! Painful peripheral neuropathy is a com-
mon and dose-limiting side effect of anticancer drugs. such
as vinca alkaloids, taxanes, epothilones and platinum-based

Chem Biol Drug Des. 2017:90:297-307.
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Abstract: Riparins, natural alkaloids of the alkamide group, can be synthesized by simple methods,
enhancing their potential application in pharmaceutical development. Here, the pharmacological
properties of riparins were investigated in in vitro and in vivo assays of pain and inflammation
in Swiss mice. Inflaimmatory mediators were measured by radioimmunoassay and Real-Time
PCR. Riparins I, II, Il and IV (1.56-100 mg/kg; ip) produced dose-related antinociceptive effects
in the formalin test, exhibiting EDsp values of 22.93, 114.2, 31.05 and 6.63 mg/kg, respectively.
Taking the greater potency as steering parameter, riparin IV was further investigated. Riparin IV
did not produce antinociceptive effect on the tail flick, suggesting that its antinociception is not
a centrally-mediated action. In fact, riparin IV (1.56-25 mg/kg) produced dose-related antinociceptive
and antiedematogenic effects on the complete Freund’s adjuvant (CFA }-induced paw inflammation
in mice. During CFA-induced inflammation, riparin IV did not modulate either the production of
cytokines, TNF-a and IL-10, or COX-2 mRNA expression. On the other hand, riparin IV decreased the
PGE; levels in the inflamed paw. In in vitro assays, riparin IV did not exhibit suppressive activities in
activated macrophages. These results indicate, for the first time, that riparin IV induces antinociceptive
and anti-inflammatory effects, possibly through the inhibition of prostanoid production.

Keywords: anti-inflammatory; antinociception; PGE;; cytokines; riparins
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RESUMO

Introducdo: O tipo de metodologia de ensino amplia as possibilidades dos
alunos em reter o conteudo. As metodologias ativas surgem como
alternativa para os alunos participarem ativamente da construcdo do seu
conhecimento, assim como, estimular as funcdes mentais de pensar,
raciocinar, combinar, refletir, entender e observar. Objetivo: O trabalho
objetiva propor uma atividade de investigacdo para a disciplina de
imunologia, para estudantes de graduacdo, com a finalidade de discutir as
funcgdes das células imunologicas em doencas. Metodologia: O trabalho foi
consolidado com a proposta de uma atividade fundamentada no ensino por
investigacdo com o topico resposta imunologica aos patogenos e o0s
mecanismos efetores das células imunes nas doencas. Resultados: A
aplicacdo do conteudo sobre funcées das células do sistema imune e seus
mecanismos de mediacdo e resposta foi melhor assimilado quando
utilizamos ferramentas de metodologia ativa, que nesse contexto esta
configurada na elaboracdo e excursdo do jogo "Perfil Imunologico”.
Palavras-chave: Imunologia; Ensino; Doencas; Investigacdo; Perfil
Imunologico.
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Betulinic Acid Derivative BAS,
Attenuates Inflammation and Fibrosis
in Experimental Chronic Chagas
Disease Cardiomyopathy by Inducing
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Chronic Chagas disease cardiomyopathy (CCC) is a major cause of heart disease in
Latin America and treatment for this condition is unsatisfactory. Here we investigated the
effects of BAS, an amide semi-synthetic derivative betulinic acid, in a model of CCC.
Mice chronically infected with 7. cruzi were treated orally with BA5 (10 or 1 mg/Kg), three
times per week, for 2 months. BA5 treatment decreased inflammation and fibrosis in heart
sections but did not improve exercise capacity or ameliorate cardiac electric disturbances
in infected mice. Serum concentrations of TNF-a, IFN-y, and IL-1B, as well as cardiac
gene expression of pro-inflammatory mediators, were reduced after BAS treatment. In
contrast, a significant increase in the anti-inflammatory cytokine IL-10 concentration was
observed in BA5-treated mice in both tested doses compared to vehicle-treated mice.
Moreover, polarization to anti-inflammatory/M2 macrophage phenotype was evidenced
by a decrease in the expression of NOS2 and proinflammatory cytokines and the increase
in M2 markers, such as Arg1 and CHI3 in mice treated with BAS. In conclusion, BA5S had
a potent anti-inflammatory activity on a model of parasite-driven heart disease related to
IL-10 production and a switch from M1 to M2 subset of macrophages.

heatilin

cruzi, acid derivative, i dulati h di , cardi th

Keywords: Tryp:

INTRODUCTION

Chagas disease, caused by the flagellate protozoan Trypanosoma cruzi, affects 7 million people
worldwide (1). Endemic in Latin American countries, it is increasingly found in non-endemic
countries due to intense flow of migration, representing a major public health problem (2).
The acute phase of Chagas disease is characterized by the presence of T. cruzi parasites in the
bloodstream, which trigger an intense inflammatory response in several tissues, especially in the
cardiac tissue (3, 4). The majority of T. cruzi-infected patients survive in the acute phase and
develop a chronic asymptomatic infection (5). Nonetheless, after a variable period of time (10-30
years after the onset infection), about 30% of chronically-infected patients become symptomatic (6).
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ARTICLE INFO ABSTRACT

Keywords:

Betulinic acid derivative

T lymphocyte activation

Delayed type hyp itivity, LPS-induced
endotaxin shock

Betulinic acld (BA) is a naturally occumring triterpenoid with several biological properties already described,

i dulatory activity. Here we in gated the i dulatory activity of eight semi-

synthaic amide derivatives of betulinic acid. Screening of derivatives BA1-BAS led to the identification of
compounds with superior immunomodulatory activity than BA on activated macrophages and lymphocytes.

BAS, the most potent derivative, inhibited nitric oxide and TNFa production in a concentration-dependent
manner, and decreased NF-«xB activation in Raw 264.7 cells. Additionally, BAS inhibited the proliferation of
activated lymphocytes and the secretion of [L-2, IL-4 IL-6, [L-10, IL-17A and IFNy, in a concentration-dependent
manner. Flow cytometry analysis in lymphocyte cultures showed that treatment with BA5 induces cell cycle
arrest in pre-G1 phase followed by cell death by apoptosis Moreover, BAS also inhibited the activity of cald-
neurin, an enzyme that plays a critical role in the progression of cell cycle and T lymphocyte activation. BAS has
a synergistic inhibitory effect with d h on lymphoproliferation, showing a promising profile for drug
combination. Finally, we observed immunosuppressive effects of BAS i viwo in mouse models of lethal en-
dotoxemia and delayed type hypersensitivity. Our results reinforce the potential use of betulinic acid and its
derivatives in the search for potent immunomodulatory drugs.

1. Introduction prostaglandin E; (PGE;), tumor necrosis factor alpha (TNFa), inter-

leukin (IL)-6 and IL-1B (Jingbo et al,, 2015; Kim et al, 2016). Mast of

Betulinic acid (BA) is a naturally occurring pentacyclic triterpenoid
found in several plant species, which can be alternatively prepared from
its metabalic precursor, betulin (Yogeeswari and Sriram, 2005). This
natural product holds several biological activities, including anti-
cancer, anti-HIV, antiparasitic and anti-angiogenic activities (Takada
and Aggarwal, 2003; Dehelean et al, 2011; Ali-Seyed et al, 2016; Li
et al, 2016; Meira et al., 2016). In particular, BA has been reported to
possess cytotoxic effects on several tumor cell lines of different origins,
as well as in animal models of cancer (Gheorgheosu et al,, 2016).

BA has also been investigated as an immunomodulatory agent
(Sultana and Saify, 2012). More specifically, BA inhibits the production
of several inflammatory mediators, including nitric oxide (NO),

these effects are related to the inhibition of nuclear factorxB (NFxB), a
transcription factor involved in the regulation of several pro-in-
flammatory genes, in particular TNFa (Viji et al, 2010; Kim et al,
2016). BA is also known to suppress STAT3 signaling, which is essential
transcription factor for differentiaion of the CD4" Th17 cells in a
variety of autoimmune diseases (BlaZevski et al., 2013),

In addition, in a cecal ligation and puncture mouse model, it has
been demonstrated that BA treatment reduces mortality and amelio-
rates lung and kidney function by down-regulating NF«xB (Lingaraju
et al, 2015a, b). Furthermore, in lipopolysaccharide (LPS)-induced
endotoxin shock, pre-treatment with BA significantly improves mice
survival by modulating TNFa production by macrophages in vivo
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