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RESUMO

A inflamacao € uma resposta protetora natural do corpo desencadeada por células
especificas do organismo em resposta as infeccdes ou danos celulares, para garantir a
remocdo de estimulos prejudiciais. Contudo, uma resposta inflamatéria em longo prazo
tem um efeito prejudicial e desempenha um papel critico no desenvolvimento de diversas
doencas inflamatorias cronicas. Acredita-se que intervengdes no processo inflamatorio
sejam potencial alvo terap€utico para reduzir o risco de doengas, muitas vezes
incapacitantes como a Esclerose Multipla. O uso de modelos murinos experimentais de
doencas inflamatdrias sdo importantes para a avaliagdo do potencial imunomodulador de
novas substancias com potencial terapéutico. Dentro deste contexto, a inducao de edema
em patas de camundongos pela carragenina, por exemplo, ¢ um modelo experimental
amplamente utilizado para testar a atividade anti-inflamatéria de novas substancias, onde
a inflamag¢do aguda ¢ associada com o aumento dos niveis de citocinas pro-inflamatorias.
Ja na avaliagdo de um processo inflamatorio crénico e de carater autoimune, destaca-se a
encefalomielite autoimune experimental (EAE), um modelo animal utilizado para o estudo
da Esclerose Multipla, doenga inflamatéria cronica, de origem autoimune, caracterizada
pela inflamacao, desmielinizacdo, perda axonal e gliose. Sabe-se ainda que o acido 3p3-
hidroxi-urs-12-en-28-oico denominado acido ursélico (AU), um composto triterpendide
amplamente encontrado na natureza apresenta atividade anti-inflamatoria. Desta forma, o
presente trabalho teve por objetivo avaliar o efeito imunomodulador dos derivados do
acido ursoélico: 3B-hidroxi-urs-12-en-28-oato de metila (AUD1) e o 3B-acetoxi-urs-12-en-
28-o0ato de metila (AUD2) nos modelos murinos de edema de pata induzido por carragenina
e de encefalomielite autoimune experimental (EAE). No modelo de edema de pata induzido
por carragenina, foi avaliada a reducao do edema na pata e os niveis de IL-6 em macerados
de patas e linfonodos dos camundongos BALB/c fémeas que receberam tratamentos com
AU, AUDI ou AUD2 (200mg/kg i.p.), tinta minutos antes da indugdo do modelo. No
modelo EAE, foi investigado o uso de AU e seus derivados AUDI e AUD2 na evolugao
da doencga induzida em camundongos C57BL/6 fémeas através da aplicacdo do MOG3s-_ss.
No 15° dia apds a indugao com o0 MOG, os camundongos foram tratados com AU, AUDI1
ou AUD2 (50 mg/kg i.p. por dia) por seis dias. Os parametros foram avaliados na medula
espinhal, linfonodos e cérebro no 21° dia ap6s inducdo e os sinais clinicos acompanhados
até o 21° dia apds indugdo. Os resultados mostraram uma significativa redugcao do edema

de pata, acompanhada de uma reducao dos niveis da citocina pré-inflamatoria de 1L-6 no



sobrenadante dos macerados de pata e linfonodos, nos grupos tratados com AU, AUDI e
AUD2. No contexto do modelo de inflamagao aguda, tanto o AUDI1 quanto o AUD2
demonstraram eficacia comparavel a dexametasona, um anti-inflamatorio amplamente
utilizado na pratica clinica. Os tratamentos com AUDI1 e AUD?2, atenuaram os sinais
clinicos da EAE, de maneira similar, com a redu¢do no numero de células CD11¢c+MHC-
I+, CD11¢c+CD80+, CD11c+CD86+, CD4+, CD8+, CD4+IL-17+ ¢ CD4+IFNy+ no
cérebro e reducao das citocinas pro-inflamatoérias IL-1 e TNF-a na medula. No entanto,
na periferia, enquanto o AUD2 inibiu o numero de células CDI11c+MHC-II+,
CD11¢+CD80+, CD11¢+CD86+, CD4+, CD8+, CD4+IL-17+ ¢ CD4+IFNy+, o AUDI1
promoveu um aumento no numero de células reguladoras CD4+ FOXP3+ IL-10+ e uma
reducao no numero de células CD4+, CD8+, CD4+IL-17+. Em conclusdo, no modelo EAE,
a regulacao das células imunoldgicas na periferia e a reducdo no numero de células pro-
inflamatorias no SNC com os tratamentos com AUD1 e AUD2 se correlacionaram com
melhores aspectos histologicos no SNC que culminaram com eficicia sobre os pardmetros

clinicos apresentados na EAE, sugerindo um potencial terapéutico no tratamento da EM.

Palavras chaves: Inflamagdo. Esclerose Multipla. EAE. Acido ursélico.



ABSTRACT

Inflammation is a natural protective response of the body triggered by specific cells
in the body in response to infections or cellular damage, to ensure the removal of harmful
stimuli. However, a long-term inflammatory response has a detrimental effect and plays a
critical role in the development of several chronic inflammatory diseases. It is believed that
interventions in the inflammatory process are a potential therapeutic target to reduce the
risk of diseases, which are often disabling, such as Multiple Sclerosis. The use of
experimental murine models of inflammatory diseases is important for evaluating the
immunomodulatory potential of new substances with therapeutic potential. Within this
context, the induction of edema in mouse paws by carrageenan, for example, is an
experimental model widely used to test the anti-inflammatory activity of new substances,
where acute inflammation is associated with increased levels of pro-inflammatory
cytokines. inflammatory. In the evaluation of a chronic inflammatory process of an
autoimmune nature, experimental autoimmune encephalomyelitis (EAE) stands out, an
animal model used to study Multiple Sclerosis, a chronic inflammatory disease of
autoimmune origin, characterized by inflammation, demyelination, loss axonal and gliosis.
It is also known that 3B-hydroxy-urs-12-en-28-oic acid called ursolic acid (AU), a
triterpenoid compound widely found in nature, has anti-inflammatory activity. Therefore,
the present work aimed to evaluate the immunomodulatory effect of UA and its derivatives
methyl 3B-hydroxy-urs-12-en-28-oate (AUD1) and 3B-acetoxy-urs-12-en-28 -methyl oate
(AUD2) in murine models of carrageenan-induced paw edema and experimental
autoimmune encephalomyelitis (EAE). In the carrageenan-induced paw edema model, the
reduction of paw edema and IL-6 levels in paw macerates and lymph nodes of female
BALB/c mice that received treatments with AU, AUDI1 or AUD2 (200mg/kg i.p.) ink
minutes before model induction. In the EAE model, the use of AU and its derivatives
AUD1 and AUD?2 in the evolution of the disease induced in female C57BL/6 mice through
the application of MOGg3s_s55 was investigated. On the 15th day after MOG induction, mice
were treated with AU, AUDI or AUD2 (50 mg/kg i.p.) for six days. Parameters were
evaluated in the spinal cord, lymph nodes and brain on the 21st day after induction and
clinical signs were monitored until the 21st day after induction. The results showed a
significant reduction in paw edema, accompanied by a reduction in the levels of the pro-
inflammatory cytokine IL-6 in the supernatant of paw macerates and lymph nodes, in the

groups treated with AU, AUDI and AUD?2. In the context of the acute inflammation model,



both AUD1 and AUD2 demonstrated comparable efficacy to dexamethasone, an anti-
inflammatory widely used in clinical practice.Treatments with AUD1 and AUD2
attenuated the clinical signs of EAE, in a similar way, with a reduction in the number of
cells CD11c+MHC-II+, CD11¢c+CD80+, CD11¢+CD86+, CD4+, CD8+, CD4+IL-17+ and
CD4+IFNy+ in the brain and reduction of pro-inflammatory cytokines IL-13 and TNF-a in
the bone marrow. However, in the periphery, while AUD2 inhibited the number of
CD11c+MHC-II+, CD11¢+CD80+, CD11c+CD86+, CD4+, CD8+, CD4+IL-17+ and
CD4+IFNy+ cells, AUDI1 promoted an increase in number of regulatory CD4+FOXP3+IL-
10+ cells and a reduction in the number of CD4+, CD8+, CD4+IL-17+ cells. In conclusion,
in the EAE model, the regulation of immune cells in the periphery and the reduction in the
number of pro-inflammatory cells in the CNS with treatments with AUD1 and AUD2
correlated with better histological aspects in the CNS that culminated in efficacy on the
clinical parameters presented. in EAE, suggesting a therapeutic potential in the treatment

of MS.

Keywords: Inflammation. Multiple Sclerosis. EAE. Ursolic acid.
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MAG: Glicoproteina associada 4 mielina

MAPK p38: P38 mitogen-activated protein kinases - Proteina quinase ativada por
mitdgeno p38

MCP-1: Proteina quimiotatica de monocitos-1
MG: Minas gerais

MHC: Complexo de histocompatibilidade principal
MMP-9: Metaloproteinase 9

MOG: Glicoproteina milelinica de oligodendrécito
MTT: Corante thiazol blue tetrazolium bromido
NF-kB: Fator nuclear kappa B

NK: Natural Killer

NO: Oxido nitrico

NOS: Nitric oxide synthases

NTZ: Natalizumabe

OMS: Organizagdo Mundial de Satde

PAMPs: Padrdes moleculares associados a patdégenos
PBM: Proteina basica da mielina

PBS: Solug¢ao tampao fosfato



PBS-T: Salina tamponada com fosfato e Tween 20

PE: Ficoeritrina

PerCP: Peridinina-clorofilproteina

PLP: Proteina proteolipidica da mielina

PP: Primaria-progressiva

PR: Progressiva-recorrente

PRRs: Receptores de reconhecimento de padrdes

RIS: Sindrome Radiologicamente Isolada

RM: Ressonancia magnética

ROR t: - Fator de transcri¢do envolvido em resposta imunitaria adquirida
rpm: Rotagdes por minuto

RR: Remitente-recorrente

s.c: Subcutanea

SFB: Soro fetal bovino

SNC: Sistema Nervoso Central

SNPs: Polimorfismos de nucleotideo unico

SP: Secundaria-progressiva

STAT: Gene transdutor de sinal e ativador da transcrigao
T-bet: Fator de transcri¢ao

TCR: Receptor de célula T

TGF-B: Transforming growth fator beta - Fator Beta de Transformagdo de
Crescimento

Thl: Células T auxiliares do tipo 1

Th17: Células T auxiliares do tipo 17

Th2: Células T auxiliares do tipo 2

TI: Tight junction

TNF-a: Fator de Necrose Tumoral Alfa

Tregs: Linfocitos T reguladores

VCAM-1: Molécula de Adesao de Células Vasculares-1
VLA-4: Integrina Alfa 4 Beta



LISTA DE SIMBOLOS

o Letra grega minuscula Alfa.

B Letra grega minascula Beta.

v Letra grega minuscula Gama.

m Letra ardbica mintscula Eme que representa o prefixo mili, equivalente a 10°.

u Letra grega mintiscula Mi que representa o prefixo micro, equivalente a 10,

n Letra grega minGiscula Eta que representa o prefixo nano, equivalente a 10°.

k Letra arabica minascula Ka que representa o prefixo kilo, equivalente a 10°.

Da Representagdo de unidade de massa atdmica: Dalton.

g Letra arabica minuscula G¢é que representa uma unidade de massa: grama.

M Letra ardbica maitiscula Eme que representa a quantidade de matéria do soluto por

litro da solugao: mol
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1 INTRODUCAO

A inflamagao constitui um mecanismo fisiologico natural do corpo, desencadeado
por células especificas do organismo em resposta a infecgdes causadas por patdogenos ou
danos nos tecidos. Seu principal propoésito € remover elementos especificos e restabelecer
a homeostase. A fase inicial da resposta inflamatoéria ¢ geralmente aguda e caracteriza-se
por uma série de reagdes, incluindo a dilatagdo dos vasos sanguineos, o recrutamento de
células do sistema imunologico e proteinas plasmaticas para o local da infec¢do ou lesdo
tecidual (ARANGO DUQUE; DESCOTEAUX, 2014; NYATI et al., 2017; ZSIROS;
KISS, 2020; SERHAN et al; 2020; KISS, 2022). Para uma resposta inflamatéria apropriada
e eficaz, ¢ necessaria uma regulacdo cuidadosa de mediadores pro-inflamatoérios, j4 que
uma resposta excessiva pode causar lesdo no tecido hospedeiro e doengas inflamatorias
cronicas. Estudos tem demonstrado que o estabelecimento de uma inflamatoria crénica esté
intimamente associado a muitas doencas inflamatodrias cronicas, especialmente em doengas
autoimunes (ARANGO DUQUE; DESCOTEAUX, 2014; NYATI et al., 2017; ZSIROS;
KISS, 2020; SERHAN et al; 2020; KISS, 2022).

As doengas autoimunes que impactam o sistema nervoso central (SNC) representam
significativas fontes de morbidade e mortalidade, além de estarem associadas a um
consideravel 6nus econdmico. A esclerose multipla (EM) € a mais prevalente e amplamente
pesquisada entre as doencas autoimunes que afetam o SNC (NAGHAVI, 2019; ALBERT]I;
HANDEL, 2020). Acredita-se que intervencdes no processo inflamatorio sejam potencial
alvo terapéutico para reduzir o risco de doengas, muitas vezes incapacitantes, como por
exemplo a EM (CHEN et al,, 2017, THOMPSON et al., 2018a).

A EM ¢ uma doenga autoimune inflamatéria cronica, caracterizada por
desmielinizacdo, glioses e degeneracdo axonal no SNC, mediada principalmente, por
linfocitos T auto-reativos que respondem a auto-antigenos do SNC. A EM ¢é marcada por
regides multifocais de desmielinizagdo, perda axonal, morte de oligodendrdcitos e
cicatrizes astrogliais que resultam em déficit da fungdo neurologica (DENDROU;
FUGGER; FRIESE, 2015; LASSMANN, 2018).

O uso de modelos murinos experimentais de doencas inflamatoérias sdo importantes
para a avaliacdo do potencial imunomodulador de novas substancias com potencial
terapéutico. Nesse contexto, a inducdo de edema em patas de camundongos pela
carragenina, por exemplo, ¢ um modelo experimental amplamente utilizado para testar a

atividade anti-inflamatéria de novas substancias, em que a inflamac¢do aguda ¢ associada
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ao aumento dos niveis de citocinas pro-inflamatorias (MANSOURI et al., 2015;
HUDAYA; HARDIAN, 2019).

Na avaliacdao de um processo inflamatoério cronico e de carater autoimune destaca-
se a encefalomielite autoimune experimental (EAE). Trata-se de um modelo mediado por
células T com uma ativagdo periférica e subsequente aumento da permeabilidade da
barreira hematoencefalica, com dano efetor no Sistema Nervoso Central (SNC)
(HASSELMANN et al.,2017; AHARONI et al., 2021; HUNTEMANN et al., 2022). Sabe-
se que células Thl e Th17 ativadas s@o as principais responsaveis pela EAE ¢ EM. Os
linfocitos Thl produzem principalmente IFN-y, enquanto Th17 sdo linfocitos T produtores
de IL-17 (CONSTANTINESCU et al., 2011; DENDROU; FUGGER; FRIESE, 2015).

O desenvolvimento de novas moléculas para o tratamento da EM ¢ relevante, pelo
carater incapacitante da doenca, afetando principalmente adultos jovens, entre 20 a 40 anos
(WALTON et al., 2020). Sabe-se que, as terapias disponiveis para o tratamento da EM
promovem uma série de efeitos colaterais e possuem eficdcia limitada, sendo estas
incapazes de promover a cura da doenca. Além disso, as terapias para tratar os pacientes
com EM impdem um desafio aos orcamentos de saude (DARGAHI et al., 2017; BUC,
2018; MAIA DINIZ et al., 2018; BURMAN, 2021; SLADOWSKA et al., 2022).

Ao longo das ultimas décadas, a descoberta de novos potenciais terapéuticos a partir
de produtos naturais, especialmente os anti-inflamatoérios, tem avancado significativamente
(NEWMAN; CRAGG, 2020). Neste contexto, estudos tém sido realizados com o acido 3f3-
hidroxi-urs-12-en-28-oico denominado acido ursélico (AU), obtido a partir da extracdo e
da purificacdo de diversas espécies vegetais. Como resultado, o AU apresentou multiplos
alvos intracelulares e extracelulares destacando-se por sua atividade anti-inflamatoria e
imunomoduladora, entre outras (KASHYAP; TULI; SHARMA, 2016; CARGNIN;
GNOATTO, 2017; RAMOS-HRYB et al., 2017; SEO et al., 2018; CHEN et al., 2020;
WANG et al., 2020; NGUYEN et al., 2021; RENDA; GOKKAYA; SOHRETOGLU,
2021). Além disso, a literatura tem evidenciado o potencial terapéutico do AU em doencgas
em distirbios neuro-inflamatérios (RAMOS-HRYB et al., 2017; RAl et al., 2019; ZHANG
et al., 2020; GUO et al., 2021; SALAU et al., 2021; CHEN et al., 2022). Desta forma,
torna-se relevante estudar possiveis efeitos imunomodulatorios dos derivados do acido
ursolico (AU): 3B-hidroxi-urs-12-en-28-oato de metila (AUD1) e o 3B-acetoxi-urs-12-en-
28-oato de metila (AUD2) sobre a resposta inflamatoria em modelos animais de inflamacao
aguda e inflamacao crénica.

Por i1sso esse trabalho foi realizado a fim de avaliar o efeito imunomodulador dos
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derivados do acido ursélico: 3B-hidroxi-urs-12-en-28-oato de metila (AUDI1) e o 3f-
acetoxi-urs-12-en-28-oato de metila (AUD2) nos modelos murinos de edema de pata e de

encefalomielite autoimune experimental.

2 REFERENCIAL TEORICO

2.1 INFLAMACAO

A inflamacao ¢ uma defesa fisioldgica normal do corpo desencadeada por células
especificas do organismo contra infec¢des por patdogenos e danos nos tecidos, para garantir
a remog¢do de estimulos prejudiciais e restauracdo da homeostase. Incialmente
caracterizada por uma série de reacoes, incluindo vasodilatagao, recrutamento de células
imunes e proteinas plasmaticas para o local da infec¢ao ou lesdo tecidual, sendo benéficas
para o hospedeiro quando resolvida em tempo habil (ARANGO DUQUE;
DESCOTEAUX, 2014; NYATI et al., 2017; ZSIROS; KISS, 2020; SERHAN et al; 2020;
KISS, 2022).

Os sinais clinicos da inflamacdo em nivel tecidual sdo caracterizados por
vermelhiddo, inchago, calor, dor e perda da funcdo do tecido. Esses sinais que ocorrem
durante o processo inflamatorio sdo decorrentes de mediadores inflamatérios que atuam
sobre o musculo liso vascular para causar vasodilatacdo, e sobre células endoteliais para
aumentar a permeabilidade vascular. O aumento da permeabilidade vascular permite o
fluxo transvascular de fluido rico em proteinas plasmdaticas dos compartimentos
intravasculares para o tecido, formando o edema caracteristico dos processos inflamatorios
agudos (NEWTON; DIXIT, 2012; CHEN et al., 2017; NETEA et al., 2017; FURMAN et
al., 2019).

Um outro fendmeno que ocorre como resultado da producdo local de mediadores
inflamatorios ¢ a migragao celular de leucocitos para o local da injtria. Esses mediadores
inflamatorios apresentam atividade quimiotatica e induzem alteragdes das proteinas de
membrana do endotélio vascular, facilitando o rolamento dos leucocitos sobre a parede
endotelial, adesao as células endoteliais e, finalmente, a transmigragao e acumulo no local
de injuria. Em conjunto, a vasodilatacdo, o aumento da permeabilidade vascular e a
expressao de moléculas de adesdo atuam no sentido de promover o efluxo de plasma e o

recrutamento de leucocitos circulantes ao local onde encontra-se o agente agressor

(NETEA et al., 2017; ZSIROS; KISS, 2020; KISS., 2022).
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A primeira linha de defesa na inflamagdo conta com o sistema imune inato e uma
grande familia de receptores de reconhecimento de padrdes (PRRs), que detectam
estruturas distintas evolutivamente conservadas em patdogenos, denominados padroes
moleculares associados a patdégenos (PAMPs). Os PRRs também reconhecem padrdes
moleculares associados a danos (DAMPs), que sdo moléculas liberadas por células
necroéticas e tecidos danificados. Entre os PRRs, os receptores mais descritos na literatura
sao os do tipo Toll-like (TLRs). Apos o envolvimento do PAMPs e DAMPs, os PRRs
desencadeiam cascatas de sinalizacdo intracelular que culminam na expressdo de uma
variedade de moléculas pro-inflamatoérias, que juntas orquestram a resposta inicial do
hospedeiro a infec¢gdo e também sdo um pré-requisito para a ativagdo e modelagem
subsequentes da imunidade adaptativa. Para evitar imunopatologias, esse sistema ¢
rigidamente regulado por varias moléculas endogenas que limitam a magnitude e a duracao
da resposta inflamatéria (NEWTON; DIXIT, 2012; NETEA et al., 2017; KATZ; ZSIROS;
KISS, 2019; BEKKERING, S. et al; 2021).

Essa resposta pode ser uma inflamagao aguda como mecanismo de defesa imediato
desencadeada pelos estimulos nocivos que iniciam uma cascata de sinalizacao, ativando
leucocitos, que entdo produzem e liberam citocinas inflamatorias, como interleucina-1p
(IL-1pB), interleucina-6 (IL-6), fator de necrose tumoral-a (TNF-a) (KANG et al.; 2019;
UCIECHOWSKI; DEMPKE, 2020). Essas citocinas interagem com seus receptores IL-
IR, IL-6R e TNFR, mediando o processo inflamatério. A ativacdo dos receptores
desencadeia a fosforilacdo de varias moléculas de sinalizagao, como fator nuclear kappa-
B (NF-kB), resultando na ativacdo de varios genes. Essa ativacdo coordenada por
moléculas sinalizadoras regula o nivel de mediadores inflamatérios nas células teciduais
residentes e recruta células inflamatorias do sangue (KATZ; ZSIROS; KISS, 2019). Assim
a inflamag¢ao aguda ¢ um mecanismo protetor, que remove os estimulos lesivos e inicia um
processo de cicatrizagao, restabelecendo assim a homeostase do organismo. Se ocorrer uma
falha na resolugdo da resposta inflamatoria aguda e a inflamagao persistir por um longo
periodo de tempo, ¢ desencadeada a fase cronica, que predispde o hospedeiro a uma série
de doencas inflamatorias cronicas, especialmente as doengas autoimunes (Figural) (CHEN

etal.,2017; NYATI et al., 2017; KATZ; ZSIROS; KISS, 2019).
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Figura 1 - Inflamacao aguda versus cronica.
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Fonte: Adaptado de Anderton; Wicks; Silke (2020).

O fator de transcrigdo NF-xB regula varios aspectos das fun¢des imunes inatas e
adaptativas, atuando como um mediador central das respostas inflamatorias. O NF-xB
induz a expressao de varios genes pro-inflamatorios, incluindo aqueles que codificam
citocinas e quimiocinas. Além disso, o NF-kB desempenha um papel critico na regulacdo
da sobrevivéncia, ativagdo e diferenciagdo de células imunes inatas e células T
inflamatorias. Os membros candnicos do NF-kB (RelA e c-Rel) tém um papel central na
mediagao da sinalizagdo de receptor de célula T (TCR) e na ativagao de células T virgens.
O NF-«kB promove a diferenciagdo de c€lulas Thl regulando a sinalizagdo de TCR, bem
como funcionando em células imunes inatas para mediar a inducao de citocinas, como IL-
12, que promovem a diferenciagdo Thl. As células Thl sdo caracterizadas pela secregao
de IFN-y, uma citocina que promove a imunidade celular e participa de processos
inflamatorios. O NF-kB também promove a diferenciacdo de células Th17, caracterizadas
pela secrecao de IL-17, uma citocina inflamatoéria que recruta mondécitos e neutrofilos para
o local da inflamacao em resposta a invasao de patdgenos ou auto antigenos (GAGLIANI
et al., 2015; HUSSMAN et al., 2016; LI et al., 2016; NYATI et al., 2017; AMATYA;
GARG; GAFFEN, 2017; CRONIN et al., 2018; MILOVANOVIC, J. et al; 2020).

A fungdo proé-inflamatéria do NF-kB também tem sido estudada em macrofagos,

uma familia de células imunes inatas que residem em diferentes tecidos e funcionam na
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linha de frente de uma resposta imune contra infecgdes. Sob diferentes condicdes
fisiopatologicas, os macrofagos ativados sao capazes de se diferenciar em estados
fenotipicamente diferentes, incluindo os macrofagos classicamente ativados (M1) e
alternativamente ativados (M2). Os macrofagos M1 sdo caracterizados pela produgao de
citocinas pro-inflamatorias, como IL-1f, IL-6, IL-12, TNF-a e quimiocinas, envolvidas em
diversos processos inflamatérios. Os macrofagos M1 também induzem a diferenciacao de
cé¢lulas T inflamatoérias, incluindo células Thl e Thl7, que por sua vez mediam a
inflamagdo (WANG; LIANG; ZEN, 2014; WATANABE et al., 2019; RUSSELL;
HUANG; VANDERVEN, 2019; CUTOLO et al., 2022).

No contexto da imunidade adaptativa representado pelas por células T e B, a
ativacao de células T virgens € iniciada apds o envolvimento do receptor de célula T (TCR)
por um antigeno especifico apresentado em células apresentadoras de antigenos,
principalmente células dendriticas. H4 muito se reconhece que as respostas inflamatorias
mediadas por células T desempenham um papel essencial no desenvolvimento de doengas
autoimunes, incluindo respostas de células Thl, Th2 e Th17. Além das células T, muitas
outras células imunes também foram associadas no desenvolvimento de doencas
autoimunes. As células B sdo mais conhecidas por sua capacidade de produzir anticorpos,
que muitas vezes desempenham um papel crucial no desenvolvimento de doengas
autoimunes (GAUBLOMME et al., 2015; WU et al., 2018, KAMALI et al., 2019;
MEIZLISH et al.,2021; FAN et al., 2022)

O uso de modelos murinos experimentais de doengas inflamatoérias sao importantes
para a avaliacdo do potencial imunomodulador de novas substidncias com potencial
terapéutico. Dentro deste contexto, a indugdo de edema em patas de camundongos pela
carragenina, por exemplo, ¢ um modelo experimental amplamente utilizado para testar a
atividade anti-inflamatodria de novas substancias (MANSOURI et al., 2015; HUDAYA;
HARDIAN, 2019), onde a inflamagao aguda é associada com o aumento dos niveis de
citocinas pro-inflamatérias como IL-1p, IL-6 ¢ TNF-a, contribuindo para a formacao de
edema e infiltracdo de neutréfilos (ANNAMALAI;, THANGAM, 2016; KANG. et
al.,2019; UCIECHOWSKI; DEMPKE; 2020).

A carragenina ¢ um polissacarideo sulfatado derivado de algas marinhas
pertencentes a familia das Rhodophyceae. Ela ¢ amplamente utilizada como estimulo
inflamatorio em estudos pré-clinicos pela sua capacidade de estimular a liberagao de
mediadores inflamatoérios e sinais da inflamagao como o edema imediatamente apos a sua

injecdo subcutanea (ANNAMALAIL THANGAM, 2016; LOPES et al., 2020).
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Patriota e colaboradores (2022) apresentaram em seus estudos a importancia do
modelo de edema de pata em camundongos induzido pela carragenina para avaliar a
atividade anti inflamatoéria da lectina de fronde de Microgramma vacciniifolia (MvFL), que
foi capaz de reduzir a infiltracdo de neutrofilos e as citocinas pré-inflamatoérias (IL-6, IL-
17 e TNF-a).

Em outro estudo com o modelo de edema de pata induzido por carragenina realizado
por Park e colaboradores (2016), mostraram que a espessura da pata e os niveis de
expressao de interleucinas IL-1p e IL-6 em homogenatos de pata foram significativamente
diminuidos no grupo tratados com oleos essenciais extraidos de Chamaecyparis obtusa
(EOCO), em comparagao com o grupo controle.

Portanto, os estudos presentes na literatura reforcam a relevancia do modelo
experimental de edema de pata utilizando a carragenina como agente indutor da inflamagao

aguda, para triagem de substancias com potencial anti-inflamatorio.

2.2 TRATAMENTO DE DOENCAS INFLAMATORIAS

As doengas inflamatodrias sio comumente tratadas com farmacos desenvolvidos
para para amenizar os sinais e sintomas de uma resposta inflamatoria por meio da inibicao
de enzimas, bloqueio de receptores ou antagonismo de ligantes especificos. Neste contexto,
as principais classes de farmacos utilizados no tratamento das doencas inflamatorias,
incluem os anti-inflamatorios nao esteroides (AINES) e os anti-inflamatoérios esteroides
(AIES), também denominados de glicocorticéides (ou corticosterdides) (PERRETTI et al.,
2015; FULLERTON; GILROY, 2016; FILEP, 2022).

Os AINEs possuem ac¢ao anti-inflamatoéria, antipirética e analgésica, portanto, sao
eficazes no controle do edema, febre e dor (GUNAYDIN; BILGE, 2018). Em geral, os
AINEs podem ser divididos em duas grandes categorias: AINEs tradicionais ndo seletivos
e inibidores seletivos da ciclooxigenase-2 (COX-2) (MEEK; VAN DE LAAR;
VONKEMAN, 2010). Os AINEs tradicionais ndo seletivos podem ser classificados em
diferentes subtipos: derivados do acido salicilico: acido acetilsalicilico (aspirina), diflunisal
e sulfassalazina; derivados de para-aminofenol: acetaminofeno; fenamatos: dacido
mefendmico, meclofenamato, 4cido flufendmico; derivados do 4acido propionico:
ibuprofeno, naproxeno, fenoprofeno, cetoprofeno, flurbiprofeno, oxaprozina; e derivados
do acido enodlico (oxicam): piroxicam, tenoxicam. Os inibidores seletivos de COX-2 podem

ser divididos em duas categorias: inibidores seletivos de COX-2 e inibidores altamente
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seletivos de COX-2. Os inibidores seletivos de COX-2 incluem meloxicam, salicilato e
nimesulida. Essas drogas inibem mais seletivamente a COX-2, em comparagdo com sua
acdo na COX-1. Os inibidores altamente seletivos de COX-2 caracterizados por substituir
o cis-estilbeno por um dos anéis fenil pendentes por diferentes substitutos, denominados
diari-heterociclos, incluindo celecoxib, rofecoxib, valdecoxib, lumiracoxib, parecoxib e
etoricoxib (BINDU; MAZUMDER; BANDYOPADHYAY, 2020).

O principal mecanismo dos AINEs estd baseado na inibicao das isoformas da
enzima ciclo-oxigenase (COX), especialmente, COX-1, COX-2 e COX-3. A
ciclooxigenase ¢ necessaria para converter o acido araquidonico em tromboxanos,
prostaglandinas e prostaciclinas. A COX-1 ¢ constitutivamente expressa em diversos
tecidos, como as plaquetas, as células endoteliais e gastrointestinais. A COX-2 ¢ induzida
no processo inflamatorio pelo estimulo de citocinas e fatores de crescimento e contribui
significativamente para desenvolvimento dos sinais clinicos caracteristicos. A COX-3,
descrita mais recentemente, parece predominar em respostas do sistema nervoso central.
Em alguns tecidos, a COX-2, ¢ constitutiva, ou seja, também, exerce atividades
fisiologicas, principalmente, sobre a fisiologia cardiaca. Portanto, a inibigdo completa de
COX-1 e COX-2 inevitavelmente resulta em efeitos colaterais graves (CHAIAMNUAY
ALLISON; CURTIS, 2006; HARIRFOROOSH; ASGHAR; JAMALI, 2014; MORIN;
FARDET, 2015; FULLERTON; GILROY, 2016; SRIUTTHA; SIRICHANCHUEN;
PERMSUWAN, 2018).

Os AlEs sao farmacos que mimetizam os efeitos do hormonio cortisol. Constituem
uma classe de farmacos com diversidade estrutural, mas semelhangas nas propriedades
farmacolédgicas e terapéuticas (RAMAMOORTHY; CIDLOWSKI, 2016). A
prednisona/prednisolona, metilprednisolona e os fluorados, como dexametasona e
betametasona, que sdo os AIEs mais utilizados. Atuam modulando a transcricao de genes
inflamatorios. Neste contexto, a ligacdo dos glicocorticoides ao seu receptor especifico
resulta na inibi¢ao da via de sinalizagdo celular como AP-1 e NF-«xB, e consequentemente
regula a expressao de citocinas e quimiocinas. Embora versateis e eficazes, eles
demonstram beneficio terap€utico decrescente ao longo do tempo, bem como toxicidade
substancial em relagdo aos o0ssos, sistemas cardiovasculares e funcdo metabodlica
(MCDONOUGH; CURTIS; SAAG, 2008; TIMMERMANS; SOUFFRIAU; LIBERT,
2019).

Os medicamentos antirreumaticos modificadores da doenca (DMARDs) sao uma

classe de medicamentos indicados para o tratamento de varias artrites inflamatorias e outras
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doencas inflamatorias autoimunes (LAEV; SALAKHUTDINOV, 2015; LI; ZHENG;
CHEN, 2017). Os DMARDs sao agentes imunossupressores ¢ imunomoduladores,
classificados como DMARDs convencionais ou DMARDs bioldgicos. Os DMARDs
convencionais comumente usados incluem metotrexato, leflunomida, hidroxicloroquina e
sulfassalazina. O Metotrexato, leflunomida e sulfassalazina sdo semelhantes em seu perfil
de efeitos adversos, apresentando desconforto gastrointestinal (nauseas, dor abdominal,
diarreia), erupcao cutanea, supressao da medula 6ssea, hepatotoxicidade e maior incidéncia
de infecgdes comuns. Os DMARDs biolégicos existem cinco anti-TNFs: infliximab, um
monoclonal anti-humano IgG quimérico (Remicade®); etanercept, uma proteina de fusdo
dimérica TNFR2, com um IgG1 Fc (Enbrel®); adalimumab, um anticorpo monoclonal
(mAb) totalmente humano (Humira®),; golimumab, um mAb totalmente humano
(Simponi®) e certolizumab, um fragmento Fab PEGuilado (Cimzia®) que melhoraram
significativamente o resultado do tratamento de doengas inflamatdérias autoimunes (MEIER
et al., 2013 ; MONACO et al., 2015). Os DMARDs bioldgicos sdo altamente especificos e
tém como alvo uma via especifica do sistema imunologico. No entanto, uma proporgao
consideravel de pacientes ndo responde ao tratamento anti-TNF (RODA et al., 2016). Além
disso, os bioldgicos anti-TNF sdo caros e estdo associados a alguns efeitos adversos, tendo
como efeito adverso mais preocupante de todos os DMARDs bioldgicos o risco aumentado
de infec¢des comuns e graves, incluindo infec¢des bacterianas, fungicas e virais (LIMA et
al., 2017; BRENNAN et al., 2018; CHEN et al., 2020; SERHAN et al., 2020; FILEP,
2022). Este cenario revela a necessidade da busca por novos compostos para o tratamento

de doengas inflamatorios.

2.3 ESCLEROSE MULTIPLA (EM)

A Esclerose Multipla (EM) ¢ uma doenca autoimune inflamatoria cronica,
caracterizada por desmielinizacdo, glioses e degeneracdo axonal no sistema nervoso central
(SNC) (REICH; LUCCHINETTI; CALABRESI, 2018). A EM ¢ considerada de origem
autoimune, sendo mediada, principalmente, por linfécitos T auto-reativos que respondem
a auto-antigenos do SNC. Histopatologicamente, a EM ¢ marcada por regides multifocais
de desmielinizagdo, perda axonal, morte de oligodendrocitos e cicatrizes astrogliais que
resultam em déficit da fun¢ao neuroldgica (LASSMANN, 2018; REDFERN, 2021).

A etiologia da EM nao ¢ bem compreendida, mas sabe-se que a doencga afeta

individuos que apresentam predisposi¢do genética e que sdo expostos a diferentes fatores
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de risco ambientais. Em relagdo aos fatores de risco ambientais, podemos incluir o
tabagismo, deficiéncia de vitamina D, obesidade e contato prévio com o virus Epstein-Barr
(CORREALE; FAREZ, 2015; BECKER et al., 2016; ASCHERIO; MUNGER, 2016;
NOVO; BATISTA, 2017; FERRE et al., 2018; SIMPSON et al, 2019; JAKIMOVSKI et
al.2019; WAUBANT et al.,2019; SOLLID, 2022). Acredita-se também que o componente
genético da etiologia da EM resulte da acao de variantes alélicas comuns em muitos genes
e da contribui¢ao emergente de variantes raras e rede complexa de interagdes moleculares
e funcionais. Recentemente, um progresso consideravel foi feito para compreensao da base
genética para a suscetibilidade a EM. Assim, até o momento, usando telas de associacao
ampla do genoma (GWAS), que incorporam grandes matrizes de polimorfismos de
nucleotideo Unico (SNPs) espalhados por todo o genoma, mais de 200 variantes de risco
comuns localizadas em diversas regidoes gendmicas foram identificadas como associado a
EM (DENDROU; FUGGER; FRIESE, 2015; ANDLAUER et al., 2016; DARGAHI et al
2017; NOURBAKHSH; MOWRY, 2019). Alguns loci podem estar envolvidos nos eventos
patogénicos iniciais, enquanto outros podem influenciar o desenvolvimento e progressao
da doenca. O complexo principal de histocompatibilidade (MHC) foi o primeiro locus de
suscetibilidade da EM a ser identificado, e estudos anteriores descobriram que ele apresenta
multiplas variantes de suscetibilidade independentes (MOUTSIANAS et al., 2015). O gene
HLA-DRBI desempenha um papel fundamental na construgdo de uma proteina vital para o
sistema imunologico, o complexo de antigeno leucocitario humano (HLA). O fator
genético com a ligagao mais forte com a EM ¢ o Haplotipo HLA-DRB1*15:01(CANTO;
OKSENBERG, 2018; WAUBANT et al., 2019).

Dados recentes mostraram que a prevaléncia de EM esta aumentando em todo o
mundo, chegando a 2,8 milhdes em 2020, com uma prevaléncia global de 35,9 por 100.000
pessoas. Em relacdo a prevaléncia de EM por regiao do mundo, o ultimo relatorio da
Organizacao Mundial da Saude de 2020 mostrou um aumento desde 2013 de 87% nas
Américas, 59% na Africa, 58% no Sudeste Asiatico, 38% no Mediterraneo Oriental e 32%
no tanto no Pacifico ocidental quanto na Europa. Conforme observado com a prevaléncia
de EM, a variagao regional na incidéncia (por 100.000 pessoas por ano) segue 0 mesmo
padrdo, sugerindo que a cada 5 minutos uma pessoa ¢ diagnosticada com EM em algum
lugar do mundo. A Europa continua sendo a regido com maior incidéncia, chegando a 6,8
por 100.000 pessoas, enquanto as Américas registram 4,8 e Sudeste Asiatico e Africa
apresentaram taxas de 0,4%. A doenga geralmente ocorre em individuos jovens e € mais

comum no sexo feminino. Os relatérios globais indicam que a EM ¢€ trés vezes mais
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frequente mulheres, e em alguns paises a propor¢ao ¢ de quatro mulheres para um homem.
Destaca-se ainda muitas barreiras e desigualdades enfrentadas pelas pessoas com EM,
como o acesso ao diagnodstico, o tratamento e os cuidados necessarios (ASCHERIO;
MUNGER, 2016; WALTON et al., 2020; COETZEE; THOMPSON, 2020).

A imunopatogénese da EM envolve ativacdo de linfocitos T e B que atuam contra
antigenos do SNC, levando a perda axonal progressiva, atrofia cerebral e deficiéncia
neuroldgica e cognitiva (BIERHANSL et al., 2022). Uma falha na resposta do sistema
imune contra autoantigenos ¢ gerada pela quebra dos mecanismos de tolerancia central no
timo para células T e na medula dssea para células B. No contexto da EM, estas células
autorreativas que escapam da tolerancia central, podem ser ativadas em orgaos linfoides
periféricos por autoantigenos, os quais apresentam mimetismo molecular contra algumas
proteinas do SNC, tais como os da mielina (DENDROU et al., 2015).Uma vez ativada,
células T CD4+, entdo se diferenciam em células T auxiliares pro-inflamatorias (Thl e
Th17) que secretam citocinas pro-inflamatorias, tais como o IFN-y e IL-17. Durante o
processo de ativagao, tanto a célula T quanto a APC produzem citocinas que modulam a
resposta imune. As citocinas que direcionam as respostas Thl incluem IL-12, IFN-y e IL-
18, enquanto Th17 s3o direcionadas TGF-, IL-1B, IL-6 e IL-23. Sabe-se ainda que, os
linfocitos T autorreativos ativados tém uma capacidade aumentada para atravessar a BHE
devido a sua expressdo elevada de mediadores, como receptores de quimiocinas, moléculas
de adesao, integrinas e citocinas (Figura 2) (DENDROU; FUGGER; FRIESE, 2015;
MILOVANOVIC et al., 2020).
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Figura 2 — Desregulagdo do sistema imunologico fora do SNC na EM.
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As células Thl e Th17 que entram no SNC sdo reativadas e expandidas pelas
citocinas IL-1f3, IL-12, IL-6 e IL-23, produzidas pelas microglias residentes e pelos
monocitos infiltrantes. A degradagdo da bainha de mielina libera fragmentos que, por sua
vez, sao apresentados por APCs residentes no SNC e reativam células T CD4+ resultando
na liberacdo de citocinas pré-inflamatorias e quimiocinas. Sabe-se ainda que INF-y ¢
responsavel por recrutar células CD8+, linfocitos B e mondcitos, que deixam os linfonodos,
atravessam a barreira hematoencefalica (BHE) e entram no SNC. As células CD8+ atacam
os oligodendroécitos que sintetizam a mielina e exacerbam o dano neuronal. A ativagao dos
linfocitos B por coestimulagdo dos linfocitos T promove, por fim, a produ¢do de auto
anticorpos que danificam ainda mais a bainha de mielina e o axonio. As micrdglias por sua
vez fagocitam a bainha de mielina e liberam citocinas pro-inflamatorias que aumentam a
resposta inflamatoria local. A progressdo da EM ¢ caracterizada entdo, por infiltrado de
células T e B, astrogliose, microgliose que contribuem para a atrofia cerebral e deficiéncia

neurologica (Figura 3) (ZRZAVY et al., 2017, LASSMANN, 2018; REDFERN, 2021).
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Figura 3 — Mecanisnos imunopatoldgicos no desensolvimento da EM no SNC.
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O processo fisiopatologico de ativagao microglial na EM é conhecido por induzir
varias modificacdes fenotipicas. Dependendo da ativacdo podem desempenhar um papel
na destrui¢do do tecido pelo fen6tipo M1 pro-inflamatério no inicio da EM ou de reparo
tecidual pelo fenotipo M2 em remissdo posterior. Em resposta ao IFN-y liberado pelos
linfocitos Thl, o fendtipo M1 aumenta a expressio do MHC II, torna-se célula
apresentadora de antigeno e libera citocinas pro-inflamatoérias, como a IL-1p, IL-6, IL.-23
e 0 TNF-a (KYRAN et al, 2018). O fendtipo M1 ¢ encontrado principalmente nas formas
agressivas e progressivas da EM e tem sido associado histopatologicamente a dano axonal
e atrofia cortical nestes pacientes (LASSMANN, 2017; ZETTERBERG, 2017;
MASVEKAR et al, 2019). O fenoétipo M2 também tem um fendtipo fagocitario,
desencadeia respostas anti-inflamatorias através da liberacdo de IL-10 e do fator de
transformacao do crescimento beta (TGF-B) (Figura 4) (FILIPPI; ROCCA, 2020; BAR-
OR; LI, 2021).
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Figura 4 - Polarizacao da microglia na EM.
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Atualmente, ndo ha teste diagndstico especifico para EM. Embora exames de
ressonancia magnética (RM) do cérebro e da medula espinhal e andlise do liquido
cefalorraquidiano (LCR) possam ajudar, o diagndstico ainda ¢ baseado em critérios
clinicos (ARRAMBIDE; TINTORE; MONTALBAN, 2019; SOLOMON et al., 2019;
SALAZAR et al., 2022). Isso deve-se ao fato de a doenca ser heterogénea quanto as
manifestagdes clinicas, curso e progressao da incapacidade. Na maioria dos casos, apos
uma fase inicial caracterizada por episddios reversiveis de disfung¢do neuroldgica, a
incapacidade clinica e o comprometimento cognitivo tornam-se irreversiveis. O
diagnostico de EM requer uma exclusdo cuidadosa de diagndsticos alternativos e a
demonstragdo de um processo patoldégico de disseminacdo no espago € no tempo
(THOMPSON et al., 2018b).

O diagndstico da EM pode ser realizado usando os critérios de McDonald. O
primeiro conjunto de critérios foi publicado em 2001 por uma equipe liderada pelo
professor Ian McDonald (MCDONALD et al., 2001). Eles foram amplamente revisados
varias vezes, mais recentemente em 2017 (THOMPSON et al., 2018b). As revisdes mais
recentes nao alteraram o diagnostico de EM, mas podem permitir que um médico dé um
diagnostico de EM a alguém no inicio do curso da doenga. Isso permite que o paciente
tenha acesso ao tratamento certo mais cedo. O principal requisito para o diagnostico de EM
¢ a evidéncia de danos ao SNC que se disseminam no tempo € no espaco. Isso significa

mostrar que o dano ocorreu em datas diferentes (Disseminacdo no tempo ou DIT) e em



35

diferentes partes (Disseminagdo no espaco ou DIS), distinguindo assim, a EM de outras
condi¢des neuroldgicas. Os critérios de McDonald usam evidéncias de ressonancia
magnética (RM) e sugerem que seja feita uma RM para todos aqueles com possivel
diagnostico de EM. As lesdes podem ser encontradas mesmo em alguém com poucos ou
nenhum sintoma clinico, o que seria evidéncia de DIS. A presenca de bandas oligoclonais
no liquor também ¢ um bom marcador para EM. Ela mostra que houve atividade da doenga
no passado e, portanto, pode ser usado como evidéncia de DIT (THOMPSON et al., 2018b;
HARTUNG et al., 2019; ARRAMBIDE; TINTORE; MONTALBAN, 2019).

Atualmente temos quatro cursos basicos da EM que também podem ser chamados
de tipos ou fenotipos, foram definidos pelo International Advisory Committee on Clinical
Trials of MS em 2013: Sindrome Clinicamente Isolada (CIS) resultando da inflamacao e
desmielinizagdo no SNC, representa o primeiro episddio de sintomas neuroldgicos com
duracdo minima de 24 horas; Recorrente-Remitente (RR) caracterizada por episoddios de
disfungdo neurolédgica seguidos de remissdo completa ou parcial; Secundéria-Progressiva
(SP) segue o curso inicial do tipo RR, e caracterizada por um agravamento progressivo da
incapacidade ao longo do tempo e Primaria-Progressiva (PP) em que a piora progressiva
ocorre desde o inicio da EM sem recidivas. As formas definidas como RR, SP e PP, cada
uma podem apresentar quatro variantes de acordo com a atividade inflamatoria ou
progressio da incapacidade: ndo progressiva/ndo ativa, ndo progressiva/ativa,
progressiva/ndo ativa, progressiva/ativa. Embora nao seja considerada um curso de EM, a
Sindrome Radiologicamente Isolada (RIS) tem sido usado para classificar aqueles com
anormalidades na RM do cérebro e/ou medula espinhal consistentes com lesdes de EM que
nao explicadas por outro diagnodstico e que também nao apresentam sintomas neuroldgicos
passados ou atuais ou anormalidades encontradas no exame neurolégico (LUBLIN et al.,
2014). Muitas vezes, esses individuos fizeram uma ressonancia magnética por causa de
outros sintomas, como dor de cabega, e foram encontradas lesdes que parecem semelhantes
as observadas na EM. Em um estudo Lebrun-Frenay e colaboradores (2020) descobriram

que um pouco mais da metade das pessoas com RIS desenvolvem EM dentro de dez anos.
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Figura 5 - Cursos clinicos da EM.
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Embora ainda ndo exista tratamento que cure a EM, as pesquisas levaram a grandes
avancos nas terapias e nas estratégias de tratamento. Essas op¢des de tratamento variam de
terapias projetadas para modificar ou retardar o curso da doenca, medicamentos usados
para controlar recaidas da doenga e outras abordagens que ajudam com sintomas
especificos da EM (Figura 6). Os tratamentos para EM que podem alterar o curso da doenga

sdo chamados de terapias modificadoras da doenga (DMTs) (FILIPPI; ROCCA, 2020).
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Na Tabela 1 estao resumidos os tratamentos terapéuticos para EM (HAUSER;
CREE, 2020; YANG et al., 2022).

Tabela 1 - Tratamentos terapéuticos para EM

Farmaco Mecanismo de Indicacao Via e Aprovacio Efeitos adversos
acao frequéncia de
administracao

Medicamentos de alta eficiéncia (infus

40 intravenosa e injetaveis subcutineos)

Ocrelizumabe Anticorpo CIS, RR, Infusdo Aprovado Reacdo relacionada a
monoclonal PP e SP intravenosa, a pela FDA em | infusdo,

Anti-CD20 ativa. cada 6 meses. 2017. nasofaringite,
infecgdo do trato
respiratorio superior,
dor de cabega ¢
infec¢do do trato
urindrio.

Ofatumumabe | Anticorpo CIS, RR e | Injecdo Aprovado Reagdo relacionada a
monoclonal SP ativa. subcutanea, a pela FDA em | injegdo,

Anti-CD20 cada 4 meses. 2020. nasofaringite, dor de
cabega, infec¢do do
trato respiratorio
superior e infecgdo
do trato urinario.

Natalizumabe Inibidor de CIS,RR e | Infusdo Aprovado Fadiga e reagdo
integrina a4p1 SP ativa. intravenosa, a | pela FDA em | alérgica.

cada 4 meses. 2004.

Alentuzumabe | Anticorpo RR e SP Infusdo Aprovado Dor de cabega,
monoclonal ativa. intravenosa, pela FDA em | erupgdo cutinea,
Anti-CD52 uma vez ao 2014. nausea e febre.

dia.

Mitoxantrona Intercalador de RR,PPe Infusdo Aprovado Cardiomiopatia
DNA, inibe a SP. intravenosa, a pela FDA em | relacionada a dose,
divisdo celular. cadamésou3 | 2000. leucemia

meses. promielocitica.

Injetaveis tradicionais

IFN B-1a Imunomodulador. CIS,RR e | Injegdo Em 1993, a Inflamagdo no local

(Rebif) SP ativa. subcutanea,3 terapia com da inje¢@o, sintomas

vezes por interferon foi | semelhantes aos da
semana. 0 primeiro gripe, rinite ¢ dor de
DMT cabega.
IFN B-1a Imunomodulador. | CIS, RRe | Injegdo aprovado pela | Sintomas gripais,
(Avonex) SP ativa. intramuscular, | FDA. dores musculares,
uma vez por astenia, calafrios e
semana. febre.

PeglFN B-la Imunomodulador. CIS,RR e | Injecdo Eritema no local da

(Plegridy) SP ativa. subcutanea, a injecdo, doenga

cada 2 semelhante a
semanas. influenza, pirexia e
dor de cabega.

IFN B-1b Imunomodulador. CIS,RR e | Injecdo Linfopenia, sintomas

(Betaseron) SP ativa. subcutanea, em semelhantes aos da

dias
alternados.

gripe e reagdes no
local da injegdo.
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Acetato de Imunomodulador. CIS,RR e | Injecdo Aprovado Reagdes no local da
Glatiramer SP ativa. subcuténea, pela FDA em | injecdo.
uma vez ao dia | 1997.
ou 3 vezes por
semana
Medicamentos orais
Teriflunomida | Inibidor de divisdo | CIS, RR e | Via oral, uma Aprovado Nasofaringite,
(Aubagio) celular SP ativa. vez ao dia. pela FDA em | cefaleia e diarreia.
2012
Fumarato de Imunomodulador CIS, RR e | Via oral, duas Aprovado Rubor, diarréia,
dimetila e SP ativa. vezes ao ao pela primeira | nausea, dor
Fumarato de dia. vez para EM | abdominal superior,
diroximel em 2013. diminuigéo da
contagem de
linfocitos.
Fingolimode Inibidor de CIS, RR e | Viaoral, uma O modulador | Bradicardia,
esfingosina-1- SP ativa. vez ao dia. do receptor bloqueio da
fosfato S1P, condugdo
fingolimode, | atrioventricular,
foi aprovado | edema macular,
pela FDA em | niveis elevados de
2010. enzimas hepaticas e
hipertensdo leve.
Siponimode Modulador do CIS,RR e | Viaoral, uma Dor de cabega,
receptor de SP ativa. vez ao dia. nasofaringite,
esfingosina-1- infeccdo do trato
fosfato urinario.
Ozanimode Modulador do CIS, RR e | Viaoral, uma Cefaleia e elevagdo
receptor de SP ativa. vez ao dia. das aminotransferas
esfingosina-1- hepaticas.
fosfato
Cladribina Efeito citotoxico RR e SP Via oral, 4- 5 Aprovado Cefaleia,
nas células Be T. ativa. dias. pela FDA em | linfocitopenia,
2019 nasofaringite,

infecgdo do trato
respiratorio superior
e ndusea

Medicamentos de via oral em investigacdo

Evobrutin Inibidor de tirosina | RR Via oral, uma Pesquisa de Dor de cabeca
quinase de Bruton vez ao dia. fase 2
(BTKi) completa.

Tolebrutinibe Inibidor de tirosina | RR, SP e Via oral, uma Pesquisa de Dor de cabeca e
quinase de Bruton | PP. vez ao dia. fase 2 nasofaringite.
(BTKi) completa.

Orelabrutinib Inibidor de tirosina | RR Via oral. Pesquisa de
quinase de Bruton fase 2 em
(BTKi) andamento.

Fonte: Adaptado de Hauser; Cree, (2020) e Yang et al., (2022).
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Figura 6 - Mecanismos de acdo das terapias para EM.
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Fonte: adaptado de Yang et al. (2022).

Mesmo com o uso adequado destas terapias apresentadas acima, nem todos os
pacientes sdo responsivos aos mesmos, dado a heterogeineidade da doenca. E embora
avancos notaveis tenham ocorrido na terapia para EM, a taxa de incapacidade progressiva
e mortalidade precoce ainda ¢ preocupante (GHOLAMZAD et al., 2018; HAUSER;
CREE, 2020). Ademais, os efeitos adversos e o alto custo limitam a utiliza¢do destes
farmacos (MOIOLA; ROMMER; ZETTL, 2020; HARTUNG, 2021). Em um estudo
realizado no Brasil com pacientes com EM, foi determinada uma estimativa de custo médio
anual total foi de R$ 33.872,00 por paciente (KOBELT et al., 2019).

Dessa forma, torna-se importante novas pesquisas que busquem alternativas
terapéuticas eficazes, tanto clinicamente como economicamente e que fornecam além da

eficacia farmacoldgica menores efeitos adversos para o paciente.
2.4 ENCEFALOMIELITE AUTOIMUNE EXPERIMENTAL (EAE)

Modelos animais recapitulando as manifestagdes clinicas e histopatologicas
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surgiram como alternativa para o estudo de doengas humanas inflamatérias do SNC, nas
quais temos limitagdes de estudos em humanos, devido a dificuldade do acesso ao tecido
afetado e a rara realiza¢ao de autopsias. Logo, muito do que se sabe hoje sobre a resposta
imunologica e tratamentos na EM ¢ gragas aos estudos desenvolvidos nesses modelos
(MCGINLEY et al., 2018; MILOVANOVIC et al., 2020; BIRMPILI et al., 2022).

Na avaliacdo de um processo inflamatoério e doengas autoimunes do SNC, destaca-
se a encefalomielite autoimune experimental (EAE), um modelo animal que apresenta
muitos aspectos clinicos, morfologicos e histoldégicos em comum com a EM. Este modelo
de doenga autoimune ¢ induzido por meio da imunizagdo ativa ou da transferéncia adotiva
de células T CD4+ reativas contra a mielina. De acordo com o tipo de animal utilizado e o
material escolhido para indugdo ha diferentes variagdes do modelo EAE (KIPP et al., 2017,
GLATIGNY; BETTELLI, 2018).

O modelo murino C57BL/6 tem sido bastante util na indug¢ao de EAE cronica e
severa, especialmente quando se aplica a glicoproteina milelinica de oligodendrécito
(MOG) como indutora da doenca. Os linfécitos de camundongos C57BL/6 expostos a
antigenos da mielina expressam maior nimero de receptores de células T para MOG e
maior titulo de anticorpos anti-MOG, resultando em uma forma mais grave da EAE
(AHARONI et al., 2021; KIPP et al., 2017, CONTARINI; GIUSTI; SKAPER, 2017).

O modelo de indugdo da EAE realizada com os camundongos da linhagem
C57BL/6, pelo peptideo MOGss.ss se caracteriza por lesdes inflamatorias e
desmielinizantes em nervo Optico, cérebro e medula espinhal. Além disso, os infiltrados
inflamatorios sdo perivasculares, constituidos principalmente por macréfagos e linfécitos
T, podendo ocorrer ainda algum grau de resposta humoral com formagao de titulos
significativos de anticorpos anti-MOG (KIPP et al., 2017; AHARONI et al., 2021).

Para sua indugao, os animais sao imunizados com uma inje¢ao subcutanea de uma
emulsao composta por MOGs3s.55 € adjuvante completo de Freund (CFA) acompanhada de
inje¢do intraperitonial (i.p.) de toxina pertusis. Consequentemente, as células T, sdo
ativadas na periferia e migram para o SNC através da barreira hematoencefalica (BHE).
Apbs a entrada no SNC, as cé€lulas T sao reativadas resultando em processos inflamatorios
subsequentes. A administracdo de toxina aumenta a permeabilidade na BHE e, assim,
facilita a migragado de linfocitos para o SNC, levando ao inicio mais precoce dos sintomas,
bem como intensificando os sintomas clinicos de EAE (HASSELMANN et al., 2017,
AHARONI et al., 2021; HUNTEMANN et al., 2022;)

O modelo EAE além de ser induzido através da MOG, pode ser induzido pelos de
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componentes da proteina basica de mielina (PBM) ou da Proteina Proteolipidica (PLP) que,
depois de extraidos e purificados, sao emulsificados e injetados nos animais susceptiveis.
As formas clinicas da EAE podem variar de acordo com o protocolo de indugao utilizado.
A glicoproteina MOG ¢ expressa no SNC e estd localizada nos corpos celulares e
constituintes da bainha de mielina dos oligodendrécitos. Em funcdo desta localizacdo a
MOG tem sido objeto de estudos que apdiam a possibilidade de ela ser o antigeno-alvo
primario no desenvolvimento da EM (RONCHI et al., 2016; GLATIGNY; BETTELLI,
2018).

2.5 ACIDO URSOLICO (AU)

As plantas sao popularmente utilizadas para o tratamento de diversas doencgas e
fonte constante de estudos na busca de novos compostos terapéuticos, tanto no objetivo de
potencializar os efeitos de medicamentos j4 existentes, assim como na descoberta de novos
compostos terapéuticos para doengas que nio possuem tratamento efetivo (RAMIREZ-
RODRIGUEZ et al., 2017; PATRIDGE et al., 2016; GUO et al., 2021). Dentro deste
contexto, estudos vém sendo realizados para a obtengdao de compostos bioativos que
possam ser utilizados na prevencdo e também no tratamento de diversas doengas (LI;
ZHENG; CHEN, 2017; ZHANG et al., 2020; GUO et al., 2021).

Entre os diversos compostos extraidos de plantas € possivel destacar o AU
apresentado na Figura 7, um triterpeno pentaciclico encontrado em diversas plantas,
incluindo mag¢a, manjericdo, cranberry, menta, alecrim, orégano ¢ ameixa (KASHYAP;

TULI; SHARMA, 2016; SEO et al., 2018; GUDOITYTE et al., 2021).
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Figura 7 - Estrutura quimica do acido ursolico.
CH;
HsC

HsC CH;

Fonte: Seo et al. (2018).

O AU apresenta multiplos alvos intracelulares e extracelulares destacando-se por
sua atividade anti-inflamatéria e imunomoduladora, entre outras (KASHYAP; TULI;
SHARMA, 2016; CARGNIN; GNOATTO, 2017, RAMOS-HRYB et al., 2017; SEO et
al., 2018; CHEN et al., 2020; WANG et al., 2020; NGUYEN et al., 2021; RENDA;
GOKKAYA; SOHRETOGLU, 2021; TRIPATHI; ALSHAHRANI, 2021).

Varios trabalhos tém sido realizados demonstrando o potencial anti-inflamatorio do
AU. Em estudo in vitro, utilizando com macréfagos murinos (J774A.1) estimulados com
LPS o AU apresentou efeito anti-inflamatorio ao reduzir os niveis de IL-1p, IL-6 e TNF e
aumentar a produgdo de IL-10 (GONZALEZ-CHAVEZ et al, 2017). Wang e
colaboradores (2020) demonstraram que o AU atenuou a producdo de IL-1B e IL-6 em
condrodcitos estimulados por TNF-a. Adicionalmente, no estudo realizado por Chun e
colaboradores (2014) o AU inibiu a ativagdo de NF-kB, interferindo na fosforilacdo da
subunidade inibitoria do IkB-a, o que resultou na reducao da expressdao de quimiocinas e
na inibi¢ao da produgao de citocinas pro-inflamatorias.

Em estudo in vivo Ahmad e colaboradores (2006) revelaram que o AU reduz a
expressao da citocina Thl (IL-2, IL-6, IL-12, IFN-y e TNF-a). Adicionalmente, Baek e
colaboradores (2014) observaram que o AU reduziu significativamente a producdo de
citocinas pro-inflamatorias (TNF-a, IL-1B, IL-6) em um modelo de artrite induzida por
adjuvante completo de Freund (CFA).

Diversos estudos tém evidenciado o potencial terapéutico do AU em distirbios
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neuro-inflamatérios (RAMOS-HRYB et al., 2017; RAl et al., 2019; ZHANG et al., 2020;
GUOet al.,2021; SALAU et al.,2021; CHEN et al., 2023). Zhang e colaboradores (2014),
demonstraram que o AU protege contra lesdo cerebral precoce em modelo de hemorragia
subaracnoidea experimental, suprimindo a via inflamatoria mediada por TLR4/NF-
kB.Corroborando com esse estudo, Wang e colaboradores (2018), demonstraram o AU
reduziu a producdo de citocinas inflamatoérias protegendo o cérebro da lesdo de isquemia e
reperfusdo cerebral através da via de sinalizagdo HMGB1 / TLR4 / NF-xkB. Em um estudo
realizado por Sahu e colaboradores (2018) demostraram que o AU diminuiu os niveis de
marcadores pré-inflamatoérios, incluindo IL-6 e TNF-a, na medula espinhal com lesdo na
fase aguda da inflamacdo. Adicionalmente, Yamamoto e colaboradores (2020),
demonstraram que em modelo de desmielinizagao induzidos por cuprizona (CPZ), o
tratamento com o AU reduziu a desmiclinizagdo e disfuncdo motora dos animais.
Recentemente, Rong e colaboradores (2022) observaram que o tratamento com AU em
camundongos com lesdo medular foi capaz de inibir a resposta inflamatdria e proteger a
atividade neuronal. Xu e colaboradores (2011) demonstraram que o AU inibe de forma
seletiva a fungdo do RORyt, diminuindo significativamente a expressao de IL-17, em
células Th17, e melhorando os sinais clinicos da EAE. Adicionalmente, Xu e colaboradores
(2022) reforcaram que o AU inibiu a diferenciacdo de células Th17 por reprimir a via de
sinalizacdo STAT3/RORyt. Em um experimento utilizando o modelo EAE, Zhang e
colaboradores (2020), observaram que o AU reduziu a gravidade da doenga e melhorou a
recuperacao clinica no inicio, no pico e nas fases crénicas da EAE ao reduzir o nimero de
células Thl e Thl7.

Portanto, considerando que o AU ¢ capaz de modular a resposta inflamatoria in vitro
e ainda em modelos experimentais, inibindo a ativacdao de NF-kB e a produgao de IL-1p,
IL-6, IL-17, TNF-a e IFN-, bem como outros mediadores, torna-se relevante estudar
possiveis efeitos imunomodulatérios dos derivados do acido ursélico: 3p-hidroxi-urs-12-
en-28-oato de metila (AUD1) e o 3B-acetoxi-urs-12-en-28-oato de metila (AUD?2) sobre a

resposta inflamatoria em modelos animais de inflamagao aguda e inflamacgao cronica.
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3 HIPOTESE

A atividade imunomoduladora demonstrada pelos derivados do acido ursolico: 3f3-
hidroxi-urs-12-en-28-oatode metila (AUD1) e o 3B-acetoxi-urs-12-en-28-o0ato de metila
(AUD2), contribuiriam para a redugcdo da inflamac¢do aguda em edema de pata de
camundongosBALB/c induzidos por carragenina, com a redugdo dos mediadores
inflamatorios. E ainda os mesmos derivados do AU, levariam a melhoria dos sinais clinicos

e das alteracdes imunohistopatolégicas do SNC em camundongos C57BL/6 induzidos com

EAE.
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4 OBJETIVOS

4.1 OBJETIVO GERAL

Avaliar o efeito imunomodulador dos derivados do &cido ursélico: 3B-hidroxi-urs-
12-en-28-oato de metila (AUD1) e o 3B-acetoxi-urs-12-en-28-oato de metila (AUD?2), nos

modelos murinos de edema de pata e de encefalomielite autoimune experimental.

4.2 OBJETIVOS ESPECIFICOS

— Avaliar o edema de pata induzido por carragenina em camundongos BALB/c tratados
com os derivados do acido ursolico (AUDI1 e AUD2);

— Avaliar os efeitos dos derivados do acido ursélico (AUDI1 e AUD2) na producao da
citocina IL-6 em camundongos BALB/c induzido pela carragenina;

— Avaliar o efeito dos tratamentos com os derivados do acido ursoélico (AUD1 e AUD2)
no escore clinico e na massa corporal dos animais com EAE;

— Avaliar a histopatologia do SNC dos animais com EAE, tratados com derivados do
acido ursolico (AUDI1 e AUD?2);

— Avaliar os efeitos dos tratamentos com os derivados do acido ursolico (AUDI e
AUD?2) na produgdo de citocinas IL-12p70, TNF-a, IL-10, IL-1B, IL-6 ¢ IFN-y dos
animais com EAE;

— Avaliar a expressao de FOXP3, IL-10, CD4, IL-17A, CDS8, IFN-y, CD25, MHC-II,
CD&80, CDl1c, CD86 em células de linfonodos inguinais e cérebro dos animais com

EAE, tratados com derivados do &cido ursolico (AUD1 e AUD?2).
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5 MATERIAL E METODOS

5.1 OBTENCAO DOS DERIVADOS DO ACIDO URSOLICO

Para a realizacdo dos ensaios propostos no presente trabalho, foram empregados
dois derivados semissintéticos do acido ursolico (AUD1 e AUD2), com modificagdes
principalmente os carbonos nas posi¢oes C-3 e C-28, obtidos no Departamento de Quimica
Farmacéutica da Universidade de Salamanca, Espanha pela Profa. Ydia Mariele Valadares
da UFJF-campus Governador Valadares (Figura 8). O acido ursolico para obtencdo dos
derivados semissintéticos foi isolado de Jacaranda caroba e Remijia ferruginea. A sintese
destes dois derivados semissintéticos do acido ursolico representados na Figura 8, foi

previamente publicada por Scherrer ef al. (2019).

Figura 8 - Derivados semissintéticos de acido ursdlico (AU): 3B-hidroxi-urs-12-en-28-

oato (AUDI), 3B-acetoxi-urs-12-en-28-o0ato de metila (AUD?2).

CH,/K,CO;
Temp. amb.

Fonte: Elaborado pelo autor (2023).

5.2 ANIMAIS PARA EXPERIMENTO DE EDEMA COM CARRAGENINA

Para a inducdo do edema de pata, foram utilizados camundongos BALB/c fémeas,
com quatro semanas de idade, provenientes do Biotério do Centro de Biologia da
Reproducao (CBR) da Universidade Federal de Minas Gerais. Eles foram mantidos no
biotério de manuten¢do da Faculdade de Medicina da Universidade Federal dos Vales do
Jequitinhonha e Mucuri (FAMMUC-UFVIM) - Teéfilo Otoni/MG em estantes ventiladas
e dieta ad libitum. Todos os procedimentos estavam de acordo com os principios do Codigo
Brasileiro para a Utilizagdo de Animais de Laboratorio. Este projeto foi aprovado pelo
Comité de Etica em Pesquisa em Animais da UFVJM — CEUA/Mucuri (Protocolo n° 03-
2018R).
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5.3 INDUCAO DE EDEMA DE PATA POR CARRAGENINA E TRATAMENTO COM
AU E SEUS DERIVADOS AUDI E AUD2

Os camundongos

animais/grupo) (Tabela 2).

BALB/c fémeas foram divididos em seis grupos (6

Tabela 2 - Caracterizagao dos grupos de camundongos para modelo de edema de pata

GRUPO* Carragenina TRATAMENTO

(6 animais/grupo)

CN Nao Nao recebeu tratamento.

induzido

CARRAGENINA | Induzido Tratado com PBS.

DEXA Induzido Tratado com dexametasona com 0,5mg/kg de peso,
1.p.

AUDI1 Induzido Tratado com 3f-hidroxi-urs-12-en-28-oato de
metila (AUDI1) com 200 mg/kg de peso, i.p.

AUD2 Induzido Tratado com 3fB-acetoxi-urs-12-en-28-oato de
metila (AUD2) com 200 mg/kg de peso, i.p.

AU Induzido Tratado com o acido ursolico (AU) com 200mg/kg

de peso, 1.p.

*Foram realizadas 3 repeti¢des

Fonte: Elaborado pelo autor (2023).

Trinta minutos antes da indu¢do do edema nas patas dos camundongos BALB/c

fémeas os mesmos foram tratados com PBS, dexametasona (0,5 mg/kg) ou o AU e seus

derivados AUDI e AUD2 diluidos em PBS (200 mg/kg) administrados por via

intraperitoneal (100 pL). Animais tratados com dexametasona foram utilizados como

controle positivo, pela conhecida atividade anti-inflamatodria. Posteriormente, suas patas

foram medidas com paquimetro (Oh). A carragenina (2,5 %) foi dissolvida em PBS, e 20

uL injetado na pata esquerda, e 20 uL de PBS na pata direita de todo o grupo. As patas

direitas e esquerdas foram medidas 1, 2, 3 e 4 horas apds a injecdo da carragenina, ¢ a

medicao calculou-se a diferenca entre as patas (Figura 9). O edema induzido nas patas dos

camundongos pela carragenina foi determinado pela féormula: [Edema pata (mm)] =

[medida pata injetada carragenina (mm) — medida pata de PBS (mm)].
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Figura 9 - Delineamento experimental do experimento de edema de pata induzidos por

carragenina.
Foi realizado o As patas dos camundongos
tratamento de foram medidas com paguimetro.
Dexametasona Em seguida a indugdo com
(0,5 mg/kg) , AU, carragenina (2,5%) dissolvidaem
AUD1 ou AUD2 (200 PBS (20uL) injetado na pata As patas direitas e esquerdas foram medidas 1, 2, 3 e 4 horas apoés a injecdoda
mg/kg) diluidos em esquerda e (20uL) de PBS na carragenina, e a medic&o calculou-se a diferenca entre as patas. O edema foi
PBS. pata direita. determinado pela férmula: [Edema pata (mm)] = [medida pata injetada carragenina
(100 pLi.p.) (mm)— medida pata de PBS (mm)].
(-30min) (1h.p.i.) (2h.p.i.) (3h.p.i.) (4h.p.i.)
A eutanasia foi realizada
com dose letal de Xilazina
(10 mg/Kg) e Ketamina (150
Linhagem de mg/Kg) i.p., para a coleta de
camundongo Balb/c coxins plantares e os

linfonodos inguinais apos as
4 horas de analise.

Fonte: Elaborado pelo autor (2023).

5.4 EUTANASIA E COLETA DE TECIDOS DOS ANIMAIS DO EXPERIMENTO DE
EDEMA DE PATA INDUZIDOS POR CARRAGENINA

A eutanésia foi realizada com dose letal de Xilazina (10 mg/Kg) e Ketamina (150
mg/Kg) por via intraperitoneal, para a coleta de coxins plantares e os linfonodos inguinais
apos as 4 horas de analise. Apos estarem completamente anestesiados, os animais foram
perfundidos no ventriculo esquerdo com solu¢do tampao fosfato (PBS) para a retirada dos
linfonodos inguinais e coxins plantares para a quantificacdo de citocinas por ELISA.Os

tecidos retirados foram rapidamente armazenados em freezer -80°C.

5.5 QUANTIFICACAO DE CITOCINAS DOS ANIMAIS DO EXPERIMENTO DE
EDEMA DE PATA INDUZIDOS POR CARRAGENINA

Os coxins plantares e os linfonodos inguinais removidos, pesados e
homogeneizados (100mg/mL) em solu¢do de extracdo contendo 0.4 M NaCl, 0.05% de
tween 20 (Merck & Co., Inc., Whitehouse Station, USA), 0.5% de albumina soro bovino,
0.1M de fenilmetilsulfonil fluoride. Em seguida os homogeneizados foram centrifugados
a 2000xg por 15 minutos a 4°C e os sobrenadantes foram coletados e congelados a -80 °C.
As concentragdes de IL-6 foram determinadas nos sobrenadantes dos linfonodos inguinais
e dos coxins plantares pelo método ELISA. Placas de ELISA foram sensibilizadas com o

anticorpo de captura, diluido em tampao especifico conforme especificado no protocolo de
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instru¢do (BD Biosciences, Pharmigen, San Diego, USA), incubadas “over night”’, em
seguida lavadas com PBS-Tween quatro vezes ¢ bloqueadas com PBS-Soro Fetal por 30
minutos. Apods este periodo, as placas foram lavadas novamente e, em seguida as amostras
e os padrdes de citocinas foram adicionados nos pogos das placas. As placas foram entao
incubadas por 18 horas a 4°C. Terminada a incubagdo, as placas foram lavadas e o 2°
anticorpo biotinilado acrescentado. A placa foi incubada por mais 1 hora a temperatura
ambiente e mais quatro lavagens foram feitas e, apos a colocacao do conjugado enzimatico
estreptovidina-biotina, as placas foram incubadas por mais 1 hora. Transcorrido o tempo
de 1 hora, a reagdo foi revelada pela adicdo do substrato e por fim bloqueada com acido
sulfarico 2N e a leitura feita em leitor de microplacas (SPECTRAMAX 190, Molecular
Devices) a 450 nm. As quantidades de citocinas IL-6 foram calculadas a partir da curvas-
padrdo, obtida pela concentragao do recombinante para IL-6 (BD Biosciences Pharmingen,

San Diego, CA, USA).

5.6 ANIMAIS PARA EXPERIMENTO DE EAE

Para a indugdo da encefalomielite autoimune experimental (EAE), foram utilizados
70 camundongos da linhagem C57BL/6 fémeas, com 8 semanas de idade, provenientes do
Biotério do CBR-UFMG. Eles foram mantidos no biotério de manutengdo da FAMMUC-
UFVIM em estantes ventiladas e dieta ad [ibitum. Todos os procedimentos foram de acordo
com os principios do Codigo Brasileiro para a Utilizacdo de Animais de Laboratoério. Este

Trabalho foi aprovado pela CEUA-Mucuri/UFVJM (Protocolo n°04-2019R).

5.7 INDUCAO DO MODELO DE EAE E TRATAMENTO COM AU E SEUS
DERIVADOS

Os camundongos foram divididos em cinco grupos (14 animais/grupo) (Tabela 3).
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Tabela 3 - Caracteriza¢ao dos grupos de camundongos para a indugao da EAE.

GRUPO* EAE TRATAMENTO

(14 animais/grupo)

CN Nao Nao recebeu tratamento.

induzido

EAE Induzido | Nao recebeu tratamento.

AU Induzido | Tratado com 4cido ursélico (AU) com 50 mg/Kg de
peso, i.p.

AUDI Induzido | Tratado com 3pB-hidroxi-urs-12-en-28-o0ato de
metila (AUD1) com 50 mg/Kg de peso, i.p.

AUD2 Induzido | Tratado com 3pB-acetoxi-urs-12-en-28-oato de

metila (AUD2) com 50 mg/Kg de peso, i.p.

*Foram realizadas 3 repeti¢des

Fonte: Elaborado pelo autor (2023).

Cada animal foi imunizado (dia zero) por via subcutanea (s.c.) em cada lado da

regido dorsal proxima a base da cauda com 100 pg do peptideo MOG3s.s5 (Sigma Chemical

Co, Saint Louis, USA) emulsionado em Adjuvante Completo de Freund (Sigma) na

propor¢dao de 1:1 suplementado com 400 pg de Mycobacterium tuberculosis H37RA

(Difco, Detroit, USA). No dia da imunizacao (dia zero) e apds 48 horas, cada animal

recebeu i.p. 300 ng de toxina pertussis (Sigma) em PBS em cada aplicagdo. Os tratamentos

com acido ursolico e os seus derivados AUDI e AUD2 foram realizados por via

intraperitoneal na concentragdo de 50 mg/kg. A dose e a via de administracdo do AU,

AUDI e AUD?2 foram baseadas em estudos in vivo anteriores que mostraram efeitos anti-

inflamatoérios do AU (XU et al., 2011; ZHANG et al., 2014). Todos os tratamentos foram

realizados diariamente, por 6 dias, a partir do 15° dia apds a inducao da EAE.
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Figura 10 - Delineamento experimental do experimento do modelo de encefalomielite

autoimune experimental (EAE)

Os camundongos
foram imunizados em
ambos os lados com

100pg MOG3; 55
Adjuvante de Freund

suplementadocom 4 Quatorze camundongos por
mg/mLde O tratamento com acido grupo foram pesados e
Mycobacterium Inicio do tratamento ursolico ou derivado observados diariamente do
tuberculosis (s.c.) 300 ngfanimal Inicio da com acido ursélico (50 mg/kg i.p.) foi 8° até 0 21° dia apos
300 ng/animal de de toxina avaliagdo do ou derivados administradodo 15° até o indugado para determinagao
toxina pertussis (i.p.) pertussis (i.p.) escore clinico. (50 mg/kgi.p.). 20°d.pi. do escore.
(0d.p.i.) (2°d.p.i.) (8°d.p.i.) (15°d.p.i.) (21°d.p.i.)

A eutanasia foi realizada
com dose letal de Xilazina
(10 mg/kg) e Ketamina (150
mg/kg) i.p. para a coleta do
cérebro, medula espinhal e

Linhagemde 5 EEE
camundongo C57BL/6 linfonodos inguinais.

Fonte: Elaborado pelo autor (2023).

5.8 AVALIACAO DO ESCORE CLINICO DOS ANIMAIS DO EXPERIMENTO DE
EAE

Todos os animais por grupo foram avaliados em relagdo ao escore clinico e massa
corporal. Em relagdo a massa corporal dos animais, os camundongos foram pesados
diariamente desde o primeiro dia da indugdo (dia zero) até o dia da eutanasia (21° dia apods
imunizagdo). A avaliagcdo do escore clinico foi realizada do 8° até o 21° dpi, sendo que os
animais foram clinicamente avaliados e classificados com relagdo a incapacidade
neurologica através da escala apresentada na Tabela 4, adaptada por De Paula e
colaboradores (2008). O escore final de cada animal corresponde ao somatério da

pontuacdo obtida em todos os parametros avaliados em um mesmo dia.

Tabela 4 - Escala score clinico para avaliar a EAE.

Parte do animal Sinais clinicos Escore?
Cauda Nenhum sinal clinico 0
Perda do tonus muscular da cauda 1
Paralisia 2
Membro-posterior Nenhum sinal clinico 0
1

Fraqueza de uma das patas
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Fraqueza de ambas as patas

Paralisia de uma das patas

Paralisia de ambas as patas
Membro-anterior Nenhum sinal clinico

Fraqueza de uma ou ambas as patas

Fraqueza de ambas as patas

Bexiga Continéncia

—_ O N = O B~ W N

Incontinéncia

2 Pontuagdo numérica estabelecida arbitrariamente.

Fonte: Adaptado de De Paula et al., (2008).

5.9 EUTANASIA DOS ANIMAIS E OBTENCAO DOS ORGAOS E TECIDOS DO
EXPERIMENTO DE EAE

A eutanésia foi realizada com dose letal de Xilazina (10 mg/kg) e Ketamina (150
mg/kg) por via intraperitoneal para a coleta do cérebro, medula espinhal e linfonodos
inguinais, no 21° dpi. Apds estarem completamente anestesiados, vinte animais (4
animais/grupo) foram submetidos a perfusdo cardiaca com uma solugdo de formalina a 4%
para a retirada do cérebro e da medula espinhal para a analise histologica. Vinte e cinco
animais (5 animais/grupo) foram perfundidos no ventriculo esquerdo com solucao tampao
fosfato (PBS) para a retirada da medula espinhal para a quantificagdo de citocinas por
ELISA, os tecidos retirados foram rapidamente armazenados em freezer -80°C. Em vinte
e cinco animais (5 animais/grupo), células do cérebro e linfonodos inguinais destinados a
citometria de fluxo foram coletados e imediatamente processados para separagdo e estas

células foram submetidas aos protocolos de marcagao extracelular e intracelular.

5.10 QUANTIFICACAO DE CITOCINAS POR ELISA DO EXPERIMENTO DE EAE

Para a avaliacao dos niveis de citocinas, por¢oes da medula espinhal congeladas a -
80°C foram descongelados e macerada em tampao de extracdo de citocinas (100mg/mL)
composto de: 0,4 M de cloreto de s6dio (NaCl) (Isofar Industria e Comércio), 0,05% de
tween 20 (Isofar Industria e Comércio), 0,5% de albumina de soro bovino (BSA) (Sigma),
0,1 M de fluoreto de fenil-metil-sulfonil (Sigma), 0,1 M de cloreto de benzeténio (Sigma),
10 mM de &cido etileno diamino tetracético (EDTA) (Sigma) e 20 pM de aprotinina
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(Sigma). Em seguida, os homogenatos foram centrifugados a 2000xg por 15 minutos a 4°C
e os sobrenadantes foram coletados e congelados a -80°C. As concentragdes de citocinas
IL-6, IL-12, IL-1B, TNF-a, IFN-y e IL-10 nos sobrenadantes foram determinadas pelo
método ELISA. As placas de ELISA foram sensibilizadas com o anticorpo de captura,
diluido em tampao especifico e incubadas por 18 horas a 4°C. Em seguida, lavadas quatro
vezes com PBS-Tween e bloqueadas com PBS + Soro Fetal Bovino (SFB) a 10% por 1
hora. Apds este periodo, as placas foram lavadas novamente quatro vezes e, em seguida,
as amostras dos animais utilizados e os padrdes de citocinas foram adicionados. As placas
foram entdo incubadas por 18 horas a 4°C. Apds a incubagdo, as placas foram lavadas
quatro vezes, o 2° anticorpo biotinilado e o complexo enzimatico acrescentado e a placa
incubada por 1 hora a temperatura ambiente. Apds a incubagao as placas foram lavadas
seis vezes ¢ a reacao revelada pela adicao do substrato contendo TMB (BD Biosciences,
San Diego, CA, USA) e bloqueio com acido sulftrico 2N. A leitura foi realizada em leitor
de microplacas (SPECTRAMAX 190, Molecular Devices) a 450 nm. As quantidades de
citocinas foram calculadas a partir das curvas-padrdo, obtidas pelas diferentes
concentragdes dos respectivos recombinantes (IL-6, IL-12, IL-1B, TNF-a, IFN-y, IL-10,
BD Biosciences Pharmigen, San Diego, CA, USA).

5.11 ISOLAMENTO E PREPARACAO DE CELULAS MONONUCLEARES DOS
LINFONODOS INGUINAIS E CEREBRO DO EXPERIMENTO DE EAE

Os linfonodos inguinais e cérebro coletados no 21° dpi, para realizagdo da citometria
de fluxo, foram macerados em meio RPMI-1640 com 10% de SFB. O macerado foi passado
por um filtro de 70um (BD Biosciences, Bedford, USA). As células dos linfonodos
inguinais e cérebro foram posteriormente incubadas com RPMI contendo 2mg de
colagenase D (Roche, Mannheim, Germany) a 37°C por 45 minutos, submetidas a uma
constante agitagdo. As células mononucleares dos linfonodos inguinais e cérebro foram
separadas por gradiente de Percoll e submetidas a uma lavagem com solucao de PBS, 1%
SFB e 0.09% de azida sddica. A seguir as células foram lavadas em solucdo de tampao de
lise, centrifugadas a 1500 rpm ou 350xg por 5 minutos e resuspensas em PBS, 1% de SFB
e 0.09% de azida sodica.
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5.12 AVALIACAO DA EXPRESSAO DOS MARCADORES CELULARES POR
CITOMETRIA DE FLUXO DO EXPERIMENTO DE EAE

C¢élulas isoladas dos linfonodos inguinais e cérebro foram incubadas com anticorpos
CD4-PerCP, CD8-PerCP, CD80-PerCP, CD25-FITC, MHC classe II I-AD-aloficocianina
(apc), CD86-PerCP, CD11c-FITC, (BD Biosciences Pharmingen, San Diego, USA). Apds
30 minutos de incubagdo a 4°C, as células foram lavadas com tampao de marcagao PBS,
1% SFB e 0.09% de azida sddica e tampao de fixacdo contendo paraformaldeido (BD
Biosciences, Pharmigen, San Diego, USA) e lavadas em tampao de permeabilizagao (BD
Biosciences, Pharmigen, San Diego, USA). Apds as marcagdes extracelulares as células
foram submetidas as marcacdes intracelulares com anticorpos anti-camundongo IFN-y-
PE-Cy-7, IL-10-PE, 1L-17A-Alexa Fluor 488, Foxp3-Alexa Fluor 488, (BD Biosciences
Pharmingen, San Diego, USA). A captura das células foi feita utilizando-se o citometro de
fluxo FACScalibur® (Becton Dickinson, EUA) e as andlises realizadas com FCS Express

version 3.

5.13 COLORACAO POR HEMATOXILINA E EOSINA DO EXPERIMENTO DE EAE

As medulas espinhais e os cérebros foram coletados para andlise do infiltrado
inflamatério no 21° dia apds inducdo. Os oOrgdos foram fixados em solugao de
paraformaldeido 4% e posteriormente incluidos em parafina. Apds a inclusdo, foram
realizados cortes transversais de 5 um de espessura para a coloragdo em hematoxilina-
eosina (H&E). Também foram realizados cortes longitunais da medula. O processo de
coloragao em H&E ocorreu com a imersao das 1aminas em xilol I, II e III, durante 5 minutos
para a desparafinizacdo. Em seguida, estas laminas foram imersas durante 3 minutos em
banhos de alcool absoluto, alcool 95%, alcool 80%, alcool 70% e agua destilada por 5
minutos para a hidratagdo. Apds a hidratagdo, as laminas foram imersas no corante
especifico, seguindo as exigéncias da técnica de H&E para a avaliacao do infiltrado celular.
As laminas foram imersas em hematoxilina (corante acido) por dois minutos, em seguida
lavadas em agua corrente por quatro minutos € imersas em agua destilada por 2 minutos.
Finalizada esta etapa, as laminas foram imersas no corante eosina (corante basico), por 1
minuto. Logo ap0s, as laminas foram desidratadas, sendo imersas na bateria de alcool 70%,
alcool 80%, alcool 95% e alcool absoluto e xilol IV, V e VI. Posteriormente, os cortes

foram montados com meio de montagem Erv-Mount (EasyPath, Erviegas, Sdo Paulo, SP)
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entre laminas e laminulas. As imagens foram obtidas usando o microscopio Olympus BX51
e os resultados registrados pelo software Image Pro plus (Media Cybernetics TM).
Avaliacgao histologica semiquantitativa para a inflamac¢ao foi pontuada de forma cega por
um patologista usando uma escala de 0 a 5 com base na porcentagem aproximada de tecido
envolvido com 0 = nenhum, 1= minimo (1-5%), 2 = leve (6-10%), 3= moderado (11-25%),

4= grave (26-50%) e 5= acentuado (>50%) (PANT et al., 2017).

5.14 COLORACAO POR LUXOL FAST BLUE DO EXPERIMENTO DE EAE

As medulas espinhais os cérebros foram coletados para analise da desmielinizagao
no 21° dia apds indugdo. Os 6rgdos foram fixados em solugdo de paraformaldeido 4% e
posteriormente incluidos em parafina. Apos a inclusao, foram realizados cortes transversais
10 wm de espessura para a coloracdo de luxol fast blue (LFB) e visualizagdo da
desmielinizacdo. Também foram realizados cortes longitunais da medula. O processo de
coloracao ocorreu com a imersao das laminas em xilol I, II e III, durante 5 minutos para a
desparafinizagdo. Em seguida, estas laminas foram imersas durante 3 minutos em banhos
de alcool absoluto e alcool 95%. Posteriormente, os cortes permaneceram imersos em LFB
durante a noite em estufa a 56°C, em recipiente bem vedado para ndo evaporar. No dia
seguinte foi retirado o excesso de corante com alcool 95% e as laminas enxaguadas em
adgua destilada. A diferenciacdo das laminas foi realizada uma a uma na solugdo de
carbonato de litio, cerca de 1 minuto para a retirada do excesso de corante. Seguiu-se a
diferenciacdo em alcool 70% agitando-se gentilmente até que a diferenca entre substancia
branca e cinzenta ficasse nitida. A sequéncia do carbonato de litio e alcool 70% foi repetida
quando necessario, até a substancia cinzenta ficar bem clara (acompanhamento ao
microscopio). Terminada a diferenciacdo as laminas foram coletadas em 4gua destilada.
Seguiu-se a coloragdo pela solugdo de cresil violeta durante 6 min e a desidratagdo
rapidamente em etanol 95% e absoluto para posterior montagem em Erv-Mount (EasyPath,
Erviegas, Sao Paulo, SP). As imagens foram obtidas usando o microscopio Olympus BX51
e os resultados registrados pelo software Image Pro plus (Media Cybernetics TM).
Avaliacao histologica semiquantitativa para a inflamacao foi pontuada de forma cega por
um patologista usando uma escala de 0 a 5 com base na porcentagem aproximada de tecido
envolvido com 0 = nenhum, 1= minimo (1-5%), 2 =leve (6-10%), 3= moderado (11-25%),

4= grave (26-50%) e 5= acentuado (>50%) (Pant ef al., 2017).
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5.15 ANALISE ESTATISTICA

Os resultados foram representados por média + erro padrdo. As variaveis numéricas
foram avaliadas nos diferentes grupos pelo teste paramétrico t’ student, de acordo com a
analise de variancia dos dados e One-Way ANOVA, com o pos-teste Bonferroni para
comparacgoes multiplas, para determinac¢do das diferengas significantes entre os grupos de
camundongos, com nivel de significancia p<0,05. O programa estatistico utilizado foi o

GraphPad Prism 5.0.

6 RESULTADOS

6.1 AVALIACAO DO TRATAMENTO COM OS DERIVADOS AUDI E AUD2 NO
EDEMA DE PATA INDUZIDO POR CARRAGENINA

Os tratamentos com AU e seus derivados AUD1 e AUD2 apresentaram redugao
efetiva do edema de pata de camundongos BALB/c fémeas, assim como a dexametasona,
em comparacao ao grupo carragenina, que recebeu apenas tratamento com PBS. A redugdo

do edema de pata foi observada em 2h e persiste até as 4h (Figura 11).

Figura 11 - Edema de pata induzido por carragenina.
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Fonte: Elaborado pelo autor (2023).
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Camundongos BALB/c fémeas (n=6 animais/grupo) foram tratados i.p. (100 puL) com PBS (Grupo
CARRAGENINA), AUDI1 (200 mg/Kg), AUD2 (200 mg/Kg), AU (200 mg/ Kg) ou DEXA (0,5 mg/Kg), 30
minutos antes da inducdo do modelo. DEXA= grupo imunizado e tratado com dexametasona,
CARRAGENINA= grupo imunizado tratado com PBS, AU= grupo imunizado tratado com acido ursolico e
AUDI1= grupo imunizado tratado com 3f-hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado
tratado com 3B-acetoxi-urs-12-en-28-oato de metila. Edema da pata [Edema da pata (mm)] = [espessura da
pata de carragenina (mm)] — [espessura da pata de PBS (mm)] foram monitorados até 4 horas. Cada ponto
representa a média = SEM.*p<0,05 AUDI1, AUD2, AU e DEXA versus grupo CARRAGENINA. Os

resultados foram representativos de trés experimentos independentes.

6.2 AVALIACAO DO EFEITO DOS DERIVADOS AUDI E AUD2 NA
CONCENTRACAO DA CITOCINA IL-6 NO SOBRENADANTE DO HOMOGENATO
DO TECIDO DA PATA E DOS LINFONODOS INGUINAIS

Em relacdo a analise de citocina no sobrenadante do macerado de tecido da pata e
dos lindonodos dos camundongos BALB/c fémeas, foi observado uma reducao da IL-6 nos
grupos induzidos e tratados com o AU e os derivados AUD1 e AUD2 comparados com o

grupo carragenina (p< 0,05) (Figuras 12A e 12B).
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Figura 12 - Concentracdo da citocina IL-6 no sobrenadante do homogenato em

linfonodos inguinais e de tecido de pata.
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Fonte: Elaborado pelo autor (2023).
(A) Citocina IL-6 determinada no sobrenadante do homogenato de linfonodos inguinais e (B) patas por
ELISA. Camundongos BALB/c fémeas (n= 6 animais/grupo) foram tratados i.p. (100 pL) com PBS (grupo
CARRAGENINA), AUDI1 (200 mg/Kg), AUD2 (200 mg/Kg), AU (200 mg/Kg) ou DEXA (0,5 mg/Kg) e
CN, 30 minutos antes da indu¢do do modelo. CN=grupo ndo imunizado e ndo tratado, CARRAGENINA=
grupo imunizado tratado com PBS, DEXA= grupo imunizado e tratado com dexametasona, AUD1= grupo
imunizado tratado com 3B-hidroxi-urs-12-en-28-oato de metila e AUD2= grupo imunizado tratado com 3f3-
acetoxi-urs-12-en-28-oato de metila e AU= grupo imunizado tratado com dacido ursdlico. Cada barra
representa a média + SEM. *p<0,05 AUDI1, AUD2, AU, DEXA e CN versus grupo CARRAGENINA. Os

resultados foram representativos de trés experimentos independentes.
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6.3 AVALIACAO DO EFEITO DOS DERIVADOS AUD1 E AUD2 NO ESCORE
CLINICO E MASSA CORPORAL DOS ANIMAIS DO EXPERIMENTO DE EAE

Apo6s a indu¢do do modelo de EAE em camundongos fémeas da linhagem C57BL/6,
utilizando o protocolo de inducdo com o peptideo MOGss.ss, tratados ou ndo com AU,
AUDI1 ou AUD2 no 15° dia apods a inducdo (Figura 13A), 14 animais/grupo foram
acompanhados diariamente durante 21 dias apos indugdo para avaliacdo do curso clinico
da EAE e da massa corporal.

Para o grupo controle, ndo imunizado, durante todo o periodo avaliado nao foi
observado nenhum sinal clinico neurologico da EAE (Figura 13A). Por outro lado, os
animais do grupo EAE desenvolveram sinais clinicos, sendo o 12° dia apods a indugdo o
inicio dos sinais clinicos da doenga e o pico maximo de pontuagao clinica ocorreu no 21°
dia ap6s a indugao (Figura 13A). Houve reducao significativa no escore clinico dos grupos
tratados em relacdo ao grupo EAE no 21° dia apds a indugao (p<0,05) (Figura 13A).

Para os niveis médios da massa corporal dos camundongos dos grupos EAE, AU,

AUDI e AUD2 nao foi observada diferenca entre os grupos (Figura 13B).
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Figura 13 - Média do escore clinico e massa corporal
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Fonte: Elaborado pelo autor (2023).

(A) Escore clinico de camundongos C57BL/6 (n=14 animais/grupo) imunizados ou ndo com peptideo
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MOGss.ss. (B) Massa corporal dos camundongos C57BL/6 (n=14animais/grupo) imunizados ou ndo com
peptideo MOGss.ss. Os sinais clinicos foram registrados do dia 0 até o 21° dia ap6s a imunizagdo. Os
tratamentos com AU, AUDI1 e AUD2 tiveram inicio no 15° dia apds a imunizagdo. CN= grupo ndo
imunizado, EAE= grupo imunizado néo tratado, AU= grupo imunizado tratado com acido ursélico e AUD1=
grupo imunizado tratado com 3B-hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado tratado com
3B-acetoxi-urs-12-en-28-oato de metila. Cada ponto representa a média £ SEM. *p<0,05 versus EAE. Os

resultados foram representativos de trés experimentos independentes.

6.4 AVALIACAO DO EFEITO DOS DERIVADOS AUDI1 E AUD2 NO INFILTRADO
INFLAMATORIO NA MEDULA ESPINHAL DOS ANIMAIS COM EAE

A avaliacdo do infiltrado inflamatorio da medula espinhal foram realizadas no 21°
dia ap6s a indugdo em camundongos fémeas da linhagem C57BL/6, utilizando o protocolo
de inducdo com o peptideo MOGgs.ss, tratados ou ndo com AU, AUDI ou AUD2 no 15°
dia apos a indugdo. A Figura 14 exibe cortes longitudinais, enquanto a Figura 15 apresenta
cortes transversais, de medula espinhal corados com H&E, permitindo a avaliagao da
presenca de infiltrado inflamatério.Os animais do grupo CN, apresentaram padrdo
parenquimatoso habitual na medula espinhal, sem presenca de infiltrado celular
inflamatorio (Figuras 14A, 14B, 15A e 15B). Em contraste, os animais do grupo EAE
apresentaram infiltrados de células inflamatorias, quando comparado ao grupo CN (Figuras
14C, 14D, 15C e 15D). Os tratamentos com AU, AUDI e AUD2 demonstraram uma
redug¢do no infiltrado de células inflamatérias em comparagdo ao grupo EAE (Figuras 14E,

14F, 14G, 14H, 141, 14J, 15E, 15F, 15G, 15H, 151 e 15J).
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Figura 14 - Analise histologica através da coloragdo de hematoxilina e eosina de cortes
longitudinais da medula espinhal de camundongos C57BL/6 no 21° dia ap6s a indugdo

com peptideo MOGs3s.ss.

Fonte: Elaborado pelo autor (2023).

Analise histologica através da coloragdo de hematoxilina e eosina de cortes longitudinais da medula espinhal
de camundongos C57BL/6 no 21° dia ap6s a inducdo com peptideo MOGs;s.ss (n=4 animais/grupo). As figuras
sdo representativas da analise histologica de cada grupo experimental: CN= grupo nido imunizado (A, B),
EAE= grupo imunizado ndo tratado (C, D), AU= grupo imunizado tratado com &cido ursodlico (E, F) e
AUDI= grupo imunizado tratado com 3B-hidroxi-urs-12-em-28-oato de metila (G, H), AUD2= grupo
imunizado tratado com 3B-acetoxi-urs-12-em-28-oato de metila (I, J). Magnificacdo de 10x (Figuras A, C,
E, G, ), 40x (Figuras B, D, F, H, J), escala da barra= 100um (10x) e 50um (40x). Setas indicam os infiltrados

celulares.
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Figura 15 - Analise histologica através da coloragdo de hematoxilina e eosina de cortes
transversais da medula espinhal de camundongos C57BL/6 no 21° dia apds a indugao

com peptideo MOGs.ss.

Fonte: Elaborado pelo autor (2023).

Anélise histologica através da coloragdo de hematoxilina e eosina de cortes transversais da medula espinhal
de camundongos C57BL/6 no 21° dia ap6s a indug@o com peptideo MOG3s.55 (n=4 animais/grupo). As figuras
sdo representativas da analise histologica de cada grupo experimental: CN= grupo ndo imunizado (A, B),
EAE= grupo imunizado nao tratado (C, D), AU= grupo imunizado tratado com acido ursoélico (E, F) e
AUDI1= grupo imunizado tratado com 3-hidroxi-urs-12-em-28-oato de metila (G, H), AUD2= grupo
imunizado tratado com 3f-acetoxi-urs-12-em-28-oato de metila (I, J). Magnificacdo de 10x (Figuras A, C,
E, G, ), 40x (Figuras B, D, F, H, J), escala da barra= 100pm (10x) e 50um (40x). Setas indicam os infiltrados

celulares.
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6.5 ESCORE DE INFLAMACAO NA MEDULA ESPINHAL DOS ANIMAIS COM
EAE

Ap6s a inducdo do modelo de EAE em camundongos fémeas da linhagem C57BL/6,
utilizando o protocolo de indug¢do com o peptideo MOGss.ss, tratados ou ndo com AU, AUDI
ou AUD2 no 15° dia apds a inducdo, a medula espinhal de 4 animais/grupo foi coletada para a
avaliacdo do escore de inflamagdo no 21° dia apds a indugao.

Os escores escore de inflamacao (Figura 16) foram avaliados de forma cega por um
patologista e mostrou que os tratamentos com os AU, AUDI1 e AUD2 reduziram
significativamente o infiltrado de células inflamatorias na medula espinhal, quando comparado

com o grupo de EAE.

Figura 16 - Escore de inflamagdo de cortes longitudinais e transversais da medula

espinhal de camundongos C57BL/6 no 21° dia apds a inducdo com peptideo MOGss.ss.
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Fonte: Elaborado pelo autor (2023).

Escore de inflamacéo realizado através da analise histologica com a coloragdo de hematoxilina e eosina de
cortes transversais e longitudinais da medula espinhal de camundongos C57BL/6 no 21° dia ap6s a indugdo
com peptideo MOGss.ss (n=4 animais/grupo). Os tratamentos com AU, AUD1 e AUD?2 tiveram inicio no 15°
dia apds a imunizagdo. EAE= grupo imunizado ndo tratado, AU= grupo imunizado tratado com acido ursolico
e AUDI1= grupo imunizado tratado com 3f-hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado
tratado com 3f-acetoxi-urs-12-en-28-oato de metila. Cada ponto representa a média £ SEM. *p<0,05 versus

EAE. Os resultados foram representativos de trés experimentos independentes.
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6.6 AVALIACAO DOS DERIVADOS AUDI E AUD2 NA DESMIELINIZACAO DA
MEDULA ESPINHAL COM EAE

A avaliacdo da desmielinizagdo da medula espinhal foi realizada no 21° dia apos a
imunizag¢do. A Figura 17 mostra os cortes longitudinais e a Figura 18 cortes transversais
da medula espinhal corados com /uxol fast blue para avaliagdo da presenca de
desmielinizagao.

Os animais do CN, nao imunizado, ndo apresentaram focos de desmielinizacdo no
cérebro (Figuras 17A e 18A).

Os animais do grupo EAE (Figuras 17B e 18B), apresentaram maior numero e focos
mais extensos de desmielinizacdo na medula, quando comparado aos animais dos grupos
tratados com AU, AUD1 e AUD2, no 21°dia pés indugdo (Figuras 17C, 17D,17E, 18C,
18D e 18E).

Figura 17 - Analise histologica através da coloragao de luxol fast blue de cortes
longitudinais da medula espinhal de camundongos C57BL/6 no 21° dia pos indugdo com

peptideo MOGss.ss.

A

Fonte: Elaborado pelo autor (2023).
Analise histologica através da coloragdo de /uxol fast blue de cortes longitudinais da medula espinhal de

camundongos C57BL/6 no 21° dia ap6s a indug@o com peptideo MOG3s.55 (n=4 animais/ grupo). As figuras
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sdo representativas da analise histologica de cada grupo experimental: CN= grupo ndo imunizado (A), EAE=
grupo imunizado ndo tratado (B), AU= grupo imunizado tratado com acido ursoélico (C) e AUDI= grupo
imunizado tratado com 3f-hidroxi-urs-12-em-28-oato de metila (D), AUD2= grupo imunizado tratado com

3B-acetoxi-urs-12-em-28-oato de metila (E). Magnificacdo de 10x e escala da barra= 100um.

Figura 18 - Analise histologica através da coloragdo de luxol fast blue de cortes

transversais da medula espinhal de camundongos C57BL/6 no 21° dia pds indugdo com

peptideo MOGss.ss.

AUD1 AUD2

Fonte: Elaborado pelo autor (2023).
Analise histoldgica através da coloracdo de luxol fast blue de cortes transversais da medula espinhal de
camundongos C57BL/6 no 21° dia ap6s a indug@o com peptideo MOG3s.55 (n=4 animais/ grupo). As figuras
sdo representativas da analise histoldgica de cada grupo experimental: CN= grupo nao imunizado (A), EAE=
grupo imunizado ndo tratado (B), AU= grupo imunizado tratado com acido ursélico (C) e AUDI1= grupo
imunizado tratado com 3f-hidroxi-urs-12-em-28-oato de metila (D), AUD2= grupo imunizado tratado com

3B-acetoxi-urs-12-em-28-oato de metila (E). Magnificacdo de 10x e escala da barra= 100pum.

6.7 ESCORE DE DESMIELINIZACAO NA MEDULA ESPINHAL DOS ANIMAIS
COM EAE

Ap6s a inducdo do modelo de EAE em camundongos fémeas da linhagem C57BL/6,

utilizando o protocolo de indugdo com o peptideo MOG3s.ss, tratados ou ndo com AU, AUDI
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ou AUD2 no 15° dia apds a indugdo, a medula espinhal de 4 animais/grupo foi coletada para a
avaliacdo do escore de desmielinizagdo no 21° dia apos a indugao.

Os escores escore de desmielinizacao (Figura 19) foram avaliados de forma cega por
um patologista € mostrou que os tratamentos com os AU, AUDI e AUD2 reduziram
significativamente a desmieliniza¢do na medula espinhal, quando comparado com o grupo de

EAE.

Figura 19 - Escore de desmielinizagdo de cortes longitudinais e transversais da medula

espinhal de camundongos C57BL/6 no 21° dia apds a indugdao com peptideo MOG3s.ss.
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Fonte: Elaborado pelo autor (2023).
Escore de desmielinizagdo realizado através da analise histoldgica com a coloragdo de /uxol fast blue de
cortes transversais e longitudinais da medula espinhal de camundongos C57BL/6 no 21° dia ap6s a indugdo
com peptideo MOGss.ss (n=4 animais/grupo). Os tratamentos com AU, AUD1 e AUD?2 tiveram inicio no 15°
dia ap6s a imunizagao. EAE= grupo imunizado nao tratado, AU= grupo imunizado tratado com acido ursélico
e AUDI1= grupo imunizado tratado com 3B-hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado
tratado com 3B-acetoxi-urs-12-en-28-oato de metila. Cada ponto representa a média + SEM. *p<0,05 versus

EAE. Os resultados foram representativos de trés experimentos independentes.
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6.8 AVALIACAO DO EFEITO DOS DERIVADOS AUDI E AUD2 NO INFILTRADO
INFLAMATORIO NO CEREBRO DOS ANIMAIS COM EAE

A avaliacdo do infiltrado inflamatério do cérebro foi realizada no 21° dia apos a
imunizagdo. A Figura 20 mostra os cortes transversais do cérebro corados com H&E para
avaliacdo da presenca de infiltrado inflamatério.

Os animais do grupo CN, apresentaram padrdao parenquimatoso habitual no cérebro,
sem presenca de infiltrado celular inflamatorio (Figuras 20A e 20B).

Os animais do grupo EAE apresentaram infiltrados de células inflamatoérias, quando
comparado ao grupo CN (Figuras 20C e 20D).

Os tratamentos com AU, AUDI1 e AUD2 (Figuras 20C, 20D e 20E) reduziram o

infiltrado de células inflamatérias, quando comparado com o grupo de EAE (Figura 20B).

Figura 20 - Analise histologica através da coloragdo de hematoxilina e eosina de cortes
longitudinais do cérebro de camundongos C57BL/6 no 21° dia pds indugao com peptideo

MOGss.ss.

Fonte: Elaborado pelo autor (2023).

Analise histologica através da coloracdo de hematoxilina e eosina (H&E) de cortes longitudinais do cérebro

de camundongos C57BL/6 no 21° dia ap6s a indugdo com peptideo MOGs;s.ss (n=4 animais/grupo). As figuras
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sdo representativas da analise histoldgica de cada grupo experimental: CN= grupo ndo imunizado (A), EAE=
grupo imunizado nao tratado (B), AU= grupo imunizado tratado com acido ursolico (C) e AUDI1= grupo
imunizado tratado com 3f-hidroxi-urs-12-em-28-oato de metila (D), AUD2= grupo imunizado tratado com
3B-acetoxi-urs-12-em-28-oato de metila (E). Magnificagdo de 40x ¢ escala da barra= 50um. Setas indicam

os infiltrados celulares.

6.9 ESCORE DE INFLAMACAO NO CEREBRO DOS ANIMAIS COM EAE

Ap6s a inducdo do modelo de EAE em camundongos fémeas da linhagem C57BL/6,
utilizando o protocolo de indug¢do com o peptideo MOGs3s.ss, tratados ou ndo com AU, AUDI
ou AUD2 no 15° dia apds a inducdo, a medula espinhal de 4 animais/grupo foi coletada para a
avaliagdo do escore de inflamagao no 21° dia apds a indugao.

Os escores escore de desmieliniza¢do (Figura 21) foram avaliados de forma cega por
um patologista € mostrou que os tratamentos com os AU, AUDI e AUD2 reduziram

significativamente a inflamacao na medula espinhal, quando comparado com o grupo de EAE.

Figura 21 - Escore de inflamacao de cortes longitudinais do cérebro de camundongos

C57BL/6 no 21° dia ap6s a indugdo com peptideo MOG3s.ss.
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Fonte: Elaborado pelo autor (2023).
Escore de inflamagao realizado através da analise histologica com a coloragdo de hematoxilina e eosina de

cortes transversais do cérebro de camundongos C57BL/6 no 21° dia apds a indugdo com peptideo MOG3s.s5
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(n=4 animais/grupo). Os tratamentos com AU, AUD1 e AUD2 tiveram inicio no 15° dia apds a imunizagao.
EAE= grupo imunizado ndo tratado, AU= grupo imunizado tratado com acido ursélico e AUD1= grupo
imunizado tratado com 3B-hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado tratado com 3[3-
acetoxi-urs-12-en-28-oato de metila. Cada ponto representa a média £ SEM. *p<0,05 versus EAE. Os

resultados foram representativos de trés experimentos independentes.

6.10 AVALIACAO DO EFEITO DOS DERIVADOS AUDI E AUD2 NA
CONCENTRACAO DAS CITOCINAS IL-1B, IL-6, IL-12P70, TNF-a, IFN-y, IL-10 NO
SOBRENADANTE DO HOMOGENATO DA MEDULA ESPINHAL POR ELISA NO
21°DIA APOS A INDUCAO DOS ANIMAIS DO EXPERIMENTO DE EAE

Os niveis de IL-1p, IL-6, IL-12p70, TNF-a, IFN-y e IL-10 foram quantificados em
sobrenadante de homogenato de medula espinhal no 21° dia apos a indugao. Os animais do
grupo EAE apresentaram um aumento nos nineis IL-1, IL-6, IL-12p70, TNF-a, IFN-y e
IL-10 quando comparado ao grupo controle (p<0,05) (Figura 22). Os grupos tratados com
AU, AUDI e AUD?2 exibiram niveis inferiores de IL-1B, TNF-a e IL-10 em relagdao ao
grupo EAE (p<0,05) (Figuras 22A, 22D e 22F). Em relacdo aos niveis de IL-6, apenas o
tratamento com AU apresentaram menores niveis de IL-6 quando comparado com o grupo
EAE (p<0,05) (Figura 22B). A dosagem de IFN-y no homogenato do macerado da medula
espinhal foi memor no grupo tratado com AU quando comparado com EAE (p<0,05)
(Figura 22E). Nenhum dos grupos tratados apresentaram reducao dos niveis de IL-12p70

quando comparado com o grupo EAE (p> 0,05) (Figura 22C).
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Figura 22 - Concentragao das citocinas IL-1p (A), IL-6 (B), IL-12p70 (C), TNF-a (D),
IFN-y (E) e IL-10 (F) determinada no sobrenadante do homogenato da medula espinhal
por ELISA no 21° dia pds indugdao com peptideo MOG 35.ss.
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Fonte: Elaborado pelo autor (2023).
Citocinas IL-1B (A), IL-6 (B), IL-12p70 (C), TNF-a (D), IFN-y (E) e IL-10 (F) determinada no sobrenadante
do homogenato da medula espinhal de camundongos C57BL/6 por ELISA no 21° dia apés a indugdo com
peptideo MOGs3s.ss (n=5 animais/grupo). CN= grupo ndo imunizado, EAE= grupo imunizado ndo tratado,
AU= grupo imunizado tratado com &cido ursolico e AUD1= grupo imunizado tratado com 3p-hidroxi-urs-
12-en-28-oato de metila, AUD2= grupo imunizado tratado com 3f-acetoxi-urs-12-en-28-oato de metila.
Cada barra representa a média £ SEM. * = p < 0,05 versus EAE. Os resultados foram representativos de trés

experimentos independentes.
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6.11 AVALIACAO DO EFEITO DOS DERIVADOS AUDI E AUD2 NA EXPRESSAO
DOS MARCADORES CELULARES EM CELULAS DO CEREBRO POR
CITOMETRIA DE FLUXO NO 21°DIA APOS A INDUCAO DOS ANIMAIS DO
EXPERIMENTO DE EAE

Foi realizada a analise do nimero absoluto das células do cérebro no 21° dia apos a
inducdo. Os tratamentos com AU, AUDI e AUD2 foram capazes de reduzir o numero de
células CD11c+MHCII+, CD11c+CD80+ ¢ CD11c+CD86+ quando comparado com o
grupo EAE (p<0,05) (Figuras 23A, 23B, 23C). Ao analisar o nimero de células CD4+ e
CD8+, os tratamentos AU, AUDI e AUD2 reduziram numeros dessas células quando
comparado com o grupo EAE (p<0,05) (Figuras 24A, 24B). Os grupos tratados com AU,
AUDI1 e AUD2 reduziram as células CD4+IL-17+, CD4+IFNy+ ¢ CD4+CD25+ quando
comparado com o grupo EAE (p<0,05) (Figuras 25A, 25B e 25C). Os tratamentos com
AU, AUDI1 e AUD?2 reduziram as células CD4+FOXP3+IL-10+ quando comparado com
o grupo EAE (p<0,05) (Figura 26).
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Figura 23 - Numero absoluto de células CD11c+MHCII+(A), CD11c+CD80+(B) e
CD11c¢+CD86+(C) determinada por citometria de fluxo de células mononucleares

isoladas do cérebro no 21° dia apds a indugao com peptideo MOGa3s.ss.
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Fonte: Elaborado pelo autor (2023).
Numero absoluto de células CD11c+MHCII+(A), CD11c+CD80+(B) e CD11c+CD86+(C) determinada por
citometria de fluxo de células mononucleares isoladas do cérebro de camundongos C57BL/6 no 21° dia apods
a indug@o com peptideo MOG3s.55 (n=5 animais/grupo). CN= grupo ndo imunizado, EAE= grupo imunizado
ndo tratado, AU= grupo imunizado tratado com acido ursélico e AUDI1= grupo imunizado tratado com 3f3-
hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado tratado com 3f-acetoxi-urs-12-en-28-oato de
metila. Cada barra representa a média = SEM. * = p < 0,05 versus EAE. Os resultados foram representativos

de trés experimentos independentes.
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Figura 24 - Numero absoluto de células CD4+(A) e CD8+(B) determinada por citometria
de fluxo de células mononucleares isoladas do cérebro no 21° dia apds a indugao com

peptideo MOGs.ss.

104 1.5+
— 84 —_
- -
£ £
) 5 101
T 61 =
-+ +
- ©
a o
o o
o 41 o
5 S 0.5
g * g *
@ * > *
© 2 i <@ . * —

*
0 T 0.0- T
CN EAE AU AUD1 AUD2 CN EAE AU AUD1 AUD2

Fonte: Elaborado pelo autor (2023).

Numero absoluto de células CD4+(A) e CD8+(B) determinada por citometria de fluxo de células
mononucleares isoladas do cérebro de camundongos C57BL/6 no 21° dia ap6s a indugdo com peptideo

MOG 3s.55 (n=5 animais/grupo). CN= grupo ndo imunizado, EAE= grupo imunizado ndo tratado, AU= grupo
imunizado tratado com acido ursoélico e AUD 1= grupo imunizado tratado com 3p-hidroxi-urs-12-en-28-oato
de metila, AUD2= grupo imunizado tratado com 3p-acetoxi-urs-12-en-28-oato de metila. Cada barra

representa a média + SEM. * = p < 0,05 versus EAE. Os resultados foram representativos de trés

experimentos independentes.
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Figura 25 - Numero absoluto de células CD4+IL-17+(A), CD4+IFNy+(B) e
CD4+CD25+(C) determinada por citometria de fluxo de células mononucleares isoladas

do cérebro no 21° dia apds a indugdao com peptideo MOG3s.ss.
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Fonte: Elaborado pelo autor (2023).
Numero absoluto de células CD4+IL-17+(A), CD4+IFNy+(B) e CD4+CD25+(C) determinada por citometria
de fluxo de células mononucleares isoladas do cérebro de camundongos C57BL/6 no 21° dia ap6s a indugdo
com peptideo MOGss.ss (n=5 animais/grupo). CN= grupo ndo imunizado, EAE= grupo imunizado ndo
tratado, AU= grupo imunizado tratado com &cido ursdlico e AUDI= grupo imunizado tratado com 3f-
hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado tratado com 3[-acetoxi-urs-12-en-28-oato de

metila. Cada barra representa a média + SEM. *=p<0,05 versus EAE. Os resultados foram representativos de

trés experimentos independentes.



76

Figura 26 - Numero absoluto de células CD4+FOXP3+IL-10+ determinada por
citometria de fluxo de células mononucleares isoladas do cérebro no 21° dia apos a

indu¢do com peptideo MOG3s.ss.
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Fonte: Elaborado pelo autor (2023).
Numero absoluto de células CD4+FOXP3+IL-10+ determinada por citometria de fluxo de células
mononucleares isoladas do cérebro de camundongos C57BL/6 no 21° dia apds a indu¢do com peptideo
MOGss.s55 (n=5 animais/grupo). CN= grupo ndo imunizado, EAE= grupo imunizado ndo tratado, AU= grupo
imunizado tratado com acido ursoélico e AUD1= grupo imunizado tratado com 3p-hidroxi-urs-12-en-28-oato
de metila, AUD2= grupo imunizado tratado com 3B-acetoxi-urs-12-en-28-oato de metila. Cada barra

representa a média = SEM. *= p<0,05 versus EAE. Os resultados foram representativos de trés experimentos

independentes.
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6.12 AVALIACAO DO EFEITO DOS DERIVADOS AUDI E AUD2 NA EXPRESSAO
DOS MARCADORES CELULARES EM CELULAS DO LINFONODO POR
CITOMETRIA DE FLUXO NO 21° DIA APOS A INDUCAO DOS ANIMAIS DO
EXPERIMENTO DE EAE

Foi realizada a analise do nimero absoluto das células do linfonodo no 21° dia apos
a indugdo. O tratamento com AU foi capaz de aumentar o numero de células
CD11c+MHCII+, CD11¢c+CD80+ e CD11¢c+CD86+, entretanto, o tratamento com AUD2
reduziu o numero dessas células quando comparado com o grupo EAE (p<0,05) (Figuras
27A, 27B, 27C). No grupo tratado com AUD1 ocorreu um aumento do niumero de células
CDI11c+MHCII+ e CD11c+CD80+ quando comparado com o grupo EAE (p<0,05)
(Figuras 27A e 27B). Em relagdo ao nimero de células CD4+ e CD8+, ocorreu um aumento
dessas células no tratamento com AU e uma reducao nos tratamentos com AUD1 e AUD2
quando comparado com o grupo EAE (p<0,05) (Figuras 28A e 28B). Na analise do numero
de células CD4+IL-17+, foi observado um aumento dessas células no grupo tratado com
AU e uma redugao nos grupos tratados com AUD1 e AUD2 quando comparado com o
grupo EAE (p<0,05) (Figura 29A). Nos grupos tratados com AU e AUDI foi observado
um aumento no nimero de células CD4+IFNy+ e no grupo tratado com AUD2 uma
redugdo de células CD4+IFNy+ quando comparado com o grupo EAE (p<0,05) (Figura
29B). Os tratamentos com AU e AUD1 aumentaram o ntimero de células CD4+CD25+
quando comparado com o grupo EAE (p<0,05). Entretanto, o tratamento com AUD2
reduziu o namero de células CD4+CD25+ quando comparado com o grupo EAE (p<0,05)
(Figura 29C). Os resultados mostram que os grupos tratados com AU e AUD1 aumentaram
o numero de células CD4+FOXP3+IL-10+ quando comparado com o grupo EAE (p<0,05).
Em relacdo ao tratamento com AUD2 foi observado uma redugcdo de células

CD4+FOXP3+IL-10+ quando comparado com o grupo EAE (p<0,05) (Figura 30).
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Figura 27 - Numero absoluto de células CD11c+MHCII+(A), CD11c+CD80+(B) e
CD11c¢+CD86+(C) determinada por citometria de fluxo de células mononucleares

1soladas dos linfonodos inguinais no 21° dia apods a indugcdo com peptideo MOG3s.ss.
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Fonte: Elaborado pelo autor (2023)

Numero absoluto de células CD11c+MHCII+(A), CD11¢+CD80+(B) e CD11c+CD86+(C) determinada por
citometria de fluxo de células mononucleares isoladas do linfonodo de camundongos C57BL/6 no 21° dia
ap6s a indugdo com peptideo MOGs3s.ss (n=5 animais/grupo). CN= grupo ndo imunizado, EAE= grupo
imunizado ndo tratado, AU= grupo imunizado tratado com acido ursélico e AUD 1= grupo imunizado tratado
com 3fB-hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado tratado com 3[-acetoxi-urs-12-en-
28-oato de metila. Cada barra representa a média + SEM. *=p<0,05 versus EAE. Os resultados foram

representativos de trés experimentos independentes.
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Figura 28 - Numero absoluto de células CD4+(A) e CD8+(B) determinada por citometria
de fluxo de células mononucleares isoladas dos linfonodos inguinais no 21° dia apos a

indugdo com peptideo MOG3s_ss.
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Fonte: Elaborado pelo autor (2023)
Numero absoluto de células CD4+(A) e CD8+(B) determinada por citometria de fluxo de células
mononucleares isoladas do linfonodo de camundongos C57BL/6 no 21° dia apds a indu¢do com peptideo
MOG 35.55 (n=5 animais/grupo). CN= grupo ndo imunizado, EAE= grupo imunizado nao tratado, AU= grupo
imunizado tratado com é4cido ursélico e AUD1= grupo imunizado tratado com 3f-hidroxi-urs-12-en-28-oato
de metila, AUD2= grupo imunizado tratado com 3p-acetoxi-urs-12-en-28-oato de metila.Cada barra

representa a média = SEM. *=p<0,05 versus EAE. Os resultados foram representativos de trés experimentos

independentes.
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Figura 29 - Numero absoluto de células CD4+IL-17+(A), CD4+IFNy+(B) e
CD4+CD25+(C) determinada por citometria de fluxo de células mononucleares isoladas

dos linfonodos inguinais no 21° dia apds a indugao com peptideo MOG3s.ss.
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Fonte: Elaborado pelo autor (2023)
Numero absoluto de células CD4+IL-17+(A), CD4+IFNy+(B) e CD4+CD25+(C) determinada por citometria
de fluxo de células mononucleares isoladas do linfonodo de camundongos C57BL/6 no 21° dia apds a
inducdo com peptideo MOG 35.55 (n=5 animais/grupo). CN= grupo nao imunizado, EAE= grupo imunizado
ndo tratado, AU= grupo imunizado tratado com acido ursélico e AUD1= grupo imunizado tratado com 3f3-
hidroxi-urs-12-en-28-oato de metila, AUD2= grupo imunizado tratado com 3f-acetoxi-urs-12-en-28-oato de
metila. Cada barra representa a média = SEM.*= p<0,05 versus EAE. Os resultados foram representativos de

trés experimentos independentes.
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Figura 30 - Numero absoluto de células CD4+FOXP3+IL-10+ determinada por
citometria de fluxo de células mononucleares isoladas dos linfonodos inguinais no 21°

dia ap6s a indugao com peptideo MOGas.ss.
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Fonte: Elaborado pelo autor (2023)
Numero absoluto de células CD4+FOXP3+IL-10+ determinada por citometria de fluxo de células
mononucleares isoladas do linfonodo de camundongos C57BL/6 no 21° dia apds a indugdo com peptideo
MOGss.s55 (n=5 animais/ grupo). CN= grupo ndo imunizado, EAE= grupo imunizado néo tratado, AU= grupo
imunizado tratado com &4cido ursé6lico e AUD 1= grupo imunizado tratado com 3f-hidroxi-urs-12-en-28-oato
de metila, AUD2= grupo imunizado tratado com 3p-acetoxi-urs-12-en-28-oato de metila.Cada barra
representa a média + SEM.*=p < 0,05 versus EAE. Os resultados foram representativos de trés experimentos

independentes.
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7 DISCUSSAO

A inflamacdo aguda ¢ um mecanismo de defesa imediato desencadeado pelos
estimulos nocivos que iniciam uma cascata de sinalizagdo, ativando leucécitos, que entdo
produzem e liberam citocinas inflamatoérias, dentre elas a 1L-6 (KANG. et al.; 2019;
UCIECHOWSKI; DEMPKE; 2020). A IL-6 atua em células endoteliais ativando o fator
de transcricdo STAT-3, permitindo a expressdao de quimiocinas € aumento de ICAM-1,
recrutando os leucécitos para o local do antigeno, contribuindo para o processo
inflamatorio (TANAKA; NARAZAKI; KISHIMOTO, 2014; NARAZAKI; KISHIMOTO,
2018; HIRANO, 2020). Sabe-se ainda que esta citocina pr6 inflamatoria € a principal
indutora de proteinas hepaticas de fase aguda, sendo secretada por neutrofilos, mondcitos
e macrofagos ativados (BODE et al., 2012; SCHMIDT-ARRAS; ROSE-JOHN, 2016). A
IL-6 atua tanto na resposta imune inata, como na resposta imune adaptativa. Na resposta
imune inata, a IL-6 ¢ prontamente sintetizada por células mieldides, como macréfagos e
c¢lulas dendriticas, apds o reconhecimento de patdogenos por meio de receptores TLRs no
local da infecgao ou lesdo tecidual. Na resposta imune adaptativa, a IL-6 desempenha um
papel critico para a ativagdo das células B, induzindo a formagao de plasmocitos, que sao
células produtoras de anticorpos (KANG et al., 2019). Em combina¢do com o TGF-f, a
IL-6 promove a diferenciacdo de células T naive para células Th17 que sdo produtoras de
citocina pré- inflamatoria IL-17 (QIN et al., 2009).

A producdao excessiva de IL-6, promove um aumento da relacdo Thl7/Treg
resultando na interrupc¢ao da tolerancia imunologica, contribuindo para o desenvolvimento
de doencgas inflamatorias e autoimunes (GARBERS et al., 2018; KANG et al., 2019).
Assim, varios agentes terapéuticos tém sido avaliados como possiveis inibidores de IL-6 ¢
de suas vias de sinalizagdo (GARBERS et al., 2018; KANG et al., 2019).

Em resultados prévios in vitro obtidos pelo nosso grupo de pesquisa, foi observada
a atividade inibitéria do AU e de seus derivados AUD1 e AUD?2 sobre a expressdao de NF-
kB (SCHERRER et al., 2019). Com o objetivo de dar continuidade a investigagao acerca
dos efeitos destes derivados, o presente trabalho inicialmente, avaliou os possiveis efeitos
imunomodulatorios de AUD1 e AUD2 em uma inflamagdo aguda. Para alcancgar o objetivo,
foi utilizado o modelo de edema de pata induzido por carragenina em camundongos. A
carragenina ¢ uma substancia que desencadeia uma inflamacao aguda, com vasodilatacao,
edema e migragao de células, como neutrofilos, para o local da lesdo, assim como aumento

de citocinas pro inflamatorias como IL-6, TNF-a e IL-1p (LOPES et al., 2020).
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Os resultados obtidos no presente trabalho, mostraram que os camundongos Balb/c
dos grupos que receberam os tratamentos com os derivados AUD1 e AUD2, apresentaram
uma reducao significativa do edema de pata, assim como observado no grupo tratado com
a dexametasona. Sugere-se que um dos fatores contribuintes para esta significativa reducao
do edema de pata foi o decréscimo da concentracdo da citocina pré-inflamatoéria IL-6
promovida pelos tratamentos com os derivados AUDI1 e AUD?2.

Considerando ainda a capacidade do AU de modular a resposta inflamatoria in vitro
e ainda em modelos experimentais, por meio da inibi¢do da producdo de mediadores
inflamatorios (XU et al., 2011; SAHU et al., 2018; YAMAMOTO et al., 2020; RONG et
al., 2022), o presente estudo investigou os possiveis efeitos dos tratamentos dos derivados
AUDI e AUD2, na modulagao da resposta imune de uma inflamagao cronica utilizando o
modelo murino de EAE.

A EAE ¢ usada como um modelo experimental da esclerose multipla, por
desenvolver muitos aspectos clinicos, morfologicos e histolégicos em comum com a EM.
A neuroinflamagdao e desmielinizacdo sao responsaveis pelos sinais clinicos de
incapacidade e progressao da EM e EAE (MCGINLEY et al., 2018; AHARONI et al.,
2021; BIRMPILI et al., 2022; HUNTEMANN et al., 2022). Como esperado, no presente
trabalho os animais do grupo EAE apresentaram infiltrado de células inflamatorias,
desmielinizacdo e sinais clinicos corroborando com os dados previamente descritos na
literatura.

Na EAE as células Thl e Th17 tém a capacidade de orquestrar o influxo de células
inflamatorias nas lesdes do SNC através da secregdo de citocinas pro-inflamatoérias
(GLATIGNY; BETTELLI, 2018; VAN KAER et al, 2019). As células Thl sao células
CD4+ produtoras das citocinas pro-inflamatoérias tais como, IL-12, IFN-y e TNF-a. Por sua
vez, as cé¢lulas CD4+Th17+ sdo responsaveis pela produgdo de citocinas pro-inflamatoérias
IL-17, IL-21 e IL-22. Enquanto as citocinas pré-inflamatodrias atuam contribuindo para o
agravamento da doenca, as citocinas anti-inflamatorias atuam suprimindo a resposta
imunolégica autorreativa (JAHAN-ABAD et al., 2019).

Sabe-se também que as células dendriticas, macrofagos infiltrantes, células B e
microglias residentes do SNC podem expressar a mélecula MHC de classe II e moléculas
co-estimulatérias CD80 e CD86 que estdo envolvidas na iniciacdo e progressdao da EAE e
EM. Em acréscimo, células que expressam CD11c+ se apresentam como potentes APCs
auxiliando na resposta proliferativa de linfocitos T (DONG; YONG, 2019; JURGA;
PALECZNA; KUTER, 2020).
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Em conformidade com esses dados, as andlises do presente estudo, mostraram um
aumento da producao de citocinas pro-inflamatorias IL-1, IL-6, IL-12p70, TNF-a e IFN-
vy relacionadas ao perfil Thl e Th17. Concomitantemente, ocorreu um aumento do niumero
de células CD4+, CD8+, CD11+MHC-II+, CD11+CD80+, CD11+CD86+, CD4+, CD8+,
CDA4+IL-17+ e CD4+IFNy+ no SNC do grupo de animais EAE, o que indica que ocorreu
um aumento na apresentacao de antigenos, que contribuiu para o aumento da reativagao
das células perfil Thl e Th17 no SNC dos animais EAE.

A citocina IL-6 ¢ conhecida por estar envolvida na inflamagdo do SNC e na
patologia de EAE, diretamente através da ativacdo da microglia e astrécitos ou
indiretamente, promovendo a diferenciacao e a expansao das células Th17 (NARAZAKI;
KISHIMOTO, 2018). Em protocolos experimentais utilizando camundongos
geneticamente deficientes em IL-6, ndo foi possivel induzir a EAE, mostrando assim, a
relevancia desta citocina no desenvolvimento da doengca (SERADA et al., 2008). No
presente trabalho os tratamentos com os derivados AUD1 e AUD2 reduziram o niimero de
c¢lulas CD4+ produtoras de IL-17 no SNC.

O perfil de célula auxiliar Thl ¢ produtor de IFN-y e apresenta um papel
fundamental na imunoestimulacdo e imunomodulagdo. Sabe-se ainda que, em resposta ao
IFN-y liberado pelos linfocitos Thl, as micrdglias aumentam a expressao do MHC 1II e
liberam citocinas pro-inflamatorias como a IL-1pB, IL-6, IL-23 e o TNF-a (KYRAN et al,
2018). No presente estudo, foi observado que os derivados AUD1 e AUD?2 reduziram o
numero de células CD4+ produtoras de IFN-y, bem como a producao de citocinas IL-1B e
TNF-a no SNC, sugerindo que ocorreu uma redu¢do no perfil de células produtoras de
IFN-y, possivelmente Thl no cérebro, reduzindo a ativacdo das microglias e
consequentemente o processo inflamatoério.

As caracteristicas neuroimunolédgicas da EAE também tém sido avaliadas pela
concentragdo das citocinas pro-inflamatorias: IL1-B e TNF-a. As citocinas IL1-3 e TNF-a
liberadas por células T ativadas e macrofagos facilitam o inicio da reacdo imune local. Essa
reacdo pode produzir danos no endotélio vascular e aumentar a permeabilidade da BHE e
consequentemente facilitar o infiltrado de células no SNC. As citocinas IL1-f ¢ TNF-a
também sd3o secretadas por astrocitos e microglias ativadas, promovendo
neurodegeneracao e desmielinizagdo no SNC (CHOI et al., 2014; DONG; YONG, 2019).
Neste estudo, os tratamentos com os derivados AUD1 e AUD?2 atenuaram as concentragoes
das citocinas IL1-B ¢ TNF-a na medula, o que pode ter contribuido para a redugdao do

numero de células CD8+, CD4+, CD4+IFN-y+, CD4+IL-17+ encontradas SNC.



85

Resultados obtidos anteriormente por Ellrichmann et al. (2012), permitem ainda relacionar
a inibi¢ao IL1-B e TNF-a na medula com a inibi¢ao do fator de transcricdo NF-xkB. O NF-
kB ¢ um conhecido fator transcricional envolvido no processo inflamatério, sendo
responsavel por induzir a transcricdo de varios genes de mediadores pro-inflamatorios,
como o TNF-a e IL-1B. Em estudo prévio do nosso grupo de pesquisa, o acido ursélico e
seus derivados AUD1 e AUD2, reduziram a expressdo de NF-kB (SCHERRER et al.,
2019).

Entre as citocinas pro-inflamatoérias na patogénese da EAE, pode-se destacar a IL-
12, denominada IL-12p70, que ¢ uma citocina produzida principalmente por células
apresentadoras de antigenos, com a capacidade de promover a diferenciacao de células
CD4+ em células do perfil Thl, como citado anteriormente. O fator de transcrigao Tbet,
controla um programa de expressao génica que resulta na produgdo de IFN-y, TNF-a, IL-
2, que possuem caracteristicas predominantemente pro-inflamatorias (HAMZA;
BARNETT; LI, 2010). Os resultados obtidos no presente estudo mostraram que ambos 0s
tratamentos com o AUD1 e AUD?2 foram eficientes na reducao do numero de células CD4+
produtoras de IFN-y no cérebro, mesmo nao reduzindo a citocina IL-12p70. Desta forma,
uma possivel justificativa € que os tratamentos sejam atuantes na diferenciagdo periférica,
migracao e/ou entrada das células para o SNC, embora o microambiente no parénquima
cerebral estivesse propicio para a atuacao do perfil Thl (DENDROU; FUGGER; FRIESE,
2015).

A IL-10 ¢ uma citocina que modula a imunidade inata e adaptativa, principalmente
por exercer efeitos anti-inflamatérios, sendo produzidas por diversas células da resposta
imune (TRINCHIERI, 2007; SUN et al., 2021). Entre as células produtoras de IL-10,
ressalta-se o papel das células Tregs, caraterizadas pelas CD4+CD25+FOXP3+
(DARGAHI et al., 2017). Estudos tém demonstrado a importancia da a¢do da IL-10 no
controle da EAE devido ao seu efeito imunorregulador. As células TCD4+FOXP3+
produtoras de IL-10 estdo associadas a diminui¢do dos sinais clinicos na EAE (DAI et al.,
2012; BAl et al., 2018). Embora as Tregs estejam associadas na melhora dos sinais clinicos
sinais na EAE, o AUD2 promoveu uma reducdo significativa nos sinais clinicos dos
animais tratados, no entanto, inibiu a produgao de IL-10 na medula e ainda inibiu o nimero
de células CD4+IL-10+FOXP3+ na periferia e no cérebro, demonstrando assim que o
mecanismo de autorregulagdo para o AUD2 parece ndo estar relacionado com as células
CD4+IL-10+FOXP3+. J& o derivado AUDI1 apresentou mecanismos diferentes de

regulagdo na periferia e no SNC. No SNC, o AUDI, ndo elevou a concentragdo de IL-10
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na medula, e também nao aumentou o nimero de células CD4+IL-10+FOXP3+ no cérebro,
sugerindo que no SNC o AUDI1 se comporta de maneira similar ao AUD2. Por outro lado,
na periferia, o derivado AUD1 aumentou o nimero de células CD4+IL-10+FOXP3+. Este
aumento de células CD4+IL-10+FOXP3+ na periferia pode justificar a redugdo do nimero
de células CD4+, CD8+ e CD4+ produtoras de IL-17 nos linfonodos pelo o AUDI.

No presente estudo observou-se que o tratamento com o AUD2 foi o que apresentou
melhor resultado na inibicao dos sinais clinicos da EAE, os resultados demonstram que
este derivado atuou nas células apresentadoras, diminuindo o nimero de células APCs com
moléculas coestimulatorias na periferia, sugerindo que esta redugdo pode ter contribuido
na inibi¢do do numero de células do perfil Thl e Th17 encontradas nos linfonodos, assim
como no SNC. Os estudos mostram que em EAE ¢ EM as células T autorreativas que
escapam a tolerancia central no timo, podem entram nos linfonodos. Neste local as APCs
via MHC de classe II e co estimulagao de CD80, CD86 e CD11c¢ ativam as cé¢lulas T CD4+
que podem entdo se diferenciar em Thl e Thl7, entre outros tipos celulares. Essas
moléculas coestimulatorias sao importantes para a sinapse imunolodgica entre as APCs e os
linfécitos T, ndo sé para a apresentagao do antigeno como também na inducao do segundo
sinal para a producdo de citocinas. Estudos tem demonstrado que a inibicdo dessas
moléculas ¢ capaz de suprimir a EAE (DENDROU; FUGGER; FRIESE, 2015;
MILOVANOVIC et al., 2020).

Além das células CD4+, ha evidéncias que as células CD8+ contribuem para o dano
tecidual do SNC na EAE e também estdo presentes no liquor de pacientes com EM
(HUSEBY et al., 2001). Neste contexto, o AUD2 ao reduzir o niumero de células
apresentadoras expressando moléculas coestimulatorias CD80/CD86, pode ter contribuido
para a reducao do numero de células CD8+ observado nos linfonodos e no cérebro. Sabe-
se que a ligacao de CD28, expressos em c¢lulas T, com CD80/CD86 expressos em APCs,
transduz um sinal co-estimulatorio secundario fundamental para completar a ativagao de
células T CD8+ virgens em efetoras (FINK; HENDRICKS, 2011).

Além da modulacdo do perfil celular ¢ mediadores inflamatorios, os tratamentos
com AUDI e AUD2 também reduziram a presenca de infiltrados inflamatoérios e
desmielinizagdo na medula espinhal, sugerindo uma relagdo com a inibicdo do
agravamento dos sinais clinicos. A desmielinizagdo na EAE tal como na EM, ¢ um
resultado das lesdes inflamatérias no SNC que conduzem para os sinais clinicos
(LASSMANN, 2018).

Diante dos resultados apresentados no presente trabalho, sugerem que os
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mecanismos de acdo destes derivados sdao diferentes. O derivado AUD2 melhora os sinais
clinicos da EAE ao promover a reducdo das células APCs e suas moléculas
coestimulatorias e consequentemente a reducao da ativagdo das células CD4+, CD8+ e
ainda uma inibi¢do na diferenciacdo das células CD4+ em perfil Thl e Thl7 nos
linfonodos, achados semelhantes ao encontrado por ZHANG et al. (2020), utilizando o
acido ursolico como tratamento em um modelo EAE. No SNC, o AUD2 reduziu as células
apresentadoras e suas moléculas coestimulatorias, bem como as citocinas proinflamatorias
(IL-1B e TNF-a), contribuindo para a reducdo da reativagdo das células Th1/Th17. Por sua
vez, o AUDI apresentou o mesmo mecanismo de acdo observado para AUD2 no SNC.
Entretanto, na periferia o derivado AUDI inibiu o nimero de células CD4+, CD8+ e
células CD4+Th17+ e aumentou o nimero de células reguladoras CD4+IL-10+FOXP3+,
indicando uma atuacgdo de Tregs no seu mecanismo de a¢ao, o que nao foi observado com
o tratamento com o AUD2. Mais estudos sdo necessarios para esclarecimentos destes
resultados, no que diz respeito da migracao para o SNC.

E importante ainda ressaltar que ambos tratamentos foram capazes de reduzir o
nimero de células CD4+ com perfil Th17 na periferia e no SNC. E conhecido que a
inibi¢do das atividades das células Th17 possui implicagdes significativas no tratamento

da EM e de outras doencas relacionadas ao sistema imunologico (TESMER et al., 2008).
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8 CONCLUSAO

No contexto do modelo de inflamag¢do aguda, tanto o AUDI quanto o AUD2
demonstraram eficicia comparavel a dexametasona, um anti-inflamatério amplamente
utilizado na prética clinica.

Em conclusdo, no modelo EAE, a regulacao das células imunologicas na periferia
e areducgdo no nimero de células pro-inflamatérias no SNC com os tratamentos com AUD1
e AUD?2 se correlacionaram com melhores aspectos histolégicos no SNC que culminaram
com eficicia sobre os parametros clinicos apresentados na EAE, sugerindo um potencial

terapéutico no tratamento da EM.
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Ursolic Acid Derivatives Down Regulate Inflammatory Mediators
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Ursolic acid (UA) is being investigated due to its anti-inflammatory potential, and structural
modifications can enhance its biological activities. The aim of this study was to evaluate the
immunomodulatory effect of the ursolic acid derivatives (UAD) in macrophages and in the
carrageenan-induced paw edema model. RAW264.7 cells were cultured in the presence or absence
of UA or UAD (1-18). Nitric oxide (NO), nuclear factor kappa B (NF-xB), tumor necrosis factor
(TNF), and cellular viability were measured. 30 min before the carrageenan-induced paw edema,
the UADI and UAD2 (200 mg kg™') were administered intraperitoneally. The results showed that
UAD2-4, UAD7, UAD9-11 had half maximal inhibitory concentration (ICs,) greater than 90 pM
and were able to reduce NO, NF-kB and TNF production. Moreover, UAD1 and UAD2 reduced
paw edema and IL-6 production. In conclusion, the results obtained demonstrated a variation in the
response between the derivatives due to the chemical modifications, showing potential to reduce
the inflammatory mediators, deserving further investigations.

Keywords: ursolic acid, macrophage, carrageenan, inflammation

Introduction

The inflammation processes are associated with the
development of several diseases, acute or chronic, many
of them of unclear origin, such as rheumatoid arthritis,
multiple sclerosis and Crohn‘s disease.'? The activation of
macrophages is related to the production of inflammatory
cytokine and transcription factor expression, such as tumor
necrosis factor (TNF) and nuclear factor kappa B (NF-kB),
respectively, playing a major role in the establishment of

the inflammation.

The cytokines are involved in the activation of
endothelial cells and leukocyte infiltration.” The TNF is
a pro-inflammatory cytokine that has several functions,
such as inducing the production of other cytokines
and lipid mediators of inflammation, proliferation, cell
differentiation and apoptosis.* Although the macrophage
lineage cells are the main source of TNFE, in inflammatory

*e-mail: angelomld @gmail.com
Editor handled this article: Brenno A. D. Neto

diseases, it can be produced by a wide variety of cells
including neutrophils, fibroblasts and endothelial cells.®

The transcription factor NF-xB stands out, which
plays a crucial role in the initiation and amplification of
inflammation. NF-xB consists of a protein assembly located
in the cytoplasm of cells and its activity is controlled by a
family of inhibitor proteins, denominated IxB, which bind
to the NF-kB dimmer, promoting its inhibition. This factor
regulates the expression of several genes that code inducible
nitric oxide synthase (iNOs), cyclooxygenase-2 (COX-2),
TNF-a, interleukin-1-beta (IL-1B) and interleukin-6 (IL-6),
which are involved in the pathogenesis of inflammatory
diseases.®®

Nitric oxide (NO) is a powerful inflammatory mediator,
produced by macrophages and is involved in the regulation
of several physiological processes. NO can be generated
in excess during the host’s response against damage
caused by pathogens or other substances, contributing
to the pathogenesis of various inflammatory disorders
including tissue damage, septic shock, and rheumatoid
arthritis.*'* Therefore, lipopolysaccharide (LPS)-induced
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NO production may reflect the degree of inflammation. The
inhibition of NO production may demonstrate the ability
of a substance to act as possible anti-inflammatory agent,
although other mediators needed to be evaluated.'*!!

Macrophages, when sensing pathogen-associated
molecular patterns (PAMPs) by their pattern recognition
receptors (PRRs), including Toll-like receptors (TLRs),
induce the synthesis of endogenous pyrogenic cytokines,
among them interleukin 6 (IL-6). IL-6 constitutes an
important inflammatory marker secreted by macrophages in
response to pathogen invasion during acute inflammation.'>**
Thus, IL-6 has been considered as an important mediator
of fever and the acute phase response.'*!

The up-regulation of these inflammatory mediators,
produced by the defense, is related to signs and symptoms,
such as pain, fever, edema and, sometimes, irreversible
tissue damage.'®'” Thence, the down-modulation of the
inflammatory mediators can be valuable to prevent and
control the development of inflammatory diseases.'*'¥ In
this context, a disordered and excessive production of pro-
inflammatory mediators may be related to the pathogenesis
of several diseases and, therefore, these mediators are
possible targets of therapeutic substances."

The inhibition of inflammatory mediators and the
immune response regulation, through immunosuppression
activity, has been shown as a result of the treatment with
ursolic acid (UA).?*** Among the different mechanisms of
action of UA, it is possible to highlight its inhibitory action
on the expression of NF-kB.>2

Taking into consideration the promising activity of
UA, the aim of this study was to synthesize ursolic acid
derivatives (UAD) and to evaluate the improvement in
its biological activity. The chemical modifications in
the UA structure, create semisynthetic derivatives that
demonstrated enhanced cytotoxic activity against tumor cell
lines.”” In a continuation of the work of Scherrer et al.,””
this study evaluated the imnmunomodulatory effect of the
UAD in macrophage response and in carrageenan-induced
paw edema model.

Experimental
Reagents

Ursolic acid was purchased from Sigma-Aldrich (Saint
Louis, MO, USA). The reagents and the solvents were
used directly from the manufacturers. Tetramethylsilane
(TMS) and CH,I (Sigma-Aldrich), acetone, EtOAc,
-BuOOH, n-hexane, CH,Cl,, anhydrous diethyl ether,
acetic anhydride and tween 20 (Merck, Darmstadt,
Germany); K,CO,, NaHCO;, NaClO,, Na,SO,, LiAlH,,

Scherrer et al. 1251

BF;-Et,0, NaCl and pyridine (Sigma-Aldrich, Saint
Louis, MO, USA) were employed to obtain ursolic acid
derivatives. Roswell Park Memorial Institute (RPMI)-1640
(Gibco, Grand Island, USA); RPMI-1640 (Lonza, Basel,
Switzerland); bovine serum albumin (BSA), L-glutamine,
streptomycin-penicillin, sulfanilamide, N-(1-naphthyl)-
ethylenediamine hydrochloride, dimethyl sulfoxide (DMSO),
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT), fetal bovine serum, H,PO,, carrageenan,
phenylmethylsulfonyl fluoride (PMSF), benzethonium
chloride, ethylenediaminetetraacetic acid (EDTA) and
aprotinin (Sigma-Aldrich, Saint Louis, MO, USA); and
IL-6, TNF and NF-xB (PS529)-PE 558423 (BD, Biosciences
Pharmingen, San Diego, CA, USA) were used for the
biological assays. All the other materials and solvents were
of analytical reagent grade and used as received.

Spectral data

Nuclear magnetic resonance (NMR) spectra were
recorded in CDCIl; on an AC200 (Bruker Corporation,
Billerica, USA) at 200 MHz for 'H and 50 MHz for "*C,
using TMS as internal reference for both nuclei. For each
peak, chemical shift values are expressed in parts per
million, followed by multiplicity, relative peak integration
(when appropriate) and coupling constants (J) in hertz.
High resolution mass spectra (HRMS) were obtained using
a QSTAR XL spectrometer (Applied Biosystems, Foster
City, USA). The spectra in the infrared (IR) were obtained
in Spectrum One apparatus (PerkinElmer, Wellesley, USA)
coupled to the diffuse reflectance accessory (ATR). The
specific rotational power values [a],*® were measured on
a241 polarimeter (PerkinElmer, Wellesley, USA) at 20 °C.
Column chromatography was performed on Silica Gel 60
(230-400 mesh, Merck, Darmstadt, Germany), whereas
thin-layer chromatography was carried out on Silica
Gel 60 F254 plates (0.25 mm thick, Merck, Darmstadt,
Germany). Solvents and reagents were used directly from
the manufacturer or purified by standard procedures when
required.

Urs-12-ene-3p3,28-diol (UAD9)

The ursolic acid (60 mg, 0.13 mmol) was reduced
with LiAIH, (90 mg, 2.37 mmol) in diethyl ether, at room
temperature for 20 h. At the end of this period, the excess LIAIH,
was consumed with a drop of wet ether and then with a drop
of water. The reaction mixture was extracted with saturated
NaCl solution; the organic phase was dried over anhydrous
Na,SO, and the solvent eliminated in a rotary evaporator to
afforded the white solid UAD9 (50 mg, 86.5% yield). FTIR
(ATR) v,/ cm” 3642 (O-H), 2921 (C-H), 1045 (C-O);
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[a]p? +71.10 (¢ 1.00, CHCI,);'H NMR (200 MHz, CDCl,)
0 5.13 (t, 1H, J 3.6, H12), 3.54 (d, 1H, J 10.9 Hz, H28a),
3.20 (d, 1H, J 10.9 Hz, H28b), 3.18 (m, 1H, H3), 1.91 (dd,
1H, J3.8,8.8Hz, H18), 1.10 (s, 3H, CH;), 1.00(s, 3H, CH,),
0.99 (s, 3H, CH,), 0.95 (s, 3H, CH,), 0.93 (s, 3H, CH,), 0.82
(s, 3H, CH,), 0.79 (s, 3H, CH,); “C NMR (50 MHz, CDCL,)
6 138.77 (C13), 125.06 (C12), 79.04 (C3), 69.93 (C28),
55.19 (C5), 54.05 (C18), 47.70 (C9), 42.08 (C14), 40.06
(C8), 39.39 (C20), 39.39 (C19), 38.81 (Cl), 38.03 (C4),
36.90 (C10), 36.90 (C17), 35.24 (C22), 32.85 (C7), 30.68
(C21), 28.18 (C23), 27.27 (C15), 26.05 (C2), 26.05 (C27),
23.33 (C11), 23.33 (C16), 21.39 (C30), 18.37 (C6), 17.42
(C29), 16.83 (C26), 15.69 (C25), 15.69 (C24); HRMS m/z,
caled. for C;,H,,0,Na: 465.7136, found: 465.3730.

Methyl 3-oxours-12-en-28-oate (UAD10)

Oxidation of the ursolic acid methyl ester UAD1
(500 mg, 1.06 mmol) was carried out with pyridinium
dichromate (PDC) (716 mg, 3.3 mmol) in anhydrous
CH,CI, at room temperature under constant stirring for
3 h. The crude reaction product was chromatographed
over silica gel (eluent n-hexane/EtOAc 8:2) to afford
UAD10 (371.9 mg, 74.7% yield). FTIR (ATR)
Vo /O 2978 (C-H), 1726(C=0), 1706 (C=0), 1241 (C-O);
[a],* +89.20 (¢ 1.00,CHCL,); 'H NMR (200 MHz, CDCl;)
05.26 (t, 1H,J 3.4, H12), 3.60 (s, 3H, COOCH,), 2.23 (d,
1H, J 11.0 Hz, H18), 2.05 (s, 3H, COOCH,), 1.07 (s, 3H,
CH,), 1.03 (s, 3H, CH,), 0.94 (s, 3H, CH;), 0.94 (d, 3H,
J 6.1 Hz, CH,), 0.85 (d, 3H, J 6.2 Hz, CH,), 0.78 (s, 3H,
CH,); "C NMR (50 MHz, CDCL,) 6 217.75 (C3), 178.02
(C28), 138.29 (C13), 125.35 (C12), 55.26 (C5), 52.95
(C18), 51.49 (COOCH;), 48.14 (C17), 47.41 (C4), 46.78
(C9), 42.15 (C14), 39.47 (C8), 38.47 (C10), 39.32 (C1),
39.06 (C19), 38.88 (C20), 36.64 (C22), 34.21 (C2), 32.52
(C7),30.68 (C21), 28.04 (C15), 26.57 (C23),24.22(C16),
23.48(C27),23.48(Cl11),21.53 (C24), 21.20 (C30), 19.62
(C6), 17.09 (C29), 16.90 (C26), 15.21 (C25); HRMS m/z,
caled. for C;,H,4O;Na: 491.7082, found: 491.3449.

Methyl 3,11-dioxours-12-en-28-oate (UAD11)

The derivative UAD10 (100 mg, 0.21 mmol) was
submitted to oxidation with NaClO,/t-BuOOH for 12 h.
After 12 h of reaction, aqueous solution was added of
10% Na,SO, and extracted with EtOAc. The organic phase
was washed successively with saturated aqueous NaHCO;
solution and water, dried on anhydrous Na,SO, and the
solvent was removed in a rotary evaporator to give the
white solid UAD11 (91 mg, 88.4% yield). FTIR (ATR)
Vp/ CI 2928 (C-H), 1726 (C=0), 1658 (C=0), 1199 (C-O);
[a]p® +57.10 (¢ 1.00,CHCI,); 'H NMR (200 MHz, CDCl,)
0 5.61 (s, 1H, H12), 3.60 (s, 3H, COOCH,), 2.37 (s, 1H,

J. Braz. Chem. Soc.

H9), 1.27 (s, 3H, CH;), 1.25 (s, 3H, CH;), 1.24 (d, 3H,
CH,), 1.22 (d, 3H, J 6.2 Hz, CH,), 1.05 (d, 3H, J 7.1 Hz,
CH,), 0.85 (d, 1H, J 6.1 Hz, CH;); “C NMR (50 MHz,
CDCl;)6 217.35(C3),199.23 (C11), 177.25(C28), 163.43
(C13),130.61 (C12),60.78 (C9), 55.41 (C18), 52.81 (C5),
51.96 (COOCH,), 47.70 (C17), 47.70 (C4), 44.54 (C14),
43.88 (C8), 39.76 (C1), 38.66 (C19), 38.66 (C20), 36.79
(C10), 35.94 (C22), 34.29 (C2), 32.41 (C7), 30.32 (C21),
28.48 (C15), 26.46 (C23), 23.88 (C16), 23.88 (C6), 21.46
(C27), 21.02 (C30), 21.02 (C24), 18.78 (C26), 15.58
(C25); HRMS m/z, caled. for C;H,,O,Na: 505.6918,
found: 507.3442.

28-Methoxy-11,28-dioxo-3,4-secours-12-ene-3,4-lactone
(UAD12)

Derivative UAD11 (50 mg, 0.10 mmol) was dissolved
in CH,Cl, (5 mL), following the addition of 77%
meta-chloroperoxybenzoic acid (MCPBA) (55.3 mg,
0.25 mmol) and NaHCO; (147.2 mg, 1.75 mmol). After
24 h under magnetic stirring at room temperature, an
additional quantity of 77% MCPBA (47.3 mg, 0.21 mmol)
was added. The reaction mixture was maintained under
the same conditions for an additional 16 h. EtOAc was
added to the mixture, and it was sequentially washed with
saturated aqueous NaHCO; and NaCl solutions, dried
over anhydrous Na,SO,, and evaporated to dryness. The
crude product (40.4 mg) was filtered over silica gel (eluent
n-hexane/EtOAc 1:1) to afford UAD12 (24.9 mg, 48.2%
yield). FTIR (ATR) v,,,./ cm™ 2923 (C-H), 1721 (C=0),
1654 (C=0), 1232 (C-0), 1030 (C-0); [a],> +135.00
(¢ 0.5, CHCI,); '"H NMR (200 MHz, CDCI,) 6 5.65 (s, 1H,
H12), 3.61 (s, 3H, COOCH,), 2.61 (m, 2H, H2a and H2b),
243 (d, 1H,J 11.1 Hz, H18), 1.47 (s, 3H, CH;), 1.44 (s,
3H, CH,), 1.37 (s, 3H, CH;), 1.30 (s, 1H, CH,), 0.98 (s,
1H, CH,), 0.96 (s, 3H, CH;), 0.88 (s, 3H, CH,); “C NMR
(50 MHz, CDCl;) 6 198.53 (C11), 177.21 (C3), 175.67
(C28), 163.21 (C13), 130.79 (C12), 85.66 (C4), 61.11
(C9), 54.45 (C5), 52.73 (C18), 51.96 (COOCH,), 47.74
(C17),44.61 (C14), 43.99 (C8), 39.69 (C10), 38.88 (C1),
38.70 (C20), 38.70 (C19), 35.98 (C22), 32.34 (C7), 32.34
(C2),30.35(C21), 28.37 (C15),26.05 (C24),23.92(C16),
23.92 (C6), 22.12 (C27), 20.98 (C30), 18.41 (25), 17.49
(C29), 17.12 (C26); HRMS m/z, calced. for C;H,,ONa:
521.6912, found: 521.3265.

3p-Acetoxyurs-12-en-28-oic acid (UAD13)

Derivative UAD13 was prepared under standard
acetylation conditions using acetic anhydride in pyridine.
After 24 h of reaction, ice was added ground and stirred
for 15 min. The reaction mixture was extracted with
EtOAc and washed with 0.5 NHCI. The organic phase was

106



Vol. 34, No. 9, 2023

dried over anhydrous Na,SO, and the solvent eliminated
in rotary evaporator being obtained as white crystals
(194.8 mg, 89.2% yield). FTIR (ATR) v,/ cm™ 3661 (O-H),
2924 (C-H), 1733 (C=0), 1694 (C=0), 1242 (C-0), 1455
(C-O-H), 1369 (C-0); [a],” +54.30 (¢ 1.00, CHCI,);
'H NMR (200 MHz, CDCl,) 6 5.29 (t, 1H, J3.6 Hz, H12),
4.49 (m, 1H,H3),2.17 (d, IH,J 11.5Hz, H18),2.04 (s, 1H,
OCOCH,), 1.08 (s, 3H, CH;), 0.94 (s, 3H, CH,), 0.86 (d,
3H, J 6.1 Hz, CH,), 0.86 (s, 3H, CH,), 0.83 (s, 3H, CH,),
0.80 (s, 3H, CH,); “C NMR (50 MHz, CDCl,) 6 172.96
(C28), 171.12 (OCOCH,), 137.42 (C13), 126.24 (C12),
80.96 (C3), 55.35 (C5), 52.70 (C18), 49.35 (C17), 47.52
(C9), 42.22 (C14), 39.65 (C8), 39.14 (C19), 38.77 (C20),
38.40 (C1), 37.74 (C4), 36.90 (C10), 35.83 (C22), 33.04
(C7),30.50 (C21),28.11(C23),28.11 (C15), 24.25 (C16),
23.59 (C11),23.59 (C2), 23.37(C27),21.39 (COCOCH,),
21.16 (C30), 18.22 (C6), 17.27 (C29), 17.01 (C26), 16.79
(C25), 15.62 (C24); HRMS m/z, caled. for C;,H;,O,Na:
465.7136, found: 465.3730.

(13S)-3B-Acetoxyurs-11-ene-28,13-lactone (UAD14)

The oxidation of derivative UAD13 (54 mg, 0.10 mmol)
with NaClO,/t-BuOOH for 12 h afforded the white solid
3B-acetoxy-11-oxours-12-en-28-oic acid (50 mg, 90.1%
yield). '"H NMR (200 MHz, CDCl,) 6 5.56 (s, 1H, H12),
4.48 (dd, 1H,J5.5,10.9 Hz, H3), 3.57 (s, 3H, COOCHj),
2.29 (s, 1H, HY), 2.02 (s, 3H, OCOCH,), 1.22 (s, 3H,
CH,), 1.13 (s, 3H, CH,), 0.96 (s, 3H, CH,), 0.88 (s, 3H,
CH;). Then, the reduction of 3B-acetoxy-11-oxours-
12-en-28-oic acid with LiAlH, in diethyl ether, at 0 °C
for 1 h, was followed by acetylation with acetic anhydride
in pyridine and esterification with CH,/K,CO,. The
final reaction product (43.3 mg) was chromatographed
over silica gel (eluents n-hexane/EtOAc 9:1, 8:2 and
6:4) to afford UAD14 (10 mg, 23% yield). FTIR (ATR)
Vi €M 2923 (C-H), 1755(C=0), 1728 (C=0), 1238 (C-0);
[a]p* +41.00 (¢ 0.5, CHCl,); '"HNMR (200 MHz, CDCl,)
05.95(dd, 1H,J 1.5,10.4 Hz, H12), 5.54 (dd, 1H., J 3.0,
10.4 Hz, H11), 4.50 (m, 1H, H3), 2.05 (s, 3H, COOCH,),
1.16 (s, 3H, CH,), 1.15 (s, 3H, CH,), 1.05 (s, 3H, CH,),
1.00 (d, 3H, CH,), 0.94 (s, 3H, CH,), 0.94 (s, 3H, CH,),
0.86 (s, 3H, CH,); *C NMR (50 MHz, CDCl,) 6 180.00
(C28), 171.11 (OCOCH;,), 133.36 (C12), 128.95 (C11),
89.70 (C13), 80.66 (C3), 60.59 (C18), 54.86 (C5), 52.96
(C9),45.13(C17),41.97 (C14),41.75 (C8), 38.70 (C19),
38.15 (C20), 38.00 (C1), 37.89 (C4), 36.31 (C10), 31.35
(C7),31.20(C22),30.87 (C21),27.78 (C23), 25.58 (C15),
23.37 (C2), 22.86 (C16), 21.39 (COOCH,), 19.22 (C30),
18.96 (C26), 18.04 (C25), 17.93 (C29), 17.60 (C6), 16.09
(27), 16.09 (C24); HRMS m/z, calcd. for C;,H,;O,Na:
519.7186, found: 519.3459.
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3-Hydroxy-oxime-urs-12-en-28-oato (UAD15)

Derivative UAD1 (500 mg, 1.06 mmol) was dissolved
in CH,Cl, (20 mL), following the addition of PDC (716 mg,
3.3 mmol). The reaction mixture was maintained for 3 h
under magnetic stirring at room temperature. The crude
product was filtered over silica gel (eluent n-hexane/EtOAc
1:1) to afford methyl 3-oxours-12-en-28-oate (371.9 mg).
Then, methyl 3-oxours-12-en-28-oate (100 mg, 0.21 mmol)
was dissolved in EtOH (10 mL) following the addition
of anhydrous pyridine (0.1 mL) and (NH,OH)CI (25 mg,
0.36 mmol). The reaction mixture was maintained for 3 h
under magnetic stirring at reflux and 95-100 °C temperature.
The EtOH was evaporated and EtOAc was added to the
mixture, than it was sequentially washed with saturated
aqueous NaCl solution, dried over anhydrous Na,SO,,
evaporated to dryness to afford UAD15 (98 mg). FTIR
(ATR) v,/ cmr! 3660 (O-H), 2945 (C-H), 1721 (C=0), 931
(N-0); [a],* +22.00 (c 1.00, CHCI;); '"H NMR (200 MHz,
CDCly) 0 5.24 (sl, 1H, H12), 3.59 (s, 3H, COOCHj,), 3.06
(m, 1H, H2b), 2.22 (m, 1H, H2a), 2.22 (d, 1H, J 11 Hz,
HIS8), 1.14 (s, 3H, C27H,), 1.04 (s, 3H, C25H,), 1.02 (d,
3H, C23H,), 0.93 (s, 3H, C30H,;), 0.84 (d, 3H, J 6.2 Hz,
C29H,), 0.76 (s, 3H, C26H,), 0.76 (s, 3H, C24H,); “CNMR
(50 MHz, CDCl;) 6 178.10 (C28), 166.85 (C3), 138.26
(C13), 125.51 (C12), 55.82 (C18), 52.96 (C5), 51.52
(COOCH,), 44.14 (C17), 47.11 (C9), 42.11 (C14), 40.35
(C4), 39.58 (C8), 39.06 (C19), 38.88 (C20), 38.66 (C1),
37.04 (C10), 36.64 (C22), 32.74 (C7), 30.68 (C2), 30.68
(C21),28.00(C15),27.34 (C23),24.25 (C16), 24.25 (C11),
23.33 (C27), 21.20 (C24), 21.20 (C30), 19.07 (C6), 17.01
(C26), 17.01 (C29); HRMS m/z, caled. for C,H, ;O ,Na:
506.3610, found: 507.3305.

3p-Hydroxy-11-oxours-12-en-28-oate (UAD16)

Derivative methyl 3-oxours-12-en-28-oate (UAD10,
100 mg, 0.21 mmol) was dissolved in EtOAc (5 mL),
following the addition of 0.2 mL of -BuOOH 6 M at
n-decane (1.20 mmol) and NaClO, (66 mg; 0.73 mmol).
The reaction mixture was maintained for 12 h under
magnetic stirring at reflux and 100-110 °C temperature.
After this time, Na,SO, aqueous solution 10% was added
and extracted with EtOAc. The organic phase was washed
successively with saturated aqueous NaHCO; solution and
water; dried over anhydrous Na,SO, and the solvent was
removed on a rotary evaporator to afford 3,11-dioxours-
12-en-28-oate (91 mg). Then, the derivative 3,11-dioxours-
12-en-28-oate (UAD11, 50 mg, 0.10 mmol) was dissolved
in 5 mL of the mixture of MeOH/THF (1:1) following the
addition of CeCl,.7H,0 (164 mg; 0.44 mmol) and 22 mg of
NaBH, (0.57 mmol). The reaction mixture was maintained
for 6 h under magnetic stirring at room temperature. The
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crude product was filtered over silica gel (eluent n-hexane/
EtOAc 1:1) to afford methyl 3-oxours-12-en-28-oate
(371.9 mg). The solvent was evaporated, added Et,O and
it was washed with saturated aqueous NaCl solution, dried
over anhydrous Na,SO,, evaporated to dryness to afford
UADI16 (32.25 mg). FTIR (ATR) v,/ cm’ 3675 (O-H),
2970 (C-H), 1725 (C=0), 1659 (C=0); [a],* +108.57
(c 0.7, CHCl,); '"HNMR (200 MHz, CDCl,) 6 5.60 (s, 1H,
H12), 3.61 (s, 3H, COOCH;), 3.22 (m, 1H, H3), 2.80 (m,
1H, H2a), 2.75 (m, 1H, H2b), 2.42 (d, 1H, J 11.2 Hz, H18),
2.30(s, 1H, H9), 1.12 (s, 3H, C27H,), 0.99 (s, 3H, C25H,),
0.96 (d, 3H, J 5.0 Hz, C30H,). 0.90 (s, 3H, C23H,), 0.86
(d, 1H, J 6.1 Hz, C29H,), 0.79 (s, 3H, C26H,), 0.79 (s, 3H,
C24H,); *C NMR (50 MHz, CDCl;) 6 200.01 (C11), 177.29
(C28), 162.96 (C13), 130.73 (C12), 78.83 (C3), 61.52 (C9),
55.01 (C18), 52.76 (C5), 51.92 (COOCHj), 47.70 (C17),
44.72 (C14), 43.77 (C8), 39.17 (C1), 38.66 (C19), 38.66
(C20), 37.19 (C10), 37.19 (C4), 36.01 (C22), 33.07 (C7),
30.35 (C21), 28.44 (C15), 28.15 (C23), 27.34 (C2), 23.99
(C16), 21.05 (C30), 21.05 (C27), 18.89 (C26), 17.49 (C6),
17.16 (C24), 16.28 (C29), 15.65 (C25); HRMS m/z, caled.
from C;,H..0, [M + Na]: 503.3137, found: 503.3442.

3-Ox0,11-hydroxyurs-12-en-28-oate (UAD17)

To a solution of the derivative 3-oxours-12-en-28-oate
(50 mg, 0.11 mmol) in 4.0 mL of CH,Cl, was added
5,10,15,20-tetrakis (pentafluorophenyl) porphyrin (3.5 mg,
3 mol%) and MCPBA 55% (44.32 mg, 0.26 mmol). The
reaction mixture was maintained under stirring and inert
atmosphere at —78 °C for 30 h. At the end of this period,
saturated aqueous solutions of NaHCO, and Na,S,0, were
added, followed by extraction with EtOAc. The organic
phase was washed with saturated aqueous NaCl solution,
dried over anhydrous Na,SO, and the solvent removed on
arotary evaporator, yielding 44.9 mg of a residue. This was
chromatographed on a silica gel column (packed column
dimensions: 10 x 220 mm) using n-hexane:EtOAc mixtures
(9:1; 8:2; 1:1) as eluents. The fractions were pooled
according to the profiles at three groups: starting material
(the derivative 3-oxours-12-en-28-oate, 17.4 mg) was
recovered from the first combined fractions group, while
the second combined fractions group provided 13.3 mg
(30%) of the derivative 3,11-dioxours-12-en-28-oate, and
the third combined fractions group provided 25.1 mg of the
UAD17 (56%) mixture of isomers. FTIR (ATR) v,,,./ cm’!
3646 (O-H), 2921 (C-H), 1726 (C=0), 1706 (C=0), 1241
(C-0); [a],* +65.10 (¢ 1.00, CHCL,); 'HNMR (200 MHz,
CDCl,) 6 5.30 (d, 1H, J 3.6 Hz, H12), 4.29 (dd, J 3.6 and
8.8 Hz, 1H, HI1), 3.61 (s, 3H, COOCH,), 2.27 (d, 1H,
J10.4Hz, H18), 1.10 (s, 3H, C27H;), 1.06 (s, 3H, C25H,),
0.96 (d, 3H, J 5.3 Hz, C30H,), 0.94 (s, 3H, C23H,), 0.91
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(s, 3H, C26H,), 0.88 (d, 3H,J 6.4 Hz, C29H;), 0.84 (s, 3H,
C24H,); "CNMR (50 MHz, CDCl,) 6 217.91 (C3), 178.03
(C28), 139.88 (C13), 129.55 (C12), 68.27 (C11), 55.62
(C9), 52.18 (C5), 51.78 (C18), 51.71 (COOCH;), 47.74
(C17), 47.37 (C4), 42.89 (C8), 42.89 (C14), 40.68 (C1),
38.73(C19), 38.73 (C20), 38.26 (C10), 36.42 (C22), 34.54
(C7),34.43(C2),30.57 (C21), 28.07 (C15), 26.94 (C23),
24.14 (C16), 23.44 (C27), 21.31 (C30), 19.69 (C6), 18.78
(C29),18.22(C26), 17.16 (C24), 17.01 (C25); HRMS m/z,
caled. for C;,H,,0, [M + Na]: 503.3137, found: 503.3453.

3p,28-Dihydroxyurs-9,12-diene (UAD18)

Inasuspension of LiAlH, (62 mg, 1.63 mmol) and 2.0 mL
of dry ethyl ether was added the derivative 3,1 1-dioxours-
12-en-28-oate (62 mg, 0.13 mmol), solubilized in 4.0 mL
of dry ethyl ether. The reaction mixture was kept under
stirring at room temperature for 4 h. At the end of this
period, the excess LiAIH, was removed by dripping with
wet ether followed by water trickling. 2 mol L' HCI was
added, extracted with EtOAc, and the organic phase was
washed with saturated aqueous NaCl solution. The organic
phase was dried over anhydrous Na,SO,, and after removal
of the solvent on a rotary evaporator, 44 mg of a residue
was obtained. This was subjected to fractionation on a silica
gel column, using the n-hexane:EtOAc (8:2 and 1:1) and
EtOAc as eluents. The fractions were pooled according
to the profiles and the derivative UAD18 (5.2 mg, 9%)
was obtained from the first fractions group. FTIR (ATR)
Vaw / € 3662 (0-H), 2941 (C-H), 1690 (C=C), 1240
(C-0); [a]p> +7.80 (c 3.5, CHCL,); 'H NMR (200 MHz,
CDCl;)6 5.58 (d, 1H,J 6.0 Hz, H11),5.51 (d, 1H, J 6.0 Hz,
H12),3.60 (d1, 3H,J 11 Hz, H28a), 3.24 (d, 1H, J 11 Hz,
H28b), 3.22 (m, 1H, H3), 1.21 (s, 3H, C27H,), 1.16 (s.
3H, C25H,), 1.03 (s, 3H, C23H,), 0.94 (d, 3H, J 5 Hz,
C30H,), 0.95 (s, 3H, C26H,), 0.83 (d, 3H, J 5 Hz, C29H,),
0.82 (s, 3H, C24H,); “C NMR (50 MHz, CDCl,) 6 155.09
(C9), 140.19 (C13), 123.45 (C12), 115.29 (C11), 78.76
(C3),70.21 (C28), 52.37 (C18), 51.12 (C5), 43.11 (C8),
40.72 (C14), 39.36 (C19), 38.73 (C20), 38.07 (C4), 38.07
(C17), 37.30 (C22), 35.17 (C1), 31.93 (C7), 30.61 (C21),
29.77 (C15), 28.26 (C23), 27.93 (C2), 25.47 (C16), 25.47
(C27),21.53(C30), 18.33 (C6), 17.66 (C26), 17.31 (C29),
15.69 (C25), 15.69 (C24); HRMS m/z, caled. for C; H,,0,
[M + Na]: 459.3239, found: 459.3553.

Cell culture

RAW264.7 macrophage cell lines were placed in
96-well plates, containing RPMI-1640 supplemented
(2.0 mM L-glutamine, 100.0 pg mL"' of streptomycin and
penicillin, 5% fetal bovine serum), at 1 x 10° cells mL-*
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or 2 x 10° cells mL"' by 3 or 48 h, respectively. Cells were
incubated at37 °C ina 5% CO, atmosphere in the presence
or absence of the UA or ursolic acid derivatives (UADI,
UAD2, UAD3, UAD4, UADS, UAD6, UAD7, UADS,
UAD9, UAD10, UADI11, UAD12, UAD13, UAD14,
UADI1S5, UAD16, UAD17 or UAD1S8) at 15, 30, 60 or
90 pM. The compounds have been solubilized in DMSO,
never exceeding 0.1% (v/v), and diluted in RPMI-1640
before the use. The DMSO concentration was determined
to allow the solubilization of the UAD and UA but without
affecting the RAW264.7 viability."*

MTT assay

Cellular viability was measured using the MTT assay.
After 48 h of culture, the supernatants were removed and
the cells were incubated with 100 uL of supplemented
RPMI-1640 and 10 uL of MTT (5.0 mg mL"'), during 4 h
at 37 °C in a 5% CO, atmosphere. After purple formazan
crystal formation, the supernatants were gently removed
and crystal products were solubilized with DMSO.
Complete solubilization was obtained by shaking the plates.
The optical density (OD) values were determined in the
Multiskan microplate reader (Multiskan™ FC Microplate
Photometer, Thermo Scientific, Waltham, MA, USA) at
560 nm wavelength. The cellular viability was presented as
the half maximal inhibitory concentration (ICs,) calculated
using Prism software (GraphPad Prism 5.00, San Diego,
CA,USA).*

Nitric oxide concentration in RAW264.7

The NO concentration was measured by the Griess
method, in the supernatant of the 48 h of culture. To
perform the test, 100 pL of the supernatant from each well
was transferred to 96-well plates and an equal volume of
Griess reagent (1% sulfanilamide, 0.1% N-(1-naphthyl)-
ethylenediamine hydrochloride, 5% H,PO,) was added.
The NO concentration was determined by comparison
with a standard sodium nitrite solution and the values
were determined by the Multiskan microplate reader
(Multiskan™ FC Microplate Photometer, Thermo
Scientific, Waltham, MA, USA) at 540 nm wavelength.

NF-xB concentration in RAW264.7

The cells that were cultured for 3 h were detached after
this period and stained for the analysis of the p65 expression
(indirectly NF-xB).*” following the instructions of the
manufacturer. The cells were acquired in the FACSVerse
(BD, Biosciences Pharmingen, San Diego, CA, USA) and
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analysed in the FCS Express software (De Novo software,
Pasadena, CA, USA).”

Induction of acute inflammation by carrageenan-induced
paw edema

BALB/c (female) mice 6-8 weeks old (n= 6 per group)
were obtained from the animal care facilities of the Federal
University of Minas Gerais, Belo Horizonte, MG, Brazil,
and maintained in micro isolator cages. All procedures were
inaccordance with the principles of the Brazilian Code for
the Use of Laboratory Animals and were approved by the
committee on the use of laboratory animals from UFVIM
(Protocol No. 03/2018r). The mice were monitored for
clinical signs of toxicity after the treatments. Initially,
the mice were weighed (26.57 + 0.31 g) and their right
and left paws were measured (0 h) with a pachymeter
(Mitutoyo, Kawasaki, Japan). The treatments, phosphate
buffered saline (PBS), dexamethasone (0.5 mg kg™),
UA (200 mg kg™'), UAD 1 (200 mg kg™') and UAD2
(200 mgkg™), were administered intraperitoneally (100 pL)
30 min before the induction of the edema. Dexamethasone
was used as a positive control treatment due to its anti-
inflammatory activity. Carrageenan (2.5%) was dissolved
inPBS, and 20 pL injected into the left footpad, and 20 uL
of PBS into the right footpad of all groups. The left and
the right paws were measured after 1, 2, 3 and 4 h after
the injection of carrageenan and the differences were
calculated. The magnitude of the carrageenan-induced paw
edema was determined as follows: [paw edema / mm] =
[footpad thickness of carrageenan / mm] — [footpad
thickness of PBS / mm].*

Cytokine production

Cytokine production was assayed by enzyme-linked
immunosorbentassay (ELISA) using commercially available
antibodies according to the instructions of the manufacturer
(BD Biosciences Pharmingen, San Diego, CA, USA).
The plates were read at the Multiskan microplate reader
(Multiskan™ FC Microplate Photometer, Thermo Scientific,
Waltham, MA, USA) at 450 nm wavelength.'s Supernatants
of the 48 h macrophage culture were used to evaluate the TNE.
The TNF production (%) was calculated using the formula
(X1/X2) x 100, considering X1 the TNF production
(pg mL™"') of stimulated and treated cells and X2 the mean
TNF production (pg mL™") of stimulated and untreated
cells. The IL-6 productions were measured in the mice paw
and lymph nodes, after euthanasia. Paw tissue and lymph
nodes were removed and homogenized (100 mg mL")
in the extraction solution containing 0.4 M NaCl, 0.05%
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Tween 20, 0.5% BSA, 0.1 M PMSF, 0.1 M benzethonium
chloride, 10 mM EDTA and 20 kIU mL" aprotinin. The
homogenate was centrifuged at 2000 xg for 15 min at
4 °C and supernatants were collected to determine the
concentration of IL-6.

Statistical analysis

The results represent at least three independent
experiments and are presented as the mean + standard error
of the mean (SEM). All data were analyzed using two-way
analysis of variance (ANOVA) followed by Bonferroni
posttests (GraphPad Prism 5.00, San Diego, CA, USA),*
and the differences were considered significantat p < 0.05.

Results and Discussion

The ten UA semisynthetic derivative compounds were
synthesized (Figures 1 and 2) with previously described
structural modifications. The synthesis of derivatives UAD1
to UADS8 was previously published by Scherrer et al.?’
The structures were elucidated by NMR spectra recorded
in CDCIl; on a Bruker AC200 at 200 MHz for 'H and
50 MHz for "“C. The obtained spectra of the compounds
correspond to the data in the literature.’"* Spectral data
of the methyl 3B-hydroxyurs-12-en-28-oate (UADI),
methyl 3B-acetoxy-11-oxours-12-en-28-oate (UAD2),
methyl 3B-acetoxy-1 1-oxours-12-en-28-oate (UAD3) and
methyl 3B-acetoxyurs-9(11), 12-dien-28-oate (UAD4),
urs-12-ene-3f,11,28-triol (UADS), (175)-3p-hydroxy-22

UAD13
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(17 — 18)-abeours-11-en-28-al (UADG6), (urs-11,
13(18)-diene-3, 28-diyl diacetate) (UAD7), (13S5)-13,
28-epoxyurs-11-en- 3B-ol (UADS8) were previously
published.”

Biological activity

The cytotoxicity index (IC,) and NO production by
RAW264.7 macrophages, treated with UA or the UADs,
were shown in the Table 1. The IC;, was obtained by
the MTT test of the unstimulated cells treated with UA
or UADs and the respective controls corresponding to
untreated cells. Besides the viability, the Table 1 shows
the results of NO production by RAW264.7 macrophages
treated with UA or the UADs, stimulated with LPS and
interferon (IFN)-y after 48 h of culture.

The compounds UA, UAD1, UAD2, UAD3, UAD6,
UADS and UAD9 were able to reduce the NO production,
compared to the untreated stimulated RAW264.7 cells at
all tested concentrations. The compounds UAD4, UADS,
UAD7, UAD10, UAD17 and UAD18 reduced the NO
production at 30, 60 and 90 uM. Only the UAD12 and
UADI1S5 were not able to reduce NO production (Table 1).
The ICy, was greater than 90 uM when the cells were
treated with UAD2, UAD3, UAD4, UAD7, UADY, UAD10,
UADI11, UAD14 and UAD15. The UADI was the closest
to the ICs, of the UA (Table 1).

The percentage of NF-kB expression by RAW264.7
was shown in Table 2. The UA, UADI1, UAD2, UAD3,
UAD4, UADS, UAD6, UAD7, UADS, UADI11, UADI12,

UAD11 UAD12

% %
UAD138 UAD14

Figure 1. Synthesis of the ursolic acid derivatives. Reaction conditions i pyridinium dichromate (PDC), room temperature; ii: NaClO,/t-BuOOH;
iti: MCPBA/NaHCO,, room temperature; iv: LiAIH,, room temperature; v: acetic anhydride/pyridine, room temperature; vi: NaClO,/t-BuOOH, 100 °C;
vii: LIAIH,, 0 °C; acetic anhydride/pyridine; CH,I/K,CO,, room temperature.
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i

]

UAD17
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UAD18 UAD16

Figure 2. Synthesis of the ursolic acid derivatives. Reaction conditions i: pyridine/(NH,OH)Cl, 95-100 °C: ii: EtOA¢/t-BuOOH, n-decane/NaClO,/Na,SO,,
100-110 °C (reflux); iii: MeOH/THF, CeCl,.7H,0/NaBH,, room temperature; iv: LiAlH /diethyl ether, room temperature; v: 5,10,15.20-tetrakis(pentaflu

orophenyl) porphyrin/MCPBA, 78 °C.

Table 1. NO production by RAW264.7 macrophages treated with UA or UAD, after 48 h of culture and cytotoxicity index (ICs,)

NO production/ pM
Compound*
15 pM® 30 pMm® 60 pM® 90 pM® 1G5/ pM

UA 9.65+051° 3.05+1.16° 1.99+0.15¢ 2,12+ 0.83 17.06
UADI1 398+ 0.44¢ 4.69 £0.07¢ 2.63+0.37 1.66 + 0.07¢ 9.64
UAD2 8.05+031¢ 8.55 £0.47¢ 6.69 = 1.10¢ 4.75 £ 0.61¢ >90
UAD3 9.99 + 1.85¢ 9.13 £1.03¢ 796« 1.33¢ 6.10 = 1.76¢ >90
UAD4 14.32 £0.63 10.47 £0.93¢ 8.05+ 1.35¢ 8.94+0.27¢ >90
UADS 1141 £1.33 8.39 + 1.10¢ 298 +0.38 4.56 +0.27¢ 39.89
UAD6 10.72 + 1.63¢ 10.75 £0.19¢ 4.08 +0.72 0.93+0.21¢ 74.62
UAD7 11.51 £2.40 8.18 £2.22¢ 7.09 £ 0.9% 5.83 % 1.53¢ >90
UADS 10.79 + 1.03¢ 9.85 £0.60¢ 3.63+0.53 3.46+0.70¢ 47.25
UAD9 10.98 + 1.75¢ 10.87 £0.67¢ 5.95+0.30¢ 5.51+0.95 >90
UADI10 1219« 1.11 9.86 £0.87° 596+0.15 6.05+2.12° >90
UADI1 10.11 £2.37 10.28 £ 2.82 9.15+0.08° 9.89 + 1.26° >90
UADI2 21.06 = 1.02 1323 £ 1.55 12.77+1.21 12.55 £0.54 88.76
UADI13 2044 £3.29 1532 +4.58 13.32+1.35 8.57+0.75 34.60
UADI14 16.33 = 1.41 13.77 £ 1.89 10.98 = 1.61 7.25+1.92 >90
UADIS 14.76 £ 0.34 1734224 10.82+ 1.70 10.59 £2.22 >90
UADI16 13.59 £0.57 10.28 + 4.06 9.02+0.07° 7.62+ 1.83¢ 24.60
UAD17 12.46 £2.61 10.45 £0.63¢ 891+ 1.26° 6.01 £ 0.42° 80.05
UADI8 12.46 £ 1.38 1052 £ 1.35 858+ 1.30¢ 6.98 £ 0.56° 63.40

“Compounds: ursolic acid (UA) and ursolic acid derivative (UAD); *treatment concentration; °p < 0.05 in relation to the nitric oxide (NO) production of
the untreated stimulated RAW264.7 cells (14.77 + 2.52). ICs,: half maximal inhibitory concentration.

UAD13, UAD14, UADI1S5 and UADI18 inhibited the
NF-kB percentage expression at all concentrations tested.
The UA, UAD1, UAD2, UAD3 showed a dose-dependent
inhibition (Table 2).

The percentage of TNF produced by RAW264.7 was
inhibited by the UAD7, UAD12, UAD13, UAD14, UAD15

and UADI18 in all concentrations tested. The UADI,
UADI10, UAD11 and UAD16 reduced the TNF production
in concentrations above 15 pM. All the compounds reduced
the production of TNF at 60 and 90 uM (Table 3).

A study*® has already shown that NF-xB is a well-
known transcription factor in the inflammatory process,
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Table 2. Percentage of the NF-xB expression by RAW264.7 macrophages treated with UA and UAD, after 3 h of culture

J. Braz. Chem. Soc.

NF-«B expression/ %
Compound*
15 pM® 30 pM® 60 uM® 90 uM®

UA 13.59 £0.29¢ 791 £0.11¢ 8.15+£031° 6.95 +0.20°
UADI 12.77 £0.32¢ 11.98£0.51¢ 9.65 + 0.08° 3.03+0.11¢
UAD2 15.11 £0.28° 1478 £ 0.19° 11.27 +£0.32° 8.45 +0.08°
UAD3 15.06 £0.15¢ 14.45 £ 0.09 10.43 £0.22° 8.76 + 0.20¢
UAD4 9.77 £0.37 1L11£0.20¢ 9.17+0.26° 10.47 £0.16¢
UAD5S 15.42 £0.20¢ 1222+ 0.23¢ 1275+ 0.18 13.96 £0.24¢
UAD6 12.08 £0.12¢ 12.08 £ 0.06¢ 13.97 £ 0.16° 13.93 £0.27¢
UAD7 12.09 £0.11¢ 11.65£0.16° 11.10£0.18 11.84 £0.14¢
UAD8 13.64 £0.19¢ 15.12£0.16¢ 14.96 +0.12¢ 14.54 £0.15¢
UAD9 16.15 £ 048 1627+ 0.19 1L.75£0.12¢ 15.52 £0.24
UADI10 14.66 +0.23¢ 17.73£0.29 16.67 + 0.34¢ 18.40 £0.35¢
UADI1 12.71 £0.27¢ 14.81+0.29% 15.26 £ 0.31¢ 14.04 £0.17¢
UADI2 9.04 £0.55 13.66 £ 0.54¢ 11.29 + 0.86° 11.98 £0.11¢
UADI3 9.64 £0.23° 11.62+0.24° 11.21 £0.23¢ 8.96 + 0.09°
UAD14 11.07 £0.19¢ 9.968 + 0.06° 11.79 £ 0.26° 9.37+0.28
UADIS 10.08 £0.17¢ 9.708 £ 0.19° 10.36 + 0.18° 9.34 0.1
UADI16 22.69 = 0.46 1629+ 0.21 15.66 £0.08 3.38+0.11¢
UADI17 17.20 £ 0.50 15.14 £ 0.23° 15.12+02%° 13.39 £0.10¢
UADI8 11.27 £0.03¢ 11.72£0.19 12,12+ 0.14 11.49 £0.18¢

“Compounds: ursolic acid (UA) and ursolic acid derivative (UAD): "treatment concentration; <p < 0.05 NF-«xB expression by RAW264.7 macrophages

treated with UA or UADs versus RAW264.7 not treated (NF-xB expression control: 17.24 + 0.41). NF-xB: nuclear factor kappa B.

Table 3. Percentage of the TNF production by RAW264.7 macrophages treated with UA and UADs

TNF production / %
Compound®
15 pM® 30 uMe 60 pMP® 90 pM®

UA > 100 90.01 = 8.08 26.13+5.98¢ 23.98 +2.0%
UADI1 > 100 74.55+9.52° 21.07+0.33¢ 17.98 £ 1.79°
UAD2 > 100 89.05 + 6.69 3173£2.18¢ 30.41 £ 1.36°
UAD3 > 100 > 100 3348 +2.08¢ 33.01 £2.72
UAD4 > 100 91.13+15.32 41.80+2.78° 32.64 £4.11°
UAD5 > 100 > 100 48.02+ 1.28 32.38 + 1.60¢
UAD6 > 100 > 100 36.66 + 2.82° 28.24 +1.03°
UAD7 67.02 £1.72¢ 3797 +3.85 15.78 £ 0.81° 14.82 £2.14¢
UAD8 > 100 79.98 + 12.35 19.55 + 0.63° 14.43 £0.71¢
UAD9 > 100 > 100 19.83 + 0.63¢ 14.56 +1.83¢
UADI0 84.01 £6.38 4233+ 096 17.58 + 1.13¢ 16.26 +0.6%
UADI1 77.09 £ 8.78 55.80+3.63¢ 21.72+ 1.52 16.87 £0.56°
UADI2 49.87 = 1.07¢ 1948 £ 1.19¢ 6.50+0.25¢ 471 +0.43¢
UADI3 51.30 £2.07¢ 24.66 + 1.48° 9.69 + 0.55¢ 12.39 £ 1.03¢
UAD14 53.41 £2.69¢ 16.34£0.73¢ 10.92+ 141¢ 10.81 +0.5%
UADI5 61.05 £3.85¢ 27.68 £2.01¢ 1150+ 1.14¢ 10.46 +0.60°
UADI6 93.81 £4.97 50.35+ 1.3% 10.81 +0.92¢ 4.67 £ 0.46¢
UAD17 > 100 > 100 74.88 + 0.55¢ 40.87 +£3.34¢
UADI8 69.51 +1.20° 71.82+4.95 61.87 + 4.40¢ 25.20 2.0

“Compounds: ursolic acid (UA) and ursolic acid derivative (UAD); "treatment concentration; ‘p < 0.05 percentage of the tumor necrosis factor (TNF)

production by RAW264.7 macrophages treated with UA and UADs versus RAW 264.7 not treated (100%).
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responsible for inducing the transcription of several pro-
and anti-inflammatory mediator genes, including TNF.In
the present work, the reduction in the expression of NF-xB
was accompanied by the reduction in the production of
TNF, probably due to the incorporated transformations
to obtain the UADs, which improved the compounds
capacities to act on the NF-kB, partly reported by other
authors.?*** Also, these modifications generated UADs with
lower cytotoxicity than UA, except for the UADI.

The structural modification of the UADZ2, consists of the
esterification of both C-3 and C-28 carbons,* which may be
the factor that improved its capacity to reduce NO, being the
compound that best reduced NO at 90 uM, without altering
cell viability. Also, it was able to inhibit the expression
of NF-kB in a dose response manner and to reduce the
production of TNF at concentrations of 60 and 90 uM.

The UADI and UAD2 were chosen to be used as a
treatment on carrageenan-induced paw edema, for its
similar results to UA in inhibiting inflammatory mediators,
such as NF-kB and NO, at the lowest concentrations tested.
However, it is possible to recognize the potential in others
UAD that deserves to be tested in the inflammatory models.

Both, UAD1 and UAD2, showed an effective reduction
of paw edema of mice, as well as dexamethasone, compared
to carrageenan group, who received only PBS treatment.
The reduction in paw edema is already observed in the 2" h
and persists until the 4™ h (Figure 3).

0.4 % Carrageenan
-4~ Dexamethasone
- Ursolic acid
-+ UAD1

-0 UAD2

Paw thickness (mm)
° °
N w

e

Time (hours)

Figure 3. Carrageenan-induced paw edema. Female BALB/c mice
(n = 6 per group) were treated intraperitoneally (i.p.) (100 pL) with
PBS (carrageenan group), UAD1 (200 mg kg™'), UAD2 (200 mg kg™),
ursolic acid (200 mg kg™') or dexamethasone (0.5 mg kg™'), 30 min before
the induction of the model. Paw edema [Paw edema / mm] = [footpad
thickness of carrageenan / mm] — [footpad thickness of PBS / mm] were
monitored until 4 h. *p < 0.05 UADI, UAD2, UA and dexamethasone
Vversus carrageenan group.

Regarding the analysis of IL-6 in the supernatant of the
paw and lymph node macerates, a reduction of IL-6 was
observed in the groups treated with UA and the derivatives
UADI and UAD2 compared to the carrageenan group
(Figures 4 and 5). Different studies’®** have shown that

Scherrer et al. 1259

UA and derivatives are able to reduce the inflammatory
marker IL-6. Rapid IL-6 production is also known to
contribute to host defense during infection and tissue
injury, but excessive IL-6 synthesis and dysregulation of
IL-6 receptor signaling are involved in inflammatory and
autoimmune disorders. Thus, various therapeutic agents
have been evaluated to inhibit the cytokine itself or targets
associated with its signaling pathway.*+*

IL-6 (pgimL) PAW
5

»
8

04

NC CARRAGEENAN  DEXA UAD1 UAD2 UA

Figure 4. IL-6 in paw macerates. Female BALB/c mice (n= 6 per group)
were treated i.p. (100 pL) with PBS (carrageenan group), UADI1
(200 mg kg™), UAD2 (200 mg kg™), ursolic acid (UA 200 mg kg™') or
dexamethasone (DEXA 0.5 mg kg™') and not treated group negative control
(NC). After euthanasia, the paws were macerated and the supernatant
was collected to dose IL-6 by ELISA. *p < 0.05 UADI, UAD2, UA,
dexamethasone and NC versus carrageenan group.

1000

IL-6 (pg/mL) lymph node
& 2 8
g g g
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Figure 5.1L-6 in lymph node. Female BALB/c mice (n=6 per group) were
treated i.p. (100 pL) with PBS (carrageenan group), UAD1 (200 mgkg™'),
UAD2 (200 mg kg™!), ursolic acid (UA 200 mg kg') or dexamethasone
(DEXA 0.5 mg kg™') and not treated group negative control (NC).
After euthanasia, the lymph nodes were macerated and the supernatant
was collected to dose IL-6 by ELISA. *p < 0.05 UADI, UAD2, UA,
dexamethasone and NC versus carrageenan group.

Conclusions

The results obtained demonstrated a variation in the
response between the derivatives, due to their chemical
modifications, but with potential to reduce the inflammatory
mediators evaluated. Regarding paw edema, the UAD1
and UAD2 proved to be as efficient as dexamethasone, an
anti-inflammatory used in clinical practice. Furthermore,
the investigation of the other derivatives, in in vivo models
of inflammation, deserves to be expanded.
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Supplementary Information

Supplementary information about the compounds
spectrum data (Figures S1-S35) are available free of charge
at http://jbcs.sbq.org.br as PDF file.
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ABSTRACT
Multiple sclerosis is a chronic inflammatory
autoimmune disease of the central nervous system,
characterized by mononuclear cell infiltration, axon
demyelination and gliosis in the myelin sheath, with

formation of multiple plaques. It affects individuals
aged between 25 and 50 years old, female and
residents of higher latitudes. The etiology of
multiple sclerosis is multifactorial and not fully
understood: however. the influence of genetic
predisposition and environmental factors on
immune dysregulation is recognized. The
pathophysiology of the disease is mediated by self-
reactive T lymphocytes that respond to autoantigens
from the central nervous system. The emergence of
multifocal regions of demyelination. axonal loss,
loss of oligodendrocytes and astroglial scarring
result in impaired neurological function, leading to
neurodegeneration. Although there is still no cure
for multiple sclerosis, scientific research has
provided great advances in therapeutic strategies.
Currently there are approaches to attenuate specific
signs and symptoms, drugs to control disease
relapses and treatments designed to modify or delay
the course of multiple sclerosis. Although these
drugs show promising effects, they are ineffective
in curing the patient. In addition. they present a
fundamental problem. which is the non-selective
action on the cells of the immune system. which
triggers serious side effects. Considering the
limitations of studies in humans due to the difficulty
of accessing the affected tissues, the use of
experimental models that simulate the singularities
of multiple sclerosis is a key element for the study
of the pathogenesis of inflammation and therapeutic
altemnatives. Experimental autoimmune
encephalomyelitis, an animal model that presents
several similarities with pathophysiological.
histological and clinical aspects of multiple
sclerosis, is the most used model for these studies.
Therefore, in this chapter, the aim was to review the
historical context, definition, etiology.
pathophysiology. clinical manifestations. diagnosis
and treatment of multiple sclerosis and. at the same
time, address aspects of the timeline, induction, the
evolutionary course and the immunopathogenesis
of the most studied model for the investigation of
the nuances of multiple sclerosis, correlating the
similarities and differences between both.

Ioevwordss Multiple  sclerosis,  experimental
autoimmune encephalomyelitis. neural
degeneration, revision.
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Multiple sclerosis was first reported in the year 1200 in an Icelandic woman and in 5t Lidwina
of Schiedam (1380-1433). Other accounts reveal the daily struggle Brifish writer W. N. P. Barbellion
(1889-1919) with the clinical manifestations of the disease (LANDTBLOM et al.. 2010). Some writers
such as Charles Dickens used fictional characters to document nevroinflammmatory disorders in their
novels (BRAIN, 1955; PETZ0LD. 2013). In 1866, a senies of coherent articles on La sclerose en plates
was published by Jean Martin Charcot, considered the father of newrology at the La Salpétriére hospital
in Paris. Charcot elaborated presuppositions about the pathophysiology of the disease. correlating it
with the clinic. thus contributing to the creation of the first diagnostic criterion of multiple sclerosis,
named Charcot's triad consisting of nystagnmus (inveluntary, rhythmic and repetitive ocular
oscillations of one or both eves). ataxia (lack of coordmation of movements of different parts of the
bodv) and dvsarthna (difficulty in articulating speech). Pierre Marie, Charcot's successor, suggested in
1884 the infectious etiology of multiple sclerosis, which fo this day is the most acceptable (MILO;
MILLER. 2014).

Multiple sclerosis is a chronic inflammatory autoimmune disease of the central nervous system,
characterized by infiltration of mononuclear cells. demvelination of the axon and ghosis in the myelin
sheath. with formation of multiple plagues (MILO; MILLER_ 2014). Such destruction of the myelin
sheath of the axons produces a blockage of the electrical impulse to the target cells, resulting in a wide
spectrum of clinical manifestations, ranging from speech disorders to total paralysis (GOVERMAN,
2009). The pathophysiclogy of the disease is mediated by self-reactive T Iymphocytes that respond to
cenfral nervous system autoantigens. The emergence of mmitifocal regions of demyelination, axonal
loss, loss of oligodendrocytes and astroglial scars result in deficit of neurological function, leading to
a neurodegenerative process (FONTES e al, 2014; DIAS e ol 2014 DENDROU: FUGGEE,
FRIESE. 2015; KIPP ef al, 2017, FONTES ef al., 2017; MCGINLEY ef al., 2018). The disease is
characterized by periods of relapse and remission in some people, while a progressive patfernis noticed
in others, impairing the quality of life of those affected. because the crises gradually compromuse the
neurclogical capacity of the sick (MILO; MILLER. 2014). In the scienfific literature it 1s recogmzed
that multiple sclerosis wsually affects a profile of individuals aged between 25 to 50 vears of age
(although it can occur at all ages), female sex and residents of areas far from the equator (PEREIRA af
al.. 2015).

Recent data from the 2020 Atlas of Multiple Sclerosis. prepared by the International Federation
of Multiple Sclerosis with the World Health Organization (WHO), showed that the prevalence of the
disease 1s mcreasing worldwide, reaching 2.8 million in 2020. with a global prevalence of 35.9 per
100,000 people. This aspect points to the challenges faced by the sick. such as access to diagnosis and
treatment. The prevalence of multiple sclerosis is related to geographic distribution. according to a
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meta-analysis by Simpson et al. (2019), confirming that increased prevalence of the disease is siill
strongly associated with increased latitude. As for the prevalence of multiple sclerosis by region of the
world. between 2013 and 2020 an increase of 87% was observed in the Americas. 59% inAfrica, 58%
in Southeast Asia. 38% in the Eastern Mediterranean 32% in the Western Pacific and 32% in Europe.
FEurope continues to be the region with the highest incidence (per 100,000 people/vear), reaching the
value of 6.8, while the Americas register 4.8 and Southeast Asia and Affica have incidence rates of 0.4
{ASCHERIO: MUNGER. 2016; BLOZIE ¢t al.. 2017 COETZEE: Thompson, 2020: WALTON efal .
2020). Brazil, in turn, has an average prevalence of §.69/100,000 inhabitants and. as in the world, the
prevalence varies according to the region of residence of the patient, being lower in the Northeast (1.36
per 100 thousand inhabitants) and higher in the South (27.2 per 100 thousand inhabitants), confirming
the relationship between multiple sclerosis and latitude (PEREIRA af al . 2013).

The disease usually occurs in voung individuals and is more common in females. Global reports
indicate that mmltiple sclerosis is more frequent in women and in some countries the ratio is four
women to one man (COETZEE; Thompson, 2020; WALTON ef al., 2020). In a svstematic review of
28 epidemiological studies from 1955 to 2000, an increase in the incidence of multiple sclerosis in the
female/male ratio was found to be increased from 1.4 to 2.3 (ALONSO; I—IERNAN._ 2008) and.
subsequently, a svstematic review with meta-analysis also suggested the increased incidence of the
disease in women (KOCH-HENRIKSEN; Serensen 2010). This difference in the imncidence of the
disease between genders still has an unknown cause. It is suggested that hormonal factors may be
related to this female predisposition to the disease (ABREU et al, 2012).

The etiology of nwltiple sclerosis is multifactorial and not fully clarfied (ZAGON:
MCLAUGHLIN, 2017). however, the influence of genetic predisposition and environmental factors
on the imnnme dysregulation verified in the pathogenesis of the disease is recognized (ABREU ar al .,
2012: WAUBANT et al,, 2019). Therefore, 1t is impossible to estimate the nisk of developing the
disease based on genetic susceptibility alone (MUNGER ef al., 2008).

The genetic component of multiple sclerosis results from the action of common allelic variants
in many genes and the emerging contribution of rare variants. thus involving a complex network of
molecular and finctional interactions. Recently. considerable progress has been made in understanding
the genetic basis of susceptibility to mmultiple sclerosis. Thus, to date. using genome-wide association
screens (GWAS), which incorporate large matrices of single mucleotide polymorplisms (SNPs) spread
throughout the genome. more than 200 common risk variants located in diverse genomic regions have
been identified. (DENDROU:; FUGGER: FRIESE, 2015;: ANDLAUER et al.. 2016; DARGATI ef al
2017; NOURBAKHSH: MOWEY. 2019). Some loci may be related to early pathogenic events, while
others may influence the development and progression of the disease. The class II major
histocompatibility complex (MHC) was the first focus of susceptibility to nmltiple sclerosis to be
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identified and has several independent susceptibility variants (MOUTSIANAS ef al, 2015), with the
genetic factor with the strongest link with multiple sclerosis being the HLA-DRBI*15:0] haplonpe
(CANTO: OKSENBERG, 2018; WAUBANT e&f al, 2019). In twin studies. the genetic influence is
clearly observed, with the concordance rate for multiple sclerosis in monozygotic twins being 30%. in
contrast to 5% for dizygotic twins. With regard to the degree of kinship. the sk of mulfiple sclerosis
in first-degree relatives is about 1 in 40. being 20 times higher than in the general population. For
second-degree relatives. the risk is 1 in 100. that is. about 10 times higher than in the general population
(WILLER & al., 2003).

Regarding environmental nsk factors. we can include smoking. obesity. previous contact with
the Epstein-Barr virus and vitanun D) deficiency. frequently noted in populations of regions with low
solar mcidence, an aspect that explams the correlation between mmltiple sclerosss and latitude
{ASCHERIO: MUNGER. 2016; CORREALE: FAREZ, 2015; NEW; BATISTA 2017. FERRE et al..
2018; Simpson ef al, 2019; JAKIMOVSKI ef al. 2019; WAUBANT ef al.. 2019; Sellid. 2022).

The imnmunopathogenesis of multiple sclerosis involves the activation of T and B Iymphocytes
that act against central nervous system anfigens, leading to progressive axonal loss, brain atrophy, and
neurological and cognitive impairment (BIERHANSL ef al, 2022). In multiple sclerosis several
defects have been identified in the mechanisms of self-tolerance. Failure in the so-called central
tolerance mechanisms occurs in the thymus for T cells and in the bone marrow for B cells (DENDROU:
FUGGER; FRIESE. 2015). In central tolerance, a dysfunction of the thymic production of antigen-
specific T cells was observed, with alterations in the receptors of T cells, favoring autoimmune
reactions (WUCHERPFENNIG et al., 2000; YIN et al., 2011), in addition io being nofed a prematire
involution of the thymus resuifing i the reduced export aof virgin regulatory T cells, the fully
suppressing regulatory T clone (HAAS et al . 2007). In peripheral tolerance the failure 15 linked to co-
stimulatory molecules and to transcriptional and epigenetic mechanisms (GONSETTE, 2012).

Consequently, self~reactive cells that escape central tolerance can be activated in peripheral
Iymphoid organs by autoantigens that present molecular mimicry with some proteins characteristic of
the central nervous system, such as myelin proteins (DENDROU: FUGGER; FRIESE, 2015). The
basic protein of myelin (MBP). the proteolipid protein (PLP) and the glycoprotein of oligodendrocyte
myelin (MOG) are studied as candidates for target autoantigens of Iymphocyte reactivity verified in
the immmunogenesis of nmltiple sclerosis (HELLINGS ef al.. 2001).

Once activated, virgin CD4+ T cells undergo differentiation info subtyvpe 1 (Thl) and subtype
17 (Thl7) helper T cells that secrete inflammation mediators such as interferon-y (IFN-y) and
interleukin-17 (IL-17), respectively. During the activation process. anfigen-presenting cells and T cells
produce substances that modulate the immune response. Thl-profile mmmune responses are
commanded by interleukin-12 {TL-12). IFN-y. and interleukin-18 (IL-18). while Thl 7-profile immune
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responses are mediated by transformung growth factor-p (TGF-B). inteleucine-1p (IL-15). mterleukin-
6 (IL-6). and interlenkan-23 (TL-23). Activated self-reactive T lymphocytes also have an increased
ability to cross the blood-brain barrier due to their high expression of mediators. such as chemokine
receptors, adhesion molecules. integrins and cytokines (DENDROU; FUGGER: FRIESE, 2015;
MILOVANOVIC ef al, 2020). Although some cells can cross the blood-brain barmer mtact, access to
the cenfral nervous system by activated helper T cells occurs only after the blood-brain barrier has
been disrupted. The entry of cells is facilitated by some molecules such as mtercellular adhesion
molecule-1  (ICAM-1), wascular cell adhesion molecule-1 (VCAM-1), E-selectin  and
metalloprotemnase-9 (MMP-9) (PICCIO &f al. 2002). Cenfral nervous system homeostasis is
maimntained primanly by controlling cell traffic across the blood-brain barmer Therefore, the
importance of the blood-brain barrier in the early pathogenesis of imflammation of the central nervous
system 15 revealed. an aspect further corroborated by the fact that its endothelial cells induce the
differentiation of CD209 dendrific cells and. subsequentlv. secrete interleukin-12p70 (IL-12p70), TGE-
P and 1T -6. thus providing the differentiation of virgin cells into effector cells of Thl or Thl7 profile
(IFERGAN ef al., 2008). It 1s assumed that an aufoimmune response that causes overexpression of
inflammation mediators in sick individuals, such as interlenkin-1 (11-1), interlenkin-2 (TL-2),
interleukin-3 (IL-3), IFN-y, TNF-o and tumor necrosis factor-p (TNF-8), induces the expression of
specific molecules in the membrane of central nervous system cells and activates the phagocytic
fimction of microglia cells. as we will see below (REEZENDE; ARRUDA 1998) It is also worth noting
that in addition to CD4~+ T cells, CD8+ T cells predominate and proliferate in the central nervous
system, exhibiting a relevant role in myvelin and oligodendrocyte injury, due to the interaction with
MHC class I present in oligodendrocytes, neural bodies and axons (VIEGAS, 2009). In addition, it is
known that patients with multiple sclerosis, especially in relapses, have a large mumber of cytotoxic
molecules, such as perforin. expressed by CD8+ T cells (FRISULLO er al | 2011).

Thl and Thl7 profile effector cells enter the central nervous system and are reactivated and
expanded by the cytokines IT-1f I1-12. TT.-6 and I1.-23 produced by the resident microglia and
infiltrating monocytes. The degradation of the myelin sheath releases fragments that. in tum are
presented by antigen-presenting cells (APCs) residing in the central nervous system and reactivate
CD4d+ T cells. resulting mn the release of pro-inflammatory cytokines and chemolanes. Among the
mediators of inflammation secreted, IFN-v stands out. responsible for the recruitment of CD8+ cells,
B lymphocytes and monocytes. leukocytes that also leave the lvmph nodes. cross the blood-brain
barrier and penetrate the central nervous system. CD8+ cells attack the oligodendrocyies that
synthesize myelin, thereby exacerbating newronal damage The activation of B Ivmphocytes by
costinmilation of T lymphocytes promotes, in fum, the production of autoantibodies related fo even
more intense damage fo the mvelin sheath and axon Microglia ultimately phagocytize the myelin
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sheath and release pro-inflammatory cytokines that increase the local immune response. The
progression of multiple sclerosis is characterized, therefore, by infiltration of T and B cells, astrogliosis
and microgliosis, processes that contribute to structural and functional changes of the nervous system
(LASSMANN, 2018: REDFERN, 2021).

In the imnwme dysregulation of multiple sclerosis. Thl7 profile effector cells are attributed a
high pathogenic potential in relation to Thi profile effector cells due to some peculianities of the Th17
subtype such as: greater proliferative capacity, reduced susceptibility fo suppression. greater plasticity
of function, expression of a melanoma cell adhesion molecule (MCAM) or CDI146 and greater
efficiency in migration by the blood-brain barrier (PASSOS et al . 2016; BUTCHER: ZHU, 2018)
through the secretion of inflammation mediators, such as IL-17, with the ability to damage the integrity
of the blood-brain barrier and, consequently, stimulate the migration of cells to the central nervous
system (CHENG; CHEN, 2014).

The pathophysiological process of microglial acfivation in nmltiple sclerosis is known fo
induce several phenotypic modifications. Depending on activation, microglia mayv plav a role in the
destruction of nerve tissue by the pro-inflammatory M1 phenotype at the onset of multiple sclerosis or
tissue repair by the M2 phenotype in later remission of the disease. In response to IFN-y released by
Thl profile effector cells, the M1 phenotype increases the expression of class II MHC, becomes an
antigen-presenting cell, and releases pro-inflammatory cytokines such as IT-10, IL-6, IL-23, and tumor
necrosis factor-o (TNF-o) (EYRAN ef al. 2018). The M1 phenotype is found primanly in the
aggressive and progressive forms of multiple sclerosis and has been histopathologically associated
with axonal damage and cortical atrophy in these patients (LASSMANN, 2017, ZETTERBERG. 2017;
MASVEEAR e al. 2018). The M2 phenotype also presents a phagocytic phenotype and triggers anfi-
inflammatory responses through the release of interleukin-10 (IL-10) and TGF-§ (FILIPPL ROCCA.
2020: BAR-OFR: LT 2021).

Multiple sclerosis presents variables that reflect pathways to tissue damage (TOBORE, 2021}
Inflammation. demvelination and degeneration of axons are changes caused by the main friggenng
mechanisms of the disease (COMPSTON. COLES, 2008). About 5-10% of the saltatory propagation
along the axon is compromised by demyelination. This occurs due to the reduction of internal sodium
channels. which constitutes the physiological basis of most of the clinical manifestations of the disease
(SCOLDING: FRANELIN, 1998). For more than a century. neurodegeneration. that 1s. axonal and/or
neuronal damage, has been reported as a component of multiple sclerosis (CHARCOT, 1886), and the
identification of neurons. glial cells and mvelin patterns in nmltiple sclerosis and experimental models
of the disease is fundamental (VIEGAS. 2009).

In multiple sclerosis, axonal degeneration and destruction of the myvelin sheath are responsible
for several scattered lesions in the central nervous system, with a predilection for optic nerves. spinal
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cord and periventricular white matter (KLEFBECEK: NEDJAD, 2003). These lesions spread in fime
and space, resulting in nevrological deficits of variable course (UNPHRED, 2004). The mitial lesions
in the human brain with the disease are charactenized by swelling. vacuolization. fragmentation and
separation of myelin from the axon. large mnflux of microglia and macrophages. which are responsible
for the enzymatic degradation of myelin, phagocytosis and apoptosis of oligodendrocytes. Some areas
have increased inflammatory activity, active destmiction of myelin, remyelination and proliferation of
oligodendrocytes from precursor cells; axons. at first. show nimmal lesions, but in the long term. they
are destroved (FRANKLIN: FFRENCH-CONSTANT, 2008). The demyvelination plague in any region
of the white matier of the ceniral nervous system is the fundamental lesion presenting variable
extension This plaque has clear characteristics on fresh examination, such as a firm elastic consistency
and pink color at the beginning of the disease and, later, grayish, being close to the ventricular surfaces
and, in general, limited by the corpus callosum and candate miclens, in the dorsolateral region (LOPES
et al | 1987). Multiple sclerosis has specific components of the lesion that include inflammation of the
blood-brain barnier, demyelination after direct destruction of myvelin and/or oligodendrocytes, axonal
damage. corfical involvement, remyelination, and gliosis. These factors can be observed depending on
the phase or clinical stage of the lesion. since classically the active lesions imply in some degree of
active damage of the myelin identified by the presence of its digestion by macrophages (BRUCK ef
al., 1995). The presence of multifocal inflammatory infiltrates (T cells. B cells and macrophages) in
the cenfral nervous system is another listopathological marker associated with the degradation of
mvelin, oligodendrocytes and axons, as well as reactive astrogliosis and microglia activation
(FROHMAN: RACKE: RAINE, 2006, MUNGER. af al.. 2006).

Depending on the affected area of the central nervous system nmitiple sclerosis may appear as
episodic seirures of as a continuous progression (DUFFY: LEES; MOATEM-TAYL.OR of al, 2014),
affecting mental health and giving rise to nmsculoskeletal disorders that contribute to the reduction of
the quality of life of people affected by the disease (LO &f gl . 2021). The clinical manifestations of
nmltiple sclerosis involve cognitive changes, signs and svmptoms of pyramidal syndrome (weakness,
spasticity, umlateral or bilateral clonus, hyperreflexia and Babinski's sign), cerebellar dysfunctions
with impaired balance and motor coordination sensory changes such as paresthesia (fingling or
numbness) accompanied or not by superficial and deep hypoesthesia in one or more limbs, paroxysmal
signs and symptoms (dyvsarthria, ataxia, dysclonus or tomc spasms and paroxysmal pains such as
trigeminal newralgia), visual disturbances (reduced visual acuiry, diplopia and scotomas), psvchiatric
disorders, sphincter involvement (with urinary and’or fecal mconfinence or retention) and sexual
dysfunction (OLIVEIRA: SOUZA 1998).

Multiple sclerosis is associated with vaned evolutionary courses. Currently, four forms of
presentation of the disease are considered, also known as types or phenotypes, according to the
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classification postulated by the migrnational Advisory Committee on Clinical Irials of Mutiple
Sclerasis in 2013, Clinically isolated syndrome (CIS) results from inflammation and demyvelination in
the central nervous system and represents the first episode of neurological clinical manifestations
lasting at least 24 hours. The relapsing-remitting phenotype (RR) is characterized by episodes of
neurological dysfunction followed by parfial or complete remission The secondary-progressive
phenotype (SP) follows the initial course of the BR type, but is characterized by a progressive
worsening of disability over time. In the primary-progressive phenotype (PP), finally, progressive
worsening occurs from the beginning of multiple sclerosis, without relapses. The RR. SP and PP forms
may present four variants according to inflammatory activity or disabilifty progression” non-
progressive/non-active, non-progressive/active, progressive/non-active, progressive/active. Although
not considered a nultiple sclerosis phenotype, radiologically isolated syndrome (RIS) has been used
to classify individuals with abnormalities on magnetic resonance imaging of the bram and/or spinal
cord consistent with nmitiple sclerosis lesions that are not explained by another diagnosis and that do
not present current or past neurological signs and svmptoms or abnormalities found on neurclogical
examination (LUBLIN ef al.. 2014). Not infrequently. these individuals indergo magnetic resonance
imaging because of random complaints and lesions similar to those observed in multiple sclerosis are
found vnpretentionsly. The study by LEBRUN-FEENAY ef al. (2020) showed that just over half of
people with RIS develop multiple sclerosis within ten vears, which reveals the indispensability of
health professionals not to neglect suspicious findings.

Currently, there is no specific diagnostic test for multiple sclerosis. Although MRI scans of the
brain and spinal cord and cerebrospinal fluid analysis can help, diagnosis is still based on clinical
criteria (ARRAMBIDE er al.. 201%; SOLOMON er al.. 2019; SATAZAR eral.. 2022). This occurs
because the disease is heterogeneous in terms of clinical manifestations. course and progression of
disability. In most cases, after an initial phase characterized by reversible episodes of neurological
dysfunction. clinical disability and cognitive impairment become imeversible. The diagnosis of
multiple sclerosis requires a careful exclusion of alternative diagnoses and a demonstration of a
pathological process of dissemination in space and time (THOMPSON e al | 2018).

The diagnosis of multiple sclerosis can be made using McDonald's criteria. The first set of
criteria was published in 2001 by a team led by Professor Ian McDonald (MCDONALD er al | 2001).
They have been extensively reviewed, the most recent version being published in 2017 (THOMPSON
ef al., 2018). The most current reviews did not change the diagnosis of mmltiple sclerosis, but made it
possible for the diagnosis to be made early in the course of the disease. This allows the patient to have
access to appropriafe treatment early. The main requirement for the diagnosis of multiple sclerosis is
evidence of damage to the central nervous system that spreads in time and space. This means showing
that the injury occurred on different dates (Dissemination in time or DIT) and in different parts
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(Dissenuination in space or DIS), thus favoring the distinction of the disease from other neurological
conditions. The McDonald cniteria use MEI evidence and suggest that this imaging test be performed
by all individuals with suspected multiple sclerosis. The lesions can be found even in oligosymptomatic
or asymptomatic people, a characteristic that is evidence of DIS. The presence of oligoclonal bands in
the cerebrospinal fluid is also a great marker for multiple sclerosis. as it evidences previous activity of
the disease and thus can be used as evidence of DIT (THOMPSON ef ai.. 2018; HARTUNG et al.,
2019; ARFAMBIDE et al . 2019). In patients with multiple sclerosis. an increase in antibodies,
especially immunoglobulin G (IgG). antibodies agamnst oligodendrocyte and nivelin glycoproteins. and
activated complement components was evidenced in the cerebrospinal fluid (LALIVE er al., 2006;
LUCCHINETTI et .. 2000; LUTTEROTTI; BERGER: REINDL. 2007).

Although there is still no cure for multiple sclerosis, scientific research has provided major
advances in therapeutic strategies. Currently there are attenuating approaches to specific signs and
symptoms, drugs for the control of disease relapses. and treatments designed to modify or slow the
course of mmltiple sclerosis. Dmigs capable of altering the course of nmltiple sclerosis are called
disease-modifying therapies (DMTs) (FILIPPI: ROCCA, 2020). Even with the comect use of
medications. not all patients are responsive, considering the heterogeneify of the disease Despite
progress in freatment, the rate of progressive disability and early mortalify is still womsome
(GHOLAMZAD er al | 2018; HAUISER: CREE, 2020). In addition adverse effects and high cost are
limiting factors. In Brazil, a study conducted with patients with nmltiple sclerosis, was determined an
estimate of total average anmual cost of R § 33.872.00 per patient (KOBELT e al., 2019). Other sources
show that, in Brazil. the treatment of nmiltiple sclerosis conditions an average annual expenditure of
approximately 38 thousand reais per patient. Depending on the severity of the disease and the
perspective adopted, however. the costs can vary from 6500 reais to 157 thousand reais (SILVA er al |
2016). Spending on disease-modifying therapies for the treatment of nwiltiple sclerosis ranked in 2014
and 2015 the eighth place of highest drug expenditures in the United States of America (USA),
according to the report published by the Quinfiles IMS Institute in 2015 (AITEEN ef al | 2016). Thus,
1t 1s essential to prospect for effective and clinically and econonucally viable therapeutic alternatives.

The management of multiple sclerosis can be complex and involve pharmacological and non-
pharmacological conducts, requining a coordinated action by a multidisciplinary health team (BRASIL,
2021). Climical improvement, mcreased functional capacity, reduction of comorbidifies and attenuation
of clinical manifestations are the goals of dmg treatment. Glucocorticoids are used in the management
of relapses and show short-term clinical benefit by reducing the intensity and duration of acute episodes
(GATOFATTO; BENEDETTL 2013). In the last two decades. the emergence of drugs active in
reducing outbreaks and'or disease progression the so-called immunomodulators and

immunosuppressants, in fum, represented a significant evolution in the treatment of nmltiple sclerosis
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(BEASIL. 2021). In the course of the disease, modifving therapies promote the decrease of circulating
immunogenic cells, the suppression of their adhesion to the epithelinm and, consequently. the reduction
of their migration to the parenchyma and the resulting inflammatory response (TABANSKEY et al .
2015). Among the dmgs vsed and approved by the National Health Surveillance Agency (ANVISA)
for use in Brazil uofil Apnl 2020, contained in the Clinical Protocol and Therapeutic Guidelines
(PCDT) of multiple sclerosis, we find teriflumomide. dimethyl fiumarate, fingolimod, natalizumab,
interferon beta and glatiramer acetate (BRASIL, 2021).

Teriflunomide is the drug indicated as the first option for the treatment of patients with mmltiple
sclerosis BR phenotvpe. It 15 an immunomodulator with anti-inflammatory properties and promoter of
selective and reversible inhibition of the mitochondrial enzyme dihvdro-orotate dehydrogenase. This
enzyme occupies the fourth position of the pyrimidine biosynthetic pathway, consequently cansing the
inhibifion of new synthesis of certain substances and a subsequent cvtostatic effect on the proliferation
of T lymphocytes (GENZYME A SANOFI COMPANY. 2016; KLOTZ ef ai., 2019). However, in
patients with nmltiple sclerosis, the exact mechanism of action for therapeutic effects is still unknown
and evidence suggests that it involves a reduction in the number of activated lymphocvtes capable of
migrating to the central nervous system (BRASIL, 2017: GENZYME A SANOFI COMPANY. 2014).
The choice of teriflunomide for the treatment of patients with nltiple sclerosis ER phenotype was
based on evidence of the safety and efficacy of teriflunomide compared to current first-line therapeutic
options for this clinical presentation of the disease. According to the recommendation report of the
National Commission for the Incorporation of Technologies in the Unified Health System {CONITEC),
no significant differences were found regarding efficacy and safety befween teriflumomide and
interferons-beta or glatiramer acetate (SPENCER. er al . 2015). Treatment with terifhmomide can lead
to adverse reactions such as headache diarthea nausea. alopecia, changes in the value of systemic
blood pressure, decrease in leukocytes, elevation of liver enzymes, in addition to contnbuting to the
worsening of pre-existing diseases such as inferstitial lung disease (BRAZIL, 2017; GENZYME A
SANOFI COMPANY. 2016).

Dimethyl fumarate 15 a first-line dmg for the treatment of nwmltiple sclerosis and has a
mechanism of action that 15 not fully vnderstood. Its clinical efficacy has been mainly attributed to a
modulating effect on T cells. dimethyl fumarate was found fo mitigate the number of circulating T
cells, with a disproportionate reduction of the CD8+ subsei. Corroborating these direct effects on
circulating T cells, smdies indicate that dimethy]l fumarate contributes to the reduction of the pro-
inflammatory activity of antigen-presenting cells, such as monocytes and dendrnitic cells (KORNBERG
et al., 2018; SCHULZE-TOPPHOTT et al., 2016). The treatment done with Fumarate of methyl can
lead to flushing and gastrointestinal events with an incidence = 10%, in addifion to other reactions
with an incidence between 1% and 10 %, such as lenkopenia, Iymphopenta, burning sensation, hot
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flash vomifing, gastrifis. iiching. Protemmunia  and increased  aminotransferases (BARBUGIANL
2015; BRAZIT. 2017).

The acetate of  Glatiramer  is a first-line drug in the treatment of multiple sclerosis R
phenotype and exerts an action  immmmomodulatory  and  newroprotective. It 1s known that
treatment with acetate of  Glatiramer  induces an increase in the levels of  cytokines  with
activity  anti-inflammatory drogs such as interleukin-4 (IL-4), IL-10 and TGF-B, in addition to a
reduction in the levels of TNF-a. whose activity is  pro-inflammatory (RACKE; LOVETT-RACEKEE,
2011). Treatment with acetate of Glatiramer may lead fo adverse events such as flu, infection,
anxiety, depression, vasodilation. dyspnoea. nausea, Rash  cutaneous arthralgia back pain. asthenia
and chest pain with an incidence = 10%. Among the effects whose incidence is around 1% and 10%.
Found: weight gain, tremors, eye disorders. palpitations. tachycardia, vomiting, slan disorders, chills,
edema of the face and vaginal candidiasis (BRAZIL. 2017 TEVA. 2014).

Interferons are cytokines with antiproli ferative, immunomodulatory and antiviral fimctions that
are categorized into 3 classes: type 1 (o and B). type 2 (y) and type 3 (1) (KNUTH er al.. 2019). Type
1 interferons can be produced by dendritic cells, such as IFIN-a. and also by fibroblasts, such as IFN-
(REDEE. FENG, 2014). Beta interferons are included in first-line drugs for the treatment of nmltiple
sclerosis RR. phenotype, and are made available by the Brazilian Unified Health System (SUS),
mchuding interferon-fi-1a (IFIN-B-1a) and interferon-p-1b (IFIN-B-1b) (BRASIL. 2021). The use of
interferons can lead to side effects such as flu-like syondrome (accompanied by fever, chills, mvalgia,
indisposition), psychic disorders. headache. abdominal pain. urinary incontinence, menstrual changes,
tash and even reaction at the injection site (BAYER, 2016 BIOGEN, 2017). The monthly cost of
treatment per person ranges from R$3.660.00 to R$4.472.00 (GANDEA, 2019).

MNatalizumab is a humanized monoclonal antibody, immunoglobulin G4 (1gG4), which acts by
preventing the migration of cells across the blood-brain barrier by binding to integnin alpha 4 beta 1
(VLA-4) present in lymphocvtes. This process prevents interaction with the adhesion molecule
VCAM-1 expressed by the vascular endothelmm (ELICES ef al , 1990). Therefore, the natalizumab
acts as a selective inhibitor of Iymphocyte migration across the bamier hematoencephalic (HORGA:
TINTORE. 2011). being usually prescribed in case of therapeutic failure or associated toxicity
(intolerance, hypersensitivity or other side effect) to first- and second-line drugs in patients with
multiple sclerosis RR phenotype. In addition. this dmig becomes the first treatment option in multiple
sclerosis RR phenotype in sifuafions where the disease is in high activity (ENGELHARDT. KAPPOS,
2008). The use of the drug natalizmmab may cause adverse reactions such as navsea, urticaria,
dizziness, headache, stiffness associated with infisions, arthralgia, fatigue, gastroenteritis, vaginitis,
depression. abdominal discomfort, and diarrhea. Such effects have an incidence = 10% in patients who
use the dmg Liver damage and hyperbilirubinermia are also described in the scientific literature and
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monthly monitoring of the patient's blood count is necessary due to serious reported cases of hemolytic
anemia (BIOGEN, 2018).

Fingolimod is a synthefic structural analogue of sphingosine 1-phosphate (SOBIERA, 2010).
Highly lipophilic. fingolimod 15 a prodrog metabolized s vivo by the action of the enzyme sphingosine
kinase on the active metabolite fingolimod-phosphate. a non-selective modulator of sphingosine 1-
phosphate receptors. The reduction in inflammatory activity and mvelin-specific autoimnmne
responses that occur with the use of fingolimod are cansed by blocking the migration of T Iymphocytes
from Iymph nodes to the central nervous system (NOVARTIS, 2015; VOLPI ef al., 2019). Treatment
with  fingolimod  may progress with infections, macular cedema. and fransient atnoventncular
blocks. Among the adverse reactions with an incidence = 10%, we find headache, increased liver
enzymes, diarthea, cough, flu-like syndromes and back pain (NOVARTIS, 2015). Given the numerous
side effects caused by synthetic drgs currently used for multiple sclerosis. the need to investigate new
natural alternative medicines (MOJAVERROSTAMI is highlighted) .. 2018).

Although the aforementioned dmgs show promising effects in the treatment of mmultiple
sclerosis, they are ineffective in curing the patient. In addition. they present a fundamental problem,
which is the non-selective action on the cells of the immmne systen. which triggers serious side effects
such as progressive multifactonal leukoencephalopathy, skin rashes, increased rates of infections and
ulcers. m addition to the treatment having long doration and high costs. For patients affected by
multiple sclerosis. these variables lead to low adherence to treatment (JONES:; COLES, 2010;
PLATTEN:; STEINMAN, 2008). Thus. the prospection of effective therapeutic altematives with fewer
adverse effects and less costs is necessary.

Considering the limitations of lmman smdies due to the difficulty of access to the affected
tissues and the rare performance of autopsies, the use of experimental models that sinmlate the
singularities of multiple sclerosis, in this sense, is a key piece for the study of the pathogenesis of
wflammation and avfoinumune diseases of the central nervous system (MCGINLEY ef al, 2018;
MILOVANOVIC ar al , 2020; BIRMPILI ef al., 2022). Experimental models of multiple sclerosis can
be mduced by autoimnmnity (such as experimental autoimmune encephalomvelitis, the most studied
prototype), viral infections, or exposure to toxins, and although they have advantages and
disadvantages. none fully replicate the stages of the disease (BJELOBABA et al.. 2018). Specifically,
experimental autoimmune encephaloniyelitis. an animal model that presents several similanities with
pathophysiological histological and clinical aspects of multiple sclerosis, is induced via active
immunization or adoptive transfer of reactive CD4+ T cells against myelin According to the type of
animal used and the matenal chosen for induction. there are different variations of the expennmental
autoimmune encephalomyelitis model (ROBINSON af al, 2014; KIPP & al, 2017, GLATIGNY,
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BETTELLL 2018). in an attempt to reproduce, in animals, the changes observed in multiple sclerosis
in humans (SLOANE: LEDEBOER. 2009).

Most often. the study of the pathogenesis and treatment of diseases initially involves in vitro
assays, and affer a screening, the best molecules are fransferred to the in vivo scale. Therefore, animals
are the beginning for investigations of pharmacological mechanisms of action. Some studies resulting
from the process in question have already provided important information related to physiology,
immmunology, cancer cure, Alrheimer's, acquired immunodeficiency svndrome (AIDS) and others
(PEREIRA ar al.. 2020). In 1933, there was the description of the first model of autoimnmne response
from immunization with myelin of the central nervous system by Thomas Rivers (EPPS, 2005), who
used repeated injections of rabbit brain extract in rhesus monkevs. This event boosted the reproduction
of histopathological changes and clinical manifestations similar to those identified in multiple sclerosis
in experimental models induced by the transfer of sensitized T lvmphocytes or through active
immumzation with whole myelin proteins. myelin epitopes or fusion proteins (BATOULIS &f al . 2011;
BERNARD ef al., 1997; LININGTON et al., 1992). antigens normally emulsified in adjuvant. such
as Freund's Complete Adjuvant (CTA) and Frevnd's Incomplete Adjuvant (IFA) (BATOULIS et al .,
2011). Thus, the experimental autoimmme encephalomyelitis model was consolidated. Inflammation
in the central nervous system. demyelination of neurons. and motor changes that are present in nmltiple
sclerosis are observed in this prototype of the disease (AL-OMAISHI; BASHIR. Gendelman. 1999,
BAXTEE. 2007), an aspect that proves the effectiveness of the referred model for the evaluation of
the therapeutic potential of new drugs (SLOANE: Ledeboer. 2000; OLECHOWSEI et al. 2010).

Normally, in the experimental model stinmlated by active immunization the subsequent
process involves an mduction phase. in which activation of CD4+ T cells specific for the myelin
epitope occurs after imnminization, and an effector phase, with several stages: (1) migration of moyvelin-
specific T cells to the central nervous system; (2) production of cviokines and chemokines by myelin-
specific T cells; (3) activation of peripheral monocytes/macrophages and resident microglial cells of
the central nervous svstem by inflammation mediators secreted by orvelin-specific T cells: (4)
demyelination of axenal fracts of the cenfral nervous system via phagocytic activity of activated
mononuclear cells and cytotoxic effects of inflammation mediators secrefed by myelin-specific T cells
and monocytes, such as IFN-y, TNF-a, TNF-B. IL-17 and nitric oxide (NO) (MILLER; EARPUIS;
Davidson. 2007). In parallel in the expenimental model by adoptive transfer, the effector phase is
modulared and there is no induction phase, since there is introduction of previously activated myelin-
specific T cells in a healthy animal (MITTFR: KARPUS; Davidson, 2007).

The popularity of the experimental aufoimmune encephalomyelitis model for the study of
multiple sclerosis presents clear reasons: (1) this is the first animal model for this purpose; (23 it is
easily induced in many species (as in the syngenic mouse strains C37BL/6. SIL/T and PLT); (3) the
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appearance of clinical manifestations, such as paralysis and loss of tail tone (in rodents), has been
reported in several studies; (4) MBPE an imporiant autoanfigen vsed in the induction of the model, is
easy to extract and purify, besides bemng abundant in the nervous tissue and having a small size (the
molecular weight is approximately 17 kDa i munne products). allowing the identification of critical
determinants (SILVA; OF PAULA: FERREIR A 2008; YANG, 2003).

The animals used to obtain the experimental model include non-human pnmates and rodents
{mice, rats, and puinea pigs) (BJELOBABA et al., 2018; LINKEFR: LEE. 2009).

Experimental autoinumne encephalomyelitis by active immmndzation is induced in rats
{commonly of the Lewis or Dark Agouti strains) with MBP or one of its encephalitogenic epifopes,
thus resulting in the infiltration of mononuclears inte the spinal cord, brainstem. and cerebellum. but
not into the brain (ROBINSON eral , 2014). Lewis rats are uniformly susceptible to low doses of MIBP
{3-25 pg) and have a predictable onset time for disease onset, which is acute and spontaneously
recovering, but these animals are resistant fo attempts fo reinduce the model (SWANBORG, 1993;
WILLENBORG. 1979). In the case of the resistant strain of Brown-Norway rats, the disease arises
from imnumnization with the exiracellular domain of MOG in CFA and, after 10 days. it is noficeable
the appearance of a fulminant clinical picture of the disease associated with diffuse demyvelination and
inflammmatory infilttration containing polymorphonuclear cells and eosinophils (STEFFERL et al.,
1990 Robinson of al.. 2014).

In mice, the most frequently used amimals (ROBINSON ef al, 2014), experimental
autoimmne encephalomyelitis by active immunization can be induced with intact proteins or with
peptides of three myelin proteins, MBP. PLP and MOG. In the 5JL (H-25) strain of nuce, immnmization
may involve MEBP. PLP. or peptides corresponding fo the immunodonunant epitopes of MBP (MBP
84-104). PLP(PLP 132-151 and PLP 178-191}, and MOG (MOG 92-106). In these animals. there isa
prodromal peniod of 10-15 days followed by a clinical picture of ascending RE phenotype
characterized at an initial moment by paralysis mn the tail and hind legs, with progression of paralysis
to the front legs, conconutant with weight loss: In PL/T (H-2u) and B10.PL (H-2u) mice. on the other
hand, the disease is acute and self-limited. with no clinical recurrences. In this lineage, the expression
of the disease 15 with courses of ER phenotype characterized by paralysis. In the C57BL/G (H-2b)
sirain of mice, imnminization occurs with the peptide comresponding to the immunodominant epitope
of MOG (MOG 35-55) and the clinical course is chronic and progressive (MILLER; KARPTUIS:
Davidson. 2007; Robinson ef al.. 2014).

While in experimental models by active immunization the robust imnmne response caused by
the adpuvant itself mav be a confounding factor, in experimental models induced by adoptive transfer
of specific T cells activated in vifro by an encephalitogenic peptide this does not happen, since only

blast cells are imjected infravenously or infraperitoneally immto virgin or immumodeficient mice
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(ROBINSON et al, 2014). Another advantage of induction by adoptive transfer is the localization of
populations of T cells in wvo i the course of the disease, since the transferred cells can be labeled
with dyes or fluorescent proteins that enable the screening of encephalitogenic T cells (ROBINSON ef
al, 2014). In rats of the Lewis lineage, the onset of the disease occurs 3-4 after the adoptive transfer,
reaching a peak m 1-2 days and. subsequently, a complete remission in the sequenfial davs,
representing a model of acute dissemunated encephalomyelitis. with a purely inflammatory pattern and
minimal demyelination of the central nervous system (LINKER: LEE  2009)_In the case of muce, the
adoptive transfer of the disease may also include transgenic animals with T cell receptors (TCE) (for
example, C37BL/6 2D2 MOG35-35-specific or SJL/T 5B6 PLP13%-151-specific), which enables the
study of specific T cells of the myelin antigen (ROBINSON ef al . 2014).

From the above, it is noticeable that the expression of expenmental autoimnmme
encephalomyelitis is different in rats and mice. which are vsually preferred by researchers, since the
histopathological findings in rats immunized with MBP include penwvascular infiltration of
mononuclear cells in the spinal cord and brainstem. as well as in the parenchyma of the central nervous
system, but demyelination is munimal. while in mice imnmunized with MBP we found perivascular
inflammation by mononuclear cells and demyelination. findings congruent with the pattern of multiple
sclerosis (MARTIN; MCFARTAND: MCFARLIN, 1992: SWANBORG. 1995 YANG, 2003). In
addition, the susceptible strains of SJL/T and PL/T mice are not resistant to disease re-induction, and it
15 possible to induce the chronic ER phenotype. However, the vanability in the incidences and times
of onset of the disease, together with the need to use adjuvants for the induction of the experimental
model, are disadvantages of mice in relation to rats (SWANBORG. 1995 YANG. 2003).

Currently, the experimental autoimmune encephalomyelitis model in C57BL/G mice 15 one of
the most widely used in scientific research in nevroimmmunology, with more than 100 publications in
recent years (LINKEER: LEE, 2009). Induction i this case, occurs via imumumization with a
subcutaneous injection of an emulsion composed of MOG 35-35 and CFA, accompanied by
intraperitoneal injection of pertussis toxin. The T cells are then activated in the periphery and migrate
to the central nervous system through the blood-brain barrier, being reactivated and then commanding
subsequent inflammation. The administration of perfussis toxin increases the permeability of the
blood-brain barrier and, consequently, facilitates the migration of lymphocytes to the central nervous
sysiem, mnducing an earlier onset and an infensification of the signs and symptoms of expenimental
autoimmune encephalomyelifis (HASSELMANN eof al, 2017 AHARONI of al. 2021;
HUNTEMANN et al. 2022). C57BL/6 mice are quite useful in inducing chronic and severe
expenimental autoimnmme encephalomyelitis, especially when applying MOG as a trigger. The
Iymphocytes of C57BL/G nuce exposed fo this anfigen express a higher oumber of T cell receptors for
MOG and a higher fitre of anti-MOG antibodies. resulting in a3 more severe form of the disease
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{AHARONI &f al., 2021; EIPP at al . 2017, CONTARINIL: GIUSTI; SEAPER. 2017), characterized
by inflammatory and demyelinating lesions in the optic nerve, brain and spinal cord. Inflammatory
infiltrates are perivascular and consist mostly of macrophages and T ymphocytes. and some degree of
humoral response can be observed with the formation of significant titers of anti-MOG antibodies
(EIPP ef @/, 2017; AHARONI ef al.. 2021). MOG is expressed only in the cenfral nervous system and
15 located in cell bodies and oligodendrocyte processes, in the outer layer of the myelin sheath
(EROEPFL et al_, 2002). Moreover, it 15 only found in the retina, brain and spinal cord and is only
expressed at the end of mvelination and is not found in peripheral nerves (SOSPEDEA: MARTIN,
2005). This protein belongs to the superfamily of immunoglobulins and has 245 amino acids. whose
sequence 15 highly conserved between rodents and lmmans, with approximately 89% homology
between species (DE ROSBO; MENDEL; BEN-NUN. 1295). Because of its strategic location if is
directly accessible to antibodies and is therefore relevant as a target for the cellular and hwmoral
immune responses of multiple sclerosis (SOSPEDRA: MARTIN, 2005). Imtially. the mduction of
experimental autoimmune encephalomyelitis with MOG was obtained in Lewis rats by LINNINGTON
et al. (1984). with reports of pathophysiological processes similar to those of multiple sclerosis,
inchuding encephalitogenic T cells and demvelination with axonal damage (LININGTON et al., 1993;
Stork eral., 1998). Subsequently, the work of ADELMANN er al. (1995) reported that the epitope with
21 amino acids at MOG position 35-55 was recognized by the imnmme system The C57BL/6 strain
was susceptible to the peptide MOG35-35 and the appearance of clinical manifestations occurred from
the 14th day after induction, presenting a chronic evolution and inflammation mediated by T, B cells
and macrophages in the cenfral nervous system (BERNARD ef ol . 1997). The leukocyte adhesion to
the cerebral microvasculamire that occurs on the 14th day after induction correlates with the clinical
findings, since this mechanism is involved in cell migration to the central nervous system, with the
participation of the chemokines CCL2 and CCL5 (DOS SANTOS et al., 2005).

In the scope of clinical manifestations, due to the preferential aftack of the spinal cord, animals
affected by experimental autoimmmune encephalomyelitis course with an ascending pattern of flaceid
paralysis involving the tail, hind legs and front paws. with evolution to quadriplegia and death
(BATOULIS e&f al. 2011). In the experimental model in gquestion, the genesis of the clinical
manifestations is cenfered on the enfry of immune cells info the central nervous system and with the
concomitant production and activity of imflammation mediators, factors that contribute to the
progression of experimental autoimmune encephalomvelitis. In lesions of the central nervous system
cells such as Thl and Thl7 are able to orchestrate the influx of immune cells via mediator secretion
(GLATIGNY; BETTELLI 2018; VAN EAFR of ol 2019). Immune system mediators can be pro-
inflammatory or anti-inflammatory, and may, respectively, coninbute to disease progression or
suppression of the self-reactive immune response (JAHAN-ABAD et al | 20199
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Dendritic cells. infiltrating macrophages. B lvmphocytes and resident microglia of the central
nervous system can express the MHC class IT molecule and the co-stinmilatory molecules CD80 and
CD86. thus proveking the initiation and progression of experimental autoimnmune encephalonyyelitis,
in a manner analogous to multiple sclerosis. while CD11e+ cells present themselves as potent APCs,
aiding in the proliferative response of T lvmphocytes (GOVERMAN. 2009: DONG; YONG, 2019;
JURGA; PATECZNA; KUTER, 2020). In expenmental autoimmune encephalomyelitis. in particular,
1t should be noted that dendritic cells and infiltrated macrophages function as more efficient APCs than
mucrogha, resident cells of the cenfral nervous system (WLODARCZYE af al . 2014).

As in the pathogenesis of multiple sclerosis, in experimental autoimmune encephalomyelitis
we find CD4+ T cells. specifically ITFN-v secreting Thl cells and IT.-17 secreting Th17 cells, in addition
to CD8+ T cells (GOVERMAN. 2000: BECHER: SEGATL. 2011). The production of pro-inflammatory
cytokines (IFN-y and IL-17) is induced by CD11+ cells (GARBERS er al. 2018). Thl cells have a
pathogenic role in experimental autoimmune encephalomyelitis through the production of IFN-v in the
central nervous system a crucial cytokine of imnmno-stimmlation or modulation of Th cells (TAHAN-
ABAD. 2019). Dunng the activity of muliiple sclerosis and expenimental autoimnmune
encephalomyelitis in the lesions, IFN-y is found at increased levels, a factor associated with an
inflammatory response mediated by IFN-v-producing Thl cells (LIBLAU: SINGER: MCDEVITT,
1905}, TFN-y regulates the expansion. activation homeostasis. and survival of T cells (MILLER;
MAHER: Young, 2000) Itis also a key player in the induction of experimental autoimpmme
encephalomyelitis by the activation of macrophages. increased lenkocyie adhesion and release of TNE-
o and other cytokines (DEGLIANTONI ef al.. 1985 BECHER. SPATH: Goverman 2017). IFN-y
produced by resident microglia and infiltrating monocytes 15 also responsible for reactivating Thl and
Th17 cells that enter the central nervous system recruiting CDI8+ cells. B Iymphocytes and lymph
node monocytes to cross the blood-brain barrier (LASSMANN. 2018).

It is also reported in the scientific literature that the adoptive transfer of IL-12p70-polarized T
cells to virgin hosts results in autoinmmne encephalomyelitis charactenzed by ascending paralysis
associated with macrophage-rich infiltration and up-regulation of the enzyme nitric oxide synthase 2
(NO52) (KROENKE e gl 2008). IL-12, secreted mostly by antigen-presenting cells, also induces the
differentiation of wvirgin CD4+ T cells into Thl cells, characterized by the expression of the
transcription factor Thet, responsible for confrolling a pene expression program that results in the
production of IT-2. IFN-y and TIWF predominantly pro-inflaimmatory mediators (HAMZA:
BARNETT: LL 2010). Dunng inflammation. such TINF released after stimulation promotes the
secretion of other cytokines such as IL-1p and IL-6 (SFIKAKIS ef al | 2010). TNF-a and IT-1p have
similar effects. Both are released by activated T cells and macrophages facilitate the initiation of the

local mnmme reaction. This reaction can produce damage to the vascular endothelmm and
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permeability of the blood-brain barner, thus enabling the infiltration of immumne cells into the central
nervous system In addition TNF-o and I1.-1f are also secreted by activated astrocytes and microglia
and promote nenrodegeneration and demyelination in the central nervous system (CHOI et al . 2014
DONG; YONG. 2019). IL-6 acts on endothelial cells by activating the transcription factor STAT-3.
allowing the expression of chemokines and the increase of ICAM-1, recmuting leukocyies to the
antigen site. which intensifies inflammation (KISHIMOTO, 2010; HIRANO, 2020). Such a pro-
inflammatory cvtokine is the main inducer of acute phase liver proteins secreted by neutrophils.
monocytes and activated macrophages. (GOAT ef af, 2012; SCHMIDT-ARRAS; ROSE-TOHN,
2016). In addition. IT-§ acts on both the innate imnmne response and the adaptive immune response.
In the innate immme response, IL-6 is readily synthesized by myeloid cells, such as macrophages and
dendritic cells. after recognition of pathogens through Toll-like receptors (TLESs) at the site of infection
or tissue injury. In the adaptive immune response, IT-6 induces the differentiation of B lymphocytes
into plasma cells capable of producing antibodies. In combination with TGF-B, IL-6 also promotes the
differentiation of Th17 cells, which produce the pro-inflammatory cytokine IL-17 (CIOFANI af al .
2012). Regarding excessive IL-6 production. an increase in the Th17/Treg ratio results in dismption of
immune tolerance, leading to autoimmune diseases (KANG 2f al.. 2019; GARBERS er al . 2018).
Thus, several therapeutic agents are being evaluated to inhibit the cytokine itself or targets associated
with its signaling pathway (GARBERS eral. 2018; EANG &f al , 2019). Finally, the cytolane IT.-6 15
known to be mvelved in the inflammation of the central nervous system and pathogenesis of
expenmental autoimmme encephalomyelitis directly, by activating microglia and astrocytes, or
indirectly. promoting the differentiation and expansion of Thl7 cells (KISHIMOTO. 2010;
NARAZAKT KISHIMOTO. 2018). In mice genetically deficient in IL-6. it was not possible to induce
expenmental autoimmune encephalomyelitis, thus showing the relevance of IL-6 in the development
of the disease (SERADA of al . 2008).

In addition to IL-6, IT.-1 and IT -23 promote the differentiation of virgin CD4+ T cells into Th17
cells, and IT.-23 may be the most important for the proliferation and maintenance of Th17 cells. whose
development is dependent on the transcription factors RORyt and STAT3 (ABBAS; LICHTMAN:
PILLAIL 2019). Currently. it is known that, after the adoptive transfer of IL-23-polanzed T cells to
virgin hosts. autoimmune encephalomyelitis is identified with a clinical picture of ascending paralysis
associated with nentrophil-rich lesions and granulocytic colony-stimulating factor (G-CSF), which
reveals the role of IL-23 in the pathophysiology of the model (KROENEE eof al . 2008). TGF-§, an
anti-inflammatory cytokine, in the presence of inflammation mediators such as I1-1 and I1.-6, also
induces the formation of Th17 cells, with an inflammatory character (ABBAS; TICHTMAN; PITLL AT
2019}
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The actions of Th17 cells are primarily controlled by IL-17. with the aid of interleukin-22
22} and interlenkin-21 (IL-21}. IT.-17 stimulates the generation of neutrophils through the production
of gramilocytic colony-stimulating factor (G-CSF). in addition to mediating the recruitment of
neutrophils and monocytes, as well as the production of antimicrobial substances (ABBAS;
IICHIMAN, PILLAI 2019). Although its mechanisms of action in central nervous system
inflammation are not elucidated, it is known that IT-17 is essential in the development of experimental
autoimmune encephalomyelitis (KANG ef al.. 2010). IL-22, in turn also secreted by NE cells and
innate lymphoid cells, acts in the maintenance of epithelial integrity, although it contributes to
inflammation through epithelial production of chemokines, and may be involved in tissue injury.
Finally, IT -21, produced by activated TCD4~+ cells, activates B cells in the germ centers, induces the
differentiation of Th17 cells and amplifies the proliferation. differentiation and effector function of NE
cells and CDE+ T cells (ABBAS: LICHTMAN: PILLAT 2019,

The relevance of regulatory T cells (Treg cells) in the pathogenesis of expenmental
autoimmune encephalomyvelitis is also highlighted, considering that the adoptive transfer of Treg cells
from control mice to nuce induced by MOG or PLP prevents the onset and progression of the disease
(KOHM eral. 2002). Such lymphocytes are considered a subset of TCD4+ cells that is responsible
for modulating immunity, maintaimng tolerance against autoantigens. and preventing avtolmnumity.
They are formed after recognition of their own antigens in the thymms and peripheral lymphoid organs.
These regulatory lvmphocytes. if they come from the thymus, are called natural Treg cells. and if they
come from peripheral lvmphoid organs. they are called adaptive or inducible Treg cells. Natural Treg
cells express CD4 and CD25 coreceptors and have development and imnmnotolerance dependent on
the nuclear transeription factor Foxp3. Such regulatory lymphocytes of CD4-+CD25+FOXP3+ profile
are producers of IL-10, whose action is anfi-inflammatory (ADFEGBE e al | 2006; DARGAHI eral .
2017). IL-10 is a cytokine involved in modulating innate and adaptive imomnity and is an interleukin
secreted by subtype 2 helper T cells (Th2 cells) (TRINCHIERI, 2007), although other immune cells
are able to secrete it (SUN et af, 2021). Previous studies show the importance of IT-10 action in the
control of experimental autoimnmne encephalomyelitis. due fo its immunoresulatory effect -10
inhibits the production of a wide variety of inflammation mediators produced by T cells, affecting
antigen presentation and co-stinmlation mediated by antigen-presenting cells. which are critical to the
cellular immune response. thms increasing IT-10 leads to a significant reduction in disease severity
(BAT ef @i, 2018). IL-12 and TNF are examples of pro-inflammatory cyvtokines inhibited by the anfi-
inflammatory activity of the cytokine IT.-10 (KWILASZ ef ai . 2015; SUN ef al_, 2021},

In summary, it is recognized that the mechanism of myelin destruction in experimental
autoimmune encephalomyelitis 15 the Thl-profile imnmine response. involving CD4+ and CDE+ T
Iymphocytes. activated macrophages. and antimyelin antibodies that activate complement and promaote
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phagocytosis via opsomization (ZIEMSSEN; ZIEMSSEN. 2005). Thl7 cells, on the other hand.
represent an essential link to the nevrodegenerative processes found in experimental avtoimmune
encephalomyelitis. considering that. in neuroectodermal cells (neurons, astrocytes and
oligodendrocytes). the deletion of Actl, a crucial component in IT.-17 signaling, results in attenuation
of the severity of the disease, and that, in Actl-deficient mice, Th17 cells. despite maintaining the
ability to infiltrate the central nervous system. fail to recruit lvmphocytes, macrophages and
neutrophils (KANG er al . 2010).

In this chapter, we review the historical context. definition etiology, pathophvsiology, clinical
manifestations, diagnosis and treatment of multiple sclerosis. an autommmune disease whose impact on
the quality of life of the sick 15 profound. In parallel. we address aspects about the timeline, induction.
evolutionary course and immmogenesis of the most studied model for the investigation of the miances
of nmltiple sclerosis, experimental autoimnmine encephalomyelitis. correlating the similarifies and
differences befween both.

Clearly, 1t is noted that the advances atiributed to the experimental autoimnmne
encephalomyelitis models for science are clear and have enabled the knowledge of the
immmunopathogenesis of multiple sclerosis, in addition to enabling the development of treatments for
the disease. However, experimental autoinmmune encephalomyelitis models are not without limitations.
Previous studies have shown in histopathological analysis the presence of infiltrates in the spinal cord
and brain of sick ammals (PIAQ ef gl 2007, AHARONI ef al. 2021). However. many classical
expenmental models affect the spinal cord but not the brain, 1n addition to being centered on CD4=T
cells. while today the substantiality of CD8+ T cells in autoimmumnity-mediated inflammation of the
central nervous system 15 already recognized. It is also common for the induction of experimental
autoimmune encephalomyelitis to result in extensive fissue injury (incliding nevrons and axons).
rather than just demyelination Finally, unfortunately, there is still a lack of expenmental models
representative of the PP phenotype of multiple sclerosis (LINKER; LEE 2009). Therefore. it is
essenfial to improve the models of experimental autoimmune encephalomyelifis. in order to provide
an even more reliable approach to multiple sclerosis with regard to pathophysiology, histopathology,
forms of presenfation and clinical presentations. so that, then. scienfific investigations are safer and

more accurate.
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Abstract

The immunopathogenesis of multiple sclerosis involves the activation of T lvmphocyies,
leading to progressive axonal loss and bram atrophy. Ursolic acid 1s widely used as herbal
medicine, which has the ability to inhibit cytoldne production and secretion and can
influence the differentiation of T4+ helper cells. Thus, the immunomodulatory effects
of ursolic acid derivatives (AUD1 and AUD?2) were evaluated AUDI and AUD2
modulated the cellular profile and inflanmmatory mediators and reduced the presence of
inflammatory infiltrates and demryelination in the central nervous system. In conclusion,
ATUDI and AUD? denivatives promoted an improvement in the clinical signs of
expernimental awtoimmune encephalomyelitis.

Eevwords: Multiple sclerosis; Treg cells; antigen-presenting cell; demyelination;
triterpene

Abbrevviarions: Multiple sclerosis (MS). experimental autoinmne encephalomyelitis
(EAE). vrsolic acid (ALT). Methyl 3g-hydroxyurs-12-en-28-oate (AUDI ). Methyl 35-
acetoxy-11-oxours-12-en-28-cate (AUD2), central nervous system (CINS), Antigen
presenting cell {APC).
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1l.Introduction

Multiple sclerosis (MS) 1s a chronic inflammatory autoimmune disease characterized by
demvelination. gliosis and axonal degeneration of the ceniral nervous system (CNS)
(Reich et al.. 2018). The imnmmopathogenesis of MS involves activation of T and B
lymphocytes that act against CINS antigens. leading to progressive axonal loss, brain
atrophy, and neuwrological and cogmifive impainment (Bierhansl et al, 2022).
Experimental autoimmune encephalomyelitis (EAE) has been widely employed to
evaluate new strategies for the treatment of MS. due to the immunological correlation
between MS and EAE (Constantinescu et al., 2011; Jahan-Abad et al.. 2019).

Ursolic acid (AU) 15 a pentacyclic triterpenoid compound found naturally in fiuit peels as
well as in various herbs and spices (Kashvap et al.. 2016; Seo et al.. 2018; Gudoityte et
al, 2021y Widely vsed as an herbal medicine, AU exhibit a broad spectrum of
pharmacological activities (Lee et al., 2016; Hussain et al., 2017), being notable for its
anti-inflammatory and immunomodulatory properties. Researches have shown that AU
has the ability to inhibit the production and secretion of cytokines from immune cells.
such as T cells. B cells or macrophages {Ahmad et al., 2006; Checker et al., 2012; Rong
et al 2022} In addition the AUl may influence the differentiation of CD4+ helper cells
(Bluetal, 2011).

Ko et al (2011) demonstrated that AU reduced the clinical signs of EAFE by mnhibiting
Thl7 cell differentiation Baek et al (2014) reported that AU inhibited Th17 cell
differentiation in autoimmune arthntis, accompanied by decreased expression of pro-
inflanmmatory cytokines (TINF-o, IL-1p, IL-6, IT.-21 and IL.-17). Additionally, Xu et al.
(2022} reinforced that AU inhibited Thi7 cell differentiation by repressing the
STAT3/RORyt signaling pathway. Zhang et al. (2020) observed that AU reduced EAE
severity and improved clinical recovery in the early. peak and chromic phases of the
disease by reducing the mumber of Thl and Thl7 cells. These findings highlight the
potential of UA as a possible therapeutic agent for autoimmune diseases. due its
immmnomodulatory properties in regulating inflammatory responses.

In the present study, the immwmomodulatory effects of the wrsolic acid denvatives (ATTD1
and ATUD?) in the expenimental autoimmune encephalomyelitis model were evaluated.
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2 Materials and Methods

2.1 Ursolic acid and derivatives

Ursolic acid was in analytical grade (Merck, Darmstadt. Germany). The semisvnthetic
derivatives Methyl 3p-hvdroxyurs-12-en-28-oate (AUDT) and Methvl 3 -acetoxyurs- 12-
en-28-oate (AUD2) were previously synthesized and kindly ceded by Dr. Ydia Valadares.
The synthesis and spectral characteristics of the derivatives were previously published by
Schermrer et al. (2019).

2.2 Ammals

C57/BL06 female mice (n=14/group), 8§ weeks old, fiom the ammal facility of the Federal
University of Minas Gerais (UFMG) were used. The animals were randomly housed in
appropriate polvpropylene cages and kept at a constant temperature 22-23 °C. with free
access to feed and water. af the animal house of the Faculty of Medicine, Federal
University of the Vallevs of Jequitinhonha and Mucuri, Teofilo Otoni, MG, Brazil. All
protocols were performed responsibly according to ethical principles regarding the use of
animals in expenments, approved by the Ethics Commiitee on Animal Use (CEUA)-
UFVIM (No. 04/2019R.).

2.3 EAF Induction

Each induced animal was immumzed subcutaneously (s.c), on each side of the dorsal
region. near the base of the fail with 100 pg of MOGssss (GenOne) emulsified in
complete Freund's adjuwvant (Sigma) m a 1:1 ratio. supplemented with 400 pg of
Mycobacterum tuberculosis - H37 B A (Difco). On the day of immunization and affer 48
hours, each animal received 0.3 pg of pertussis toxin (Sigma) intrapentoneally (Lp.).

2 4 Treatment with Ursolic acid and dedvatives (TJADI and TTAD?)

C57BL/6 females were divided into 5 groups: (a) EAE (induced and treated with PBS);
(b) AU (induced and treated with ursolic acid); (c) AUDI (induced and treated with
ursolic acid dertvative 1) (d) AUD2 (induced and treated with ursolic acid derivative 2.

4
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(e} CIN (control not induced and treated with PBS). The treatments were administeredi1.p..
The AU, ATUD1 and AUD?2 were given at 50 mg'ko. All treatments were realized daily
during 6 davs starting from day 15 after EAF induction.

2.5 Clinical Assessment

Mice were weighed daily from the day of induction (day ) until the day of euthanasia
(day 21 after immunization). The animals were also assessed for neurological disability
using the scale adapted by De Paula et al. (2008).

2.6 Histological Analysis

The animals were euthanized and perfised with buffered formalin  After that, the spinal
cords were excised and fixed in buffered formalin Cross-sections of the spinal cord. at
cervical, thoracic, and lumbar levels, were processed for paraffin perfusion. Sections of
5 pm were stained with hematoxylin and eosin (H&E) to assess the presence of
inflammatory infiltrates. Sections of 10 pm were stained with luxol fast blue for the
evaluation of demvelination. Semi-gquantitative histological assessment of inflammation
and demyelination was scored in a blinded manner by a pathologist using a scale of 0 to
3 based on the approximate percentage of tissue involved with (! = none, 1= nunmimal (1-
3%). 2 = mild (6-10%), 3= moderate (11-25%). 4= severe (26-30%) and 5= marked
(=30%) (Pant et al _ 2017).

2.7 Isolation of Cells

Excised brains and mguinal Iymph nodes were macerated and filtered using 70 pm cell
strainer (BD Biosciences) mn EPMI 1640 medium with 10% fetal bovine sermm (FBS)
(5igma). Monomuclear cells were collected after a Percoll density gradient cenfrifugation
and washed with staiming buffer (PB5. 1% FBS. 0.09% sodinm azide). The cell pellet was
suspended in ACK solution. centrifuged at 350 Xg for > min. and suspended in sfaining
buffer for flow cytometry analysis.

2.8 Flow Cyvtometry Analysis
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Isolated cells were counted in a Neubauer chamber and incubated with anti-mouse CDS0-
PerCP, MHC-II-APC. CD86-PerCP. CD11c-FITC. CD4-PerCP. and CDB-PerCP-Cy3 5
(BD Biosciences Pharmuingen. San Diego, USA) antibodies. as determined by the
manufacturer. After 30 numites of incubation at 4°C. cells were washed with stamming
buffer, fixation buffer contaiming paraformaldehyde (BD Biosciences. Pharmigen. San
Diego, USA) and in permeabilization buffer (BD Biosciences. Pharmigen. San Diego,
USA). After extracellular labeling. the cells were subjected to intracellular labeling with
anti-monse [FN-y-PE-Cy-7, IL-10-PE and IL-17A-Alexa Fluor 488 or Foxp3-Alexa
Fluor 488 (BD Biosciences Pharmigen. San Diego. USA). Cell capture was performed
using the FACSVerse flow cytometer (Becton Dickinson. USA) and analvses were
performed with FCS Express version 3.

2.9 Cwviokine assavs

For the evaluation of cytokine levels, portions of the spinal cords were weighed and
macerated in cvtokine extraction buffer (100 mg/ml) composed of: 0.4 M NaCl. 0.05%
tween 20, 0.5% bovine serum albumin-B5SA 0.1 M phenyl-methyl-sulfonyl fluoride-
PMSFE. 0.1 M benzethonium chloride-BC. 10 mM ethylens diamine tetraacetic acid-
EDTA and 20 pM aprotinin. Then, the material was homogenized and centnifuged at
10,000 rpm for 15 min at 4 *C and the supematants were collected. The concentrations of
IL-1B. IL-6, IL-10. IL-12, TNF, IFN-y in the supernatants were determined by the ELISA

method, using commercially available antibodies (BD Biosciences).

2.10 Statistical Analvsis

Statistical analyses were performed using GraphPad Prism version 5.0 software. The
results were expressed as mean = standard error. Numerical variables were evaluated in
the different groups by the Kolgomorov-Smirmov normality test for Gaussian distnbution
of the data, The Mann-Whitney non-parametrnic test was used fo determine significant
differences between the groups of mice, with a sigmficance level of less than 5%
(p=0.05).

3.Resulis
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3.1 ATUD] and ATID?2 treatment reduced the clinical sions of EAE

The induced mice showed clinical signs with onset at day 12 post-induction and a peak
at day 21 (Figure 1A). The AUDI and AUD? treated mice showed significant reduction

of the clinical signs at day 21 (Figure 1A). No differences were observed in the weight of
the animals between the groups (Figure 1B).

3.2 AUDI1 and AUD? reduced inflanvmatory mfiltrates and demyelination

A significant reduction in cellular infiltrate was observed in the spinal cord of AUDI and
ATID? treated mice when compared to the EAFE group (Figure 2A). The lonmtudinal
sections of the spinal cord stained with H&E for the assessment of the presence of
inflammatory infiltrate (Figure 2A) and longitudinal sections of the spinal cord stained
with luxol fast blue for the assessment of demyelination (Figure 2B). A lower degree of
demyelination was also observed after the treatments (Figure 2B). Pathology scores
(Figure 2C and 2D) showed that treatments with ATUD1 and ATUD?2 significantly preserve
the spinal cord of EAF-induced nuce.

3.3 AUD] and ATD?2 changed the number of cells in brain and ineuminal lvmph nodes

The absolute mumber of CDI11c+MHCI+, CD11c+CD80+, CD11c+CD86+, CDd+,
CD8+, CDY-+IL-17+, CD4+IFNy+ and CD4+IL-10+FOXP3+ cells were assessed in the
inguinal lymph nodes (Figure 4) and brain by flow cytometry (Figure 3). Treatment with
AUDI and AUD?2 showed a significant reduction in the numbers of antigen presenting
cells and their co-stimulatory molecules in the brain of the animals (Figures 3A. B, C).
and also a significant reduction in the mumber of CD4~+ (Figure 3D), CD8+ (Figure 3E),
CDA-+IL-17+ (Figure 3F), CD4=IFNy+ (Figure 3G) and CD4+IL-10+FOXP3+ (Figure
3H) cells. In the peripheral inmmne response, the derivatives showed different acfions
(Figure 4). In mice treated with AUD2, reduced numbers of antigen-presenting cells and
their co-stimulatory molecules were also found in the Iyvmph nodes (Figure 4A. B, C) and
also reduced numbers of CD4+ (Figure 4D), CD8+ (Figure 4E), CD4+IL-17~+ (Figure
4F), CD4-IFNy+ (Figure 4G) and CD4+IL-10+FOXP3+ (Figure 4H) cells, while AUDI
treatment only reduced the absolute number of CD4= (Figure 41)). CD8~+ (Figure 4F) and

7
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CDE+IL-17+ (Figure 4F) cells. and also ncreased the number of CD4HL-10+-FOXP3+
cells (Figure 4H).

3.4 AUDI and AUD?2 reduced I1-18 and TWF-u release in the spinal cord

To investigate other molecules in the CNS that would be contributing to the therapeutic
effects of AUDI and AUDZ. the levels of cyvtokines present in the spinal cord were
assessed. The results showed that AUD] and AUD? treatments reduced the levels of the
cytokanes IL-1P (Figure 5A). TNF-a (Figure 3D} and IT-10 (Figure 3F), while there was
no effect in the cytokines IL-6 (Figure 3B). IFN-y (Figure 5E) and IL-12p70 (Figure 5C).

4. Discussion

In the present study it was observed that treatment with ATUDZ was the one that showed
the best result in inhibiting the clinical signs of EAE. the results demonstrate that this
derivative acted by decreasing the number of APCs cells with their co-stimulatory
molecules in the periphery. suggesting that this reduction may have confributed to the
inhibition of the number of Thl and Th17 profile cells found in the lvmph nodes. as well
as in the CNS.

In EAF Thl and Th17 cells have the ability to orchestrate the influx of inflammatory cells
into CINS lesions through the secretion of pro-inflammatory cviokines (Glatignyv and
Bettelli. 2018; Van Kaer et al_ 2019). IL-10-producing TCTE+-FOXP3+ cells are also
known to be associated with decreased clinical signs in FAF (Dasef al., 2012; Bar et al,
2018). Although Tregs are associated in the improvement of clinical signs in EAE, AUD2
promoted a significant reduction in the clinical signs of treated amimals. however. it
inhibited IL-10 production in the medulla and further inhibited the number of CDHIL-
10+FOXP3+ cells in the periphery and brain thus demonstrating that the autoregulation
mechanism for AUD?2 seems not to be related to CD4+IL-10+FOXP3+ cells. On the other
hand, in the penphery. the AUDI1 derivative increased the number of CDM+IL-
10+FOXP3+ cells. This increase in CD4+IL-10+FOXP3+ cells in the penphery may
Justify the reduction in the number of [L-17-producing CD4~+, CD8+ and CD4+ cells in
the lymph nodes by AUDI.

The cytokines IL1-P and TNF-u released by activated T cells and macrophages facilitate

the intiation of the local immune reaction. Tlis reaction may produce damage to the

8
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vascular endotheliom and increase blood-brain-barrier permeability and consequently
facilitate cell infiltration into the CINS. The cytokines IL1-p and TINF-o are also secreted
bv activated astrocyies and microglia, promoting neurodegeneration and demyelination
in the CNS (Choi et al, 2014; Dong and Yong, 2019). In this study, treatments with
ATUD] and AUD?2 attenuated the concentrations of the cytokines [L1-f and TINF-o in the
spinal cord. which may have contributed to the reduction in the number of CD8+, CD4~+,
CDA+HFN-y+, CD4+IL-17+ cells found in the CNS.

Moreover. cells expressing CD11c+ present themselves as potent APCs assisting in the
proliferative response of T lvmphocytes (Dong and Yong, 2019. Jurga ef al. 2020}
Consistent with the aforementioned data. in the present work if is suggested that AUD1
and ATUUD?2 by reducing the number of APCs and co-stimulatory molecules, mhibited the
reactivation of CDM-+I1.-17+ and CD4-+IFMNy—+ cells in the brain. Also, there is evidence
that CD8+ cells contribute to CNS tissue damage in FAF and are also present i the CSF
of MS patients (Huseby et al.. 2001). In this context. AUD2 by reducing the number of
APCs. may have contributed to the reduction in the mumber of CD8+ cells observed in
the lymph nodes and brain.

In addition to modulating the cellular profile and inflammatory mediators. AUDI and
ATUD? treatments also reduced the presence of inflammatory infiltrates and
demyelination in the CNS, suggesting a relationship with inhibition of worseming clinical
signs. The demyelination in FAF  as in M5, is a result of inflammatory lesions ino the CINS
that lead fo clinical signs (Lassmann, 2018).

The results presented suggest that the mechanisms of action of the derivatives are
different. The results obtained in this study show that treatment with the AUD2 denivative
uiproves the climeal sipns of EAE by promoting the reduction of APCs and their co-
stimulatory molecules and consequently the reduction of CD4~+, CD8+ cell activation and
also an inhibition 1n the differentiation of CDM¥+ cells into Thl and Th17 profile in the
lvmaph nodes, findings simlar to that found by Zhang et al (20200, vsing ursolic acid in
the treatment of EAE. In turn. AUDI showed inhibifion of the oumber of CD4+. CD8+
and CD4+Thl7+ cells in the periphery and an increase in the number of CD4-+I1-
10+FOXP3+ regulatory cells, indicating an action of Tregs in its mechamsm of action,
which was not observed in AUD? treatment.

Importantly. both treatments were able to reduce the number of Th17 CD4- cells in the
periphery and CNS. Inhibition of Thl7 cell activities is known to have significant
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implications in the treatment of M5 and other imnmmme-related diseases (Tesmer et al.,
2008).

In conclusion, AUDI and AUD2 derivatives promoted a reduction in the clinical signs of
EAE by regulating immmune cells in the penphery. reducing the number of pro-
inflammatory cells in the lymph nodes and their migration to the CNS. However, further
research on the mechanisms of action of these derivatives is needed to enable the
development of new therapeutic drugs for the treatment of MS and other autoimmune

diseases.
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Figure legends

Figure 1. AUD]1 and AUD?2 derivatives reduce the clinical signs of EAF.

Clinical score (A) and weight (B) of C37BL/6 mice (n=14 animals per group)
imnminized or not with MOGzss5 peptide were recorded from day 0 to day 21 after
imnmnization Treatments with AU, AUD] and AUD? started on day 15 after
imnmnization CN= non-inmminized group. EAF= immunized proup. AU=wursolic acid
treated immunized group, AUD 1= methy] 3p-hydroxyurs-12-en-28-oate treated
mmmunized group, AUD?= methvl 3 p-acetoxurs-12-en-28-oate treated imnmnized

group. Each point represents the mean = SEM. *p < 0,05 of EAFE versus AU AUDI and

ATID?2 . The results were representative of three independent experiments.
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Figure 2. AUD] and ATUD? derivarives reduce inflaimmation and demyelination in
the CNS of EAF.

Histological analysis of longitudinal spinal cord sections of C57BL/6 mice (n=4 animals
per group) immunized or not with MOGazs.5s peptide by hematoxylin and eosin staining
(A) or luxol fast blue (B). Figures are representative of histological analysis of each
experimental group: CN= non-immunized group, EAF= immumized group, AU= ursolic
acid treated immunized group. AUD1= methy] 3g-hvdroxyurs-12-in-28-oate treated
imnmnized group, AUD2= methvl 3f-acetoxyurs-12-in-28-pate treated immunized
group. Magnification 40x bar scale= 100um. Red amrows indicate cell infiltrates and
red dotting demvelination. Spinal cord inflammation score (C) and spinal cord
demyelination score (D). Each bar represents the mean = SEM. *p = 0.05 versus EAE.
The results were representative of three independent experiments.

Figure 3. AUD] and AUD2 derivatives reduce the absolute number of cells in the
brain.

The absohute number of CD11e+MHCII+(A). CD11c+CDB0HEB), CD11e+CDE6HC).
CDd+D). CDEHE). CD4-IL-17HT). CD4-IFNy+(G) and CDA+IL-10+FOXP3+H) in
mononuclear cells 1solated from the brain of C37BL/6 mice on day 21 after induction
with MOGss.ss peptide (n=>5 animals per group) were deternuned by flow cytometry.
CN= non-immumized group, EAF= immumzed group. AU=ursolic acid freated
umnunized group, AUD 1= methy] 3p-hydroxyurs-12-en-28-cate treated immunized
group. AUD2= methy] 3f-acetoxyurs-12-en-28-oate treated imnmmized group. Each bar
represents the mean = SEM. ®= p < 0.05 versus EAE. The results were representative of
three independent experiments.

Figure 4. AUD] and AUD?2 derivarives changes the absolute number of cells in the

inguinal Ivmph nodes.

The absolute number of CD11c=MHCI+({A). CD11c+CD80HB), CD11c+HCDR6+HC),
CD4+D). CDEHE). CD4+IL-17+HF), CD4+IFINy+((5) and CD4+IL-10+FOXP3+H) in
mononuclear cells 1solated from the inguinal lvoph nedes of C37BL/6 mice on day 21
after induction with MOGss.ss peptide (n=>5 animals per group) were determined by
flow cvtometry. CN= non-inmmmized group, EAF= immunized group. AU= ursolic
actd treated immunized group, AUD1= methy] 3p-hydroxyurs-12-en-28-oate treated
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immunized group, AUD?= methv] 3p-acetoxyurs-12-en-28-oate freated immunized
group. Each bar represents the mean = SEM. * =p < (0.05 versus EAF . The results were
representafive of three independent experiments.

Figure 5. AUD] and AUD?2 derivatives reduce IL-1f and TNF-o cytokines in the

spinal cord.

Cytokines IL-1p (A). IL-6 (B). IL-12p70 (C), TNF-a (D), IFN-y (E) and IL-10 (F) in
the supernatant of the spinal cord homogenate from C57BL/6 mice on day 21 after
induction with MOGss.s; peptide (p=>5 animals per group) were determined by ELISA
CN= non-immunized group. EAF= immunized group. AU= ursolic acid treated
immunized group, AUD1= methy] 3p-hydroxyurs-12-en-28-pate treated imnmunized
group. AUD2=methyl 3f-acetoxyurs-12-en-28-oate treated imnumized group. Each bar
represents the mean = SEM. * =p < 0.05 versus EAFE. The resulfs were representative
of three independent experiments.
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Figura 1
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Figura 2
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Figura 3
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Figura 4
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Figura 5
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Graphical abstract
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Highlights
Ursolic acid derivatives (AUD1 and AUD2) reduced the clinical signs of EAE.
Ursolic acid derivatives (AUDI1 and AUD?2) reduced CD4~+IL-17+ cells.

Ursolic acid derivatives (AUDI1 and AUD?2) reduced TNF-a and IL-1B cytokines in the
CNS.

Ursolic acid derivatives (AUD1 and AUD?2) reduced CD4~IFN-y+ and CD4+IL-17-
cells in the CNS.

Ursolic acid derivative (AUDI1) induces CD4+IL-10+~FOXP3+ cells in the periphery.
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