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“A ciéncia nunca resolve um problema sem
criar pelo menos outros dez.”

George Bernard Shaw



Dedico

Primeiramente a Deus, por me conceder forgas
nos momentos de fraqueza e iluminar meu
caminho.

A minha mée, que sempre me incentivou nos
estudos e sonhou junto comigo a conquista
deste doutorado.

Ao meu pai, pelo exemplo de forca e valores
que me acompanham em cada passo.

Ao meu marido e aos meus filhos, pelo amor,
paciéncia e compreensdo diante das auséncias
e desafios desta caminhada.

Ao meu irmao, que mesmo a distancia sempre
esteve presente com palavras de
encorajamento.

Aos meus orientadores, Prof. Jodo Batista e
Profa. Socorro Cartagens, pela dedicacao,
apoio e ensinamentos ao longo desta trajetoria.
E, por fim, aos ratos de laboratorio, cuja
contribui¢do silenciosa tornou possivel a
realizacdo desta pesquisa.



AGRADECIMENTOS

A Deus, fonte de toda sabedoria e vida, agradeco a forca que me sustentou quando
as minhas proprias se esgotaram. Quando as lagrimas turvaram meus olhos, tua mao as
enxugou. Quando a incerteza me cercou, tua luz iluminou o caminho. Quando o medo tentou
me calar, ouvi tua voz silenciosa a sussurrar: Ndo temas, eu estou contigo. Se hoje chego até
aqui, ¢ porque tua presenga nunca me abandonou e, em cada passo, senti o cuidado do teu amor.

Aos meus pais, Mesquita e Joberlita, por todo o amor, dedicagdo e valores que me
foram transmitidos ao longo da vida. Em especial, 8 minha mae, que sempre esteve ao meu lado
incentivando meus estudos, acreditando no meu potencial e sendo meu maior suporte em todos
os momentos. Sua presenca, for¢a e cuidado foram fundamentais para que eu chegasse até aqui.
A vocés, minha eterna gratidao.

Ao meu esposo, Jorge, companheiro de vida, por estar ao meu lado em todos os
momentos, oferecendo suporte, paciéncia e incentivo.

Ao meu irmao, Wagner , pelo apoio constante e por sempre torcer pelas minhas
conquistas.

Aos meus filhos, Joana e Jorge Wagner, por serem minha maior fonte de amor,
inspiragdo e forga. Vocés sdo a razdo de cada esfor¢o e a motivacdo que me impulsiona a seguir
em frente, mesmo nos momentos mais desafiadores. Obrigada pela compreensdo nas auséncias,
pelo carinho constante e por tornarem minha vida mais leve e cheia de significado. Tudo isso ¢
por voceés.

Ao meu orientador, Prof.? Dr. Jodo Batista Santos Garcia pela confianga, orientacao
segura e incentivo continuo. Sua dedicag@o e compromisso com a ciéncia foram essenciais para
a constru¢do deste trabalho.

A minha coorientadora, Prof.? Dra. Maria do Socorro de Sousa Cartagenes, por todo
o apoio ao longo desta trajetoria, pela disponibilidade constante, generosidade e olhar atento
em cada etapa deste trabalho. Sua contribui¢do foi essencial ndo apenas para o desenvolvimento
desta pesquisa, mas também para meu crescimento pessoal e profissional. Mais do que uma
parceria académica, construimos uma amizade que levarei para a vida, e por isso, deixo aqui
minha profunda gratidao.

Ao Prof. Rafael Cardoso Carvalho, pelo apoio fundamental na condugdo da fase
experimental, especialmente no manejo dos animais, orientacdo pratica e disponibilidade
constante para esclarecimento de dividas. Sua contribuicao foi essencial para a execucdo deste

estudo.



Aos professores e colaboradores que contribuiram direta ou indiretamente para a
realizacdo desta pesquisa, pelos ensinamentos, sugestdes e apoio ao longo do desenvolvimento
deste estudo. Em especial, aos professores Eduardo Martins de Sousa, Sebastiao Vieira de
Morais, Rafael de Abreu Lima, Marcelo Souza de Andrade e Joicy Cortez de S4 Sousa pela
disponibilidade, contribuicao valiosa e parceria ao longo desta trajetoria.

A equipe do laboratorio e aos colegas de pesquisa, pela parceria, troca de
conhecimentos e ajuda nos momentos mais desafiadores. Em especial, a Anne Caroline Silva
Nogueira da Cruz, com quem compartilhei toda a execucao dos experimentos, pela dedicagao,
companheirismo e apoio constante ao longo desta jornada. O trabalho em equipe tornou essa
caminhada mais leve e enriquecedora.

Aos técnicos de laboratorio, pela colaboracdo fundamental na execucdo deste
trabalho. Em especial, a Mayra, do laboratorio de histologia, pela dedicacdo e cuidado na
confec¢do das laminas, e a Soninha, pelo apoio constante, sensibilidade e incentivo, nos
momentos mais desafiadores desta jornada.

Aos alunos envolvidos neste projeto, tanto meus quanto de outros professores, em
especial a Eduardo Rodrigues Silva e José Renzo Costa Garcés, pela colaboragdo, dedicagdo e
apoio na execucdo da pesquisa experimental. A participacdo de cada um foi fundamental para
o desenvolvimento deste trabalho.

A instituicdo Universidade Federal do Maranhdo/LEED, por proporcionar a
estrutura e o ambiente necessarios para a realiza¢ao deste projeto.

Aos animais utilizados neste estudo, cuja contribuicdo foi fundamental para o
avanco do conhecimento cientifico, com o compromisso de que este trabalho possa gerar
beneficios futuros.

A todos que, de alguma forma, fizeram parte dessa trajetoria e contribuiram para a

concretizagdo deste sonho, o meu sincero agradecimento.



2.1
2.1.1
2.1.2
2.13
2.1.4
2.2

2.3
23.1
2.3.1.1
2.3.1.2
2.3.1.3
2.3.14
2.3.1.5

3.1
3.2

4.1
4.2

vii

SUMARIO

INTRODUGAQ .....coooniiiiicieiie ettt 1
REFERENCIAL TEORICO .........oooooiiiiiiiieiineeieeieeeiesessesss s 3
OStE0ATLrite (DA) ....oooiniiiiieeee e et e e e et e e e e etb e e e e earaeeeeeannes 3
Anatomia e fisiologia da articulag@o Sinovial ..........ccceverieiiiiiiiinieniiee 5
Fisiopatologia da OStEOATTIILE .........eeuieeiierieiiieiie ettt 9
Diagnistico da OSEOATTIILE ........eevuieeiieriieeiieciie ettt ettt ettt ste et esaeesaeeaae e 15
Tratamento da OSTEOAITITR ... ...cc.eeruerieriertieieeiierte ettt 17
Modelo de osteoartrite induzida por monoiodoacetato (MIA) ............................ 20
AMDroxXol (ABX).......ooiiiiiiieee et e e aaaae e aes 20
Mecanismo de AGA0 dO AMDBIOXOL.......ccciuiiiiiiiiiiieeiie et 21
Propriedades mucoliticas, mucocinéticas e surfactantes do ambroxol ..................... 22
Propriedade antioXidante..................ccoocuevcuieiiiiiiiiiniieiieeieecie e 22
Efeito ANtI-INfIAMALOTIO ..........cccueevuieeiiieiieeieeeieee ettt saae e e b e 24
Efei10 ANALGESICO ...ttt et 25
Dose e toxicidade de ambroxXOl ...............cccccuevueeciiniieeiieiieecieeee e 26
OBUETIVOS ...ttt sttt ettt 30
GOIAL ...t 30
ESPECITICOS ..ottt e 30
RESULTADOS ...ttt sttt ettt ettt b e 31
CapItulo 1 ...t et 31
CaPILULO 2 ...t et e e 44
CONSIDERAGCOES FINAIS......ccootiiiiiiirririieiieeieseessssssessssssesssesssesssssseees 65
CONCLUSAOQ .....cootriiriiieieeine s 68
REFERENCIAS .......ooooiiiiitiiiietiies ettt 69
ANEXO A - CERTIFICADO DE APROVACAO DO PROJETO A

COMISSAO DE ETICA NO USO DE ANIMAIS (CEUA) .........c.coocovevvrrernn, 82

ANEXO B - USO DE INTELIGENCIA ARTIFICIAL ...........cccccooovvivrninan. &3



AA
ABX
ADAMTs

LISTA DE SIGLAS E ABREVIATURAS

Acido araquidonico

Ambroxol

A Disintegrin and Metalloproteinase with Thrombospondin Motifs

ADAMTs-4 Agrecanase-1
ADAMTs-5 Agrecanase-2

AINEs
BAL
CAT
Cmax
COX
COX-2
CTRL-
CU

DO
DNA
DRG
GAGs
GAPDH
GSH
HO-1
IGF-1
IL-1
IL-10
IL-13
IL-17
IL-18
IL-1Ra
IL-1B
IL-1B
IL-21
1L-22
IL-23

Anti-inflamatérios ndo esteroidais
Bronchoalveolar Lavage

Catalase

Concentragdo plasmatica maxima
Ciclooxigenase

Ciclooxigenase-2

Controle negativo

Colite ulcerativa

Dia zero

Deoxyribonucleic Acid

Dorsal Root Ganglion
Glicosaminoglicanos
Gliceraldeido-3-fosfato desidrogenase
Glutationa reduzida

Heme Oxigenase-1

Insulin-like Growth Factor 1
Interleucina 1

Interleucina 10

Interleucina 13

Interleucina 17

Interleucina 18

Antagonista do receptor de interleucina 1

Interleucina 1 beta
Interleucina-1 beta
Interleucina 21
Interleucina 22

Interleucina 23

viii



L-4
IL-5
IL-6
iNOS
LOX
LPS
LPVI
MDA
MEC
MIA
MMP-1
MMP-13
MMP-3
MMPs
NADPH
NF-«B
NMDA
NO
Nrf2
OA

OH
PGE2
PIB
PLA2
PMN
PRAC
ROS
SCARs
SOD
TGF-B
TGF-B1
TIMPs
TNF-a
TTX

X

Interleucina 4

Interleucina 5

Interleucina 6

Oxido nitrico sintase induzivel
Lipoxigenase

Lipopolissacarideo

Lesdes Pulmonares Induzidas por Ventilagdo Mecanica
Malondialdeido

Matriz Extracelular

Monoiodoacetato de sddio

Matrix Metaloproteinase-1

Matrix Metaloproteinase-13

Matrix Metaloproteinase-3
Metaloproteinases da matriz

Nicotinamida Adenina Dinucleotideo Fosfato Reduzido
Nuclear Factor kappa B
N-metil-D-aspartato

Oxido Nitrico

Nuclear Factor Erythroid 2-Related Factor 2
Osteoartrite

Hidroxila

Prostaglandina E2

Produto Interno Bruto

Fosfolipase A2

Polimorfonucleares

Comité de Avaliacdo de Risco em Farmacovigilancia
Espécies Reativas de Oxigénio

Reagoes adversas cutaneas graves
Superdxido dismutase

Transforming Growth Factor-beta
Transforming Growth Factor-beta 1
Inibidores teciduais das metaloproteinases
Fator de necrose tumoral alfa

Tetrodotoxina



TTX-r Tetrodotoxina resistente

TTX-s Tetrodotoxina sensivel

UE Unido Europeia

VGSCs Canais de sodio dependentes de voltagem



C a2+

mg
Na,1.1
Na,1.5
Na,1.6
Na,1.7
Na,1.8
Na,1.9
O
ONOO~

LISTA DE SIMBOLOS

Calcio

Kilograma

Miligrama

Canal de sodio dependente de voltagem 1.1
Canal de sodio dependente de voltagem 1.5
Canal de sodio dependente de voltagem 1.6
Canal de sodio dependente de voltagem 1.7
Canal de sodio dependente de voltagem 1.8
Canal de sodio dependente de voltagem 1.9
Radicais superoxido

Peroxinitrito

X1



Figural
Figura 2

Figura 3
Figura 4
Quadro 1
Figura 5

xii
LISTA DE ILUSTRACOES

Representagdo esquematica de uma articulag@o sinovial..........cccceveeverieniennenne. 6

Representagdo esquematica do balango anabdlico e catabolico da cartilagem

ATTICULAT. ...ttt ettt e ettt e b e e bt e e b e eseesabeenbeeenneenneas 8
Mecanismos Anabolicos e Catabolicos na 0Steoartrite ...........cveeeveereeerveeneeennnnne 12
Alteragdes estruturais da 0StEOATtIItE ......ccueevvieruieriieiieeii e 14
Mediadores e vias neurais envolvidos na dor osteoartritica...........ccceecveerueennenne 15

Classificacdo radiografica da osteoartrite segundo a escala de Kellgren e

LLAWWIEIICE oottt e e e ettt ee e s e e e e et aa e e s eeeeeraaaaaneaas 17



Xiii

RESUMO

O ambroxol ¢ um agente mucolitico amplamente empregado no tratamento de doencas
respiratdrias, entretanto, evidéncias na literatura indicam propriedades anti-inflamatorias,
analgésicas e imunomoduladoras, sugerindo potencial para reposicionamento terapéutico.
Nesse contexto, esta tese integrou uma revisdo sistematica da literatura e um estudo
experimental com o objetivo de investigar os mecanismos de acdo e os efeitos terapéuticos do
ambroxol em modelos experimentais de doencas ndo pulmonares, com énfase na osteoartrite
(OA). Inicialmente, foi realizada uma revisdo sistemadtica registrada na Open Science
Framework (OSF), conduzida conforme a estratégia PICO e as recomendacdes PRISMA,
incluindo buscas nas bases PubMed/MEDLINE, Embase e Scopus. Dos 353 estudos
identificados, oito preencheram os critérios de elegibilidade. A revisdo evidenciou que o
ambroxol exerce efeitos anti-inflamatorios, antioxidantes e antinociceptivos em diferentes
modelos experimentais ndo pulmonares, promovendo reducdo de citocinas pro-inflamatorias
(TNF-a, IL-1p e IL-6), aumento da atividade de enzimas antioxidantes (superoxido dismutase,
catalase e glutationa), diminui¢do do estresse oxidativo, melhora de alteracdes histoldgicas e
atenuacao da dor por mecanismos relacionados, entre outros, ao bloqueio dos canais de sodio
dependentes de voltagem, reforcando seu potencial para o reposicionamento terapéutico. Em
seguida, foi desenvolvido um estudo experimental QUE avaliou os efeitos antinociceptivos e
anti-inflamatorios do ambroxol em um modelo experimental de osteoartrite. Ratos Wistar
machos adultos tiveram a OA induzida no dia zero (D0) por monoiodoacetato de sddio (MIA)
e foram distribuidos nos seguintes grupos: Sadio, Controle negativo (CTRL-) e tratados com
meloxicam (2mg/kg) ou ambroxol (10, 50 e 100 mg/kg). Os tratamentos foram administrados
por via oral (gavagem) uma vez ao dia durante 28 dias. Foram realizados testes
comportamentais, incluindo Rotarod, Anélise da Marcha em Passarela, Weight Bearing, Von
Frey, Rat Grimace Scale e andlise radiografica, histopatolégica e quantificagdo de citocinas pré
e anti-inflamatorias (IL-1p, IL-6 e IL-10). O tratamento com ambroxol promoveu melhora dos
parametros nociceptivos e da fun¢do motora, além de reduzir os escores radiograficos e
histopatologicos com desempenho comparavel ao meloxicam em diversos testes. Houve
reducdo expressiva de IL-1P e IL-6, enquanto a IL-10 apresentou niveis menores nos grupos
tratados com ambroxol, sugerindo controle precoce da resposta inflamatdria. Em conjunto, os
achados da revisdo sistematica e do estudo experimental demonstram que o ambroxol apresenta
acOes anti-inflamatorias, antioxidantes e antinociceptivas consistentes, além de atenuar
alteracdes estruturais articulares associadas a osteoartrite. Esses resultados reforgam o potencial
do ambroxol como candidato ao reposicionamento terapéutico na osteoartrite. Estudos
adicionais sdo necessarios para esclarecer com maior precisao seus mecanismos de a¢do, definir
as melhores doses e o tempo de uso, bem como viabilizar a translacdo para modelos clinicos.

Palavras-chave: Ambroxol; Reposicionamento de farmacos; Osteoartrite experimental,
Inflamacao; Dor cronica.
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ABSTRACT

Ambroxol is a mucolytic agent widely used in the treatment of respiratory diseases; however,
Ambroxol is a mucolytic agent widely used in the treatment of respiratory diseases. However,
evidence from the literature has demonstrated its anti-inflammatory, analgesic, and
immunomodulatory properties, suggesting its potential for drug repurposing. In this context,
this thesis integrated a systematic review and an experimental study to investigate the
mechanisms of action and therapeutic effects of ambroxol in experimental models of non-
pulmonary diseases, with an emphasis on osteoarthritis (OA). Initially, a systematic review was
conducted, registered in the Open Science Framework (OSF), following the PICO strategy and
PRISMA guidelines, with searches performed in the PubMed/MEDLINE, Embase, and Scopus
databases. Of the 353 studies identified, eight met the eligibility criteria. The review
demonstrated that ambroxol exerts anti-inflammatory, antioxidant, and antinociceptive effects
in different non-pulmonary experimental models by reducing pro-inflammatory cytokines
(TNF-a, IL-1B, and IL-6), increasing the activity of antioxidant enzymes (superoxide
dismutase, catalase, and glutathione), decreasing oxidative stress, improving histopathological
changes, and attenuating pain through mechanisms related, among others, to the blockade of
voltage-gated sodium channels, thereby reinforcing its potential for drug repurposing.
Subsequently, an experimental study was conducted to evaluate the antinociceptive and anti-
inflammatory effects of ambroxol in an experimental model of osteoarthritis. Adult male Wistar
rats underwent OA induction on day zero (DO0) by intra-articular injection of monosodium
iodoacetate (MIA) and were allocated into the following groups: Healthy, Negative Control
(CTRL-), Meloxicam (2 mg/kg), and Ambroxol (10, 50, and 100 mg/kg). Treatments were
administered orally by gavage once daily for 28 days. Behavioral assessments included the
Rotarod test, Gait Analysis, Weight Bearing test, Von Frey test, and Rat Grimace Scale, in
addition to radiographic and histopathological evaluations and quantification of pro- and anti-
inflammatory cytokines (IL-1p, IL-6, and IL-10). Ambroxol treatment significantly improved
nociceptive parameters and motor function, while reducing radiographic and histopathological
scores, showing performance comparable to meloxicam in several outcomes. Marked
reductions in IL-1p and IL-6 levels were observed, whereas IL-10 levels were lower in the
ambroxol-treated groups, suggesting an earlier resolution of the inflammatory response. Taken
together, the findings from the systematic review and the experimental study demonstrate that
ambroxol exhibits consistent anti-inflammatory, antioxidant, and antinociceptive properties, in
addition to attenuating structural joint damage associated with osteoarthritis. These findings
reinforce the potential of ambroxol as a candidate for drug repurposing in osteoarthritis. Further
studies are required to better elucidate its mechanisms of action, establish the optimal dosage
regimen and treatment duration, and support the translation of these findings into clinical
studies.

Keywords: Ambroxol; Drug repositioning; Experimental osteoarthritis; Inflammation; Chronic
pain.



1 INTRODUCAO

A osteoartrite (OA) caracteriza-se principalmente pela perda progressiva da
mobilidade e aumento da incapacidade fisica, decorrentes da dor cronica associada aos
processos inflamatdrios de baixo grau e a degeneracdo da cartilagem articular. Essa doenga
atinge especialmente articulagdes que suportam maior carga mecanica, como joelhos e quadris,
impactando diretamente a qualidade de vida dos pacientes (Kolasinski et al., 2020; Pires et al.,
2024).

O manejo terapéutico da OA tem como objetivos fundamentais o alivio da dor, o
controle da inflamagdo de baixo grau e a prevencao de alteracdes estruturais que resultem no
surgimento da OA radiografica. Nesse contexto, utilizam-se interven¢des ndo farmacoldégicos
incluindo fisioterapia, terapia ocupacional, perda de peso e exercicios, além de abordagens
cirurgicas e farmacologicos, que incluem analgésicos, anti-inflamatorios ndo esteroidais
(AINES), esteroides e acido hialuronico. Entre essas op¢des, os AINEs e os inibidores seletivos
da enzima ciclooxigenase-2 (COX-2), sdo os mais frequentemente empregados devido a sua
acdo na reducdo das prostaglandinas inflamatoérias. No entanto, esses medicamentos sdo
frequentemente associados a efeitos adversos significativos, incluindo complicagdes
cardiovasculares e gastrointestinais (Bannuru et al., 2019; Kolasinski et al., 2020).

O  ambroxol (ABX), também  denominado  trans-4-(2-amino-3,5-
dibromobenzilamino)-cicloexanol, ¢ um composto organico que corresponde ao principal
metabolito ativo da bromexina. Inicialmente registrado e utilizado em 1978 por um dos
Estados-Membros da Unido Europeia, para o tratamento de infec¢des agudas e distirbios
cronicos do trato respiratério. Devido as suas reconhecidas propriedades mucoativas e
secretoliticas, o ambroxol tem sido amplamente empregado na pratica clinica no manejo de
doencas respiratorias. Mais recentemente, surgiu como candidato promissor ao
reposicionamento farmacologico, visando novas aplicagdes terapéuticas além de seu uso
convencional (Cazan et al., 2018; Russo et al., 2023).

A modificacdo estrutural do ambroxol, com a adi¢gdo de um grupo hidroxila em
posicao para-trans do anel ciclohexil e a retirada de um grupo metil conferiram propriedades
farmacolodgicas adicionais em relagdo a bromexina, incluindo agdo anti-inflamatoria, analgésica
local, antioxidante, antimicrobiana e efeitos estimulantes do surfactante. Mesmo em altas doses,
o ambroxol apresenta um perfil de seguranga bem estabelecido e baixo risco de efeitos adversos,

fato refletido em sua ampla utilizagdo clinica e disponibilidade como medicamento isento de



prescri¢ao em diferentes paises, inclusive no Brasil (Barbosa et al., 2023; Bouscary et al., 2020;
Brasil, 2021; Calefi et al., 2022; Gupta, 2010; Mullin ef al., 2020; Russo et al., 2023).

Diante das limitagdes terapéuticas atuais, hd necessidade de alternativas
farmacoldgicas mais eficazes e seguras, capazes de modificar a evolucdo natural da osteoartrite.
No entanto, o desenvolvimento de novos firmacos ¢ um processo complexo, oneroso e
demorado, apresentando uma taxa extremamente baixa de sucesso. Estima-se que a cada 100
medicamentos que ingressam a fase I dos ensaios clinicos, apenas cerca de 11% chegam a
aprovagao para uso terapéutico. Assim, o reposicionamento de medicamentos desponta como
uma estratégia promissora, agil e economicamente viavel para o desenvolvimento de novas
terapias (Kuswanto; Baker, 2024; Pinzi; Bisi; Rastelli, 2024; Pushpakom ef al., 2018).

Esse processo, também conhecido como reutilizagdo medicamentosa, busca
identificar novas finalidades clinicas para um medicamento previamente aprovado, para além
da sua indicagdo original, diminuindo assim os custos e riscos associados ao desenvolvimento
de novas terapias. Por conta disso, essa abordagem tem despertado crescente interesse tanto da
industria farmacéutica quanto da comunidade cientifica (Pinzi; Bisi; Rastelli, 2024; Pushpakom
etal., 2018).

Considerando a crescente demanda por alternativas terapéuticas no tratamento da
osteoartrite, este estudo propde investigar o amboxol como alternativa ao reposicionamento
medicamentoso. Para isso, foram avaliadas suas propriedades anti-inflamatorias e analgésicas
em um modelo experimental de osteoartrite induzida por monoiodoacetato de s6dio em ratos,
por meio de testes comportamentais, andlises radiograficas, histoldgicas e avaliagdo

imunolodgica.



2 REFERENCIAL TEORICO

2.1 Osteoartrite (OA)

A OA ¢ uma doenca articular cronica e heterogénea, caracterizada por dor, rigidez
e perda progressiva da funcdo articular, resultado da degeneracdo das estruturas articulares.
Essas altera¢des incluem comprometimento da integridade da cartilagem articular, com perda
focal nas articulagdes sinoviais, associada a modificagdes no osso subcondral, como esclerose,
hipertrofia com formagao de osteofitos e espessamento da capsula articular (Abramoft; Caldera,
2020; Coaccioli et al., 2022; Mobasheri; Batt, 2016).

Considerada a forma mais comum de doenca articular crénica, sua prevaléncia tem
aumentado globalmente, impulsionada pelo aumento da longevidade populacional e obesidade
em escala global. Em 2017, estimou-se que aproximadamente 303,1 milhdes de pessoas no
mundo apresentavam osteoartrite sintomatica de joelho e quadril, radiologicamente
confirmada, o que representa uma prevaléncia global de cerca de 4,0% da populagdao mundial.
Essa condigdo foi mais prevalente entre as mulheres e aumentou progressivamente com a idade,
atingindo seu pico na faixa etaria acima de 95 anos (Coimbra; Plapler; Campos, 2019; Safiri et
al., 2020).

Além de sua elevada prevaléncia, a OA representa um importante desafio para os
sistemas de saude publica, sendo classificada como a segunda doenga que mais causa
incapacidade entre os individuos acometidos (Mandl, 2019; Sun et al., 2019). Embora mais
comum em pessoas de meia-idade e idosos, estudos recentes evidenciam um aumento
significativo de casos entre adultos jovens em idade economicamente ativa. Entre 1990 e 2021,
houve um crescimento de 116,16% do nimero de casos de OA nessa populagdo, com impacto
econdmico significativo: em 2021, os custos globais atribuidos a OA totalizaram
aproximadamente US$ 350 bilhdes, dos quais US$ 165 bilhdes corresponderam a custos
médicos diretos e US$ 185 bilhoes a perdas de produtividade, representando 0,32% do Produto
Interno Bruto (PIB) global (Luo et al., 2024; Ma et al., 2025).

Essa tendéncia amplia ainda mais o impacto socioeconémico da doenga, devido sua
evolucdo cronica e progressiva, que pode culminar na necessidade de substituicdo da
articulagdo afetada, tal desfecho implica em altos custos ao sistema de saude. Além disso, impde
significativa sobrecarga aos sistemas de seguridade social, com impacto direto na capacidade
de trabalho, levando a afastamentos prolongados, perda do emprego e aposentadoria precoce

(Abramoff; Caldera, 2020; Ma et al., 2025; Safiri et al., 2020).



Com o envelhecimento populacional e o aumento da expectativa de vida, estima-se
que a prevaléncia da OA continue a crescer significativamente nas proximas décadas, com
projecdes que apontam para cerca de 1 bilhdo de casos até 2050, consolidando-se como uma
endemia global (Ma et al., 2025; Mandl, 2019; Safiri et al., 2020; Steinmetz et al., 2023). Entre
as articulacdes mais acometidas estdo os joelhos, coluna lombar e coluna cervical, maos e
quadris. Dentre essas, os quadris e os joelhos sdo considerados os principais locais de
acometimento em articulagdes de carga, sendo responsaveis pelos quadros mais expressivos de
limitacdo funcional (Safiri et al., 2020).

A osteoartrite de joelho figura entre as formas mais prevalentes de OA em todo o
mundo, o que ¢ atribuido a alta exposi¢ao dessa articulagdo a traumas diretos e indiretos, ao
suporte de carga corporal e ao crescente sedentarismo e obesidade populacional. Em 2021,
estimaram-se aproximadamente 374,74 milhdes de casos globais, evidenciando o impacto
epidemiologico da condicdo (Ren; Yang; Hu, 2025; Savvari et al., 2024).

Estudos populacionais corroboram essa tendéncia. Nos Estados Unidos, dados do
National Health Interview Survey estimaram cerca de 14 milhdes de pessoas com OA de joelho,
sendo a maior incidéncia na faixa etaria entre 45 e 64 anos, embora a prevaléncia absoluta seja
mais elevada entre pessoas acima de 64 anos (Deshpande et al., 2016). Em ex-atletas, a
prevaléncia pode chegar a 30%, sugerindo que a pratica esportiva intensa e cronica representa
um fator de risco relevante (Madaleno et al., 2018).

No contexto europeu-asiatico, levantamento da Sociedade Espanhola de
Reumatologia revelou que 29,35% dos individuos acima de 40 anos apresentavam OA
sintomdtica, sendo a coluna lombar (15,52%) e o joelho (13,83%) as localizagdes mais
acometidas, com predominio entre as mulheres (Blanco ef al., 2021). De forma semelhante, em
uma metanalise conduzida na China, incluindo 21 estudos publicados entre 2000 e 2018, os
resultados apontaram uma prevaléncia semelhante a do estudo espanhol, com maior ocorréncia
de OA lombar (25,03%), seguida do joelho (21,51%), afetando predominantemente o sexo
feminino (Sun et al., 2019).

No Brasil, a osteoartrite (OA) ocupa a terceira posicdo entre as doengas mais
frequentemente relacionadas a concessdo de beneficios pela Previdéncia Social, sendo
responsavel por aproximadamente 65% das aposentadorias por invalidez. Estudo nacional
conduzido com individuos acima de 25 anos revelou uma prevaléncia de OA de 33%, com
predominio de acometimento na articulacdo do joelho (45%), especialmente entre mulheres
(59,8%). Também evidenciou que 63,7% dos participantes tinham mais de 60 anos, 46% eram

obesos (indice de massa corporal > 30 kg/m?) e, de forma significativa, trés quartos da amostra



apresentavam excesso de peso, enquanto quase metade eram sedentarios (Coimbra; Plapler;
Campos, 2019).

A literatura evidencia que o envelhecimento populacional estd fortemente
associado ao desenvolvimento e a progressdo da osteoartrite, tanto nas formas radiologicas
quanto sintomaticas. Além disso, fatores como obesidade, traumas prévios e atividades que
impdem sobrecarga ao sistema musculoesquelético sdo reconhecidos como elementos de risco
para a doenca. Com o aumento da expectativa de vida, projeta-se um crescimento expressivo
na incidéncia de osteoartrite, especialmente em paises em desenvolvimento, onde o impacto
sobre os sistemas de saude tende a ser ainda mais significativo. Cabe destacar que intervengdes
terapéuticas como a artroplastia total apresentam custos elevados, o que limita o acesso em
contextos de maior vulnerabilidade socioeconomica. Ademais, por sua natureza progressiva e
potencial incapacitante, a osteoartrite configura-se como um relevante problema de saude

publica (Kloppenburg; Namane; Cicuttini, 2025; Steinmetz et al., 2023).

2.1.1 Anatomia e fisiologia da articulag¢do sinovial

A osteoartrite ¢ uma doenca multifatorial cuja etiologia ainda ndo esta
completamente definida. No entanto, sabe-se que diversos fatores de risco contribuem para sua
patogénese, incluindo idade, predisposi¢do genética, obesidade, género, disturbios
biomecanicos (como genu varo e genu valgo), traumas articulares, artrites inflamatdrias e
estresse articular cronico, entre outros (Kloppenburg; Namane; Cicuttini, 2025; Steinmetz et
al.,2023; Sun et al., 2019).

Essa condi¢cdo acomete preferencialmente as articulagdes sinoviais ou diartrodiais,
que sdo estruturas altamente moveis, localizadas entre os 0ssos, e responsaveis por sua
mobilidade e flexibilidade. Sao formadas por osso subcondral, cartilagem articular, membrana
sinovial e liquido sinovial, sendo todas envolvidas por uma cépsula articular (Figura 1).
Dependendo de sua funcdo e localizagdo, algumas ainda possuem estruturas adicionais, como
tecido labral, ligamentos interdsseos, meniscos e coxins adiposos (Juneja; Munjal; Hubbard,

2025).
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Figural — Representagdo esquematica de uma articulagao sinovial
Nota: Evidenciando cépsula articular, cartilagem hialina, osso subcondral, liquido sinovial e membrana sinovial.
Fonte: Autoria propria, em 2025.

A cartilagem articular ¢ um tipo especializado de tecido conjuntivo presente nas
superficies articulares, composta principalmente por cartilagem hialina. Este tecido se
caracteriza por ser avascular, aneural e alinfatico, o que contribui para sua baixa capacidade
regenerativa. E constituida por cerca de 5% de condrécitos, células responsaveis pela sintese e
manuten¢do da matriz extracelular (MEC), e por 95% de 4gua e MEC, desempenhando a fungao
de mola biologica aos resistir e distribuir cargas mecanicas (Juneja; Munjal; Hubbard, 2025;
Junqueira; Carneiro, 2017).

A matriz extracelular ¢ composta predominantemente por coldgeno tipo II,
responsavel pela resisténcia a tragdo, e por proteoglicanos, sendo o mais importante o agrecano,
que se liga ao acido hialuronico conferindo resisténcia a compressao. Em menores quantidades,
estdo presentes ao menos dez colagenos adicionais, como os tipos III, VI, IX, X, XI e XIII, que
atuam na estabilizacdo da matriz e na conexao das fibrilas entre si (Juneja; Munjal; Hubbard,
2025; Junqueira; Carneiro, 2017; Velosa; Teodoro; Yoshinari, 2003).

Além disso, ha presenga de glicosaminoglicanos (GAGs), como sulfato de
condroitina e queratan sulfato, que atuam na reten¢do de é4gua, conferindo hidratacao,
elasticidade e capacidade de absor¢do de impactos. Entre 65 a 80% do peso da cartilagem
corresponde a agua, essencial para a nutricdo dos condrécitos, uma vez que a cartilagem ¢
avascular, e para a resisténcia mecanica, atuando como meio de transmissdo de carga. Por fim,

as glicoproteinas multiadesivas, como fibronectina, tenascina e osteonectina desempenham



papel importante na adesao celular e na regulagdo de processos como migracao celular (Juneja;
Munjal; Hubbard 2025; Junqueira; Carneiro, 2017; Velosa; Teodoro; Yoshinari, 2003).

O osso subcondral localiza-se imediatamente abaixo da cartilagem articular e ¢
composto por duas estruturas principais: a placa 6ssea subcondral, compacta, calcificada e
porosa, rica em vasos sanguineos e terminagdes nervosas, que separa a cartilagem do osso
trabecular; e a regido trabecular subcondral, de natureza esponjosa, altamente vascularizada e
inervado, que passa por remodelagdo continua em resposta as cargas mecanicas articulares.
Essa estrutura exerce fungdes fundamentais de suporte biomecanico da articulagdo e na nutri¢ao
indireta da cartilagem. Alteragdes microambientais no osso subcondral podem comprometer de
forma significativa o metabolismo e a integridade estrutural da cartilagem sobrejacente (Hu et
al.,2020; Hu et al., 2021).

A membrana sinovial reveste internamente a capsula articular e atua como principal
barreira de transporte de moléculas entre o liquido sinovial e o plasma, desempenhando um
papel essencial na homeostase do microambiente articular. E composta por sinovidcitos do tipo
A, semelhantes a macréfagos, responsaveis pela fagocitose de detritos celulares e elementos
apoptoticos e imunovigilancia; e os do tipo B, semelhantes a fibroblastos, responsaveis pela
sintese de componentes da matriz extracelular e pela secrecdo de elementos fundamentais do
liquido sinovial, como o 4cido hialurénico e a lubricina. Além de promoverem a lubrificagdo e
manuten¢do da viscosidade do liquido sinovial, os sinovidcitos tipo B participam ativamente
na remodelacdo e sustentacdo do tecido conjuntivo intra-articular, produzindo moléculas como
fibronectina, proteoglicanos e metaloproteinases da matriz (MMPs) (Iwanaga et al., 2000;
Junqueira; Carneiro, 2017; Pellicore et al., 2023).

O liquido sinovial, por sua vez, ¢ indispensavel a biomecanica articular, atuando na
lubrificagdo, na nutricdo dos condrdcitos e no transporte de metabolitos e mediadores bioativos,
ele € composto de plasma ultrafiltrado enriquecido com 4cido hialurdnico, lubrificina, citocinas,
enzimas, proteinas plasmaticas e leucocitos em baixa quantidade (Junqueira; Carneiro, 2017,
Pellicore et al., 2023; Seidman; Limaiem, 2023).

Na cartilagem normal, os condrocitos sdo as Unicas células residentes e
desempenham papel essencial na homeostase tecidual, coordenando a sintese e a degradacdo
dos componentes da MEC, como coldgeno tipo II e agrecano. Essa reciclagem ocorre por
mediagdo enzimatica, envolvendo proteases como as MMPs, sendo elas colagenase, gelatinase
e estromelisina, e as A Disintegrin And Metalloproteinase with Thrombospondin motifs
(ADAMLts) como as agrecanases, reguladas por seus inibidores enddgenos Tissue Inhibitors of
Metalloproteinases (TIMPs), de forma a evitar perda ou acumulo excessivo de tecido. A

manuten¢do do equilibrio da MEC depende da acdo de fatores de crescimento, como o Fator de



Crescimento transformador Beta (Transforming Growth Factor-beta — TGF-B) e o Fator de
Crescimento Analogo a Insulina tipo 1 (/nsulin-like Growth Factor 1 —1GF-1), que promovem
a anabolia cartilaginosa. Por outro lado, citocinas pro-inflamatdrias como a interleucina-1 (IL-
1), a interleucina-6 (IL-6) e o fator de necrose tumoral alfa (TNF-a), favorecem o catabolismo
e a degradacdo tecidual, contribuindo para processos degenerativos como a osteoartrite (Figura
2) (Chen et al., 2021; Du et al., 2023; Nahian; Sapra, 2023).

Os fatores de crescimento, como o IGF-1 e o TGF-B, estimulam a sintese de
agrecano, rico em proteoglicanos, e de colageno. A degradagdo dos proteoglicanos ¢ mediada
por enzimas celulares autoliticas, incluindo proteases acidas, glicosidases e sulfatases. A IL-1,
uma proteina produzida pelas células mononucleares da sindvia e pelo condrocito, media a
liberagdo de colagenase e proteases que degradam proteoglicanos. O TNF possui uma atividade
semelhante, mas tem um efeito sobre os condrocitos menos potente que o da IL-1. O papel da
IL-6 na OA ainda ¢ incerto. In vivo, essas citocinas ativam linfécitos B e T, o que pode
contribuir para as alteragdes sinoviais observadas na OA. Vale ressaltar que a cartilagem
contém inibidores teciduais de metaloproteases, que inibem as atividades da colagenase e
estromelisina (Figura 2) (Chen et al., 2021; Cruz et al., 2017; Du et al., 2023; Nahian; Sapra,
2023; Rezende et al., 2000).
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Figura 2 — Representagdo esquematica do balango anabdlico e catabdlico da cartilagem articular

Nota: Evidenciando fatores de crescimento (TGF-f, IGF-1) e citocinas inflamatorias (IL-1, IL-6, TNF-o)) na
regulagdo da matriz extracelular

Fonte: Autoria propria, em 2025.



2.1.2 Fisiopatologia da osteoartrite

Como mencionado, a osteoartrite ¢ uma condicdo multifatorial que resulta do
desequilibrio entre os processos de degradacao e regeneracao da cartilagem, sendo influenciada
por fatores biomecanicos, inflamatorios, genéticos e metabdlicos. Caracteriza-se pela
deterioragdo progressiva da cartilagem articular, remodelacdo do osso subcondral, inflamagao
da membrana sinovial e alteragdes nos tecidos periarticulares. Dentre essas estruturas, a
cartilagem articular ¢ a mais acometida, desempenhando papel central na fisiopatologia da
doenga (Mobasheri; Batt, 2016; Nahian; Sapra, 2023).

Embora o evento inicial da degradagdo cartilaginosa ainda ndo esteja claramente
estabelecido, sabe-se que a cartilagem articular possui baixa capacidade regenerativa por ser
avascular, aneural e alinfatica. Nesse contexto, traumas articulares ou sobrecargas mecanicas
repetitivas podem induzir microfraturas no osso subcondral, promovendo instabilidade
articular. Outro fator relevante ¢ o envelhecimento tecidual, que favorece a instalacdo da
senescéncia celular, caracterizada pela interrupg¢ao permanente do ciclo celular de condrécitos
e sinovidcitos, que deixam de proliferar em resposta a estresses mecanicos, inflamatorios e
oxidativos, mantendo-se metabolicamente ativos e secretando mediadores inflamatorios e
enzimas degradativas, o que reduz a capacidade regenerativa e compromete a integridade da
matriz extracelular. Essas altera¢des estruturais culminam na ativacdo de condrocitos e
sinovidcitos, intensificando a liberacdo de interleucinas e proteases, o que contribui para a
progressdo do processo degenerativo articular (Hunter; Bierma-Zeinstra, 2019; Mobasheri;
Batt, 2016; Nahian; Sapra, 2023).

A resposta inflamatoria na OA ¢ amplamente impulsionada por trés citocinas pro-
inflamatoria: a interleucina-1 beta (IL-1f), o TNF-a e a IL-6. Essas moléculas s3o produzidas
principalmente por condrdcitos e sinovidcitos ativados em resposta a microlesdes da cartilagem
e do osso subcondral, mas podem também ser produzidas por macrofagos e osteoblastos. Além
delas, outras interleucinas como IL-5, IL-17, IL-18 e IL-21 também participam da cascata
inflamatoria, embora com menor protagonismo. Em contraposicao, citocinas anti-inflamatdrias
como IL-4, IL-10 e IL-13 sdo expressas como mecanismos compensatorios na tentativa de
modular essa inflamagao cronica, ainda que, na maioria dos casos, sua atuagao seja insuficiente
para reverter o processo degenerativo (Kapoor et al., 2010; Wojdasiewicz; Poniatowski;
Szukiewicz, 2014).

Apds a ativagdo inicial, os condrdcitos passam a exibir um fendtipo catabolico,

marcado pela producdo continua de citocinas pré-inflamatorias, especialmente Interleucina-1
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beta (IL-1B), TNF-a e, subsequentemente, IL-6. As citocinas IL-1B e TNF-a exercem papel
central na fisiopatologia da osteoartrite ao estimularem a expressdo de enzimas proteoliticas,
como as MMPs: colagenase-1 (Matrix Metaloproteinase-1 — MMP-1), que degrada o colageno
tipo II; estromelisina-1 (Matrix Metaloproteinase-3 — MMP-3), que cliva proteoglicanos e ativa
outras MMPs; colagenase-3 (Matrix Metaloproteinase-13 — MMP-13), considerada a principal
responsavel pela degradagdo do coldgeno tipo II na cartilagem hialina. Paralelamente, as
agrecanases do grupo ADAMTs, em especial ADAMTs-4 (agrecanase-1) e ADAMTs-5
(agrecanase-2), atuam na clivagem do agrecano, principal proteoglicano da cartilagem. A acdo
combinada de MMPs e ADAMTs compromete diretamente a integridade da matriz extracelular,
comprometendo suas propriedades biomecéanicas e acelerando o processo degenerativo
articular (Figura 3) (Goldring; Otero, 2011; Kapoor et al., 2010; Mobasheri et al., 2017; Qian
et al., 2024; Wojdasiewicz; Poniatowski; Szukiewicz, 2014).

Além disso, IL-1B e TNF-a perpetuam o estado inflamatério ao induzirem a
producdo de IL-6 pelos proprios condrdcitos. Embora a IL-6 ndo esteja diretamente implicada
na degradacdo estrutural da cartilagem, ela participa ativamente da manutengao da inflamacao
cronica, modulando o desequilibrio entre os processos anabolicos e catabdlicos e contribuindo
para o desenvolvimento de sinovite, principalmente pela indu¢do de MMPs e ADAMTs. A
interagdo dessas citocinas cria um microambiente intra-articular hostil, marcado por degradagao
progressiva da cartilagem, inflamagao persistente e faléncia dos mecanismos de reparo tecidual,
favorecendo a cronicidade do processo degenerativo (Figura 3) (Goldring; Otero, 2011; Kapoor
etal.,2010; Mobasheri et al., 2017; Qian et al., 2024; Wojdasiewicz; Poniatowski; Szukiewicz,
2014).

Além da acdo direta das citocinas pro-inflamatorias sobre os condrocitos e da
indugdo de enzimas proteoliticas que degradam a matriz extracelular, a osteoartrite ¢ marcada
por um desequilibrio entre os mecanismos redox intracelulares, caracterizando um quadro de
estresse oxidativo. Condrdcitos estimulados por IL-1 ¢ TNF-a aumentam a expressao de 6xido
nitrico sintase induzivel (iNOS) e enzimas da familia nicotinamida adenina dinucleotideo
fosfato reduzido (NADPH) oxidase, responsaveis pela produ¢ao de 6xido nitrico (NO) e outras
espécies reativas de oxigénio (ROS). Essas moléculas, quando produzidas em excesso,
promovem dano mitocondrial, peroxida¢do lipidica, apoptose condrocitdria e intensificam a
expressao IL-1P e TNF-a, agravando a destrui¢do da cartilagem articular, assim, os condrécitos
sdo a fonte e alvo das citocinas pro-inflamatorias na OA. Além disso, o acimulo de ROS e NO
prejudica a sintese de colageno tipo II e agrecano, comprometendo a manuten¢do da matriz

extracelular (Figura 3) (Ansari; Ahmad; Haqqi, 2020).
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Paralelamente, a estimulag@o inflamatoria induzida por IL-1p e TNF-o promove a
ativacdo da via do acido araquidonico, através da ativacdo da fosfolipase A2 (PLA2),
responsavel por clivar os fosfolipidios da membrana celular dos condrécitos e sinoviocitos,
liberando assim o acido araquidonico (AA). Uma vez liberado o AA pode ser metabolizado por
duas vias principais: a ciclooxigenase (COX) e a lipoxigenase (LOX) (Figura 3) (Choi ef al.,
2004; Jin et al., 2022; Wang et al., 2021).

Na OA, os condroécitos, sinovidcitos e células da membrana sinovial estimulam a
expressao da COX-2. Esta enzima catalisa a conversao do acido araquidonico em prostaglandina
E2 (PGE2). Esta, por sua vez, atua localmente promovendo vasodilatacdo, aumento da
permeabilidade vascular, recrutamento de leucocitos e sensibilizacdo de terminagdes nervosas,
contribuindo para a dor articular cronica, além de prejudicar o metabolismo condral, ao inibir a
sintese de colageno tipo II e agrecano, ao estimular a producao de MMPs e ADAMTs (Figura 3)
(Choi et al., 2004; Jin et al., 2022; Min et al., 2021).

Adicionalmente, na membrana sinovial, a COX-2 induzida favorece a producao
continua de PGE2, contribuindo para manuten¢ao da sinovite cronica, dor articular persistente
e degradacdo progressiva da matriz extracelular. Por fim, no osso subcondral, a via do &cido
araquidonico através da PGE2 age na diferenciagdo de pré-osteoclastos em osteoclastos
funcionais levando a um aumento da reabsor¢do 6ssea que colaboram com a progressdo da
doenga (Figura 3) (Jiang et al., 2022; Pelletier; Martel-Pelletier; Abramson, 2001).

Embora a OA seja predominantemente caracterizada por processos catabolicos e
inflamatorios, mecanismos anabodlicos também atuam na tentativa de preservar a homeostase
articular. Esse eixo anabolico envolve a atuagdo de citocinas anti-inflamatorias, como a IL-10
e o antagonista do receptor de IL-1p (Antagonista do receptor de interleucina 1 — IL-1Ra), que
limitam os efeitos das citocinas pro-inflamatdrias e inibem a expressao de MMPs, ADAMTs,
sintese de PGE2 e NO pelos condrdcitos, minimizando a degradag¢do da matriz da cartilagem.
Além disso, enzimas antioxidativas, como a superoxido dismutase (SOD), a catalase e a
glutationa peroxidase, desempenham papel fundamental na neutraliza¢do das ROS, reduzindo
o estresse oxidativo protegendo a integridade da matriz extracelular. Complementando esse
sistema de defesa, os inibidores da via do 4cido araquidénico, como as resolvinas, atuam na
resolugdo da inflamagdo ao bloquear a expressdo da COX-2 atenuando a producdo de
prostaglandinas pro-inflamatorias como a PGE2. Dessa forma, a ativa¢do do eixo anabdlico
representa uma resposta compensatéria essencial para conter os danos teciduais e favorecer a
integridade estrutural da cartilagem articular (Figura 3) (Ansari; Ahmad; Haqqi, 2020; Pelletier;
Martel-Pelletier; Abramson, 2001; Sordi; Lima Janior; Assreuy, 2012).
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Figura 3 — Mecanismos Anabolicos e Catabolicos na osteoartrite

Nota: Destacando o papel de citocinas, enzimas degradativas, estresse oxidativo e mediadores anti-inflamatérios na regulagao da degradacao e preservacao da cartilagem
articular.

Fonte: Autoria propria, em 2025.
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No entanto, a medida que a doenga progride e esses mecanismos reparadores
tornam-se insuficientes, alteragdes na composicao e estrutura da cartilagem articular levam a
ativacdo dos condrocitos em um perfil predominantemente catabolico. Esses condrécitos
passam a produzir fatores catabdlicos, incluindo enzimas que degradam os proteoglicanos,
seguidos pela desorganizagdo da rede de coldgeno, o que culmina em fissuras e
comprometimento da integridade da cartilagem. Além disso, muitos desses estimulos
catabdlicos induzem a apoptose condrocitaria. Nos estagios avancados da osteoartrite, o
aumento expressivo de condrdcitos apoptdticos contribui para a intensificacdo da resposta
inflamatoria local, agravando a degeneracdo da cartilagem articular (Mei et al., 2025; Xia et
al., 2014).

Diante dessa progressdo, ¢ possivel categorizar a osteoartrite em trés estagios
principais, que refletem os eventos estruturais e inflamatdrios caracteristicos da evolugdo da
doenca. No Estagio I, ocorre a degradagdo inicial da matriz cartilaginosa por agao proteolitica;
no Estagio II, observam-se fibrilacdo e erosdo da superficie da cartilagem, com liberagdao de
fragmentos no liquido sinovial; e, no Estagio III, inicia-se uma resposta inflamatoria sinovial
mediada pela fagocitose desses produtos pelas células sinoviais, que passam a secretar citocinas
pro-inflamatodrias e proteases (Martel-Pelletier, 2004).

A OA afeta tanto os tecidos articulares quanto os periarticulares. O osso subcondral
torna-se mais rigido, evoluindo para o infarto e levando ao desenvolvimento de cistos
subcondrais. As tentativas do corpo de regenerar esse osso resultam em esclerose subcondral e
na formacdo de ostedfitos nas margens das articulagdes, como uma maneira de estabilizar a
articulagdo afetada. A sinovite se manifesta, caracterizando-se por um liquido sinovial mais
espesso, de menor viscosidade e em maior volume. Os tenddes e ligamentos ao redor das
articulagdes podem desenvolver contraturas e tendinites. Com a redu¢do da mobilidade
articular, os musculos ao redor tornam-se mais fracos e oferecem menos suporte. Além disso,
meniscos fissurados podem se fragmentar (Figura 4) (Hunter; Bierma-Zeinstra, 2019; Xia et

al., 2014).
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Figura 4 — Alteracdes estruturais da osteoartrite

Nota: Esclerose e cistos subcondrais, formac¢ao de osteodfitos, sinovite com alteragdes do liquido sinovial,
comprometimento de tenddes, ligamentos e musculos periarticulares, além de degeneragdo meniscal.

Fonte: Autoria propria, em 2025.

A dor na osteoartrite ¢ resultado de um processo multifatorial que abrange desde
mecanismos periféricos até alteragdes centrais e neuropaticas. Embora a cartilagem articular
ndo seja inervada, estruturas adjacentes como a membrana sinovial, o osso subcondral e os
ligamentos sdo ricamente inervados e constituem importantes fontes de dor. O processo
degenerativo articular leva a liberagdo de mediadores pro-inflamatérios, como IL-1p, TNF-a,
PGE2 e bradicinina, os quais ativam nociceptores presentes nas fibras Ad e C, contribuindo
para a sensibilizacdo periférica dos neuronios sensoriais (Tabela 1) (Dimitroulas et al., 2014;
Ohashi et al., 2023; Vincent; Miller, 2024).

A persisténcia da estimulagdo nociceptiva favorece a ativagdo de mecanismos de
sensibilizacdo central. Nesse contexto, ocorre uma plasticidade do sistema nervoso central,
caracterizada pela ativacdo de receptores N-metil-D-aspartato (NMDA) e de células da
microglia. Estas, por sua vez, promovem a libera¢do de citocinas pro-inflamatdrias centrais,
como IL-6 ¢ TNF-a (Dimitroulas et al., 2014; Ohashi et al., 2023; Vincent; Miller, 2024).

Os receptores NMDA desempenham papel crucial no processo de sensibilizacao
central da dor, ao permitem o influxo de célcio (Ca*") nos neurdnios pos-sinapticos, resultando
hiperexcitabilidade neuronal e contribuindo para a manutencao da dor cronica. Essas alteracdes
levam a uma reducgdo do limiar de dor e favorecem o surgimento de manifestagdes clinicas

como alodinia, percepg¢do dolorosa diante de estimulos normalmente indolores, e a hiperalgesia,



15

resposta exagerada a estimulos nocivos (Tabela 1) (Dimitroulas et al., 2014; Ohashi et al., 2023;
Vincent; Miller, 2024).

Com a progressdo da doenca, pode ocorrer o desenvolvimento da neuropatia
secundaria a dor. Esse processo estd associado a remodelacdo das terminagdes nervosas € ao
aumento da expressao de canais de sodio dependentes de voltagem, como Na,1.7 e Na,1.8, nos
neurdnios sensoriais do ganglio da raiz dorsal (Dorsal Root Ganglion — DRG). Essas alteragdes
indicam o envolvimento de mecanismos neuropaticos na dor osteoartritica, conferindo-lhe

maior complexidade clinica e terapéutica (Quadro 1) (Rahman; Dickenson, 2015).

Fonte da dor Mediadores envolvidos Via neural

Membrana sinovial, osso IL-1B, TNF-a, PGE2, Sensibilizagdo periférica
subcondral, capsula bradicinina Fibras C e Ao

Estimulo continuo Ativagdo de NMDA,

) ) Sensibilizagdo central
microglia (IL-6 e TNF-a)

Remodelacio nervosa Nay1.7, Na,1.8 Neuropatia secundaria

Quadro 1 — Mediadores ¢ vias neurais envolvidos na dor osteoartritica

Nota: Canal de so6dio dependente de voltagem 1.7 (Na,1.7); Canal de s6dio dependente de voltagem 1.8 (Na,1.8).

Fonte: Elaborada pela autora, com base em Dimitroulas ef al. (2014), Ohashi et al., (2023) e Vincent e Miller,
2024.

Diante das alteracdes estruturais e inflamatorias que caracterizam a progressao da
osteoartrite, torna-se essencial a utilizacdo de métodos diagnodsticos que possibilitem a
identificacdo precoce e precisa da doenca. A compreensdo dos mecanismos fisiopatolégicos
envolvidos orienta a escolha das ferramentas diagnésticas mais adequadas, permitindo a
elaboracdo de um protocolo terapéutico individualizado, centrado nas necessidades especificas

de cada paciente (Hunter; Bierma-Zeinstra, 2019).

2.1.3 Diagnostico da osteoartrite

O diagnoéstico da osteoartrite ¢ baseado primariamente na anamnese € no exame
fisico. As principais queixas referidas pelos pacientes incluem dor articular, rigidez matinal de
curta duracdo e limitacdo funcional progressiva. No exame fisico, observam-se sinais
caracteristicos como crepitacdo, restrigdo ou dor a mobilizagdo articular, sensibilidade a
palpagdo e, em alguns casos, derrame articular (Hunter; Bierma-Zeinstra, 2019; Sen; Hurley,

2023).
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A dor é o sintoma predominante da OA, geralmente caracterizada como
protocinética, ou seja, dor que surge com o movimento. Costuma ter inicio insidioso e, nas fases
iniciais, tende a melhorar com o repouso. Contudo, em estagios mais avancados, pode persistir
mesmo em repouso, tornando-se continua. A rigidez articular ¢ de curta duragdo, geralmente
aparece apos periodos prolongados de repouso e ¢ comumente referida como gelificagao.
Outros sinais e sintomas incluem crepitagdo, diminui¢do da flexibilidade com consequente
redu¢do da amplitude dos movimentos articulares, edema (secundario a sinovite ou ao derrame
articular) e inflamagao dos tecidos moles periarticulares (Hunter; Bierma-Zeinstra, 2019; Sen;
Hurley, 2023).

Embora os exames de imagem sejam uteis para confirmar a hipotese de OA e
descartar outras doencgas, ¢ importante enfatizar que, nos estagios iniciais da OA, pode ndo
haver alteragdes visiveis na radiografia. Isso ndo exclui o diagndstico da doenga. Da mesma
forma, a presenca de alteracdes radioldgicas ndo necessariamente confirma que os sintomas
relatados pelo paciente sejam devido a OA. Como diagndsticos diferenciais, deve-se considerar
outras condi¢des, como bursites e tendinites, entre outras (Hunter; Bierma-Zeinstra, 2019;
Sinusas, 2012).

A radiografia, apesar de suas limitacdes, especialmente nas fases iniciais da
osteoartrite, em que pode apresentar resultados normais mesmo na presenca de sintomas,
continua sendo o exame de imagem mais frequentemente solicitado na pratica clinica. Essa
preferéncia se deve ao seu baixo custo, ampla disponibilidade e simplicidade na execu¢do. Sua
principal utilidade ¢ estadiar os danos tardios j& estabelecidos na articulagdo pela osteoartrite
(Sinusas, 2012; Hunter; Bierma-Zeinstra, 2019; Sen; Hurley, 2023).

Os principais sinais radiograficos incluem estreitamento do espaco articular,
oste6fitos marginais, esclerose subcondral e formacao de cistos. A ressonancia magnética,
embora ndo seja amplamente utilizada como ferramenta diagndstica de rotina, ¢ capaz de
identificar alteragcdes precoces da OA. A ultrassonografia, por sua vez, pode evidenciar
inflamacdo sinovial, derrame articular e ostedfitos, sendo 1til na avaliacdo de aspectos
inflamatorios associados a doenca (Sinusas, 2012; Hunter; Bierma-Zeinstra, 2019; Sen; Hurley,
2023).

A classificagdo mais amplamente usada na avalia¢do radiografica da osteoartrite ¢
a escala de Kellgren e Lawrence, que gradua a gravidade das alteracdes estruturais em cinco
niveis, de 0 a 4. O grau 0 indica auséncia de sinais radiograficos da doenca. O grau 1
corresponde a possiveis osteofitos minimos, sem alteragdes visiveis no espago articular. O grau

2 caracteriza-se por ostedfitos bem definidos e possivel estreitamento incipiente do espago
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articular. No grau 3, observam-se multiplos osteodfitos, estreitamento moderado do espago
articular, esclerose subcondral e possivel deformidade 6ssea. Ja o grau 4 representa osteoartrite
severa, com estreitamento acentuado do espago articular, grandes osteofitos, esclerose
subcondral evidente e deformidade oOssea significativa. Essa classificagdo fornece um
parametro objetivo para o estadiamento da doenca, sendo amplamente utilizada tanto na pratica

clinica quanto em estudos epidemiologicos (Figura 5) (Kohn; Sassoon; Fernando, 2016).

Estreitamento
incipiente do espago
articular
Minimos
ostedfitos

Ostedfitos bem
definidos ===---~

Estreitamento moderado do
_ espago articular

Deformidade éssea
significativa
Multiplos _ _
ostedfitos _

Esclerose
subcondral evidente - -

.
Esclerose subcondral

Figura 5 — Classificagdo radiografica da osteoartrite segundo a escala de Kellgren e Lawrence

Nota: Avalia progressivamente a presenga de osteofitos, estreitamento do espago articular, esclerose subcondral
e deformidade Ossea.

Fonte: Adaptado de Kohn, Sassoon e Fernando (2016).

Dessa forma, a identificagdo precisa do grau de comprometimento articular, por
meio da avaliacdo clinica e radiografica, é essencial ndo apenas para o diagndstico, mas também
para nortear a escolha das estratégias terapéuticas mais adequadas a cada estagio da doenga

(Hunter; Bierma-Zeinstra, 2019; Sen; Hurley, 2023).
2.1.4 Tratamento da osteoartrite
O tratamento da OA, por se tratar de uma doenga multifatorial com sintomatologia

individualizada e originada de diferentes estruturas articulares, apresenta-se como um desafio

para o médico. O tratamento adotado visa a melhora da condicdo clinica, uma vez que, até o
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momento, ndo existem farmacos capazes de cura-la. Os tratamentos disponiveis buscam aliviar
a dor, melhorar a qualidade de vida e a mobilidade, além de tentar retardar a progressao da
doenga (Hunter; Bierma-Zeinstra, 2019; Sen; Hurley, 2023).

O tratamento deve ter uma abordagem escalonada e abrangente, fundamentado em
terapias nao farmacoldgicas, farmacologicas e cirurgicas. Deve-se comecar sempre pelas
terapias mais seguras e menos invasivas. Os procedimentos cirurgicos devem ser considerados
nos casos refratarios ao tratamento conservador (Pires ef al., 2024).

Na terapia ndo farmacoldgica da OA, ¢ importante abordar o aspecto psicoldgico,
estimular a pratica regular de exercicios fisicos, promover a perda de peso e encorajar a
fisioterapia. Entre as principais estratégias, destacam-se a restricdo de atividades que
intensifiquem a dor ou sobrecarreguem as articulagdes, o fortalecimento muscular e o uso de
recursos de terapia ocupacional, como Orteses, talas, bengalas ou muletas, com o objetivo de
redistribuir a carga articular. O uso de bengalas, em especial, tem se mostrado eficaz na
osteoartrite de joelho e quadril, ao reduzir o estresse mecanico sobre essas articulagdes
(Kolasinski et al., 2020; Pires et al., 2024).

O tratamento farmacoldgico da osteoartrite deve ser individualizado, considerando
as comorbidades do paciente e priorizando intervengdes menos invasivas. As opgoes
terapéuticas incluem formulacdes orais, topicas e intra-articulares. A fim de reduzir os efeitos
adversos sistémicos, recomenda-se iniciar a terapia com AINEs de uso topico. No entanto, a
eficdcia desses medicamentos pode ser limitada em determinadas regides anatomicas, como nas
maos, devido a lavagem frequente, e no quadril, em virtude da profundidade da articulacdo e
nem sempre apresentam os mesmos resultados das medicagdes orais (Kolasinski et al., 2020;
Sen; Hurley, 2023).

A terapia medicamentosa oral na osteoartrite inclui analgésicos, AINEs e inibidores
seletivos da COX-2. Estes ultimos, considerados de primeira escolha no inicio do tratamento,
promovem alivio sintomatico de curto prazo, independentemente da localizacdo da doenca.
Contudo, devido ao risco de efeitos adversos gastrointestinais, renais e cardiovasculares, seu
uso deve ser cauteloso, em doses minimas eficazes e por curtos periodos. Ressalta-se que tais
farmacos ndo modificam a progressdo da osteoartrite, atuando apenas no controle da dor
(Kolasinski et al., 2020).

Entre as op¢des farmacologicas adjuvantes para o manejo da osteoartrite, destacam-
se as injecdes intra-articulares de glicocorticoides. Embora amplamente utilizadas para alivio
sintomatico, estudos indicam que seu uso repetido pode acelerar a degradagdo da cartilagem,

além de haver incertezas quanto a dose ideal e a dura¢do do efeito terapéutico. O acido
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hialuronico apresenta indicagdo condicional, reservado a pacientes que ndo responderam
adequadamente as abordagens ndo farmacoldgicas, aos AINEs topicos e orais, ou aos esteroides
intra-articulares. No entanto, sua eficidcia em comparacdo ao placebo permanece controversa
(Kolasinski et al., 2020; Sen; Hurley, 2023).

O uso de opioides ¢ reservado a casos refratarios, em que ndo ha resposta adequada
as terapias convencionais € quando a cirurgia ndo ¢ indicada ou ¢ recusada. Ainda assim, seu
uso deve ser criterioso, dado o risco de efeitos adversos significativos, como toxicidade e
dependéncia. Outras intervengdes medicamentosas, como a suplementa¢do com vitamina D,
tém eficacia limitada, com estudos demonstrando efeitos discretos ou mesmo auséncia de
beneficio clinico na osteoartrite (Kolasinski ez al., 2020; Sen; Hurley, 2023).

A combinacdo de glicosamina e condroitina tem se mostrado segura e
moderadamente eficaz no alivio da dor e melhora da fun¢do em pacientes com osteoartrite,
especialmente em casos leves a moderados. Embora a eficacia da glicosamina isolada ainda
seja controversa, a condroitina, isolada ou associada, apresenta respaldo na literatura para uso
como adjuvante terapéutico. Considerando a crescente prevaléncia da doenga e seu impacto
funcional, essa associacdo representa uma alternativa promissora, embora ainda demande
estudos de maior robustez metodolédgica (Kolasinski ez al., 2020; Velasco; Bioiberica, 2020).

O tratamento cirargico da osteoartrite ¢ indicado como ultima opg¢ao terapéutica,
para pacientes que ndo obtiveram sucesso com os tratamentos conservadores, especialmente
quando ha comprometimento da funcionalidade e perda de independéncia nas atividades
didrias. Entre os procedimentos disponiveis, destacam-se a artroscopia, atualmente
desaconselhada devido a auséncia de beneficios clinicos superiores ao tratamento conservador;
a artroplastia total, indicada em estagios avancados, sendo o padrdo-ouro em idosos. Ja a
artroplastia unicompartimental ¢ recomendada em pacientes jovens e ativos devido aos riscos
e a durabilidade limitada da a artroplastia, total. As osteotomias, como a tibial alta e a fibular
proximal, preferidas em pacientes jovens com cartilagem preservada, com o objetivo de
realinhar o eixo mecanico e postergar a necessidade de substitui¢do articular (Pires et al., 2024).

Apesar das diversas abordagens disponiveis, o tratamento da osteoartrite permanece
centrado no controle da dor e inflamagdo. Além disso, os farmacos atualmente utilizados
apresentam limitagdes importantes, como efeitos adversos significativos e baixa seguranca a
longo prazo. Nesse contexto, torna-se essencial explorar novas alternativas terapéuticas

(Hunter; Bierma-Zeinstra, 2019; Sen; Hurley, 2023).
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2.2 Modelo de osteoartrite induzida por monoiodoacetato (MIA)

O modelo de osteoartrite induzida por MIA ¢é amplamente utilizado em estudos
experimentais para a investigagdo dos mecanismos fisiopatologicos da OA e a avaliacdo da
eficacia de potenciais agentes terapéuticos. O MIA ¢ um inibidor irreversivel da enzima
gliceraldeido-3-fosfato desidrogenase (GAPDH), essencial para a via glicolitica nos
condrécitos. A inibi¢do desta enzima resulta em colapso do metabolismo energético celular,
levando a morte dos condrocitos, e posterior degeneragdo progressiva da cartilagem articular
(Morais et al., 2016).

A aplicagdo intra-articular de MIA, comumente no joelho de ratos ou
camundongos, induz alteragdes estruturais e funcionais compativeis com as manifestacdes
observados na OA humana, incluindo perda de matriz cartilaginosa, esclerose 6ssea subcondral,
formagdo de ostedfitos, inflamagdo sinovial e dor articular persistente (Combe; Bramwell,;
Field, 2004). Este modelo ¢ particularmente ttil por sua reprodutibilidade, simplicidade técnica,
baixo custo e capacidade de simular tanto os componentes estruturais quanto os sintomas
dolorosos da OA. Além disso, permite estudar com acurdcia os mecanismos de dor crdnica,
incluindo alodinia mecanica e hiperalgesia (Combe; Bramwell; Field, 2004; Horvath et al.

2024; Stevenson et al., 2011).

2.3 Ambroxol (ABX)

O cloridrato de ambroxol (2-amino-3,5-dibromo-N-[trans-4-hydroxycyclohexyl]
benzylamine) tem sido reconhecido na literatura mundial como um promissor candidato ao
reposicionamento medicamentoso. Classificado como uma benzilamina substituida, ¢ o
metabodlito N-desmetil ativo da bromexina, outro medicamento mucolitico amplamente
utilizado e deriva-se sinteticamente da vasicina, composto bioativo da planta Adhatoda vasica
(Gupta, 2010; Malerba; Ragnoli, 2008; Ullah et al., 2025).

A Adhatoda vasica (Adulsa, Malabar Nut), planta de origem asidtica, ¢ utilizada na
medicina Ayurvédica indiana ha séculos para o tratamento de doengas pulmonares. Ela possui
uma variedade de alcaloides em suas folhas, sendo o principal a vasicina. Este composto serviu
de base para a criacdo da bromexina, da qual o ambroxol ¢ um metabdlito ativo. No entanto, o
ABX se destaca por sua superior farmacocinética, eficacia, perfil de seguranga e menor

incidéncia de efeitos adversos (Disse; Ziegler, 1987; Malerba; Ragnoli, 2008).
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A modificacdo estrutural da bromexina, com a substituicdo de um grupo metil por
uma hidroxila na posi¢do para-trans do anel cicloexilico, conferiu ao ambroxol uma ampla
gama de propriedades farmacologicas. Além de manter seus efeitos mucocinético e mucociliar,
o Ambroxol passou a apresentar também potenciais agdes antioxidantes, anti-inflamatorias,
anestésicas locais, além de efeitos antivirais, antibacterianos e na estimulag¢do de surfactante
pulmonar (Gupta, 2010; Kantar et al., 2020; Malerba; Ragnoli, 2008).

A bromexina e o ambroxol foram inicialmente registrados como agentes
secretoliticos em Estados-Membros da Unido Europeia (UE) em 1963 e 1978, respectivamente.
Atualmente, esses medicamentos estdo autorizados para uso em todos os Estados-Membros da
UE, bem como na Noruega e na Islandia, com exce¢do do Reino Unido. Além disso, estdo
disponiveis em mais de 50 paises ao redor do mundo (European Medicines Agency, 2015;
Gupta, 2010).

O ambroxol, quando administrado por via oral, apresenta rapida absor¢do, com
biodisponibilidade aproximada de 80% e concentracdo plasmatica maxima em cerca de duas
horas. Esté disponivel no mercado em multiplas formulagdes terapéuticas, incluindo pastilhas,
sprays orais, solu¢des intravenosas, supositorios, xaropes, granulos, comprimidos, capsulas,
formulagdes orais de liberagdo lenta e solugdes para nebulizagdo (European Medicines Agency,
2015; Mey et al., 2015; Ollier et al., 2020).

Em 2014, o Comité de Avaliagdo de Risco em Farmacovigilancia (PRAC) da Unido
Europeia conduziu uma andlise de seguranca dos medicamentos contendo ambroxol e
bromexina, motivada por notificacdes de reacdes anafilaticas e reagdes adversas cutineas
graves (SCARs). Como resultado, as informagdes de bula foram atualizadas para incluir o risco,
ainda que pequeno, de reagdes alérgicas e SCARs. No entanto, 0o PRAC concluiu que o perfil
risco-beneficio do Ambroxol permanece favoravel, considerando sua baixa toxicidade e
raridade de efeitos adversos. Assim, o farmaco ¢ considerado seguro para uso em humanos,
inclusive em criangas, ¢ pode ser adquirido sem prescricdo médica (Cazan et al., 2018;
European Medicines Agency, 2015).

Diante de sua ampla distribuicdo, seguranga comprovada e diversidade de
aplicacdes, torna-se relevante compreender os mecanismos moleculares que sustentam os

efeitos terapéuticos do ambroxol.

2.3.1 Mecanismo de A¢do do Ambroxol
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O ambroxol, apesar de amplamente utilizado ha décadas, ainda apresenta
mecanismos de acdo pouco explorados. Essa lacuna se deve a complexidade de suas multiplas
interagdes farmacodinamicas, o que abre possibilidades promissoras para novos estudos e seu
reposicionamento terapéutico (Cazan et al., 2018; Ullah et al., 2025).

Quando administrado de forma oral, o ABX apresenta uma rapida absorcao
apresentando biodisponibilidade de aproximadamente 79% e alta ligagdo as proteinas
plasmaticas. Os niveis plasmaticos maximos sdo atingidos entre 1 e 6,5 horas, a depender da
formulagdo, e o fairmaco atinge concentragcdes pulmonares significativamente superiores as
plasmaticas. Sua meia-vida de eliminacdo ¢ de cerca de 10 horas, sendo metabolizado no figado
e excretado por biotransformag¢do oxidativa bifasica em &cido dibromoantranilico e
glicuronideos mediada pelo citocromo P450 3A4 (Disse; Ziegler, 1987; Gupta, 2010; Ponugoti
et al., 2024).

Diante de suas multiplas propriedades farmacoldgicas e ampla aplicabilidade
terapéutica, torna-se pertinente a descricdo detalhada dos principais mecanismos de agdo

atribuidos ao ambroxol.

2.3.1.1 Propriedades mucoliticas, mucocinéticas e surfactantes do ambroxol

O principal efeito farmacologico do ambroxol, e sua principal indicagao terapéutica
atual, relaciona-se a estimulacdo da producdo de surfactante pulmonar, associada as suas
atividades mucocinética e secretolitica (mucolitica). Sua acdo secretolitica estd vinculada a
redug¢do da viscosidade do muco, por meio da despolimerizacdo de fibras polissacaridicas
acidas presentes na secrecao bronquica, além da indugdo a produgao de polissacarideos neutros
pelas células glandulares. O ambroxol também estimula a sintese e liberagdo de surfactante
endogeno pelos pneumdcitos tipo II. Embora os mecanismos exatos que regulam essa produgao
ainda nao estejam completamente elucidados, sabe-se que envolvem vias celulares complexas

e multifatoriais (European Medicines Agency, 2015; Paleari et al., 2011; Ponugoti et al., 2024).

2.3.1.2 Propriedade antioxidante

A atividade antioxidante ¢ fundamental para a manutencdo da homeostase celular e
a prevenc¢do de danos induzidos por espécies reativas de oxigénio (ROS), como os radicais
superoxido (O2), hidroxila (OH) e o NO. Essas espécies podem ser geradas endogenamente,

principalmente nas mitocondrias durante a respiragdo celular, ou por fatores exoégenos, como
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exposi¢do ao fumo e poluentes ambientais. Para neutralizar os efeitos nocivos das ROS, o
organismo dispde de um sistema antioxidante complexo, que inclui enzimas como a SOD,
catalase (CAT) e glutationa reduzida (GSH), além de antioxidantes ndo enzimaticos, como as
vitaminas C e E (Paleari ef al., 2011; Ponugoti et al., 2024).

Embora amplamente reconhecidos por seus efeitos deletérios, os radicais livres
exercem fungdes fisioldgicas essenciais, como a sinalizagdo celular e a defesa imunoldgica
contra patdgenos. No entanto, quando sua producdo excede a capacidade dos sistemas
antioxidantes endogenos, instala-se o estresse oxidativo, condi¢do responsavel por danos as
estruturas celulares, incluindo lipidios, proteinas e Deoxyribonucleic Acid (DNA). Esse
desequilibrio contribui para o envelhecimento celular e estd implicado na fisiopatologia de
diversas doencas crdnicas, como cancer, doengas cardiovasculares, neurodegenerativas e
inflamatorias (Paleari et al., 2011; Pooja; Shweta; Patel, 2025).

Nesse contexto, estudos demonstram que o Ambroxol exerce agao antioxidante por
meio da neutralizagdo de radicais livres, especialmente aqueles gerados por exposicao a agentes
toxicos inalados, como a fumacga do cigarro. Além disso, o farmaco modula a atividade de
células inflamatorias, como neutrofilos e macrofagos, e exerce efeito protetor contra a
peroxidagdo lipidica, refor¢ando sua utilidade em condigdes associadas ao estresse oxidativo
(Malerba; Ragnoli, 2008; Paleari et al., 2011; Ponugoti et al., 2024).

Pesquisas in vitro e in vivo em modelos de inflamacao pulmonar demonstram que
o Ambroxol exerce agdo antioxidante eficiente, capturando e eliminando efetivamente radicais
OH e 4cido hipocloroso (HOCI), com atividade moderada contra o O2". Além disso, o farmaco
reduz a produgdo de superoxido e perdxido de hidrogénio (H20:2) por neutrédfilos ativados e
macrofagos alveolares, preservando a fun¢do da ou-antiproteinase contra inativagdo, mediada
por HOCI e peroxinitrito (ONOOQO"). Essas agdes sdo complementadas pela prote¢do do acido
hialurdénico e do colageno contra a oxidacdo induzida por ferro e HOCI, ao decompor e eliminar
o HOCL e proporcionar protecdo contra ONOO-, além de suprimir a resposta de explosdo
respiratoria em células fagociticas (Gillissen et al., 1996; Nowak et al., 1994; Paleari et al.,
2011; Ponugoti et al., 2024).

Em modelos in vivo e in vitro de doengas nao pulmonares, o ambroxol demonstrou
atuar como modulador da resposta antioxidante ao aumentar os niveis de enzimas antioxidantes
endogenas, como SOD, CAT e GSH, ao mesmo tempo em que reduz marcadores de estresse
oxidativo, como o malondialdeido (MDA). Esses efeitos evidenciaram a capacidade do farmaco
de restaurar o equilibrio redox celular e neutralizar espécies reativas de oxigénio (ROS),

limitando o dano oxidativo as estruturas celulares. A preservacdo da integridade tecidual,
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observada nesses estudos, reforca o potencial terapéutico do ambroxol como agente
antioxidante além do trato respiratorio (Barut et al., 2019; Jiang et al., 2013; Stétinova; Herout;
Kvétina, 2004; Sunkari et al., 2019).

A literatura demonstra que o ambroxol tem potencial para atuar contra o dano
oxidativo e reduzir a destrui¢ao tecidual mediada por processos proteoliticos. Esse efeito ocorre
de diversas maneiras: tanto pela redu¢do do dano oxidativo a al-antiproteinase, como pela
conten¢do da explosdo respiratoria em células fagociticas ativadas e pela eliminagdo de ROS

(Paleari et al., 2011; Ponugoti et al., 2024).

2.3.1.3 Efeito Anti-inflamatério

A literatura destaca estudos, tanto in vitro quanto in vivo, que investigaram o
potencial anti-inflamatdrio do ambroxol, com foco principalmente em modelos pulmonares.
Em experimentos, o ambroxol demonstrou propriedades anti-inflamatorias, influenciando uma
série de células, como leucdcitos polimorfonucleares (PMN), células mononucleares, células
do parénquima das vias aéreas, basofilos e mastocitos, restringindo suas atividades pro-
inflamatorias. O ABX atua reduzindo a quimiotaxia dos leucdcitos PMN in vitro e a formacao
de anion superoxido, sem comprometer a viabilidade celular. Além disso, diminui a produgao
de IL-1 e do TNF-a em células mononucleares humanas expostas a endotoxinas, sem causar
citotoxicidade (Malerba; Ragnoli, 2008; Paleari et al., 2011; Ponugoti et al., 2024).

Em estudo conduzido por Bianchi er al. (1990), a estimulacdo de células
mononucleares humanas por endotoxinas do tipo lipopolissacarideos (LPS) demonstrou que o
ambroxol foi capaz de inibir a sintese das citocinas pro-inflamatérias IL-1 e TNF. Resultado
semelhante foi observado em um modelo de lesdo pulmonar aguda induzida por LPS em ratos,
no qual o tratamento com ambroxol reduziu significativamente os niveis de TNF-a, IL-6 e do
fator de crescimento transformador beta-1 (7Transforming Growth Factor-beta 1 — TGF-B1) no
lavado broncoalveolar (Bronchoalveolar Lavage — BAL) (Su et al., 2004; Bianchi et al., 1990).

Além desses resultados especificos, diferentes investigagdes experimentais
demonstraram que o ambroxol possui propriedades anti-inflamatorias mais amplas, atuando de
forma consistente na modulagdo de mediadores inflamatérios em distintos modelos. O farmaco
promoveu a redu¢do significativa de citocinas pro-inflamatoérias, como o TNF-a, IL-1, IL-6,
IL-17, interleucina-22 (IL-22), interleucina-23 (IL-23). Simultaneamente, foi observado um

aumento na expressao de IL-10, uma citocina anti-inflamatéria com papel central na limitacdo
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da resposta imune exacerbada (Barut et al., 2019; Gaida et al., 2005; Giiltekin et al., 2022;
Jiang et al., 2022; Sunkari et al., 2019).

O ambroxol também inibiu a ativacdo do fator de transcri¢do nuclear kappa B
(Nuclear Factor kappa B — NF-kB), um dos principais reguladores da cascata inflamatoria,
contribuindo para a supressdo da transcricdo de genes pro-inflamatérios. Ainda, observou-se
menor infiltracdo celular, reducdo do edema e preservagdo da arquitetura tecidual nas areas
tratadas, sugerindo um efeito protetor local. Em alguns estudos, seu desempenho foi
comparavel ao de farmacos consagrados, como corticosteroides, reforcando o potencial
terapéutico do ambroxol no controle da inflamagdo em condigdes ndo respiratdrias (Barut et

al., 2019; Gaida et al., 2005; Giiltekin et al., 2022; Jiang et al., 2022; Sunkari et al., 2019).

2.3.1.4 Efeito analgésico

Os canais de so6dio dependentes de voltagem (VGSCs) exercem papel fundamental
na modulagdo da excitabilidade neuronal, tanto em condic¢des fisioldgicas quanto patoldgicas
associadas a dor. A familia de canais VGSC do tipo Na,l ¢ composta por nove isoformas,
denominadas de Na,l.1 a Na,1.9, cuja expressao ¢ regulada de forma espago-temporal,
apresentando propriedades eletrofisiologicas distintas. As isoformas Na,1.1, Na,l1.5, Na,1.6,
Nay1.7, Na,1.8 e Na,1.9 sdo expressas em neurénios do DRG, com destaque para Na,l1.7,
altamente expresso nesses neurdnios, e para Na,1.8 e Na,1.9, cuja expressdo ¢ seletiva e
predominante em nociceptores. Essas isoformas tém sido amplamente associadas a transducgao
e propagagdo dos sinais nociceptivos, sendo alvos promissores para o desenvolvimento de
novas terapias analgésicas (Hameed, 2019).

Para compreender a fisiopatologia da dor, ¢ essencial considerar a participagao dos
canais Na,1.8, pela sua especificidade para neuronios sensoriais, € Na,1.7, em razdo de suas
associagdes genéticas com formas patoldgicas de dor. Esses dois canais apresentam diferengas
significativas em suas propriedades cinéticas, dependéncia de voltagem e sensibilidade a
tetrodotoxina (TTX), um bloqueador seletivo de canais de sddio. O canal Na,1.7 ¢é sensivel a
TTX, sendo inibido por concentra¢des nanomolares desse composto (classificado como TTX-
sensivel — TTX-S). Em contraste, o canal Na,1.8 € resistente a TTX, ndo sendo bloqueado por
essas concentragoes (classificado como TTX-resistente — TTX-R) (Hameed, 2019).

Pesquisas indicam que a a¢do analgésica do ABX pode estar relacionada ao
bloqueio de canais de sodio (Na®) dependentes de voltagem em neurdnios sensoriais.

Evidéncias demonstram que o ABX exerce um efeito supressor mais pronunciado sobre os
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canais de Na* resistentes a tetrodotoxina (TTX), como o Na,1.8, quando comparado aos canais
sensiveis a TTX, como o Nay1.7 (Russo et al., 2023; Weiser; Wilson, 2002).

Estudos eletrofisiologicos confirmam que o ambroxol é capaz de bloquear tanto
canais Nav TTX-r quanto TTX-s em neuronios das fibras C do DRG de ratos. A substincia atua
de forma seletiva, com maior poténcia sobre os canais Nav1.8, sendo essa agdo comparavel a
da bupivacaina em relacdo aos canais TTX-r, 0 que evidencia seu potencial como inibidor eficaz
em concentracdes clinicamente relevantes. Isto refor¢a o potencial do ambroxol como agente
analgésico com aplicagdo no tratamento da dor neuropatica (Weiser; Wilson, 2002).

Corroborando esses dados, estudos conduzidos por Gaida et al. (2005), utilizando
modelos animais de dor crdnica, neuropatica e inflamatoria, demonstraram que o ambroxol
suprimiu significativamente os comportamentos relacionados a dor em niveis plasmaticos
compativeis com o uso clinico. Além disso, seus efeitos analgésicos foram comparaveis, ou até
superiores, aos da gabapentina, firmaco amplamente utilizado no manejo da dor neuropatica.
Dada sua eficécia, torna-se essencial compreender o perfil de seguran¢a do ambroxol, incluindo

as faixas de dosagem utilizadas experimentalmente e seus potenciais efeitos toxicos.

2.3.1.5 Dose ¢ toxicidade de ambroxol

A literatura cientifica descreve um estudo que buscou determinar a dosagem
adequada do ambroxol, bem como avaliar seus potenciais efeitos toxicos. As vias de
administracdo testadas incluem oral, intravenosa, subcutinea e intraperitoneal, utilizando
modelos animais como camundongos, ratos, coelhos, porquinhos-da-india e caes. Em testes de
toxicidade oral aguda, a substancia demonstrou baixa toxicidade nesses modelos. Entretanto,
em casos de superdosagem, foram observados sintomas como dispneia, ataxia e convulsdes
parcialmente tonico-clonicas, sendo todos esses sintomas reversiveis (Malerba; Ragnoli, 2008).

No mesmo estudo, avaliacdes de toxicidade oral subaguda e cronica realizadas em
ratos (52 e 78 semanas), coelhos (26 semanas) e cdes (52 semanas) ndo evidenciaram efeitos
adversos graves ou lesdes organicas especificas mesmo em doses elevadas. Para os ratos, a dose
testada chegou a 2500 mg/kg, enquanto coelhos e caes toleraram até 250 mg/kg. Em doses
clinicas mais usuais até 50 mg/kg (rato), 40 mg/kg (coelho) e 10 mg/kg (cdo), ndo foram
observadas alteracdes adversas (Malerba; Ragnoli, 2008).

Estudos clinicos t€ém demonstrado que o ambroxol apresenta um perfil de seguranca
favoravel mesmo em doses elevadas. Em uma revisdo publicada por Cazan et al. (2018), com

base em dados do PRAC da Unido Europeia, foram analisadas diferentes dosagens do fArmaco
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entre 60 e 150 mg por via oral em adultos com doengas das vias aéreas, contemplando
formulagdes de liberagdo prolongada e imediata. Oosterhuis et al. (1993) também relataram
auséncia de eventos adversos graves com a administragdo oral de 1000 mg/dia, refor¢cando a
seguran¢a do composto em doses mais elevadas.

Resultados similares foram observados em outros ensaios clinicos. Laoag-
Fernandez, Fernandez e Mauro (2000) utilizaram 1000 mg/dia de ambroxol por via intravenosa,
durante trés dias, em gestantes para prevengdo da Sindrome do Desconforto Respiratério do
Recém-Nascido, observando apenas efeitos leves e autolimitados, como congestdo nasal,
nauseas, vomitos e taquicardia leve. De forma semelhante, Istaiti ez al. (2023) reportaram boa
tolerabilidade a dose oral de 600 mg/dia durante 12 meses em pacientes com doenca de Gaucher
tipo 1, sem registro de eventos adversos graves. Os estudos refor¢cam o potencial do ambroxol
como uma alternativa terapéutica segura, indo além do uso mucolitico tradicional.

Um aspecto central na compreensao das propriedades analgésicas de um farmaco ¢
o conhecimento preciso das dosagens que possibilitam alcancar concentragdes plasmaticas
terapéuticas e seguras. Estudos pré-clinicos demonstram que a extrapolagdo de doses eficazes
entre espécies deve considerar a equivaléncia farmacocinética, especialmente no que se refere
a concentracdo plasmatica maxima (Cmax) (Ferreira et al., 2023). Em um estudo conduzido
por Gaida ef al. (2005), os niveis plasmaticos de ambroxol em ratos foram determinados e
comparados com dados clinicos obtidos em humanos a partir de 11 estudos. Foi observada uma
correlacdo linear entre as concentracdes plasmaticas maximas em humanos e em ratos,
utilizando doses que variaram de 30 a 1000 mg por individuo, o que reforca a validade da
equivaléncia dose-resposta entre as espécies.

Em 2005, Gaida et al. (2005) investigaram os efeitos do ABX como bloqueador
seletivo dos canais de sodio voltagem-dependentes Nay1.8, visando avaliar seu potencial
analgésico em modelos de dor cronica, incluindo dor neuropatica e inflamatoria. Foram testadas
doses de 30, 100, 300 e 1000 mg/kg, administradas por via oral em ratos. A selecdo das
dosagens baseou-se em uma correlacdo linear previamente identificada entre os niveis
plasmaticos do ABX em ratos e humanos, com doses variando de 10 a 1000 mg/kg em ratos e
correspondendo a concentragdes plasmaticas maximas obtidas em humanos com doses entre 30
e 1000 mg por individuo. Essas dosagens foram comparadas a gabapentina, nas concentragdes
de 10, 30 e 100 mg/kg.

Os resultados demonstraram que o ABX apresentou superioridade a gabapentina na
maioria dos modelos avaliados. No teste da pata induzido por formalina, observou-se eficacia

a partir de 300 mg/kg, sendo que, na dose de 1000 mg/kg, o efeito analgésico do ABX superou
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o da gabapentina. Em modelo de dor neuropatica por ligadura parcial do nervo ciatico, doses a
partir de 100 mg/kg promoveram alivio significativo da alodinia mecéanica, com completa
restauracdo dos limiares mecanicos na dose de 1000 mg/kg, superando a eficacia de 72% da
gabapentina. No modelo de monoartrite induzida por adjuvante completo de Freund, a dose de
1000 mg/kg de ABX reduziu a alodinia em 43%, valor comparavel a redugdo de 45%
promovida por 100 mg/kg de gabapentina (Gaida et al., 2005).

Em 2004, Su et al. (2004) conduziram um experimento para investigar a acdo anti-
inflamatoria do ABX em um modelo murino de lesdo pulmonar aguda induzida por
lipopolissacarideos. Os camundongos receberam doses intraperitoneais de 30 mg/kg e 90 mg/kg
de ABX por sete dias, sendo os resultados comparados aos da dexametasona, padrdo
terapéutico. Tanto o ambroxol quanto a dexametasona reduziram significativamente
manifestagdes clinicas como hemorragia, edema pulmonar, exsudag¢do e infiltracdo de
neutrdfilos em 24 horas e 48 horas. Além disso, foi observada uma redugdo significativa na
razdo peso umido/peso seco do pulmao. Em comparagdo ao grupo controle, os niveis de TNF-
a, IL-6 e TGF-B1 no BAL também foram significativamente menores nos grupos tratados. A
concentragdo de proteinas no BAL, marcador de permeabilidade vascular, apresentou queda
expressiva com ambos os tratamentos.

No ano seguinte, Haque e Gilani (2005) investigaram os efeitos anticatarata do
ABX, da Spirulina e da vitamina E, utilizando um modelo de inducdo de catarata por naftaleno
em ratos. As doses orais de ABX foram de 100 mg/kg/dia, administradas tanto de forma isolada
quanto em combinacdo com o agente indutor. O estudo destacou o papel dos processos
oxidativos e das espécies reativas de oxigénio na génese da catarata senil, sendo observada uma
redu¢do acentuada de até 14 vezes na concentragdo de glutationa, um importante antioxidante
endégeno. O modelo com naftaleno foi eficaz em simular a catarata senil por promover a
reducdo de proteinas hidrossoluveis e da glutationa. Os resultados evidenciaram a capacidade
do ambroxol, da Spirulina e da vitamina E em retardar o desenvolvimento da catarata, o que foi
atribuido a potente atividade antioxidante desses agentes, a atenuacao do estresse oxidativo e a
protecdo contra a alquilacdo de proteinas, glutationa e aminoacidos (Haque; Gilani, 2005).

Um estudo conduzido por Cao, Hou e Zhang (2019) avaliou a agdo do ambroxol
em doses orais de 2 mg/kg/dia e 50 mg/kg/dia sobre lesdes pulmonares induzidas por ventilagao
mecanica (LPVI) em modelo experimental com roedores. Os animais submetidos a ventilagao
e tratados com a dose mais elevada (50 mg/kg) apresentaram redugdo significativa do edema

pulmonar intersticial e da infiltragdo de células inflamatérias, em comparacdo com os que
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receberam apenas solucdo salina. No entanto, a dose mais baixa (2 mg/kg) ndo demonstrou
eficacia na atenuagdo da resposta inflamatoria associada a ventilagdo mecanica.

Em 2018, Furgata e al. (2018) investigaram os efeitos do ambroxol e da
pregabalina na redugdo da alodinia fria induzida por oxaliplatina em camundongos. As doses
intravenosas testadas de ambroxol foram de 12,5 mg/kg e 37,5 mg/kg, determinadas
experimentalmente. Observou-se que apenas a dose de 37,5 mg/kg foi eficaz, apresentando
atividade antialodinica significativa, restrita, contudo, a fase inicial da alodinia.

Em 2022, Cavalu et al. (2022) exploraram os efeitos do ambroxol em modelo de
colite ulcerativa (CU) induzida por acido acético em ratos, utilizando doses orais de 100
mg/kg/dia e 200 mg/kg/dia. Os resultados indicaram que a dose mais elevada apresentou efeito
profilatico mais pronunciado, com melhora significativa das manifesta¢des histopatologicas da
CU. O tratamento com 200 mg/kg intensificou a ativacao da via Nuclear Factor Erythroid 2-
Related Factor 2 (Nrf2) e a expressao de Heme Oxigenase-1 (HO-1) e catalase, otimizando a
resposta antioxidante frente ao dano oxidativo. Além disso, observou-se a inibi¢do da via de
sinalizacdo do NF-«kB e de seus mediadores pré-inflamatorios associados, como IL-6 e TNF-a,
ao passo que a IL-10 foi positivamente modulada.

Considerando o perfil farmacologico multifacetado do ambroxol e sua reconhecida
baixa toxicidade, torna-se pertinente investigar seu potencial terapéutico em modelos de
osteoartrite, uma condi¢do de alta prevaléncia, impacto funcional relevante e limitada resposta
as opcodes terapéuticas atualmente disponiveis. Essas caracteristicas tornam a OA um desafio
clinico e socioecondmico significativo, sobretudo no contexto do envelhecimento populacional
e da sobrecarga dos sistemas de saude. No entanto, a escassez de estudos que avaliem
diretamente sua a¢do na fisiopatologia da OA justifica a proposta deste estudo experimental,
que visa aprofundar o conhecimento sobre os mecanismos de a¢do do ambroxol nessa condi¢ao

e explorar sua viabilidade como alternativa terap€utica.
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3 OBJETIVOS

3.1 Geral

Avaliar os efeitos do ambroxol em modelo experimental de osteoartrite em joelhos

de ratos.

3.2 Especificos

a)

b)

Mapear e integrar criticamente as evidéncias disponiveis na literatura,
identificando padrdes, consensos, divergéncias e lacunas de conhecimento, com
o objetivo de fundamentar a relevancia cientifica e a originalidade da presente
tese;

Avaliar o efeito do ambroxol sobre o grau de incapacitacdo articular, através
dos testes comportamentais;

Investigar as alteracdes radiologicas articulares em modelo experimental de
osteoartrite tratado com ambroxol;

Avaliar o efeito do ambroxol na preservagdo da integridade da cartilagem
articular, com base na analise histoldgica;

Quantificar a resposta inflamatdria pela dosagem de citocinas.
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4 RESULTADOS
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ABSTRACT

Background: Repositioning offers a cost-effective approach to discovering new therapeutic applications for existing medica-
tions. Ambroxol, primarily used as a mucolytic for respiratory diseases, has demonstrated anti-inflammatory, analgesic, and
antioxidant properties, suggesting potential benefits in non-pulmonary conditions. This study conducted a systematic review to
evaluate the efficacy of ambroxol in experimental disease models unrelated to the respiratory system.

Methods: Following registration in the Open Science Framework and adherence to the PICO strategy for formulating the guid-
ing question, searches were performed in PUBMED/MEDLINE, EMBASE, and SCOPUS using the keywords: (Ambroxol) AND
(Anti-Inflammatory Agents OR Analgesics OR Antioxidants) AND (Animals OR in vivo). The SYRCLE tool assessed methodo-
logical quality. Among 353 identified records, eight articles met eligibility criteria.

Results: These studies investigated ambroxol's effects in models of gastric lesions, neuropathic pain, psoriasis-like skin in-
flammation, hemorrhagic cystitis, and ischemia/reperfusion injuries in the liver and kidneys. Ambroxol doses ranged from 5
to 1000mg/kg, predominantly administered orally. Its antioxidant properties were demonstrated by reducing free radicals and
increasing enzymatic activity (SOD, CAT, GSH). Anti-inflammatory effects included a decrease in pro-inflammatory cytokines

Abbreviations: ABX, ambroxol; ACH, acetilcholine; AED, animal equivalent dose; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline
phosphatase; BUN, blood urea nitrogen; CAT, catalase; CR, creatinine; CYP, cyclophosphamide; GSH, glutathione; IL, interleukin; IL-1p, interleukin-1 beta; IL-6,
interleukin-6; IL-10, interleukin-10; IL-17, interleukin-17; IL-22, interleukin-22; IL-23, interleukin-23; IMQ, imiquimod; IND, indomethacine; LDH, lactate
dehydrogenase; LPS, lipopolysaccharide; MDA, malondialdehyde; MPO, myeloperoxidase; NF-xB, nuclear factor kappa B; OSF, Open Science Framework; PRG,
pregabalin; QCRI, Qatar Computing Research Institute; SC, subcutaneous; SOD, superoxide dismutase; SYRCLE, Systematic Review Center for Laboratory Animal
Experimentation; TBARS, thiobarbituric acid reactive substances; TGF-g, transforming growth factor beta; TLR, Toll-like receptors; TNF-a, tumor necrosis factor
alpha.
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(TNF-a, IL-1P) and histological improvements. Antinociceptive action was observed through inhibition of voltage-gated sodium
channels and reduction of oxidative stress, alleviating neuropathic pain.

Conclusions: Despite ambroxol's widespread clinical use, limited research has explored its non-respiratory applications. Existing
studies suggest its promising therapeutic potential, reinforcing the need for further investigation into its role as an alternative
treatment for various inflammatory and oxidative stress-related conditions beyond pulmonary diseases.

1 | Introduction

Drug repositioning has emerged as a promising alternative in
response to the challenges of developing new medications, as it
seeks to identify new applications for a drug beyond its origi-
nally approved indication. This approach provides a solution to
the lengthy, costly, and highly uncertain process of drug devel-
opment, in which only 2.01% of innovations in chemical mole-
cules reach the market [1].

The significant reduction in time and costs associated with drug
repositioning is due to the already well-known safety and phar-
macokinetic profile of these molecules, facilitating the rapid
advancement of research for evaluation in clinical models and
Phase II and III trials. This technique expands the therapeutic
potential of previously approved drugs [2].

Ambroxol (ABX) or trans-4-(2-amino-3,5-dibromobenzylamino)-
cyclohexanol is a chemical compound classified as a mucolytic
agent, widely used for decades in the treatment of respiratory dis-
eases due to its ability to stimulate mucociliary clearance, improve
mucus viscosity, and facilitate expectoration [3].

It is an active metabolite of bromhexine, isolated from the plant
species Adhatoda vasica. ABX is clinically used for the treat-
ment of respiratory diseases associated with viscous or excessive
mucus in chronic bronchitis. Additionally, studies have shown
that ABX possesses anti-inflammatory, analgesic, antiviral,
antibacterial, antifungal, and antifibrotic properties through
various mechanistic actions, including antioxidant potential by
scavenging free radicals and reducing the release of histamine,
human leukotrienes, mast cells, and leukocytes [4].

ABX is already widely used in clinical practice, demonstrating a
safe use profile and well-established pharmacodynamics. Recent
investigations have revealed additional properties, expanding its
therapeutic potential beyond the respiratory tract. Despite these
perspectives, knowledge about the action and efficacy of ABX
in experimental models outside the respiratory context remains
limited. Therefore, gathering and systematically organizing ev-
idence is essential to support future therapeutic applications of
this drug.

Therefore, the present study aimed to conduct a systematic liter-
ature review to evaluate the anti-inflammatory, analgesic, and
antioxidant properties of ABX in in vivo experimental models of
non-respiratory diseases.

2 | Methods

This is a systematic review study, registered in the Open Science
Framework (OSF) under DOI number 10.17605/OSF.I0/ZXTVR

and based on the methodological guidelines for conducting sys-
tematic reviews and meta-analyses of randomized clinical trials
[5]. The research was guided by the following key question: Does
ABX demonstrate efficacy when used as an anti-inflammatory,
analgesic, and antioxidant agent in experimental models of dis-
eases beyond the respiratory tract? Subsequently, it was struc-
tured according to the PICO strategy (Population, Intervention,
Comparison, and Outcomes), where the characteristics of the
population (rats with inflammatory conditions), intervention
(effect of ABX administered at different doses), comparison
(other medications used, results before and after ABX admin-
istration), and outcome (anti-inflammatory, analgesic, and/or
antioxidant action) were combined (Table 1).

2.1 | Literature Search

The search was conducted in the PubMed/MEDLINE, Embase,
and Scopus databases. It was carried out between September
and November 2024, with no restrictions on year or language for
the selected studies. For the search, Boolean operators "AND"
and "OR" were used in combination with controlled descriptors,
according to the following search strategy: (Ambroxol) AND
(Anti-Inflammatory Agents OR Analgesics OR Antioxidants)
AND (Animals OR in vivo).

The studies retrieved from all combinations and databases were
selected using a free web-based review platform called Rayyan,
developed by the Qatar Computing Research Institute (Rayyan
QCRI) [6]. The selection process involved duplicate removal,
identification, selection, and eligibility assessment.

2.2 | Inclusion Criteria
Initially, studies that involved animal experimentation and the

use of ABX in analgesic, anti-inflammatory, and antioxidant
models for non-pulmonary diseases were included.

TABLE1 | PICO strategy.

Studied domain: use of ambroxol

Population Rodents in inflammatory conditions
Intervention Effect of ambroxol administered
at different doses
Comparison Other medications used, results
before and after ambroxol
Outcome Anti-inflammatory, analgesic,

and/or antioxidant action

20f12

Fundamental & Clinical Pharmacology, 2026



2.3 | Exclusion Criteria

Articles that were not original, that addressed in vitro or human
experimental models, that focused on the pulmonary effect of
ABX, or that investigated neurodegenerative diseases and chap-
erone mechanisms were excluded.

2.4 | Study Selection

The study selection process was conducted independently by
two blinded reviewers (Michelline Joana Tenério Albuquerque
Madruga Mesquita and Jodo Batista Santos Garcia), and dis-
agreements were resolved by a third reviewer. In the first stage,
the titles of the references identified through the search strategy
were read, and potentially eligible studies were preselected. In
the second stage, the titles and abstracts were reviewed, and the
articles chosen in this step were analyzed in full for inclusion or
exclusion in the review.

2.5 | Data Extraction

The data from the included studies were extracted by one
evaluator (M. J. T. A. M. M). For this purpose, a form adapted
from the Cochrane Development, Psychosocial and Learning
Problems (Cochrane) (https://dplp.cochrane.org/data-extra
ction-forms) was used, and the data were recorded in a
Microsoft Excel spreadsheet. The extracted variables included
study characteristics (author/year of publication, country
of study), sample characteristics (sample size, animal char-
acteristics—species, sex, weight), study objective, type of
inflammatory model used, intervention (dose, route of admin-
istration, and treatment duration), evaluation parameters, re-
sults, and main conclusions.

2.6 | Interspecies Dose Adjustment

To account for interspecies differences in metabolic rates be-
tween rats and mice, the methodology for calculating the animal
equivalent dose (AED) was adopted, based on the body surface
area normalization method [7].

Accordingly, estimated average body weights were used for rats
(220g) and mice (32 g), considering the strain standards reported
in the studies. Based on this, the minimum and maximum doses
administered in mice were converted into their rat-equivalent
doses to facilitate a more accurate interpretation of pharmaco-
logical exposure and enhance the consistency of the findings.

2.7 | Methodological Quality Assessment

To assess the methodological quality of the animal studies
included in this review, the Systematic Review Center for
Laboratory Animal Experimentation (SYRCLE) tool was used to
evaluate the risk of bias in animal studies. This tool includes the
following categories: selection bias, performance bias, detection
bias, attrition bias, reporting bias, and other sources of bias. Ten
questions were applied to the articles included in the systematic
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review, with possible answers being “YES,” indicating a low
risk of bias (when the methodological criterion was clearly met);
“NO,” indicating a high risk of bias (wWhen the criterion was not
met or was inadequately applied); and “UNCLEAR” (when the
information was not available or was insufficient for a proper
judgment) [8].

Because this study involved the analysis of existing published
research, it did not require ethical approval. The data used were
publicly available and did not involve any direct interaction with
animals, humans, or their personal information. Furthermore,
no authors were contacted to obtain additional information
about their publications, as the analysis focused solely on the
data within the publications themselves.

3 | Results

A total of 353 articles were identified in the electronic databases
using the search strategy. During the selection process, 71 dupli-
cate references were removed, resulting in 282 articles. The titles
and abstracts of these articles were screened, leading to the ex-
clusion of 93 references, leaving a total of 189 studies. Regarding
study type, 29 studies were excluded for being conducted in
humans or in vitro; 27 were clinical protocols, review articles,
theses, or dissertations; 21 articles investigated ABX for respi-
ratory tract diseases; and 14 studies did not address the relevant
topic. This process resulted in 99 articles, which were subjected
to independent screening using the Rayyan software. Screening
was performed by two reviewers, and in case of a tie, a third au-
thor provided an opinion. Consequently, the full texts of the 99
records were analyzed regarding the methodology used, results,
and conclusions. After this stage, references that did not meet
the selected variables for this review (randomized trial, presence
of a control or placebo group, clearly defined outcomes, statisti-
cal analysis) were excluded, resulting in a final sample of eight
studies (Figure 1).

3.1 | Characteristics of Included Studies

In this review, eight studies were included. The average number
of animals evaluated was 37, ranging from 6 to 108, with two
studies not reporting the number of participants. Most of the
subjects were rats (n=14), predominantly male (n=36), from
the Wistar strain (n=8). The research objectives varied, but all
explored specific aspects of ABX efficacy in inflammatory, pain-
ful, or oxidative conditions.

In five studies (62.5%), the anti-inflammatory effect was eval-
uated using experimental models such as neuropathy, hepatic
ischemia/reperfusion, psoriasis, hemorrhagic cystitis, and renal
ischemia/reperfusion. Among these models, the neuropathic
pain model was the most prevalent, representing 37.5% of the
evaluated studies. Additionally, 50% of the studies investigated
the antioxidant activity of the drug, while 37.5% explored its an-
algesic effect.

Considering the dose conversion using the AED calculation
based on studies conducted with mice, it was possible to es-
timate an adjusted dose range corresponding to rats. Thus,
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FIGURE1 | Identification of studies through databases according to PRISMA recommendations.

in models evaluating anti-inflammatory activity, ABX doses
varied widely, from 5 to 1000mg/kg, administered through
different routes, including oral, intraperitoneal, subcutane-
ous, and topical. For antioxidant activity, the adjusted doses
ranged from 5 to 140 mg/kg, via oral, intravenous, subcutane-
ous, and intraperitoneal routes. Regarding analgesic effects,
only studies conducted in rats were found, with doses ranging
from 30 to 1000 mg/kg, always administered orally, with one
study evaluating the combination of ABX with other agents,
such as pregabalin.

The treatment duration with ABX ranged from 6 h to 4 weeks,
depending on the experimental model. Antioxidant and anti-
inflammatory studies generally adopted shorter protocols,
ranging from 6 h to 7days, whereas neuropathic pain and an-
algesia models involved longer treatments, lasting from 5days
to 4weeks. In studies with therapeutic combinations, such

as ABX and pregabalin, the duration reached up to 21days
(Table 2).

The included studies utilized various evaluation parameters
to investigate the effects of ABX. Histological analyses were
performed in 62.5% of the studies, highlighting changes in
tissues such as the stomach, liver, skin, bladder, and kidneys.
Biochemical parameters were employed in 62.5% of the studies,
including inflammatory markers tumor necrosis factor (TNF-c),
interleukin 1@ (IL-1B), and antioxidant markers such as gluta-
thione (GSH), superoxide dismutase (SOD), catalase (CAT), and
malondialdehyde (MDA). Functional and behavioral parame-
ters were assessed in 50% of the studies, covering bladder con-
tractility, thermal and mechanical allodynia, and withdrawal
latency in acute and chronic pain models. These parameters
were essential for assessing the antioxidant, anti-inflammatory,
and analgesic effects of ABX.
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The review demonstrated that ABX exhibits significant anti-
inflammatory, antioxidant, and analgesic effects. A total of
62.5% of the studies reported a significant reduction in inflam-
matory markers, such as TNF-a, IL-1@8, and IL-6, as well as
improvements in inflammatory conditions, including psoria-
sis, hemorrhagic cystitis, and ischemic injuries. The same per-
centage of studies showed an increase in antioxidant enzyme
activity, such as GSH, SOD, and CAT, along with a reduction in
oxidative stress markers, including MDA.

Regarding pain control, 37.5% of the studies demonstrated
that ABX significantly reduced hyperalgesia and allodynia in
a dose-dependent manner, with effects comparable with those
of standard therapies. Histological models indicated that ABX
attenuated tissue damage, reduced edema, and prevented struc-
tural damage in organs such as the liver, kidneys, and skin.

It was concluded that ABX exhibited dose-dependent analgesic
and antinociceptive properties, leading to a reduction in hepatic,
renal, and cutaneous damage, with anti-inflammatory and anti-
oxidant effects. Additionally, it improved neuropathic pain and
bladder contractile function by blocking sodium channels and
regulating redox balance (Table 3).

3.2 | Methodological Quality Assessment

The evaluation of the studies using the SYRCLE tool criteria in-
dicated a low risk of bias in animal allocation sequence (75%),
baseline characteristics (100%), and random housing (62.5%),
suggesting that experimental groups were homogeneous before
interventions.

However, allocation concealment showed an uncertain risk in
75% of the studies, and blinding, in both outcome assessment
and interventions, presented an uncertain risk in 87.5%, high-
lighting weaknesses in preventing biases related to knowledge
of interventions by assessors.

Despite these concerns, incomplete outcome data and selective
outcome reporting were considered low risk in 100% of the stud-
ies, ensuring transparency and methodological reliability in the
evaluated studies (Figure 2).

4 | Discussion

In this systematic review, the potential of ABX as an anti-
inflammatory, antioxidant, and analgesic agent was evaluated
in experimental models of diseases unrelated to the respiratory
system. The included studies suggest that the drug exhibits ther-
apeutic versatility, with significant effects in various pathophys-
iological contexts. Recognizing the interspecies heterogeneity
between the models used (rats and mice) and the potential met-
abolic implications for ABX's pharmacokinetics, the AED was
calculated to convert the doses administered in mice to adjusted
values for rats. This partial standardization aimed to minimize
the limitations in dose comparability between species and was
incorporated into the analysis of results, allowing for a more
robust interpretation of the magnitude and consistency of the
observed effects.

4.1 | Antioxidant Activity

In the study by Jiang et al. in 2013 [12], the dose-dependent
antioxidant effect of ABX was evaluated in a model of isch-
emia/reperfusion-induced hepatic injury. The authors used
histological parameters and biochemical assays to assess the
markers. It was observed that animals receiving higher doses
of ABX (80 and 140 mg/kg) exhibited better outcomes in con-
trolling liver injury, with reduced histological damage and de-
creased serum levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST). This finding is supported
by the study of Stetinova et al. in 2004 [9], which demonstrated
a dose-dependent and time-related antioxidant effect of ABX
in a model of indomethacin-induced gastric injury. The study
reported better modulation of these injuries in both number
and extent when ABX was administered 30 min before indo-
methacin at the highest tested dose (50 mg/kg). These results
suggest that the observed benefits may be associated with the
antioxidant and anti-inflammatory properties of ABX, partic-
ularly at high doses.

However, when compared with other studies, the in vivo effect
of ABX was considered low in the study by Stetinova et al. in
2004 [9], despite the fact that the compound appears to be capa-
ble of scavenging a broad spectrum of radicals, which play a key
role in the pathogenesis of indomethacin-induced gastric muco-
sal injury [16].

The study by Barut et al. in 2019 [15] demonstrated the ability
of ABX to control oxidative damage in a model of cyclophos-
phamide (CYP)-induced hemorrhagic cystitis. Pre-treatment
with ABX reduced MDA lipid peroxidation and prevented the
depletion of GSH. Similar findings were reported in the study
by Sunkari et al. in 2019 [14], which evaluated the effect of ABX
in an imiquimod (IMQ)-induced model of psoriasis-like skin
inflammation in rats, observing increased levels of antioxidant
markers such as GSH and SOD, as well as reduced nitrite levels.
These results were also observed in the study by Jiang et al. in
2013 [12], which reported increased activities of SOD, CAT, and
GSH. These findings suggest that ABX exerts its antioxidant ac-
tion both through the direct modulation of antioxidant enzymes
and by preserving components of the cellular antioxidant de-
fense system [17, 18].

4.2 | Anti-Inflammatory Activity

In the study by Sunkari et al. in 2019 [14], the positive effect
of ABX was evaluated in a psoriasis-like model induced by the
inflammatory agent IMQ. This inflammation model was de-
veloped by Van Der Fits and consists of the topical application
of IMQ cream, which is commercially available in India, to the
shaved dorsal skin region. IMQ is a ligand for Toll-like receptors
(TLR7 and TLRS8) and acts as a potent immune activator. It is
commonly used for the topical treatment of genital warts caused
by the human papillomavirus and other cancerous skin abnor-
malities [19].

When analyzing the histology of IMQ-induced skin lesions, the
authors observed that topical application of ABX significantly
reduced epidermal hyperplasia. Regarding biochemical and
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FIGURE2 | Risk of bias in animal studies assessed by the SYRCLE tool.

immunological parameters, the IMQ group exhibited lower
levels of GSH peroxidase and SOD but a higher level of nitrite
production compared with the control rats. However, after
treatment with ABX at doses of 10 and 30mg/kg topical and
2mg/kg subcutaneous, the antioxidant markers GSH and SOD
were significantly increased compared with the IMQ control
group. Additionally, a reduction in nitrite levels in the skin tis-
sue was also observed [14].

Topical ABX at doses of 10 and 30mg/kg also effectively
counteracted oxidative stress. The drug additionally atten-
uated elevated cytokine levels in a dose-dependent manner.
Thus, ABX intervention led to a significant reduction in ni-
trosative and oxidative stress and decreased the levels of cy-
tokines IL-1@, IL-6, IL-17, IL-22, IL-23, TGF-8, and TNF-a,

while simultaneously increasing the expression of the anti-
inflammatory cytokine IL-10 [14].

Another study evaluated the effects of ABX on pro-
inflammatory cytokines in a rat model of ischemia/
reperfusion-induced renal injury [4]. When assessing bio-
chemical parameters through serum levels of alkaline phos-
phatase (ALP) and lactate dehydrogenase (LDH), a significant
increase in these enzymes was detected in the ischemic injury
group without treatment. In contrast, in the group treated
with ABX hydrochloride, ALP and LDH activities were sig-
nificantly reduced. Regarding pro-inflammatory markers,
TNF-o and IL-1 levels were analyzed in both groups: the con-
trol group (with injury and no treatment) and the ABX-treated
group (with injury and treated with ABX). The findings
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showed that untreated rats secreted significantly higher levels
of TNF-a and IL-18 (p <0.0001), whereas these levels were re-
duced in the ABX-treated group (p <0.05). Additionally, inter-
stitial edema and tubular cell desquamation were decreased in
the group treated with ABX.

A different study also analyzed the protective effect of ABX
against oxidative/inflammatory damage, but in this case, in-
duced by CYP in the urinary bladder of BALB/c mice [15]. The
study’'s main findings highlighted a reduction in bladder injury,
as ABX treatment significantly decreased mucosal hemorrhage
and improved bladder contractile function. Additionally, im-
provements in biochemical parameters were observed, includ-
ing cytokine levels and inflammation markers such as total GSH
and TNF-a.

Accordingly, Barut et al. in 2019 [15] observed that CYP treat-
ment significantly increased TNF-a levels compared with the
control group. Additionally, it was found that ABX treatment,
at all doses, reduced TNF-«a levels, similar to the group treated
with the reference drug. In the study by Su et al. in 2004 [20],
which evaluated a murine model of acute lung injury, ABX
treatment also reduced TNF-«a levels in bronchoalveolar lavage
fluid due to its anti-inflammatory potential. Similar results were
observed in the studies by Malerba et al. in 2008 [17] and Beeh
et al. in 2008 [21], which reported the anti-inflammatory effect
of ABX by reducing TNF-« levels and neutrophil infiltration in
the lungs of rats, as well as decreasing the release or production
of cytokines such as IL-1f.

Although the anti-inflammatory mechanism of ABX is not yet
well elucidated for other comorbidities, Ferretti et al. in 1992
[22] suggest that ABX may inhibit phosphodiesterase enzymes,
which block the production of pro-inflammatory cytokines.
Additionally, ABX may also inhibit the activation of the pro-
inflammatory transcription factor nuclear factor kappa B (NF-
xB) [21].

4.3 | Antinociceptive Effect

A study conducted in India investigated the neuroprotec-
tive and antinociceptive effects of ABX in a rat model of
oxaliplatin-induced neuropathic pain [13]. To assess the out-
comes in animals, biochemical parameters were analyzed,
including tumor necrosis factor-alpha (TNF-co), thiobarbituric
acid reactive substances (TBARS), superoxide anion genera-
tion in the sciatic nerve, and myeloperoxidase (MPO) activity.
Additionally, behavioral tests were conducted to evaluate no-
ciception: the hot plate test (thermal hyperalgesia of the paw),
the acetone drop test (cold allodynia of the paw), and the tail
immersion test in cold water (cold hyperalgesia of the tail)
[23-25].

Thus, the study observed that pharmacological co-treatment
with ABX effectively improved oxaliplatin-induced neuropathic
pain, as ABX significantly alleviated hyperalgesia and pain-
related allodynia behaviors in rats. This finding is supported
by evidence demonstrating that ABX possesses antinociceptive,
antioxidant, and anti-inflammatory properties [10, 26]. The
neuroprotective and antinociceptive potential of ABX can be

attributed to the reduction of oxidative stress markers, inflam-
matory mediators, and the inhibition of voltage-gated sodium
channels in chemotherapy-induced peripheral neuropathic
pain [13].

Other studies have also evaluated the antinociceptive effect of
ABX, such as the study by Hama et al. in 2010 [11], which inves-
tigated this effect in rats with spinal cord injury-induced neuro-
pathic pain. Similar to other studies, the antinociceptive effect was
assessed through behavioral tests, including the mechanical hy-
persensitivity test and the heat hypersensitivity test [27, 28].

The results regarding the antinociceptive effect of ABX showed
that the highest dose (1000mg/kg) significantly reversed me-
chanical hypersensitivity, starting 30 min after administration
and persisting for at least 3h (p<0.05). Regarding heat with-
drawal latency, an increase in withdrawal latencies was ob-
served in rats treated with 300mg/kg of ABX, while a partial
reversal of heat hypersensitivity was noted 90min after admin-
istration of a dose of 100mg/kg [11].

We highlight that this review is the first to comprehensively
examine the activity of ABX in three distinct actions: anti-
inflammatory, analgesic, and antioxidant in experimental mod-
els of various non-pulmonary diseases, revealing a promising
therapeutic potential for managing inflammation, pain, and
oxidative stress in different tissues. However, some limitations
should be considered, such as the limited number of recent pub-
lications, methodological heterogeneity among the included
studies, and a potential publication bias due to the small sample
size in the analysis. Nevertheless, these biases were minimized
through an extensive search of the international literature.

5 | Conclusion

Although ABX has been used for decades as a mucolytic and
expectorant in the treatment of respiratory diseases, few stud-
ies have explored its use for other purposes. Nonetheless, this
systematic review underscores its therapeutic potential as an
antioxidant, anti-inflammatory, and antinociceptive agent, em-
phasizing its versatility in experimental models of diseases not
related to the respiratory system.

The reviewed studies indicate that ABX exerts beneficial effects
in various pathological conditions, acting as an antioxidant
modulator by increasing the levels of antioxidant enzymes such
as SOD, CAT, and GSH while reducing oxidative stress mark-
ers like MDA. Regarding inflammation, ABX reduced pro-
inflammatory cytokines (TNF-a, IL-1@8, IL-6) and increased
the expression of the anti-inflammatory cytokine IL-10. It also
prevented histological damage, edema, and inflammation and
contributed to maintaining redox balance. As for its antinoci-
ceptive effect, ABX reduced hyperalgesia and allodynia, possi-
bly through the inhibition of voltage-gated sodium channels.

However, some limitations must be considered. Methodological
heterogeneity, a limited number of recent studies, and the over-
all scarcity of publications restrict the generalization of findings
and hinder the feasibility of more robust analyses, such as a
meta-analysis.
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Finally, it is important to highlight the relevance of ABX as a
promising therapeutic agent for the treatment of inflammatory,
oxidative, and pain-related conditions. However, further exper-
imental research on non-pulmonary diseases, as well as well-
designed clinical trials, is essential to validate its efficacy.
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4.2 Capitulo 2
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Abstract

Background/Objectives: Ambroxol is a mucolytic agent widely used in the treatment
of respiratory diseases; however, evidence in the literature indicates anti-inflammatory;,
analgesic, and immunomodulatory properties, suggesting potential for therapeutic repo-
sitioning. This study aimed to evaluate the analgesic and anti-inflammatory effects of
ambroxol in an experimental model of osteoarthritis (OA). Methods: Adult male Wistar
rats underwent OA induction on day zero (D0) by sodium monoiodoacetate (MIA) injection
and were allocated into the following groups: Healthy, negative control (CTRL—), and
groups treated with meloxicam (2 mg/kg) or ambroxol (10, 50, and 100 mg/kg). Treat-
ments were administered orally (gavage) once daily for 28 days. Behavioral tests were
performed, including rotarod, walkway gait analysis, weight-bearing, Von Frey, and Rat
Grimace Scale assessments, along with radiographic and histopathological analyses and
quantification of pro- and anti-inflammatory cytokines (IL-1f, IL-6, and IL-10). Results:
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Ambroxol treatment improved nociceptive parameters and motor function, reduced radio-
graphic and histopathological scores, and showed performance comparable to meloxicam
in several tests. There was a marked reduction in IL-1p and IL-6 levels, while IL-10 lev-
els were lower in ambroxol-treated groups, suggesting early control of the inflammatory
response. Conclusions: The results indicate that ambroxol exhibits antinociceptive and
anti-inflammatory actions and suggest a potential chondroprotective effect, reinforcing its
viability as a candidate for therapeutic repositioning in osteoarthritis. Further studies are
required to more precisely elucidate its mechanisms of action, define optimal dosing and
treatment duration, and support translation to clinical models.

Keywords: ambroxol; drug repurposing; experimental osteoarthritis; inflammation;
chronic pain

1. Introduction

Osteoarthritis (OA) is a multifactorial joint disease resulting from an imbalance be-
tween the processes of cartilage degradation and regeneration, influenced by biomechanical,
inflammatory, genetic, and metabolic factors. It is characterized by the progressive de-
generation of articular cartilage, remodeling of the subchondral bone, inflammation of
the synovial membrane, and alterations in periarticular tissues. Among these structures,
articular cartilage is the most affected, playing a central role in the pathophysiology of the
disease [1,2].

The initial event of cartilage degradation has not yet been completely established.
However, it is known that articular cartilage has a low regenerative capacity because it
is avascular, aneural, and alymphatic. In this context, repetitive mechanical overload or
joint trauma may induce microlesions in the subchondral bone, promoting joint instability.
Tissue aging also contributes to the establishment of cellular senescence, characterized
by the permanent interruption of the cell cycle of chondrocytes and synoviocytes. These
cells begin to maintain a metabolically active state, secreting inflammatory mediators and
degradative enzymes that compromise the integrity of the extracellular matrix and favor
the progression of the articular degenerative process [1-3].

The progression of osteoarthritis (OA) is strongly mediated by inflammatory processes,
in which pro-inflammatory cytokines, particularly interleukin-1 beta (IL-1§3), tumor necrosis
factor alpha (TNF-«), and interleukin-6 (IL-6), produced by chondrocytes and synoviocytes
activated in response to cartilage and subchondral bone injury, stimulate the production
of proteolytic enzymes, such as matrix metalloproteinases (MMPs) and aggrecanases of
the ADAMTs family. These enzymes are responsible for the degradation of structural
components of cartilage, including type II collagen and aggrecan, directly contributing to
the deterioration of the extracellular matrix [1,4].

Concomitantly, there is an increase in oxidative stress with the production of reactive
oxygen species and nitric oxide, as well as activation of the arachidonic acid pathway
and cyclooxygenase-2 (COX-2), culminating in the production of prostaglandin E2 (PGE2),
a mediator associated with inflammation, joint pain, and the progression of cartilage
degradation [5-7].

In response to this inﬂammatory environment, anti—inﬂammatory cytokines, such as
interleukin-10 (IL-10), are produced as a compensatory mechanism, acting to inhibit the pro-
duction of pro-inflammatory cytokines and to reduce the expression of matrix-degrading
enzymes. However, in osteoarthritis, these regulatory mechanisms are generally insuffi-
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cient to neutralize the intense catabolic activity present in the articular microenvironment,
thereby favoring the structural progression of the disease [5].

Given this complex inflammatory and degenerative environment, the treatment of
osteoarthritis primarily aims to control pain, reduce low-grade inflammation, and prevent
the structural progression of the disease. To achieve these goals, both non-pharmacological
and pharmacological interventions are used, including analgesics, nonsteroidal anti-
inflammatory drugs (NSAIDs), corticosteroids, and hyaluronic acid. Among these op-
tions, NSAIDs and selective inhibitors of the cyclooxygenase-2 (COX-2) enzyme are the
most frequently employed due to their action in reducing inflammatory prostaglandins.
However, these medications are often associated with significant adverse effects, including
cardiovascular and gastrointestinal complications [8,9].

The therapeutic limitations and safety profile of these approaches reinforce the need
for safer and more effective pharmacological strategies for the management of osteoarthritis.
In this context, drug repurposing has emerged as a promising strategy, as it seeks new
applications for already approved medications, thereby reducing costs and development
time [10,11].

Ambroxol (trans-4-(2-amino-3,5-dibromobenzylamino)-cyclohexanol), an active metabo-
lite of bromhexine, has attracted increasing scientific interest due to its broad pharmaco-
logical spectrum. Experimental and clinical evidence demonstrate that this drug exhibits
anti-inflammatory, local analgesic, antioxidant, and antimicrobial properties, in addition to
stimulating the production of pulmonary surfactant. Additionally, ambroxol presents a
favorable safety profile, even when administered at high doses [12,13].

Studies demonstrate that ambroxol can reduce the production of important pro-
inflammatory cytokines, such as TNF-«, IL-1f, and IL-6, in addition to increasing the
expression of anti-inflammatory cytokines, such as interleukin-10 (IL-10), suggesting a
relevant role in the regulation of the inflammatory response [14-17]. The reduction in
these pro-inflammatory cytokines may also indirectly influence cartilage metabolism, since
mediators such as IL-1p and IL-6 stimulate the expression of matrix metalloproteinases
(MMPs) and aggrecanases, enzymes directly involved in the degradation of structural
components of cartilage [4,18-20].

Several experimental studies have investigated the anti-inflammatory potential of
ambroxol in different models of inflammatory and immune-mediated diseases. In an experi-
mental model of cyclophosphamide-induced cystitis, treatment with ambroxol significantly
reduced TNF-« levels and promoted improvement in the histopathological parameters of
the tissue. Similar results were observed in models of psoriasis-like cutaneous inflammation
and in models of inflammatory colitis, in which ambroxol was able to reduce inflammatory
cytokines, decrease oxidative stress, and attenuate tissue damage. These findings reinforce
the concept that ambroxol may act as a multifunctional immunomodulatory agent capable
of modulating inflammatory cascades and oxidative processes in different pathological
contexts [17,21,22].

Considering that osteoarthritis involves a complex interaction between chronic inflam-
mation, oxidative stress, and progressive degradation of articular cartilage, drugs capable of
modulating these mechanisms represent promising candidates for therapeutic repurposing
strategies. In this context, the anti-inflammatory, antioxidant, and immunomodulatory
properties of ambroxol provide a plausible mechanistic rationale for investigating its ef-
fects in osteoarthritis. Thus, the present study investigated the anti-inflammatory and
antinociceptive potential of ambroxol in an experimental model of osteoarthritis induced
by sodium monoiodoacetate (MIA) in rat knees.
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2. Results
2.1. Behavioral and Functional Assessments

Motor performance, assessed by the rotarod test, showed a reduction in motor activity
in the negative control group (CTRL—) at D7 following osteoarthritis induction. In contrast,
animals treated with ambroxol at doses of 10, 50, and 100 mg/kg exhibited a progressive
recovery of locomotor function, with the 10 mg/kg and 100 mg/kg doses showing more
pronounced effects that were maintained up to D28 compared with the CTRL— group. The
response profile of ambroxol was comparable to that observed with meloxicam (Figure 1A).
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Figure 1. Behavioral and nociceptive assessment in rats with MIA-induced osteoarthritis treated with
ambroxol (10, 50, and 100 mg/kg) or meloxicam. (A) Rotarod test for evaluation of motor activity
and coordination; (B) gait analysis to assess mean locomotion velocity; (C) weight-bearing test for
measurement of spontaneous postural pain; (D) mechanical paw withdrawal threshold assessed using
the Von Frey test; (E) spontaneous pain evaluation using the Rat Grimace Scale (RGS). Assessments
were performed on days 0, 7, 14, 21, and 28 after osteoarthritis induction with monoiodoacetate
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(MIA). Animals treated with ambroxol showed progressive improvement in locomotor parameters
and a reduction in behavioral pain indicators compared with the negative control group (CTRL—),
suggesting an analgesic effect and attenuation of functional impairment associated with the exper-
imental osteoarthritis model. Data are expressed as mean + SEM, with n = 5 animals per group.
Symbols indicate statistically significant differences compared with the CTRL— group (* p < 0.05,
**p<0.01,** p <0.001, and **** p < 0.0001), with colors matching the respective groups. Statistical
comparisons were performed using two-way repeated-measures ANOVA followed by Tukey’s post
hoc test.

In the spontaneous gait analysis on the walkway, the CTRL— group showed a reduc-
tion in mean walking speed from D7 onward, indicating functional impairment. In contrast,
ambroxol-treated groups maintained higher mean velocities than the CTRL— group at all
evaluated time points, with the 50 mg/kg and 100 mg/kg doses showing statistically sig-
nificant differences at D7. Notably, the 100 mg/ kg dose maintained statistical significance
at D21, suggesting preservation of motor performance (Figure 1B).

In the incapacitance (weight-bearing) test, the CTRL— group showed a reduction
in weight distribution on the affected paw at D7, confirming increased pain. Ambroxol
treatment promoted a dose- and time-dependent functional recovery. The 100 mg/kg dose
induced a faster and more pronounced recovery from D7 onward, maintaining a statistically
significant difference compared with the CTRL— group up to D14. The 50 mg/kg and
10 mg/kg doses showed statistically significant differences at D21 (Figure 1C).

Mechanical allodynia assessed by the von Frey test demonstrated that ambroxol
increased the nociceptive threshold compared with the CTRL— group from D7 onward.
Doses of 10, 50, and 100 mg/kg produced early and sustained antinociceptive effects
comparable to those observed with meloxicam, indicating a consistent and long-lasting
analgesic effect (Figure 1D).

Spontaneous pain, assessed by the Rat Grimace Scale (RGS), showed a marked increase
in scores in the CTRL— group following OA induction at D7. All ambroxol-treated groups,
as well as the meloxicam group, exhibited a significant reduction in facial pain scores at D7,
with ambroxol-treated animals displaying facial expressions comparable to those observed
in the meloxicam-treated group, which was the reference drug. The most pronounced effect
was observed at the 100 mg/kg dose. At D14 and D21, ambroxol- and meloxicam-treated
groups maintained low RGS values, indicating sustained antinociceptive effects over time

(Figure 1E).

2.2. Radiographic and Histological Evaluation

Radiographic and histological analyses revealed a consistent pattern of joint degen-
eration in animals from the CTRL— group and a protective effect in groups treated with
ambroxol and meloxicam. Radiographic evaluation demonstrated that ambroxol exerted a
dose-dependent effect. The group treated with ambroxol at 100 mg/ kg showed a significant
reduction in Kellgren-Lawrence (KL) scores compared with the CTRL— group from D14
onward, maintaining sustained improvement up to D28, indicating an effect on limiting
osteoarthritis progression. The 50 mg/kg dose significantly reduced KL scores compared
with the CTRL— group at D21 and D28, exhibiting a radiographic pattern similar to that
observed with meloxicam, thus demonstrating efficacy, although with a later onset of
response compared with the higher ambroxol dose (Figure 2).

The histological analysis corroborated the radiographic findings, revealing marked
differences in cartilage architecture among the experimental groups. The healthy group pre-
served intact cartilage structure with well-organized chondrocytes (Figure 3A-C), whereas
the negative control group (CTRL—) exhibited extensive chondral lesions, fissuring in
the deep cartilage layer, fragmented tidemark, chondrocyte depletion, and the presence
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of osteoprogenitor cells and osteoclasts (Figure 3D-F). The meloxicam and ambroxol 10
and 50 mg/kg groups (Figure 3G-O) showed superficial fibrillation with preservation of
cellularity. In contrast, the ambroxol 100 mg/kg group displayed cartilage morphology
similar to that observed in the healthy group, with only rare fibrillations (Figure 3P-R).
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Figure 2. Radiographic evaluation of osteoarthritis progression in rats subjected to sodium
monoiodoacetate (MIA)-induced osteoarthritis and treated with ambroxol (10, 50, and 100 mg/kg) or
meloxicam. The degree of joint damage was assessed using the Kellgren-Lawrence (KL) radiographic
scoring system in the right knee on days 0, 7, 14, 21, and 28 after osteoarthritis induction. Animals
treated with ambroxol exhibited lower radiographic scores over time compared with the negative
control group (CTRL—), indicating attenuation of structural joint deterioration associated with the
experimental osteoarthritis model. Data are expressed as mean £ SEM, with 1 = 5 animals per
group. Statistical comparisons were performed using two-way repeated-measures ANOVA followed
by Tukey’s post hoc test. Statistically significant differences compared with the CTRL— group are
indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001. The colors of the asterisks correspond to the
respective experimental groups.

SHAM CTRL- MLX ABX10mg ABX50mg ABX100mg

Figure 3. Histological evaluation of knee articular cartilage in rats subjected to the experimental model
of osteoarthritis induced by sodium monoiodoacetate (MIA). Composite panel of representative
images from the following groups: HEALTHY (A-C), negative control (CTRL—; D-F), meloxicam
(MLX; G-I), ambroxol 10 mg/kg (ABX10; J-L), ambroxol 50 mg/kg (ABX50; M-0), and ambroxol
100 mg/kg (ABX100; P-R). The samples were stained with hematoxylin and eosin (H&E) and analyzed
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at magnifications of 4, 10x, and 40 x, with corresponding scale bars of 500 pum (4x), 200 pm (10x),
and 50 pm (40x). In animals from the HEALTHY group (A-C), preservation of cartilage architecture
is observed, with intact cartilage [‘] and organized chondrocytes [* ]. In contrast, the CTRL—
group (D-F) exhibits degenerative alterations consistent with advanced osteoarthritis, including
fissuring in the deep cartilage layer [— | fragmented Tidemark [— | chondrocyte depletion
[ 1 and the presence of osteoprogenitor cells and osteoclasts [ ]. The groups treated with MLX
(G-I), ABX 10 mg/kg (J-L), and ABX 50 mg/kg (M-O) show mild areas of superficial fibrillation
[===1 and intact cells [X], suggesting attenuation of the degenerative changes induced by MIA.
In the group treated with ABX 100 mg/kg (P-R), an almost intact articular surface is observed, with
rare fibrillations, preserved tidemark [ ], and intact cells k1, indicating greater preservation of
the articular cartilage compared with the negative control group (CTRL—).

The mean Osteoarthritis Research Society International (OARSI) scores were 1.5 + 0.5
for ambroxol 10 mg/kg; 1.0 == 0.0 for meloxicam and ambroxol 50 mg/kg; and 0.33 + 0.33
for ambroxol 100 mg/kg, whereas the CTRL— group exhibited the highest values
(2.83 +0.33). These results further support that ambroxol promoted structural preser-
vation of articular cartilage comparable to that observed with meloxicam (Figure 4).
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Figure 4. Histological evaluation of articular cartilage using the Osteoarthritis Research Society
International (OARSI) scoring system in rats subjected to the experimental model of osteoarthritis
induced by sodium monoiodoacetate (MIA). The scores reflect the degree of articular cartilage
degeneration in the different experimental groups: HEALTHY, negative control (CTRL—), meloxicam
(MLX), ambroxol 10 mg/kg (ABX10 mg), ambroxol 50 mg/kg (ABX50 mg), and ambroxol 100 mg/kg
(ABX100 mg). The CTRL— group showed a significant increase in the OARSI score, indicating
a greater degree of cartilage damage following osteoarthritis induction. In contrast, the groups
treated with meloxicam and ambroxol exhibited reduced histological scores, suggesting attenuation
of degenerative cartilage changes. This effect was more evident in the groups treated with ambroxol
at intermediate and higher doses, indicating a potential chondroprotective effect of the drug in the
experimental osteoarthritis model. Data are expressed as mean 4+ SEM, with n = 5 animals per
group. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.
Statistical differences are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 compared
with the CTRL— group. The colors of the asterisks indicate the respective groups with statistically
significant differences.

2.3. Cytokine Quantification

Cytokine quantification showed that the CTRL— group exhibited elevated levels of
IL-1B and IL-6 compared with the other groups, indicating an intense systemic inflam-
matory process. In contrast, animals in the healthy group displayed significantly lower
concentrations of these cytokines, confirming the absence of an inflammatory response
(Figure 5A,B).
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Figure 5. Evaluation of serum levels of systemic inflammatory cytokines in rats subjected to the
experimental model of osteoarthritis induced by sodium monoiodoacetate (MIA). (A) IL-1f; (B) IL-6;
(C) IL-10. Serum cytokine concentrations were determined by ELISA and expressed in pg/mL in the
different experimental groups: HEALTHY, negative control (CTRL—), meloxicam (MLX), ambroxol
10 mg/kg (ABX10 mg), ambroxol 50 mg/kg (ABX50 mg), and ambroxol 100 mg/kg (ABX100 mg).
The CTRL— group showed a significant increase in the pro-inflammatory cytokines IL-1f3 and IL-6,
reflecting the systemic inflammatory state associated with experimental osteoarthritis. In contrast,
the groups treated with meloxicam and ambroxol demonstrated a significant reduction in these
inflammatory mediators. In addition, a relative increase in the anti-inflammatory cytokine IL-10
was observed, suggesting modulation of the systemic inflammatory profile by the treatment. Data
are presented as mean & SEM, n = 5 animals per group. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s post hoc test. Statistical differences are indicated by ** p < 0.01,
*** p <0.001, and **** p < 0.0001 compared with the CTRL— group. The colors of the asterisks indicate
the respective groups with statistically significant differences.

Treatment with meloxicam and ambroxol at doses of 10 and 100 mg/kg promoted a
significant reduction in IL-1§3 levels compared with the CTRL— group. Regarding IL-6, all
treatments significantly reduced serum concentrations when compared with the CTRL—
group (Figure 5A,B).

The anti-inflammatory cytokine IL-10 showed significantly lower levels in animals
treated with meloxicam and ambroxol at doses of 10, 50, and 100 mg/kg compared with the
CTRL— group (Figure 5C), indicating modulation of the immune response by the evaluated
treatments.

3. Discussion

The present study demonstrated that ambroxol exerted significant analgesic and
anti-inflammatory effects in an experimental model of osteoarthritis (OA) induced by
sodium monoiodoacetate (MIA) in rats, in addition to preserving joint integrity. Behavioral
assessments revealed a reduction in spontaneous pain and mechanical allodynia, as well
as improvements in locomotor performance and weight distribution between the hind
paws. Taken together, radiographic, histological, and immunological findings indicated
that ambroxol was able to preserve articular structure and modulate the expression of pro-
and anti-inflammatory cytokines, exhibiting efficacy comparable to that of the reference
drug meloxicam.

All results obtained were analyzed in comparison with the negative control group
(CTRL—). In the functional assessments performed using the rotarod, weight-bearing,
and gait analysis tests, progression of osteoarthritis was observed in the negative control
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group (CTRL—), characterized by reduced locomotor performance, decreased weight
support on the affected limb, and a reduction in mean walking speed starting from day 7.
These findings reflect functional impairment resulting from pain and joint degeneration,
parameters widely recognized as markers of OA progression [23-25].

However, on day 28, a slight increase in weight-bearing values was observed in the
CTRL— group, approaching those of the other groups. This finding may reflect spontaneous
compensatory mechanisms typical of chronic pain models, in which animals, even in the
presence of persistent pain, tend to develop adaptive weight redistribution strategies
over time. This phenomenon has been widely documented in the literature as part of the
behavioral adjustments associated with the progression of osteoarthritis [26].

In this study, locomotor performance assessed by the rotarod test was significantly im-
proved in the groups treated with ambroxol. Complementarily, gait analysis demonstrated
that treatment with ambroxol at doses of 50 and 100 mg/kg significantly increased walking
speed. These findings indicate an improvement in locomotor function, possibly related to
the reduction in pain and joint inflammation, factors that play a central role in the functional
limitation observed in osteoarthritis. In this context, the analgesic and anti-inflammatory
effects previously described for ambroxol may contribute to the preservation of mobility in
experimental models of the disease [12,27].

Similar results have been reported in the literature. In a rat model of Parkinson’s
disease, ambroxol improved motor coordination and locomotor performance, reinforcing
its potential modulatory effect on mechanisms associated with motor dysfunction [28].

Corroborating these findings, the weight-bearing test demonstrated a significant
improvement in the ability of the affected paw to support weight in the groups treated
with ambroxol. The 100 mg/kg dose showed an early and sustained effect, with values
approaching those observed in the healthy group. These results are consistent with previous
studies describing the ability of ambroxol to effectively suppress pain symptoms in animal
models of chronic, inflammatory, and neuropathic pain [12,27].

Considering that functional recovery is directly associated with pain modulation,
nociceptive tests using the Von Frey test and the Rat Grimace Scale (RGS) were performed.
In the Von Frey test, the groups treated with ambroxol exhibited a progressive and sig-
nificant increase in the response threshold from the beginning of treatment, indicating an
anti-allodynic effect. Similar results have been previously reported in the literature. In a
model of chronic inflammatory pain in rats, ambroxol reduced mechanical allodynia and
hyperalgesia [28]. In that study, the Von Frey test was also used, in which treated animals
showed a significant decrease in nociceptive responses, corroborating the antinociceptive
potential of ambroxol.

The results obtained using the Rat Grimace Scale (RGS) revealed a modulation of
spontaneous pain by ambroxol. The treated groups showed a reduction in RGS scores over
the same period, with significant differences observed at doses of 10, 50, and 100 mg/kg on
day 7, displaying a pattern similar to that observed with meloxicam. By day 28, all groups
exhibited similar scores, which may be attributed to adaptive neurobehavioral mechanisms
and facial desensitization frequently described in chronic pain models [29].

These effects may be related to the ability of ambroxol to inhibit voltage-gated sodium
channels, particularly Nav1.8, which are widely expressed in peripheral nociceptive neu-
rons, as well as possible effects on Nav1.9, as previously described in the literature. The
modulation of these channels reduces neuronal excitability and peripheral nociceptive
transmission, contributing to the reduction in hyperalgesia and mechanical allodynia
observed in this study [28,30].

The integration of behavioral outcomes with morphofunctional analyses broadens the
understanding of the pathophysiological mechanisms underlying the experimental pain
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model and the therapeutic effects of ambroxol. The behavioral tests employed in this study
allowed the characterization of both nociceptive and spontaneous pain. Importantly, to the
best of our knowledge, the use of walkway gait analysis, the weight-bearing test, and the
Rat Grimace Scale (RGS) to evaluate ambroxol in an experimental pain model has not been
previously reported in the literature.

Radiographic analysis based on the Kellgren-Lawrence scale demonstrated the pro-
gression of joint degeneration throughout the experimental protocol, with the CTRL—
group showing a significant increase in scores from day 14 onward, confirming the effec-
tiveness of the MIA-induced osteoarthritis model. In contrast, the groups treated with
ambroxol exhibited a delay in the progression of structural changes, particularly at the
100 mg/kg dose, which showed statistically significant differences from day 14 and re-
mained so until day 28, and at the 50 mg/kg dose, which exhibited significantly lower
scores from day 21 through to day 28, with performance comparable to that observed
with meloxicam.

Radiographic findings suggest that ambroxol may be associated with a delay in the
progression of structural articular changes in treated groups; however, to the best of our
knowledge, there is no evidence in the literature directly linking its use to radiographic out-
comes in osteoarthritis models, meaning that this application is still poorly explored. These
effects may be related to previously described pharmacological mechanisms, particularly
its anti-inflammatory action mediated by the inhibition of pro-inflammatory cytokines such
as IL-13, IL-6, and TNF-«, as well as its antioxidant properties through the neutralization
of reactive oxygen species (ROS), which reduce oxidative stress, preserve the extracellu-
lar matrix, and promote chondrocyte viability, thereby contributing to the attenuation of
osteoarthritis progression [21,31,32].

Histological evaluation corroborated the radiographic findings. The CTRL— group
exhibited high scores, characterized by marked cartilage degeneration, extracellular matrix
disorganization, and loss of chondral architecture. In contrast, ambroxol-treated groups
showed a significant reduction in histological scores, indicating preservation of cartilage
tissue. The 100 mg/kg dose showed the best performance, whereas the 50 mg/kg dose
demonstrated an effect comparable to that of the standard anti-inflammatory agent. The
10 mg/kg dose, although significant compared with the negative control, showed lower
efficacy, suggesting a dose-dependent effect. This pattern is supported by previous studies
demonstrating greater efficacy of ambroxol at higher doses in controlling inflammation
and pain [21,28].

The cytokine analysis revealed the anti-inflammatory profile of ambroxol. Cytokines
were quantified in the serum of the animals, allowing a systemic evaluation of the in-
flammatory response associated with the experimental osteoarthritis model. Although
osteoarthritis is predominantly a disease localized to the joint, inflammatory mediators
produced in the articular microenvironment can reach the systemic circulation and reflect
the inflammatory activity associated with joint degeneration [18,33].

In this context, the CTRL— control group exhibited elevated levels of IL-1f and IL-6,
consistent with a pronounced inflammatory process, whereas the treated groups showed
significant reductions in these mediators, particularly IL-1§3 at doses of 10 and 100 mg/kg
and IL-6 at all tested doses, with effects comparable to those observed with meloxicam.
These results reinforce the ability of ambroxol to modulate joint inflammation through the
inhibition of key pro-inflammatory cytokines involved in cartilage degradation, such as
IL-1p and IL-6, in agreement with previous evidence reported in the literature [16,21,32,34].

Regarding IL-10, an anti-inflammatory cytokine, it was observed that the CTRL—
group exhibited the highest concentrations, whereas the groups treated with meloxicam
and ambroxol showed significantly lower levels, similar to those observed in the healthy
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group. The lower production of this cytokine in the treated groups may reflect a reduction
in the primary inflammatory stimulus, since IL-10, despite its anti-inflammatory role,
may also act as a marker of the intensity of the inflammatory response under established
pathological conditions. Thus, elevated IL-10 levels in the untreated group may represent a
compensatory mechanism in response to exacerbated inflammation, whereas the reduction
observed in the treated groups may indicate better control of the inflammatory process,
with a reduced need for activation of immunoregulatory mechanisms [35]

Additionally, a previous study investigating a model of severe pediatric pneumonia
demonstrated that elevated IL-10 levels were associated with greater inflammatory severity
and that their reduction following treatment with ambroxol corresponded to a marker
of clinical improvement [35]. Although this model represents a distinct pathological
context, these findings suggest that a decrease in IL-10 may occur in scenarios in which
attenuation of the primary inflammatory stimulus reduces the need for compensatory
anti-inflammatory responses.

The integration of radiographic, histological, and immunological findings sug-
gests that the chondroprotective effects of ambroxol are largely attributable to its anti-
inflammatory and immunomodulatory actions on the articular microenvironment. The re-
duction in IL-1 and IL-6 in the treated groups reflects the suppression of pro-inflammatory
mediators directly involved in cartilage degradation and in the activation of chondrocytes
and osteoclasts, in agreement with the lower radiographic and histological scores, which
indicate preservation of chondral architecture. Although the present study did not directly
evaluate the tissue distribution of the drug within the joint, it is plausible that the systemic
modulation of these inflammatory mediators contributes to the reduction in the catabolic
environment associated with cartilage degradation.

Considering the translational potential of these findings, the interpretation of the doses
used in this study should be analyzed within the context of interspecies dose equivalence.
The ambroxol doses were defined based on previously published preclinical data and on
calculations of animal equivalent dose (AED), using allometric scaling recommended by the
guidelines of the U.S. Food and Drug Administration [36,37]. According to these principles,
the maximum dose used in this study (100 mg/kg/day) corresponds approximately to a
human dose considered safe of up to 1000 mg/day. Previous clinical studies have demon-
strated that ambroxol presents a favorable safety profile even under high-dose regimens,
suggesting that the pharmacological exposure observed in this experimental model may
be plausible from a translational perspective [28,38]. However, further pharmacokinetic
investigations and additional clinical studies are necessary to determine the therapeutic
feasibility of this strategy in the context of osteoarthritis.

Despite the promising results observed in this study, some limitations should be
considered. The absence of the evaluation of other relevant cytokines, such as TNF-«, and
mediators, including NF-kB, MMP-13, and ADAMTS-5, represents a limitation of the study
and highlights the need for future investigations that more comprehensively explore the
systemic and local inflammatory profile associated with ambroxol treatment.

Another limitation refers to the absence of characterization of immune cells present in
the articular tissue. Although the results indicate significant modulation of inflammatory
cytokines associated with ambroxol treatment, specific analyses were not performed to
identify the cellular sources of these mediators within the articular microenvironment.

Therefore, the results of this study contribute scientifically by demonstrating, in an
integrated manner, the multimodal potential of ambroxol as an anti-inflammatory, analgesic,
and chondroprotective agent in an experimental model of osteoarthritis. The convergence
of behavioral, radiographic, histological, and immunological findings strengthens the
relevance of the study and broadens the understanding of the mechanisms of action of
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ambroxol in the modulation of pain and the preservation of articular cartilage. These
findings support the repositioning of ambroxol as a promising therapeutic alternative and
open perspectives for translational investigations aimed at the management of chronic pain
and osteoarticular degeneration.

4. Materials and Methods
4.1. Drugs

The drugs used in this study were commercially acquired. Ambroxol was stored
at room temperature until use and administered by oral gavage at doses of 10, 50, and
100 mg/kg/day. Meloxicam was used as a pharmacological control and administered by
oral gavage at a dose of 2 mg/kg/day.

4.2. Animals

Adult male Wistar rats (Rattus norvegicus, albinus variety), approximately 120 days
old and weighing 300 + 50 g, were used in this study. The animals were obtained from
the Central Animal Facility of the Federal University of Maranhao (UFMA) and housed
in the Sectorial Animal Facility of the Center for Biological and Health Sciences at UFMA
under controlled conditions of temperature (22 £ 2 °C), humidity (40-60%), and a 12 h
light/dark cycle, with free access to commercial chow (Nuvilab®, Quimtia, Colombo, PR,
Brazil) and water ad libitum. Animals underwent a seven-day acclimatization period for
clinical monitoring and environmental adaptation and were subsequently randomized and
blindly allocated to the experimental groups.

4.3. Ethical Procedure

The study was conducted at the Experimental Laboratory for the Study of Pain (LEED),
affiliated with the Federal University of Maranhao (UFMA). The experimental protocol
was previously approved by the Institutional Animal Care and Use Committee of UFMA
(CEUA /UFMA) under protocol number 23115.013021/2022-17. All experimental proce-
dures were conducted in accordance with the ethical guidelines for animal experimentation
established by the Brazilian National Council for the Control of Animal Experimentation
(CONCEA) and the International Association for the Study of Pain [39,40].

4.4. Experimental Protocol

The study included male Wistar rats (1 = 30), randomly allocated into six experimental
groups (A-F), with five animals per group (n = 5/group). On day 0 (D0), all animals
underwent baseline behavioral assessments and radiographic examinations of the right
knee. Osteoarthritis was induced by a single intra-articular injection of 2 mg sodium
monoiodoacetate (MIA) [24]. The procedure was performed under general anesthesia
induced via intraperitoneal administration of ketamine hydrochloride (50 mg/kg), midazo-
lam (1 mg/kg), and tramadol (5 mg/kg), with anesthetic maintenance using 2.5% isoflurane.
After the procedure, animals were housed in individual cages under a 12 h light/dark cycle,
with free access to food and water, throughout the 28-day experimental protocol.

Treatment was initiated on the third day after osteoarthritis induction and admin-
istered once daily by oral gavage. Group A (healthy) remained without induction or
treatment; Group B, the negative control (CTRL—), received 0.9% saline (0.1 mL/kg/day);
Group C was treated with meloxicam (MLX, 2 mg/kg/day); and Groups D, E, and F
received ambroxol (ABX) at doses of 10, 50, and 100 mg/kg/day, respectively. Behavioral
and radiographic evaluations were performed on days 0, 7, 14, 21, and 28. On day 28, after
completion of the analyses, animals were euthanized for collection of right knee joints and
blood samples for histopathological analyses and cytokine quantification.
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The randomization of animals was performed using a computer-generated allocation
sequence, and the distribution into experimental groups was conducted by a researcher
who was not involved in the subsequent outcome assessments. Behavioral, radiographic,
and histological evaluations were performed by previously trained evaluators who were
blinded to the allocation of animals to the experimental groups, in order to minimize
potential observation bias. For statistical analysis, the datasets were previously coded so
that the researcher responsible for the analysis remained blinded to the identification of the
experimental groups during data processing.

4.5. Parameters for Determination of Administered Doses

The ambroxol doses used (10, 50, and 100 mg/kg/day) were defined based on pre-
viously published preclinical data and on the calculation of the Animal Equivalent Dose
(AED), following the principles of allometric scaling recommended by the guidelines of the
U.S. Food and Drug Administration [36,37].

Previous studies have demonstrated a linear correlation between plasma ambroxol
levels in humans and rodents, suggesting a wide safety margin for dose extrapolation. In
addition, clinical data report the safe use of doses of up to 1000 mg/day in humans, further
supporting the feasibility of the dose ranges tested [28,38].

For this study, AED calculations considered a 60 kg human and a 150 g rat. The meloxi-
cam dose (2 mg/kg/day) corresponds to the therapeutic human dose of 15 mg/day [41].
The lowest ambroxol dose (10 mg/kg/day) was derived from the standard clinical regimen
of 90 mg/day [42]. The intermediate dose (50 mg/kg/day) was defined based on the Effec-
tive Dose 50% (ED50), from literature data demonstrating its association with significant
anti-inflammatory effects in a murine model [43]. The higher dose (100 mg/kg/day) corre-
sponded to the AED of the maximum dose considered safe in humans (1000 mg/day) [38].

4.6. In Vivo Behavioral Assessments
4.6.1. Assessment of Motor Activity/Forced Locomotion (Rotarod Test)

Animals were evaluated for motor activity using the rotarod test (IITC Life Science,
Woodland Hills, CA, USA), with an acceleration speed of 16 rpm over a 300 s period. Prior
to testing, animals underwent a seven-day habituation period, with sessions lasting three
to five minutes. On the day of assessment, two trained examiners observed locomotion
and assigned scores ranging from 1 to 5, where a score of 5 indicated normal paw use and
a score of 1 indicated complete disuse. The final score for each animal was calculated as the
arithmetic mean of the evaluators’ scores, thereby reducing individual bias [24,44,45].

4.6.2. Spontaneous Locomotion (Walkway Gait Analysis)

Spontaneous locomotion analysis was employed to assess the animals” locomotor
function, using a glass walkway adapted at LEED/UFMA, in accordance with protocols
previously described in the literature [46]. The apparatus measured 80 x 20 x 17 cm
and was elevated 70 cm above the ground, allowing video recording with a fixed camera
positioned on the floor at a distance of 70 cm from the walkway. Animals underwent
an adaptation period prior to testing. During the experiment, displacement time and
maximum speed achieved were recorded. Images were analyzed using Kinovea software
(version 0.8.24), which provided precise measurements. Mean velocity (Vm) was calculated
as the ratio between the distance traveled (As) and the time elapsed (At) (Vm = As/At),
with final values obtained from the average of individual velocities within each group.

4.6.3. Incapacitance Test/Hind Paw Weight Distribution (Weight-Bearing Test)

Spontaneous postural pain was assessed using the weight-bearing test, employing
equipment from IITC Life Science (USA). This method allows quantification of changes in
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body weight distribution between the right hind paw, in which osteoarthritis was induced
(OA+), and the left hind paw, which remained non-induced (OA —), with such variations
serving as indicators of joint discomfort resulting from the lesion.

Animals were individually placed in a transparent restraint chamber coupled to a
platform equipped with two independent load cells, capable of recording the weight
exerted by each hind paw (measured in grams) without the need for immobilization. Each
recording lasted five seconds, and three consecutive measurements were obtained per
animal. The final value corresponded to the arithmetic mean of the three measurements.

Changes in weight distribution between the hind paws were expressed using the paw
weight distribution index (PWDI), calculated according to the following formula [23,33,47]:

PWDI(%) PWDIA

__ PWDIA 00
PWDIA + PWDIC

where PWDI (%) is the percentage of the paw weight distribution index; PWDIA is the
weight distribution index of the affected paw; and PWDIC is the weight distribution index
of the contralateral paw.

4.6.4. Quantification of Spontaneous Pain and Assessment of Mechanical Allodynia
(Von Frey Test)

Mechanical allodynia was assessed using a digital Von Frey analgesimeter (model EFF
301W, Insight®, Ribeirao Preto, SP, Brazil). The device consists of a pressure transducer
connected to a digital counter, allowing precise measurement (0.1 g resolution) of the force
applied to the plantar surface up to a limit of 150 g. The stimulus was applied using a
disposable polypropylene tip with a diameter of 0.5 mm attached to the transducer [48].

Animals were individually placed in transparent acrylic boxes (12 x 20 x 17 cm) with
a metal mesh floor (5 mm? grid), allowing access to the plantar surface of the paws. The
boxes were positioned on an elevated platform with a mirror inclined at 45° and placed
25 cm below, facilitating visualization of the responses. After placement, animals were
allowed to acclimate for 15 min before the start of the test [24,44,48].

The mechanical stimulus was applied gradually and continuously to the mid-plantar
surface of the ipsilateral (affected) and contralateral paws until a paw withdrawal response
occurred. Each paw was stimulated up to six times, and the three most consistent mea-
surements were considered for calculation of the paw withdrawal nociceptive threshold
(PWNT), expressed as the mean force (in grams) required to elicit withdrawal. Results
were presented as a percentage of the PWNT, calculated according to the following for-
mula [24,44]:

PWNTA

PWNT(%) = 5NTA + pwnre * 1

where PWNT (%) is the percentage of the paw withdrawal nociceptive threshold; PWNTA

is the paw withdrawal nociceptive threshold of the affected paw; and PWNTC is the paw
withdrawal nociceptive threshold of the contralateral paw.

4.6.5. Facial Expression of Pain (Rat Grimace Scale)

Facial expression of pain was assessed using the Rat Grimace Scale (RGS), a method
developed to quantify spontaneous pain in rodents based on the observation of specific
facial changes. Unlike tests that evaluate responses to thermal or mechanical stimuli, the
RGS allows non-invasive and continuous assessment of animal discomfort, representing a
sensitive and clinically relevant tool [29]. This scale was adapted from the Facial Action
Coding System (FACS), originally used to assess pain in non-verbal patients, due to the
similarity of pain-associated facial expressions between humans and rodents [29].
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The assessment was based on four facial action units: orbital tightening, nose /cheek
flattening, ear changes, and whisker change. Each parameter was scored on a scale from 0
to 2, corresponding to no pain (0), moderate pain (1), and severe pain (2). Analyses were
performed by two independent evaluators, previously trained and blinded to the treatment
groups, and the final score was determined as the mean of the values assigned by both
observers [29].

4.7. Radiographic Evaluation

Radiographic evaluation of the knees was performed using a portable Diox® device
(Acteon, Rio de Janeiro, Brazil), equipped with digital exposure control, an LCD display,
and automatic adjustment of exposure time and power, operating at fixed parameters
of 60 kV and 4 mA. Images were acquired using a computerized system with a digital
sensor (Micro Imagem, Indaiatuba, SP, Brazil), with exposure time, focus-to-film distance,
and animal positioning kept constant. For image acquisition, rats were anesthetized
with 2.5% isoflurane delivered via a face mask and positioned in dorsal and left lateral
recumbency, and craniocaudal and laterolateral projections were obtained. Examinations
were performed on experimental days D0, D7, D14, D21, and D28 in all groups.

Radiographs were evaluated in a blinded manner by an orthopedic specialist with
expertise in osteoarthritis, using the Kellgren and Lawrence classification adapted for
rodents. This classification is based on criteria such as joint space narrowing, osteophyte
formation, subchondral sclerosis, and bone deformity, and ranges from 0 to 4, where 0
indicates a normal joint and 4 represents severe involvement, characterized by marked joint
space narrowing, pronounced subchondral sclerosis, evident bone contour deformity, and
the presence of large osteophytes. Each joint received a score, and results were expressed
as the mean score per group [24,49,50].

4.8. Histological Evaluation of Inflammatory Parameters

Histological evaluation was performed at the Multiuser Histology Laboratory of
the Post-Graduate Program in Health Sciences at the Federal University of Maranhao
(LMH-PPGCS/UEMA). After euthanasia, the right knee joints were dissected and fixed
in 10% buffered formalin (pH 7.2) for 48 h, then washed and stored in 70% ethanol for
subsequent decalcification. Decalcification was carried out for approximately 15 days using
EasyDesc Soft (EasyPath®, Indaiatuba, SP, Brazil—based on ethylenediaminetetraacetic
acid [EDTA] and sodium and potassium tartrate), with weekly solution changes. After this
period, samples were washed in running water and processed using standard histological
procedures, including dehydration in an ascending alcohol series, clearing in xylene, and
paraffin infiltration. The blocks were oriented to obtain horizontal sections, and 5 um
sections were cut using a semi-automatic microtome and stained with hematoxylin and
eosin (H&E).

Histological slides were examined under a light microscope (Leica ICC50, Wetzlar,
Germany) equipped with 10x eyepieces and 4x (500 mm), 10x (200 mm), and 40x (50 mm)
objectives, and representative images were recorded as photomicrographs. For histological
scoring, three representative sections per joint obtained from the central region of the
femorotibial articulation were analyzed. The evaluation was performed in a blinded
manner by a previously trained examiner, considering morphological changes in the
articular cartilage, subchondral bone, and osteophyte formation. Cartilage degeneration
was assessed using the semi-quantitative Osteoarthritis Research Society International
(OARSI) scoring system adapted for rodents, which ranges from grades 0 to 6, where 0
indicates intact articular cartilage and surface, and 6 represents severe joint deformation
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and extensive cartilage damage [51]. Results were expressed as the mean histological score
obtained for each experimental group.

4.9. Cytokine Quantification

Serum concentrations of IL-13, IL-6, and IL-10 were determined by ELISA using
commercial rat-specific kits (ELK Biotech, Wuhan, China). Blood samples were collected
by abdominal aorta puncture at the time of euthanasia, and the obtained serum was
stored at —80 °C until analysis. Samples were analyzed in triplicate, with standard curves
prepared by serial dilutions according to the manufacturer’s instructions, and absorbance
was measured at 450 nm [52].

Absorbance values were recorded in Microsoft Excel, and cytokine concentrations
were calculated by interpolation from the standard curves, corrected for the dilution factor,
and expressed as pg/mL (or normalized to total protein). Mean values were statistically
analyzed using GraphPad Prism version 10.1.0.

4.10. Statistical Analysis

Data were analyzed using one-way analysis of variance (one-way ANOVA), followed
by Tukey’s multiple comparison test. Variables influenced by two sources of variation (time
X treatment) were evaluated using two-way repeated-measures ANOVA, also followed by
Tukey’s post hoc test. Results were expressed as mean =+ standard error of the mean (SEM),
adopting p < 0.05 as the level of statistical significance. All analyses were performed using
GraphPad Prism® version 10.1.0.

5. Conclusions

The results of this study are promising and demonstrate that ambroxol exerts antinoci-
ceptive and anti-inflammatory effects in the MIA-induced osteoarthritis model, reducing
pain, improving motor function, and attenuating articular degeneration, with efficacy
comparable to that of meloxicam. The improvements observed in gait, weight distribution,
and facial pain scores, together with the structural preservation detected by radiographic
and histological analyses, reinforce the robustness of these findings.

Taken together, these results suggest that ambroxol has potential for therapeutic
repositioning in osteoarthritis. However, additional studies are required to investigate its
applicability in clinical trials and to further elucidate its molecular mechanisms of action.
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5 CONSIDERACOES FINAIS

O presente estudo demonstrou que o ambroxol apresenta efeitos antinociceptivos e
anti-inflamatorios em modelo experimental de osteoartrite induzida por monoiodoacetato de
sodio em ratos. A convergéncia entre os dados comportamentais, radiograficos, histoldgicos e
imunologicos fortalece a robustez dos resultados e amplia a compreensdo do papel desse
farmaco na modulacdo da dor e da degeneracdo articular na osteoartrite.

Do ponto de vista funcional, o ambroxol promoveu melhora significativa da dor
espontanea e evocada, bem como recuperacao da capacidade locomotora, evidenciada por testes
como Rotarod, Analise de marcha em passarela, Weight Bearing, Von Frey e Rat Grimace
Scale. Esses achados indicam importante efeito antinociceptivo, refletindo melhora
significativa da mobilidade dos animais.

No ambito estrutural, a integracdo dos dados radiograficos e histolégicos
demonstrou que o tratamento com ambroxol foi capaz de atenuar a progressao das alteragdes
articulares induzidas pela osteoartrite, promovendo preservagdo da integridade da cartilagem.
Observou-se redugdo dos escores de Kellgren—Lawrence, especialmente nas doses mais
elevadas, indicando desaceleragdo das alteracdes degenerativas, como estreitamento do espaco
articular, formag¢ao de ostedfitos e esclerose subcondral. Esses resultados foram corroborados
pela analise histologica, que evidenciou melhor preservacdo da arquitetura cartilaginosa, com
menor grau de degradacgdo tecidual, incluindo reducdo de fissuras, manutencao da organizagao
da matriz extracelular e maior preservagdo dos condrdcitos. Em conjunto, os dados sugerem
que o ambroxol atua na modula¢do da progressdo estrutural da osteoartrite, para além do
controle sintomatico.

Adicionalmente, a quantificacdo de citocinas evidenciou reducao dos niveis de IL-
1B e IL-6 nos grupos tratados com ambroxol, confirmando seu efeito anti-inflamatério
sistémico. Observou-se, ainda, diminuicdo dos niveis de IL-10, o que pode refletir uma
modulacdo precoce e eficaz da resposta inflamatoria, reduzindo a necessidade de ativagdo de
mecanismos compensatorios. Esse perfil de resposta indica um efeito imunomodulador do
ambroxol, contribuindo para o reequilibrio do microambiente articular e, consequentemente,
para a preservacao estrutural observada nas analises radiograficas e histologicas.

A integragdo dos dados experimentais e da revisdo sistematica aponta o potencial
do ambroxol em contextos inflamatérios ndo pulmonares. Enquanto o estudo experimental
demonstrou, de maneira robusta, efeitos antinociceptivos, anti-inflamatérios e condroprotetores

no modelo de osteoartrite induzida por MIA, a revisdo sistematica evidenciou que esses efeitos
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ndo sdo isolados, mas fazem parte de um padrdo farmacodindmico amplo, observado em
diferentes modelos in vivo, incluindo condigdes inflamatorias, neuropaticas e associadas ao
estresse oxidativo.

Em conjunto, os dados indicam que o ambroxol atua de forma multimodal,
envolvendo a modulacdo de citocinas pro-inflamatorias, a redugdo do estresse oxidativo e a
inibicdo da excitabilidade neuronal, especialmente por meio de canais de sodio voltagem-
dependentes, conferindo consisténcia mecanisticas e plausibilidade bioldgica aos efeitos
observados na osteoartrite. Entretanto, a literatura apresenta limitagdes, incluindo
heterogeneidade metodoldgica, niimero reduzido de estudos recentes e escassez de
investigacdes que permitam andlises mais robustas. Essas lacunas refor¢am a relevancia
cientifica e a originalidade da presente tese.

Com base nos dados apresentados, o ambroxol se destaca como um candidato
promissor ao reposicionamento terapéutico na osteoartrite, ndo apenas pelo seu impacto na
modulacdo da dor e da resposta inflamatdria, mas também pela sua capacidade de interferir na
progressao estrutural da doenga. Associado ao seu perfil de seguranca bem estabelecido, ampla
utiliza¢do clinica e baixo custo, o f&rmaco apresenta potencial para aplicacdo translacional,
configurando-se como uma alternativa acessivel e potencialmente eficaz no manejo da dor
cronica osteoarticular.

Entretanto, algumas limitagdes devem ser consideradas. A auséncia da avaliacdo de
mediadores inflamatorios adicionais, como TNF-a, NF-kB, MMP-13 e ADAMTS-5, bem como
de vias intracelulares especificas, limita uma compreensao mais aprofundada dos mecanismos
moleculares envolvidos, especialmente aqueles relacionados a degrada¢do da matriz
extracelular e a progressao da osteoartrite. Adicionalmente, ndo foi realizada a caracterizagdo
das células imunes presentes no tecido articular, o que restringe a identificacdo das fontes
celulares dos mediadores inflamatorios e, consequentemente, a interpretacdo mais detalhada
dos processos imunoldgicos no microambiente articular.

Diante dessas limita¢des, estudos futuros sdo necessarios para elucidar de forma
mais abrangente os mecanismos moleculares e celulares associados a agdo do ambroxol. Além
disso, investigacdes em modelos clinicos sdo fundamentais para confirmar sua eficacia, definir
doses ideais, esquemas terapéuticos e avaliar seu impacto a longo prazo na progressao da
osteoartrite.

Por fim, esta tese amplia o conhecimento na 4rea de dor e doengas osteoarticulares
ao demonstrar o potencial do ambroxol como agente antinociceptivo e anti-inflamatério. O

reposicionamento desse farmaco, amplamente disponivel e com perfil de seguranga
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estabelecido, configura uma estratégia promissora, alinhada a demanda por terapias mais

eficazes, seguras e acessiveis para o manejo da osteoartrite e da dor cronica associada.
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6 CONCLUSAO

A revisdo sistematica realizada nesta tese demonstrou o potencial terapéutico do
ambroxol em diferentes modelos experimentais ndo pulmonares, destacando seus efeitos anti-
inflamatorios, antioxidantes e antinociceptivos. Esses resultados reforcam a plausibilidade do
reposicionamento farmacologico do ambroxol e fundamentam os achados do presente estudo.

Nesse contexto, os resultados desta pesquisa demonstram que o ambroxol exerce
efeitos antinociceptivos e anti-inflamatorios no modelo experimental de osteoartrite induzida
por MIA. A reducdo da dor e a melhora da fun¢ao motora, associadas a atenuacao das alteragdes
estruturais articulares evidenciadas por andlises radiograficas e histologicas, reforcam a
robustez dos resultados. A diminui¢cdo de citocinas pro-inflamatdrias, como IL-1B e IL-6,
amplia a compreensdo do papel do ambroxol na modulagao da fisiopatologia da osteoartrite.

A eficacia observada, comparavel a do meloxicam, evidencia o potencial
translacional desses dados e destaca o ambroxol como um candidato ao reposicionamento
terapéutico na osteoartrite, especialmente considerando seu perfil de seguranca ja estabelecido,
ampla utilizagdo clinica e baixo custo.

Assim, esta tese contribui de forma relevante para o avango do conhecimento na
area, ao propor o ambroxol como um candidato ao reposicionamento terapéutico no manejo da
osteoartrite, destacando-se como uma alternativa potencialmente eficaz, acessivel e com perfil
de seguranga ja estabelecido. No entanto, sdo necessarios estudos adicionais que investiguem
sua aplicabilidade em ensaios clinicos e aprofundem a compreensdo de seus mecanismos

moleculares de agao.
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comlsshdeétlcanoUsodeAnlmﬂs(CEUA-UFMA)daUnlverﬂdadeFederaldth&o.na
reunido realizada em 21 de sefembro de 2022.

we cerlity that the proposal: “Evaluation of the anaigesic and anti-Inflammatory effects of
ambroxol In an experimental model of osteoarthritis In rats”, Process 23115.013021/2022-
17, under the responsibiity of Prof. Dr. Jodo Batista Santos Garcla and Prof. Dr. Maria do
Socorro de Sousa Cartagenes, which Invoives the production, maintenance andior use of
animals belonging fo the phylum Chordata, sub phylum Veriebrata (except humans beings) for
sclentific research purposes (or teaching) - Is In accordance with Law No. 11,794, of Oclober 8,
2008, Decree No. 6.899, of July 15, 2009, as well as with the rules Issued by the National Councll
for Control of Animal Experimentation (CONCEA), and was APPROVED by the Ethics Commitiee
on Animals Use of the Federal University of Maranhdo (CEUA - UFMA), In meeting of September
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ANEXO B - USO DE INTELIGENCIA ARTIFICIAL

DECLARACAO DE ACORDO PARA UTILIZACAO DE INTELIGENCIA
ARTIFICIAL

(Art. 12, inciso I, da Resolu¢do n®374/2025 — CONSAD)

Eu, Michelline Joana Tenério Albuquerque Madruga Mesquita, discente regularmente
matriculada no Programa de P6s-graduagao em Ciéncias da Saude, declaro que fui devidamente
autorizada pelo Prof. Dr. Joao Batista Santos Garcia, orientador do projeto de pesquisa
intitulado: “Avaliacido do Efeito Analgésico e Anti-inflamatério do Ambroxol em Modelo
Experimental de Osteoartrite em Rato”, a utilizar ferramentas de Inteligéncia Artificial no
desenvolvimento das atividades académicas relacionadas a este trabalho.

O uso da Inteligéncia Artificial foi realizado de forma ética, responsavel e transparente, com a
finalidade de apoio a organizacdo de ideias, revisdo textual, esclarecimento conceitual e
aprimoramento da escrita, nio substituindo a autoria intelectual, a analise critica ou a
responsabilidade académica da discente.

Este acordo estd em conformidade com o disposto no Art. 12, inciso I, da Resolugdo n°
374/2025 — CONSAD, que estabelece a necessidade de acordo prévio entre discente e docente,
com registro da autorizac¢do para uso de IA no contexto académico .

Declaro, ainda, que todas as informacgdes, analises, interpretacdes e conclusdes apresentadas no
trabalho sdo de minha inteira responsabilidade, respeitando os principios da integridade
académica e da originalidade.

Por ser verdade, firmamos a presente declaracao.
Prompts/Comandos Utilizados (Art. 12, inciso III)

i. "Atue como um pesquisador. Realize uma revisdo da literatura cientifica (PubMed,
SciELO e Embase) sobre a osteoartrite abordando sua fisiopatologia, impacto
funcional, prevaléncia global e fatores de risco associados, com base em diretrizes
atuais e literatura cientifica. ~

il. “Atue como um pesquisador em farmacologia experimental. Realize uma revisdo da
literatura cientifica (PubMed, SciELO e Embase) sobre os efeitos analgésicos e anti-
inflamatorios do ambroxol. Apresente os principais mecanismos de agdo, incluindo
modulagdo de citocinas inflamatorias, estresse oxidativo e canais de sodio voltagem-
dependentes.”

iil. “Auxilie na busca e organizagdo de artigos cientificos sobre a identificag¢do de estudos
sobre a fisiopatologia da osteoartrite, incluindo o desequilibrio entre processos
anabdlicos e catabilicos da cartilagem, com énfase em citocinas inflamatorias (IL-1p,
TNF-a, IL-6), metaloproteinases (MMPs), ADAMTs, fatores de crescimento (TGF-f,
IGF-1), estresse oxidativo (ROS, NO) e via do dcido araquidonico (COX-2, PGE2).”
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iv. "Atue como especialista em dor e apoie a busca de evidéncias cientificas sobre os
mecanismos de dor na osteoartrite, incluindo sensibilizagdo periférica e central,
participagdo de fibras Ao e C, receptores NMDA e desenvolvimento de dor
neuropadtica.”

v. “Como pesquisador em dor, explique os principais métodos de avalia¢do de dor em
modelos experimentais de osteoartrite em ratos, incluindo teste de Von Frey, weight-
bearing, andlise de marcha e grimace scale.”

vi. "Fornega suporte na busca e organizac¢do de estudos sobre o modelo experimental de
osteoartrite induzida por monoiodoacetato (MIA), incluindo seu mecanismo de agdo,
alteragoes estruturais e funcionais, bem como avaliag¢do histologica por meio do escore
OARSI e andlise radiogrdfica utilizando a classificagdo de Kellgren-Lawrence,
considerando sua aplicabilidade em estudos pré-clinicos.”
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