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revisdo de literatura, objetivos do trabalho e dois artigos cientificos abordando os
experimentos realizados, com resultados e discussao, além da conclusao final.
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RESUMO

A sindrome do desconforto respiratério agudo (SDRA) é uma condigdo grave
caracterizada por inflamagao pulmonar intensa, aumento da permeabilidade vascular,
edema alveolar e comprometimento das trocas gasosas, resultando em hipoxemia e
insuficiéncia respiratoria. Em modelos experimentais, a lesdo pulmonar aguda (LPA)
reproduz os principais eventos fisiopatolégicos da SDRA, permitindo investigar seus
mecanismos celulares e moleculares. Nesse contexto, os receptores de potencial
transitorio (TRP) constituem uma familia de canais iGnicos amplamente expressos em
células neuronais e ndo neuronais do pulmao, incluindo epiteliais, musculares lisas e
imunes, sendo reconhecidos como moduladores de reflexos protetores das vias
aéreas e como mediadores da inflamacao. Paralelamente, receptores de bradicinina
B; e B, desempenham papel central na resposta inflamatéria pulmonar, podendo
interagir funcionalmente com canais TRP. Nesta tese, investigamos a participagao dos
canais TRP do tipo vaniloide 1 (TRPV1), anquirina 1 (TRPA1) e vaniloide 4 (TRPV4),
bem como dos receptores de bradicinina B1 e B2, na lesdo pulmonar aguda (LPA)
induzida por lipopolissacarideo (LPS) em camundongos. Nesse sentido,
camundongos C57BL/6 foram submetidos a instilagdo intratraqueal de LPS em
diferentes doses e tempos para caracterizagdo do modelo de LPA. Para investigar o
papel dos receptores, animais foram tratados com antagonistas seletivos de TRPV1,
TRPA1, TRPV4 e dos receptores B1 e B2 de bradicinina. A resposta inflamatoria foi
avaliada por analise do lavado broncoalveolar (LBA), incluindo a quantificagdo de
células inflamatorias, proteinas totais e citocinas, além da avaliagado histopatoldgica
do parénquima pulmonar. Adicionalmente, foram realizadas analises de deposicao de
colageno e de expressdao dos canais TRP por imunohistoquimica, bem como a
investigacdo dos efeitos do bloqueio farmacoldgico sobre essas alteragdes. Nossos
resultados demonstraram que o LPS promoveu inflamacéo pulmonar caracterizada
por aumento de citocinas, infiltrado celular no LBA, extravasamento plasmatico,
deposigao de colageno, edema pulmonar e alteragdes histoldégicas compativeis com
LPA. Verificamos que os canais TRPV1, TRPA1 e TRPV4 contribuem para a
amplificagdo dessa resposta inflamatéria, uma vez que sua inibicdo farmacoldgica
reduziu a expressdao de marcadores inflamatérios, o acumulo celular no LBA e a
intensidade do dano tecidual. Além disso, a ativagao dos receptores B, e B, aumentou
a atividade dos TRP, enquanto sua modulagdo farmacolégica atenuou a leséo
pulmonar induzida por LPS. Coletivamente, nossos achados indicam que a
sinalizagcdo coordenada entre os canais TRPV1/TRPA1/TRPV4 e receptores de
bradicinina B1/B2 constitui um eixo patofisiolégico relevante na LPA induzida por LPS.
A elucidagdo dessa via integrativa ndo apenas aprofunda a compreensdao dos
mecanismos moleculares subjacentes a inflamacgao pulmonar aguda, como também
destaca potenciais alvos terapéuticos para o desenvolvimento de estratégias
farmacoldgicas mais eficazes no controle da progresséao e gravidade da doenca.

Palavras-chave: inflamacgao; lesao pulmonar; TRPV1; TRPA1; TRPV4; bradicinina.



ABSTRACT

Acute respiratory distress syndrome (ARDS) is a severe clinical condition
characterized by intense pulmonary inflammation, increased vascular permeability,
alveolar edema, and impaired gas exchange, resulting in persistent hypoxemia and
respiratory failure. In experimental models, acute lung injury (ALI) reproduces the main
pathophysiological features of ARDS, allowing the investigation of underlying cellular
and molecular mechanisms. In this context, transient receptor potential (TRP)
channels constitute a family of ion channels widely expressed in neuronal and non-
neuronal cells of the lung, including epithelial, smooth muscle, and immune cells, being
recognized as modulators of airway protective reflexes and mediators of inflammation.
In parallel, bradykinin B; and B, receptors play a central role in the pulmonary
inflammatory response and may functionally interact with TRP channels. In this thesis,
we investigated the participation of transient receptor potential channels of the vanilloid
1 (TRPV1), ankyrin 1 (TRPA1), and vanilloid 4 (TRPV4) subtypes, as well as bradykinin
B1 and B2 receptors, in lipopolysaccharide (LPS)-induced acute lung injury (ALI) in
mice. In this sense, C57BL/6 mice were subjected to intratracheal instillation of LPS at
different doses and time points to characterize the ALI model. To investigate the role
of the receptors, animals were treated with selective antagonists of TRPV1, TRPA1,
TRPV4, and bradykinin B1 and B2 receptors. The inflammatory response was
evaluated by analysis of bronchoalveolar lavage fluid (BALF), including quantification
of inflammatory cells, total proteins, and cytokines, in addition to histopathological
assessment of lung parenchyma. Furthermore, analyses of collagen deposition and
TRP channel expression by immunohistochemistry were performed, as well as
investigation of the effects of pharmacological blockade on these alterations. Our
results demonstrated that LPS promoted pulmonary inflammation characterized by
increased cytokines, cellular infiltrate in BALF, plasma extravasation, collagen
deposition, pulmonary edema, and histological changes compatible with ALI. We
verified that TRPV1, TRPA1, and TRPV4 channels contribute to the amplification of
this inflammatory response, since their pharmacological inhibition reduced the
expression of inflammatory markers, cellular accumulation in BALF, and the intensity
of tissue damage. Moreover, activation of B; and B, receptors enhanced TRP channel
activity, whereas their pharmacological modulation attenuated LPS-induced lung
injury. Collectively, our findings indicate that coordinated signaling between
TRPV1/TRPA1/ TRPV4 channels and bradykinin B,/B, receptors constitutes a
pathophysiological axis relevant to LPS-induced ALI. Elucidation of this integrative
pathway not only deepens the understanding of the molecular mechanisms underlying
acute pulmonary inflammation but also highlights potential therapeutic targets for the
development of more effective pharmacological strategies to control disease
progression and severity.

Keywords: inflammation; lung injury; TRPV1; TRPA1; TRPV4; bradykinin.
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1. INTRODUGCAO

1.1 SINDROME DO DESCONFORTO RESPIRATORIO AGUDO (SDRA)

O primeiro relato sobre a sindrome do desconforto respiratério agudo (SDRA)
ou sindrome da angustia foi publicado em 1967 por Ashbaugh et al.,, que a
descreveram como o estagio final da lesédo pulmonar aguda (LPA), sendo considerada
a forma clinica mais grave dessa condi¢cao (Matthay et al., 2024).

A SDRA ¢ definida como um disturbio agudo que se desenvolve dentro de sete
dias apds um evento clinico inicial, caracterizando-se por infiltrados pulmonares
bilaterais, hipoxemia grave de dificil corregdo e alteracdo acentuada da mecéanica
pulmonar, na auséncia de evidéncias de edema pulmonar de origem cardiogénica
(Estenssoro e Dubin, 2016; Huppert et al., 2019). Durante sua evolugao, observa-se
um processo inflamatério intenso, acompanhado por lesdo e edema pulmonar, que
comprometem significativamente as trocas gasosas, culminando em hipoxia profunda
(para reviséo, ver Diamond et al., 2024; Matthay et al., 2019).

Em 1971, foram propostos os primeiros critérios diagnosticos para a SDRA, os
quais incluiam: inicio agudo da insuficiéncia respiratéria, complacéncia pulmonar
reduzida, presenca de infiltrados alveolares difusas em radiografia de térax e cianose
refrataria a oxigenoterapia (Cepkova e Matthay, 2006).

Dada a complexidade do diagnéstico e com o objetivo de padronizar e facilitar
a identificacdo da sindrome, foi publicada em 2012 a definicdo de Berlim. Essa
classificagao inclui parametros como: tempo de instalagéo (até sete dias apds o insulto
clinico), achados radiograficos (infiltrados bilaterais ndo explicados por derrame
pleural, atelectasia ou nddulos), origem do edema (excluindo causas cardiacas ou
hipervolemia) e graus de alteragdo na oxigenacéao (Force et al., 2012; Matthay et al.,
2024). Além da radiografia de torax, exames de tomografia computadorizada também
sao amplamente utilizados para avaliar a extensao e a distribuicdo das lesdes
pulmonares, fornecendo informagdes mais detalhadas sobre o acometimento

estrutural do parénquima pulmonar (Matthay et al., 2024).
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A relacao entre a pressao parcial de oxigénio no sangue arterial (PaO,) e a
fracdo de oxigénio no ar inspirado (FiO,) € um parametro essencial para o diagnostico
da SDRA, visto que pacientes acometidos apresentam uma razdo PaO,/FiO, inferior
a 300 mmHg. Com base nesse valor, a sindrome é classificada em trés niveis de
gravidade: leve (PaO,/FiO, entre 200 e 300 mmHg), moderada (entre 100 e 200
mmHg) e grave (inferior a 100 mmHg) (Diamond et al., 2024; Matthay et al., 2024).

Para o diagndstico da SDRA, além da avaliacao clinica, fisica e radioldgica,
também sao realizados exames laboratoriais e, quando possivel, analises
histopatolégicas. Entre os exames laboratoriais comumente solicitados est&o:
hemograma completo, testes de coagulacdo, tempo de trombina, dosagem de
enzimas cardiacas, além da avaliagcdo dos niveis séricos de magnésio, calcio
ionizado, fésforo e lactato, entre outros (Diamond et al., 2024; Matthay et al., 2024).

Esses exames auxiliam na deteccdo de disfungbes orgéanicas secundarias a
gravidade da sindrome, uma vez que a SDRA pode evoluir para faléncia de multiplos
orgaos, incluindo insuficiéncia renal, hepatica e hematopoiética. No exame histoldgico,
observam-se achados caracteristicos da LPA, como edema alveolar e intersticial,
hemorragia alveolar, presenga de membranas hialinas, congestao capilar pulmonar e
les&o de pneumdocitos (Diamond et al., 2024; Matthay et al., 2024).

Quanto a etiologia, a SDRA pode resultar de lesées pulmonares diretas ou
indiretas. A forma direta, também denominada SDRA primaria, € causada por insultos
que afetam diretamente os pulmdes, como pneumonia, aspiragdo de conteudo
gastrico, quase afogamento e contusao pulmonar. Ja a forma indireta, conhecida
como SDRA secundaria, decorre de processos sistémicos que comprometem
secundariamente o tecido pulmonar, como sepse, politraumatismo, transfusbes
macigas de hemoderivados, entre outros (Kaku et al., 2020; Matthay et al., 2019).

As causas mais comuns incluem sepse, pneumonia, trauma toracico,
aspiracédo, pancreatite, consumo cronico de alcool, tabagismo e cirurgias
cardiovasculares. Em casos de pneumonia ou sepse, a etiologia geralmente é
evidente; no entanto, em outras situagdes, € necessario realizar uma investigagcao
clinica mais aprofundada, incluindo anamnese detalhada com o paciente ou
familiares, a fim de identificar exposi¢cdes recentes e elucidar o agente causal
(Confalonieri et al., 2017; Kaku et al., 2020).

Infecgbes bacterianas e virais associadas ao desenvolvimento de pneumonia

estdo, de fato, entre os principais fatores desencadeantes da SDRA, com picos
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observados durante pandemias, como as causadas por virus da influenza e por
coronavirus emergentes, além dos responsaveis pela sindrome respiratéria do oriente
médio (MERS) e sindrome respiratoria aguda grave (SARS). Recentemente, a SDRA
foi amplamente observada em pacientes com coronavirus 19 (COVID-19), estando
associada a uma intensa resposta inflamatdria sistémica caracterizada por
tempestades de citocinas e cininas, o que contribui para a piora do quadro clinico
(Meyer et al., 2021).

Outras condicbes que aumentam a suscetibilidade ao desenvolvimento da
SDRA incluem obesidade, tabagismo, hipoalbuminemia, quimioterapia, exposicéao a
poluentes atmosféricos e o uso de ventilagdo mecanica com volumes correntes
elevados e pressdes inspiratorias excessivas (Reilly et al., 2019).

As estimativas da incidéncia de SDRA corresponde a 82 casos por 100.000
habitantes, com uma taxa de mortalidade em torno de 43% (Bellani et al., 2016;
Diamond et al., 2024). Vale destacar que, na maioria dos casos, o 6bito ndo ocorre
por insuficiéncia respiratoria isolada, mas sim como consequéncia da sepse e da
faléncia de multiplos 6rgaos (Matthay et al., 2019; Meyer et al., 2021).

Além disso, estima-se ainda que cerca de 75% dos casos sejam classificados
como moderados ou graves (Diamond et al., 2024). A SDRA tem alta incidéncia entre
pacientes de unidade de terapia intensiva, além disso essa condigcdo depende da
idade, aumentando de 16/100.000 pessoas-ano para individuos de 15 a 19 anos para
306/100.000 pessoas-ano para individuos de 75 a 84 anos (Hendrickson et al., 2021;
Papazian et al., 2021).

A incidéncia de SDRA também depende do género, os homens tém maior
probabilidade de desenvolver SDRA (62%) do que as mulheres (38%) (McNicholas et
al., 2019). No entanto, quando a sindrome acomete mulheres, a taxa de mortalidade
€ proporcionalmente mais elevada em comparacéo aos homens (McNicholas et al.,
2019; Meyer et al., 2021).

Diversos pacientes que sobreviveram a SDRA relatam sequelas prolongadas,
como perda de massa muscular e disturbios neuropsiquiatricos, incluindo disfungao
cognitiva, ansiedade, depresséo e transtorno do estresse pos-traumatico. Apesar
dessas manifestagdes extrapulmonares, a funcao respiratéria tende a se recuperar de
forma quase completa na maioria dos casos (Sweeney e McAuley, 2016).

A SDRA pode acometer tanto criangas quanto adultos, e, independentemente

da causa, ainda n&o ha uma terapia farmacologica especifica para a condi¢céo, o que
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contribui para sua alta morbidade e mortalidade. As estratégias terapéuticas
atualmente disponiveis incluem principalmente o suporte ventilatério, sendo a
ventilagdo mecanica a principal intervengao utilizada. Tanto a ventilagdo invasiva
quanto a nao invasiva visam assegurar uma adequada troca gasosa, ao mesmo tempo
em que se busca minimizar o risco de lesdo pulmonar induzida pela ventilacéo e de
comprometimento hemodindmico decorrente do aumento das pressodes intratoracicas
(Boyle et al., 2013; Qadir et al., 2021).

A ventilagdo com baixos volumes correntes, associada ao uso de pressao
expiratoria final positiva (PEEP) em niveis moderados, € amplamente utilizada na
pratica clinica como uma estratégia de prote¢ao pulmonar. Além disso, abordagens
complementares como o manejo hemodinamico e o fornecimento adequado de
oxigénio também sdo essenciais no suporte ao paciente com SDRA (Cepkova e
Matthay, 2006).

Diversas terapias farmacolégicas tém sido investigadas, incluindo o uso de
vasodilatadores inalaveis, como o oxido nitrico (NO) (Gebistorf et al., 2016) e as
prostaciclinas (Haeberle et al., 2023), bem como vasodilatadores sistémicos, como a
prostaglandina E1 (Fuller et al., 2015).

Agentes anti-inflamatérios também foram explorados, como os glicocorticoides
(Zhang et al., 2023), pentoxifilina (Nazemi et al., 2024). Entre as abordagens
antioxidantes, destacam-se a N-acetilcisteina (Zhang et al., 2017). Outros tratamentos
incluem agentes anticoagulantes (Cepkova e Matthay, 2006), agonistas [2-
adrenérgicos (Matthay et al., 2011), surfactantes exégenos (Dushianthan et al., 2023)
e agentes imunomoduladores como a interleucina-10 (IL-10) (Shih et al., 2023).

No entanto, essas terapias apresentam eficacia limitada por ndo reduzirem de
forma consistente a mortalidade, mostrarem resultados variaveis entre estudos e
fases da doenca, e carecerem de evidéncias clinicas robustas que justifiquem seu uso
na SDRA (Cepkova e Matthay, 2006; Peck e Hibbert, 2019).

Outras abordagens terapéuticas incluem o manejo mais eficiente de fluidos, o
uso de antibidticos de amplo espectro e suporte nutricional adequado. Ainda assim,
os indices de mortalidade associados a SDRA permanecem elevados, e nenhuma
terapia farmacoldgica atual demonstrou beneficios consistentes na sobrevida dos
pacientes (Cepkova e Matthay, 2006; Qadir et al., 2021).

Dessa forma, torna-se evidente a necessidade de um entendimento mais

aprofundado dos mecanismos fisiopatolégicos envolvidos na SDRA. Tal
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conhecimento é fundamental para o desenvolvimento de novas abordagens
terapéuticas eficazes que possam, de fato, impactar positivamente o progndstico e a

taxa de sobrevida dos pacientes acometidos por essa sindrome.

1.2 LESAO PULMONAR AGUDA (LPA) E SUA RELACAO COM SDRA

A SDRA e a LPA representam diferentes graus de severidade dentro de um
mesmo espectro clinico, caracterizado por edema pulmonar rico em proteinas
decorrente do aumento da permeabilidade da membrana alveolar. Esse processo
culmina no aparecimento de opacidades bilaterais difusas, hipoxemia grave e,
consequentemente, insuficiéncia respiratéria aguda (Matuschak et al., 2010).

A principal distincdo entre LPA e SDRA esta relacionada a gravidade da
hipoxemia, que é avaliada pela razdo entre PaO, e FiO,. A definicao proposta pelo
consenso da American-European Consensus Conference (AECC) considera LPA
quando a razao PaO2/FiO2 é <300 mmHg, enquanto valores <200 mmHg caracterizam
SDRA (Raghavendran et al., 2011).Com a padronizacdo mais recente, estabelecida
pelos Critérios de Berlim, o termo LPA foi descontinuado, e a SDRA passou a ser
classificada nas categorias leve, moderada e grave, desde que outros critérios
também estejam presentes (imagens radiolégicas compativeis e auséncia de edema
de origem cardiaca) (Force et al., 2012).

Portanto, ¢é importante ressaltar que todo paciente com SDRA,
necessariamente, apresenta LPA; entretanto, nem todo paciente com LPA progride
para SDRA (Amato et al., 2007). Os critérios diagndsticos estdo resumidos na Tabela

2, permitindo melhor compreenséo e diferenciagéo entre os estagios dessa sindrome.

TEMPO DE RAIO X DE -
INSTALACAO TORAX POAP OXIGENACAO
Pa0O2 =300 mmHg
LPA PAPO <18 mmHg independente do nivel do PEEP
Infiltrados quando medida ou
Inicio agudo bilaterais auséncia de
no raio X frontal hipertensdo atrial PaO2 <200 mmHg
SDRA esquerda independente do nivel do PEEP

Tabela 1. Critérios diagnésticos para LPA e SDRA. Fonte: Bernards et al., 1994 -

adaptada pelo autor.
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1.3 FISIOPATOLOGIA DA SDRA: PAPEL DOS MEDIADORES INFLAMATORIOS

Os pulmdes sao altamente sensiveis a processos inflamatérios, e a resposta
inflamatoria desempenha um papel central na fisiopatologia da SDRA. Diante de uma
agressao, seja de origem pulmonar ou extrapulmonar, ocorre inicialmente a ativacao
dos macréfagos alveolares, o que resulta no recrutamento de neutréfilos e de
macrofagos circulantes para o tecido pulmonar, mediado pela liberagdo de citocinas
inflamatdrias. Essas citocinas promovem lesao tanto do epitélio alveolar quanto do
endotélio capilar, intensificando o processo inflamatério (Huang et al., 2018; Short et
al., 2014).

Como consequéncia, ha extravasamento de proteinas e fluido do
compartimento intravascular para o espaco intersticial e, posteriormente, para os
alvéolos. Esse acumulo de liquido pode ultrapassar a capacidade de drenagem
linfatica pulmonar, culminando em edema intersticial e alveolar (Raghavendran et al.,
2011; Ware e Matthay, 2005). A destruicdo da barreira alvéolo-capilar favorece a
formacdo de membranas hialinas nas superficies alveolares. O edema pulmonar
resultante provoca infiltrado pulmonar difuso, redu¢do da complacéncia respiratéria,
aumento do shunt intrapulmonar e dispneia (Raghavendran et al., 2011; Ware e
Matthay, 2005).

As proteinas extravasadas, associadas ao infiltrado inflamatério e a lesdo dos
pneumocitos do tipo Il, comprometem a integridade do surfactante pulmonar. A
deficiéncia do surfactante favorece o colabamento alveolar (atelectasia), prejudica a
mecanica respiratéria e compromete as trocas gasosas, levando a insuficiéncia
respiratéria grave (Swenson e Swenson, 2021). Embora a SDRA seja primariamente
uma condicdo respiratoria, a inflamacédo sistémica, o edema, a disfungcdo do
surfactante e a hipoxemia profunda podem contribuir para lesées em multiplos 6rgaos,
culminando em faléncia multipla de 6rgaos e, frequentemente, na morte do paciente
(McGonagle et al., 2020; Ragab et al., 2020)

Do ponto de vista patolégico, a SDRA evolui em fases. A primeira delas € a
fase exsudativa ou inflamatéria aguda, caracterizada pela intensa infiltragdo de
neutréfilos e macrofagos nos alvéolos e pelo inicio do edema pulmonar, devido ao
extravasamento de fluido rico em proteinas. Essa fase geralmente dura cerca de sete

dias. Pacientes que apresentam melhora clinica durante esse periodo tém maior
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probabilidade de resolugcdo completa da doenca, pois a resposta inflamatéria ainda é
potencialmente reversivel nessa etapa (Matthay et al., 2012).

A segunda fase da SDRA ¢é denominada fase fibroproliferativa. Ela se
caracteriza pela organizacdo do exsudato inflamatério e pelo inicio da
fibroelastogénese, com intensa produgdo de matriz extracelular no interior dos
alvéolos, que passam a ser preenchidos por tecido conjuntivo. Nessa etapa, observa-
se uma diminuicdo do edema pulmonar, ao mesmo tempo em que as paredes
alveolares sofrem proliferagcao de pneumdcitos do tipo Il, resultando em um processo
hiperplasico. Além disso, ha acumulo de proteinas como fibronectina e colageno no
parénquima pulmonar (Matthay et al., 2012; Matthay et al., 2019).

A Ultima fase da SDRA ¢ a fase fibrética, marcada pela deposi¢cdo anormal e
excessiva de proteinas da matriz extracelular, com graus variaveis de fibrose
intersticial e presenca significativa de colageno. Essa condicdo contribui para a
hipoxemia progressiva, disfungao de multiplos 6rgaos e esta associada a uma taxa de
mortalidade que pode atingir até 80% dos pacientes (Matthay et al., 2019).

Infecgdes por patdgenos também podem desencadear lesdo pulmonar e
contribuir para o desenvolvimento da SDRA. Moléculas endégenas e produtos
microbianos interagem com receptores do tipo toll-like (TLRs) presentes nos pulmdes,
ativando o sistema imunolégico inato. Embora esse mecanismo tenha como objetivo
eliminar o patégeno, ele também pode agravar a lesdo tecidual ao promover uma
resposta inflamatéria exacerbada (Hupper et al., 2019; Imai et al., 2008).

Um dos eventos marcantes nesse processo € a tempestade de citocinas,
caracterizada por um aumento acentuado na liberagdo desses mediadores
inflamatoérios (Zhou e Lu, 2024). Citocinas como interleucina 1 beta (IL-1B),
interleucina 6 (IL-6) e fator de necrose tumoral (TNF), produzidas principalmente por
macrofagos e linfocitos ativados, desempenham papel central na sinalizagéo
inflamatodria, interagindo com receptores de superficie celular e amplificando a
resposta imune (De Virgiliis e Giovanni, 2020; Yang et al., 2021). Estudos mostram
qgue concentragoes elevadas dessas citocinas estdo associadas a desfechos fatais em
pacientes com SDRA (Wang et al., 2021).

Por outro lado, citocinas com perfil anti-inflamatério, como interleucinas 4 e 10
(IL-4 e IL-10), também estao presentes na SDRA e podem modular negativamente a

resposta inflamatdria (Jarczak e Nierhaus, 2022).



28

Além das citocinas, outros mediadores inflamatdrios, como bradicinina,
histamina e serotonina, também desempenham papéis relevantes na inflamacao
pulmonar aguda e no desconforto respiratério (Roche e Roche, 2020; Raban et al.,
2021).

Portanto, o descontrole da resposta inflamatéria, caracterizado pelo
recrutamento excessivo de neutroéfilos, estresse oxidativo e liberacdo continua de
mediadores inflamatdrios, gera um desequilibrio na homeostase pulmonar. Essa
cascata inflamatéria culmina na ruptura das barreiras endotelial e epitelial, provocando
edema alveolar, prejuizo da mecanica pulmonar e comprometimento das trocas
gasosas, caracteristicas fundamentais da SDRA (Hussain et al., 2020). A Figura 1
ilustra os principais mecanismos fisiopatolégicos envolvidos na SDRA, incluindo a
ativagao de células inflamatorias, lesdo do endotélio alveolar e disfungéo da barreira

alvéolo-capilar.

Alvéolo normal Leséao alveclar durante a fase aguda

Descamacao do
epitélio brénguico
Camada de i, e

Sostaits 7 surfactante
Célula tipo | necrdtica

ou apoptdtica
Hemdacia

Membrana
basal epitelial

Membrana basal
desnuda

Célula tipo Il intacta

Membrana hialina

Intersticio
alargado

endotelial Célula endotelial

edemaciada e
danificada

* Neutrsfilos

Membrana "
basal endotelial

Figura 1. Fisiopatologia da SDRA. Destacando a ruptura da barreira alvéolo-capilar, o
acumulo de edema e a infiltracdo de células inflamatérias que comprometem a troca

gasosa e favorecem a progressao da lesao pulmonar. Fonte: Hussain et al., 2020.
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1.4 MODELO EXPERIMENTAL DE LPA INDUZIDA POR LPS

Diversos modelos experimentais tém sido utilizados para estudar a SDRA,
sendo a maioria classificada como modelos de LPA, ja que a SDRA é uma forma grave
dessa condicdo. Contudo, nenhum modelo reproduz integralmente a complexidade da
doenga humana. O modelo ideal deve mimetizar caracteristicas fisiopatoldgicas
humanas, como a inflamagédo desregulada e a ruptura da barreira alvéolo-capilar
(D’Alessio, 2018; Rocco e Nieman, 2016).

A escolha do modelo varia conforme fatores como custo, necessidade de
amostragem de sangue, numero de animais e disponibilidade de reagentes. Entre os
diversos métodos de inducado, destaca-se o uso de lipopolissacarideo (LPS), uma
endotoxina derivada de bactérias gram-negativas como Escherichia coli, que ativa a
resposta imune por meio de TLR-4, desencadeando inflamagao e apoptose endotelial
(Ballard-Croft et al., 2012; Chen et al., 2010).

Os modelos experimentais em animais por LPS envolvem estudos com
coelhos, ratos, camundongos, ovelhas, gatos, porcos e entre outros. O LPS pode ser
administrado por diferentes vias (intraperitoneal, intravenosa, intratraqueal ou nasal),
simulando condi¢gées como sepse ou pneumonia, principais causas de SDRA. As vias
locais (nasal e intratraqueal) s&o preferidas por induzirem lesdo pulmonar mais
especifica. Em geral, os primeiros sinais de dano aparecem nas primeiras 6 a 24 horas
apos a exposicao, com acumulo de neutrdfilos, edema alveolar, espessamento da
parede alveolar e necrose celular (Matute-Bello et al., 2011).

Achados laboratoriais incluem aumento de neutrofilos, proteinas totais,
citocinas e atividade de mieloperoxidase no lavado broncoalveolar (LBA), além de
inflamagéo, hemorragia, atelectasia e formacdo de membranas hialinas nos tecidos
pulmonares (Ballard-Croft et al., 2012).

Dentre as consideragdes relatadas, este modelo fornece informacoes
importantes sobre o mecanismo inflamatério causado pela administragcdo de
endotoxinas, sendo apropriado para estudar a patogénese da LPA/SDRA. Sendo,
portanto, um modelo aplicavel, com alta reprodutibilidade, com elevada relevancia na

clinica (Ballard-Croft et al., 2012) e 0 modelo a ser empregado nesse estudo.
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1.5 RECEPTORES TRP NAS VIAS AEREAS

No trato respiratorio, estdo presentes receptores capazes de sensibilizar as
vias aéreas e desencadear respostas a diversos estimulos (Muller et al., 2022). Dentre
esses receptores, destacam-se os canais de potencial transitério (TRP), uma grande
familia de proteinas de canais ibnicos, dividida em seis subfamilias com base na
homologia de sequéncia de aminoacidos: Candnico (TRPC), Vaniléide (TRPV),
Melastatina (TRPM), Policistina (TRPP), Mucolipina (TRPML) e Anquirina (TRPA)
(Achanta e Jordt, 2020; Gu e Lee, 2021).

A nomenclatura desses canais tem origem na descoberta feita por Cosens e
Manning em estudos com Drosophila, nos quais se observou uma resposta transitéria
a exposicdo a luz intensa (Cosens e Manning, 1969; Grace et al., 2014).
Estruturalmente, os canais TRP sao formados por seis dominios transmembrana, com
o poro do canal localizado entre os dominios cinco e seis. Além disso, apresentam
terminais C e N intracelulares, com diferentes graus de repeti¢des de anquirina (Grace
et al., 2014; Mdller et al., 2022).

A ativagao desses canais nos nervos sensoriais do trato respiratorio permite o
influxo de cations, levando a despolarizagdo da membrana neuronal. Esse processo
pode resultar tanto na ativagdo quanto na inativagcao de canais idnicos dependentes
de voltagem, modulando assim a excitabilidade celular. Os canais TRP estao
envolvidos em respostas fisiolégicas e participam da regulagao positiva durante
processos inflamatérios nas vias aéreas, contribuindo para manifestagdes como
hipersensibilidade, tosse e broncoespasmo, além de estarem relacionados a diversas
doencas respiratorias (Belvisi e Birrell, 2017; Gu e Lee, 2021).

No contexto das vias aéreas, a expressao dos TRP se restringe principalmente
aos receptores TRPV1 (vaniléide tipo 1), TRPA1 (anquirina tipo 1) e TRPV4 (vanildide
tipo 4). Esses receptores estdo envolvidos em processos fisioldgicos e patoldgicos
associados a doencas inflamatdrias respiratorias, como asma, fibrose cistica, cancer,
doenga pulmonar obstrutiva cronica (DPOC) e SDRA (Koivisto et al., 2022; Muller et
al., 2022; Wallace, 2017).
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1.5.1 RECEPTOR TRPV1

O receptor TRPV1 é um canal de cation polimodal que pode ser ativado por
diversos estimulos (Luu et al.,, 2021). Ele responde diretamente a agentes como
capsaicina, resiniferatoxina, baixo pH extracelular, anandamida, temperaturas
elevadas (> 42 °C) e derivados do acido araquiddnico, entre outros. Além disso, pode
ser ativado

indiretamente por mediadores enddégenos como bradicinina e

prostaglandina E2 (PGE2) (Belvisi e Birrell, 2017) (Figura 2).

AGONISTAS ENDOGENOS

Acidos hidroperoxieicosatetraenoicos (HPETEs): 5S-HPETE; 125-

HPETE; 155-HPETE.

Aminas biogénicas: Anandamida (N-arachidoneiletanolamina);
N-arachidonoildopamina (NADA); N-oleoiletanolamina (OLEA);
N-arachidonoilnorsalol; N-arachidonoilserina; Leucotrieno B4.

Poliaminas: Espermina; Espermidina; Putrescina.

Acidos hidroxioctadecadienéicos (HODEs): 9-HODE; 13-HODE; 2-

AGONISTAS EXOGENOS

Derivados de plantas: Capsaicina, diidrocapasaicina,
capsinate, alicina, allina, resiniferatoxina (RTX),
piperina, guaiacol, eugenol, [E]-gengibreol, [8]-
gengibreol, paradol, shogaol, zingibereno,
tetraidrocanabinol, canabidiol, canabinol, canfora,
drimenol, cinnamodial, scutigeral, evodiamina.
Derivados animais: gambierol, brevetoxina.

Arachidonoilglicerol.
ESTIMULOS FisICO
- pH acido (<5,3), calor nocivo (43 °C), descarga eletrostatica. l
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Figura 2. Representacao esquematica dos ativadores e da estrutura do canal ibnico
TRPV1. Fonte: Achanta e Jordt, 2020, adaptado pelo autor.

No trato respiratério, o TRPV1 é expresso na musculatura lisa pulmonar, no
epitélio da traqueia, brénquios e laringe, bem como em células endoteliais vasculares

e células dendriticas do pulmé&o (Mduller et al., 2022). Além disso, esta presente nas
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fibras aferentes sensoriais do tipo C que inervam todo o trato respiratério, sendo que
algumas dessas fibras também expressam os canais TRPA1 e TRPV4.

A ativacdo do TRPV1 promove o aumento do calcio intracelular e da
excitabilidade celular, desencadeando potenciais de agao que levam a liberacao de
mediadores como taquicininas e o peptideo relacionado ao gene da calcitonina
(CGRP) (Lee e Gu, 2009; De Oliveira et al., 2016). Como consequéncia, pode ocorrer
uma resposta sensorial exacerbada nas vias aéreas, caracterizada por irritacao,
dispneia, tosse, broncoconstricao, extravasamento de plasma e quimiotaxia de células
inflamatodrias, em decorréncia da liberagao de neuropeptideos (Lee e Gu, 2009).

Estudos demonstram a interagdo entre neurdnios positivos para TRPV1 e
células do sistema imune, sendo essa comunicacdo fundamental na mediacdo da
inflamacéo das vias aéreas apds exposigao a alérgenos inalados ou infec¢des virais
(Nahama et al., 2020; Talbot et al., 2012). Além de estar envolvido na resposta a tosse,
com expressao aumentada em pacientes com tosse cronica, o TRPV1 participa das
alteracdes na reatividade das vias aéreas induzidas por agentes irritantes (Nahama et
al., 2020).

Os canais TRPV1 sdo os receptores da familia TRP mais amplamente
estudados no contexto do sistema respiratério. Sua relevancia decorre da abundante
expressao no trato respiratério e do envolvimento em processos fisiolégicos e
patolégicos das vias aéreas (Liu et al., 2022; Muller et al., 2022). Por esse motivo,
esses canais tém sido extensivamente investigados em modelos animais,
especialmente em estudos relacionados a tosse, asma e DPOC (Liu et al., 2022;
Mdller et al., 2022).

O papel do TRPV1 no desencadeamento da tosse cronica ja esta bem
estabelecido. Diversos estudos demonstraram que moléculas capazes de sensibilizar
esse canal, como a capsaicina, aumentam sua expressao e, consequentemente,
promovem o surgimento da tosse. Em contrapartida, o bloqueio do TRPV1 por
antagonistas tem se mostrado eficaz na atenuacgao desse reflexo (Zhang et al., 2018).
Além disso, evidéncias indicam que farmacos como sinvastatina, captopril e
metabdlitos do paracetamol também podem modular a atividade do TRPV1,
contribuindo para o aparecimento de alteracbes nas vias aéreas como
broncoconstricdo e tosse (Amorim et al., 2021; Eberhardt et al., 2017; De Oliveira et
al., 2016).
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Com relagdo a asma e a DPOC, o TRPV1 também tem demonstrado importante
participagcédo. Estudos com modelos animais revelaram que o bloqueio deste receptor
pode reduzir a inflamagao e mitigar o remodelamento associado a asma cronica (Choi
et al., 2018). Também, observou-se uma expressao significativamente aumentada de
TRPV1 nas vias aéreas de pacientes asmaticos e com DPOC, em comparacao a
individuos saudaveis (Baxter et al., 2014).

A ativacdo do TRPV1 aumenta a liberacdo de varias moléculas pro-
inflamatdria, incluindo a substancia P (Jia e Lee, 2007) e citocinas como a IL-6
(Malagarie-Cazenave et al., 2011). Interessantemente, Cabral e Giusti-Paiva, 2016,
demonstraram que o pré-tratamento com um antagonista do receptor TRPV1 preveniu
tanto o0 aumento da lesdo quanto da resisténcia pulmonar em modelo de lesdo aguda
pulmonar induzida por LPS em camundongos (Cabral e Giustini-Paiva, 2016). Esses
achados reforcam o papel relevante desse canal na hipersensibilidade das vias aéreas

e no desenvolvimento de diversas doengas respiratorias.

1.5.2 RECEPTOR TRPA1

Com relacao ao receptor TRPA1, este € amplamente expresso em neurdnios
sensoriais e pode ser ativado por temperaturas frias (abaixo de 17 °C), espécies
reativas de oxigénio (ERO) e 4-hidroxinonenal (4-HNE). Além disso, assim como
ocorre com o receptor TRPV1, mediadores inflamatdrios, como fatores de
crescimento, bradicinina, proteases e as proteinas quinase A e C (PKA e PKC,
respectivamente), podem sensibilizar o canal, reduzindo seu limiar de ativacao (Belvisi
e Birrell, 2017). Irritantes exdgenos, como o alil isotiocianato (presente na mostarda),
o cinamaldeido (presente na canela), bem como substancias como a acroleina e o
crotonaldeido, encontrados na fumacga do cigarro, também sdo capazes de ativar o
TRPA1 (Moore et al., 2017) (Figura 3).
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ELETROFILICOS EXOGENOS

tiossulfinatos, oleocantal, gengerol.

AITC, acroleina, agentes de gas lacrimogéneo, Frio e calor extremos, radiagdo UV e estresse mecanico.
hipoclorito, ozfnio, tolueno, MITC, cinamaldeido,
acefaldeido, formaldeido, crotonaldeido, alicing, PAMPs

ESTIMULOS FisICOS

LPS, proteinas do envelope viral, peptideos N-formilados.

ELETROFILICOS ENDOGENOS

4-HNE, 057, ROS, RNS, H:0., 15-desoxi-0(12,14)-
prostaglandina J2.

DAMPs

Proteina de alta mobilidade do grupo 1 (HMGB1), ATP,
acido Urico, fragmentos de hialuronano, proteinas de
chogue térmico e miRNAs let-7b.
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Figura 3. Representacao esquematica dos ativadores e da estrutura do canal ibnico
TRPA1. Fonte: ACHANTA & JORDT, 2020, adaptado pelo autor.

O TRPA1 é expresso em diferentes tipos celulares do pulmao, incluindo
fibroblastos pulmonares e neurbnios sensoriais, como as fibras C, que inervam a
maioria dos tecidos do trato respiratério, abrangendo traqueia, brénquios, bronquiolos
terminais e respiratérios, ductos alveolares e alvéolos (Donavan e Hansbro, 2019;
Moore et al., 2017).

Apos sua ativagao, o TRPA1 permite o influxo de célcio para o interior da célula,
promovendo a dessensibilizagao e a geracao de potenciais de agcédo ao longo da fibra
sensorial. Esse processo, assim como o observado para o TRPV1, desencadeia
inflamacg&o neurogénica por meio da liberagdo de neuropeptideos pro-inflamatorios.
Nas vias aéreas, o TRPA1 esta associado a indugao de tosse, broncoconstricdo e

hiper-reatividade brénquica, tanto em humanos quanto em modelos animais. Sua



35

ativacado tem sido observada em pacientes com asma e DPOC, especialmente em
decorréncia da liberagcdo de mediadores inflamatorios (Bonvini e Belvisi, 2017; Jentsch
et al., 2020; Koivisto et al., 2022).

Estudos recentes demonstram que a inibicdo farmacoldgica dos receptores
TRPA1 & capaz de reduzir a inflamagdo das vias aéreas e a hiper-reatividade
brénquica, tanto in vitro quanto in vivo. Assim, o canal TRPA1 tem despertado grande
interesse como alvo terapéutico para intervengdes farmacoldgicas no tratamento de
doencas respiratorias (Jha et al., 2015; Koivisto et al., 2022).

O receptor TRPA1 também pode estar envolvido em casos de lesdo pulmonar.
Balestrini et al., 2021, demonstrou que um o bloqueio do canal TRPA1 por seu
antagonista conhecido como GDC-0334 inibiu respostas das vias aéreas como hiper-

reatividade, tosse e até mesmo formacao de edema pulmonar (Balestrini et al., 2021).

1.5.3 RECEPTOR TRPV4

O TRPV4 é um canal catidnico nao seletivo com permeabilidade ao calcio
(Ca?*) e ao magnésio (Mg?*) e que, assim como os canais TRPV1 e TRPA1,
participam de doencas inflamatdrias do pulmao, como asma, DPOC e fibrose cistica
(Bonvini et al., 2016; Scheraga et al., 2017). O receptor TRPV4 pode ser ativado por
diferentes estimulos fisicos e quimicos, incluindo temperaturas entre 27 e 35°C, forca
mecanica e substancias enddégenas como acidos epoxieicosatriendicos, anandamida
e estimulos hipotdnicos (Grace et al., 2017). As variagdes na tonicidade do fluido
extracelular podem alteram a tensdo na membrana celular, causando deformagéao
mecanica da membrana e dessa forma, resultam na ativacédo do TRPV4 (White et al.,
2016) (Figura 4).
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AGONISTAS ENDOGENOS AGONISTAS EXOGENOS
Metabdlitos do acido araquiddnico: 4a-fosforilidilcarnitina (4a-PDD) — agonista
Epoxieicosatrienoides (EETS) como 5,6-EET. sintético seletivo.
Mediadores inflamatérios: Prostaglandinas (PGE,, PGl.). GSK1016790A — agonista sintético extremamente
Lisofosfatidilcolina (LPC). Lipoxinas e leucotrienos. potente e especifico.

- - RMN-1747
ESTIMULOS FISICOS Cisparina e derivados vegetais

Agentes ambientais: Alguns ftalatos (plastificantes),

Mudancas osmaticas:
¢ Certos compostos presentes em plantas irritantes.

Estimulos mecénicos (Estiramento da membrana celular),
Temperatura: Ativado por temperaturas moderadamente
quentes (~27-35 °C, abaixo do limiar doloroso).
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Figura 4. Representagao esquematica dos ativadores e da estrutura do canal iénico
TRPV4. Fonte: ACHANTA & JORDT, 2020, adaptado pelo autor.

O canal TRPV4 também é amplamente distribuido nas células epiteliais dos
brénquios humanos, células estruturais como musculatura lisa das vias aéreas,
fibroblastos e vasos pulmonares, células inflamatdrias como macréfagos e neurdnios
sensoriais (Belvisi e Birrell, 2017). Além disso, esse canal € localizado com TRPV1
em neurdnios sensoriais que expressam neuropeptideos (Benemei et al., 2015).

Alguns estudos demonstraram que a ativacdo do TRPV4 causa tosse em
modelo animal (Bonvini et al., 2016; Bonvini e Belvisi, 2017). Além disso, McAlexander
e outros pesquisadores demonstraram que ativacdo do TRPV4 causa constricao de
brénquios isolados das vias aéreas humanas (McAlexander et al., 2014). Outros
achados demonstram a participagdo do TRPV4 na ruptura da barreira alveolar e

sugerem sua participagao na patogénese da LPA (Luo et al., 2025).
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O canal TRPV4 esta envolvido no desenvolvimento de edema pulmonar e
associado a inflamagao e lesao tecidual (Simonsen et al.,2017). Atuando na protecao
da barreira alvéolo capilar, o bloqueio desse receptor apresenta uma importante
contribuicdo nas doencgas respiratérias. Averigua-se que a ativacdo desse canal
participa na disrrupcao da permeabilidade capilar pulmonar via liberacdo de
proteases, citocinas e ERO favorecendo o aparecimento de edema pulmonar (Alvarez
et al., 2006; Koivisto et al., 2022; Thorneloe et al., 2012).

Atualmente, o canal TRPV4 tem sido apontado como um importante modulador
da permeabilidade da barreira alvéolo-capilar. Estudos demonstram que sua ativacao
contribui para o extravasamento plasmatico, edema pulmonar e agravamento da lesao
pulmonar (Weber et al., 2020). Em modelos experimentais, a inibicdo do TRPV4
mostrou-se eficaz em reduzir a lesdo pulmonar induzida por ventiladores mecanicos
e acidos em roedores (Hamanaka et al., 2010; Balakrishna et al., 2014). Clinicamente,
o bloqueio do TRPV4 tem sido investigado em pacientes com COVID-19 nos estagios
iniciais da infecgdo, antes da progressdo para SDRA, mostrando potencial para
proteger a barreira alvéolo-capilar e prevenir complicagées como edema pulmonar,

fibrose ou outras sequelas tardias (Koivisto et al., 2022).

1.6 RECEPTORES DE BRADICININA NAS VIAS AEREAS: B1 E B2 NA INFLAMAGAO
PULMONAR

A bradicinina (BK) € um peptideo vasoativo com importante papel na resposta
inflamatdria, promovendo vasodilatacdo, aumento da permeabilidade vascular e
recrutamento de células inflamatérias. Também atua sobre a musculatura lisa,
podendo causar broncoconstricdo e contragdes uterinas e intestinais, além de
estimular a liberagcao de prostanoides, citocinas e outros mediadores inflamatérios
(Ricciardolo et al., 2018).

Sua producéo ocorre por meio do sistema calicreina-cininas, que envolve o
fator XllI, a pré-calicreina e o cininogénio de alto peso molecular. A ativagao sequencial
dessas proteinas leva a liberacdo da bradicinina, especialmente em situagdes de

lesdo ou ativagao endotelial. Além disso, é rapidamente degradada por enzimas,
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principalmente pela enzima conversora de angiotensina, que esta abundantemente
expressa no endotélio pulmonar (Yilmaz, 2019).

Devido as suas propriedades vasoativas e pré-inflamatdrias, a bradicinina tem
sido associada a diversas doencgas inflamatdrias e respiratorias, nas quais contribui
para o aumento da permeabilidade vascular e edema pulmonar. Seus efeitos sao
mediados principalmente por dois receptores acoplados a proteina G: o receptor B+
(B1) e o receptor B2 (B2) (Campanholle et al., 2010; Wang, 2015).

O receptor B1 de bradicinina é induzivel, ou seja, sua expressdo aumenta em
situagdes de lesao tecidual, infeccao ou inflamacéao cronica. A ativagcao do receptor B+
ocorre principalmente por metabdlitos da bradicinina (como a des-Arg9-BK), e esta
relacionada ao recrutamento de leucdcitos, ao aumento da liberagao de citocinas pro-
inflamatorias e a manutengdo da resposta inflamatéria tardia (Nasseri et al., 2015;
Székacs et al., 2021).

Estudos experimentais reforgcam o papel desses receptores na lesdo pulmonar.
Nasseri et al. (2015) demonstraram que a administragao sistémica de BI113823, um
antagonista ndo peptidico seletivo para o receptor B1, conferiu prote¢cado contra a LPA
induzida por LPS em modelo murino (Nasseri et al., 2015). De forma semelhante,
Campanholle et al. (2010) observaram que o bloqueio do receptor B1 preveniu a LPA
induzida por LPS inalatério (Campanholle et al., 2010).

Por outro lado, o receptor B2 de bradicinina € constitutivamente expresso em
tecidos saudaveis e € ativado pela bradicinina intacta. Sua ativagdo promove
vasodilatagcdo, aumento da permeabilidade vascular, contracdo do musculo liso
brénquico e producdo de muco, contribuindo para os sintomas inflamatérios nas vias
aéreas, como tosse, broncoconstricdo e edema (Nasseri et al., 2015; Székacs et al.,
2021). Além disso, a estimulagdo do receptor B2 pode induzir a liberagédo de
mediadores pro-inflamatérios como prostaglandinas e NO, além de interagir com
canais ibnicos, amplificando o estimulo sensorial e a resposta inflamatoria (Al-
Shamlan e El-Hashim, 2019).

Em modelos murinos de inflamagao pulmonar induzida por LPS, tanto o
receptor B1 quanto o B2 demonstraram estar implicados na exacerbagao do dano
tecidual, edema e inflamacgao neutrofilica (Al-Shamlan e El-Hashim, 2019). Dessa
forma, os receptores B1 e B2 desempenham papéis distintos, porém complementares,
na modulacado da inflamacao pulmonar. O receptor Bz, constitutivamente expresso,

medeia as respostas iniciais e agudas por meio da ativagédo das vias de fosfolipase C
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(PLC)-PKC- proteina quinase ativada por mitégeno (MAPK), resultando em aumento
do Ca?* intracelular, liberagao prostaglandinas, e aumento da permeabilidade vascular
e do recrutamento de neutrdéfilos. Em contraste, o receptor B1 é induzido em resposta
a mediadores proé-inflamatérios, sendo ativado por metabdlitos da bradicinina e
sustentando a inflamacéao crénica, com consequente producdo de ERO e manutencéao
do dano tecidual, tornando ambos potenciais alvos para intervengdes farmacolégicas
em doengas respiratorias inflamatdrias (Campanholle et al., 2010).

Embora o receptor B1 esteja mais diretamente associado a processos
inflamatdrios persistentes, o receptor B2 também contribui significativamente para os
eventos iniciais da inflamagcdo aguda. Assim, considerando que a resposta
inflamatoria exacerbada € um dos principais determinantes da SDRA, a sinalizacao
mediada por bradicinina e seus receptores pode representar um importante
mecanismo na patogénese da sindrome, além de uma via terapéutica promissora
(Campanholle et al., 2010).

1.7 ENVOLVIMENTO DOS CANAIS TRPV1, TRPA1, TRPV4 E DOS RECEPTORES
DE BRADICININA NA SDRA

Diversos estudos ja estabeleceram que a bradicinina pode induzir a
sensibilizagdo dos canais TRP e alterar seus niveis de expressao através dos
receptores B1 e B2, amplificando sua reatividade frente a estimulos posteriores (Al-
Shamlan e El-Hashim; Cernit et al., 2020).

Nesse sentido, o receptor B+, cuja expressdo € induzida em condi¢cdes
inflamatdrias, tem sido associado a modulacdo de canais TRP. Em modelos de
inflamagéo e dor, a estimulagdo do receptor B1 induz a expressao e ativagao
sustentada de TRPV1 (Cernit et al., 2020), TRPA1 (Meotti et al., 2017) e TRPV4
(Fialho et al., 2024) intensificando a resposta inflamatoria e o recrutamento celular.

O receptor B2, amplamente expresso em tecidos saudaveis, também esta
associado a ativacado de canais TRP em modelos inflamatdrios (Fialho et al., 2024).
No contexto pulmonar, ja foi caracterizada uma importante interagdo funcional entre
receptores B2 e receptores TRPV1, TRPA1 e TRPV4,
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Coletivamente, dados reforcam que TRPA1 e TRPV4 participam do
extravasamento plasmatico e da broncoconstricdo, mediado pela ativagao do receptor
B2 nas vias aéreas de ratos tratados com captopril (Jentsch et al., 2020). Em relagéo
ao receptor TRPV1, Amorim et al., (2021) demonstraram que o tratamento com
sinvastatina parece promover a liberacao de bradicinina, que, por meio dos receptores
B2 libera NO, que pode entdo ativar o TRPV1 para promover extravasamento
plasmatico e broncoconstricdo nas vias aéreas de ratos. Al-Shamlan e El-Hashim
(2019) evidenciaram que a administracdo central de bradicinina aumenta a
responsividade do reflexo da tosse e intensifica a obstrugao das vias aéreas por meio
do receptor B2 e envolvimento dos canais TRPV1 e TRPA1, por meio de metabdlitos
das enzimas cicloxigenase (COX) e 12-lipoxigenase (12-LOX).

Estudos demonstram que a ativacao de receptores B1 e B2 por bradicinina
promove a fosforilagdo e sensibilizacdo dos canais TRP via sinalizacao intracelular
envolvendo PLC, PKC e PKA (Al-Shamlan e El-Hashim, 2019; Amorim et al. 2021; De
Oliveira et al. 2016). Essa ativagao indireta dos receptores TRP promove o influxo de
calcio intracelular e ativagao de vias como PKC, MAPK e fator nuclear kappa B (NF-
KB), potencializando a excitabilidade neuronal, produgao de citocinas, recrutamento
de células inflamatérias e liberagdo de neuropeptideos como substancia P e CGRP,
resultando em broncoconstricdo e aumento da permeabilidade vascular — eventos
tipicos de inflamagéo pulmonar (Al-Shamlan e El-Hashim, 2019; Amorim et al. 2021;
De Oliveira et al. 2016).

Esses dados sustentam a hipdtese de que os receptores de bradicinina
modulam canais TRP, contribuindo para a fisiopatologia de doengas pulmonares. O
bloqueio seletivo de receptores B1/B2 ou dos canais TRPV1/TRPA1/TRPV4 tem se
mostrado eficaz em reduzir a inflamacgao e o dano tecidual em modelos experimentais,
destacando essa interagao funcional como um alvo terapéutico promissor (Amorim et
al., 2021; Campanholle et al., 2010).

Durante a SDRA, a lesdao pulmonar desencadeia a liberagdo de citocinas,
bradicinina, espécies reativas de oxigénio e alteragbes mecanicas na barreira alveolo-
capilar, que em conjunto promovem a ativacéo e sensibilizagdo dos receptores TRPs
(TRPV1, TRPA1, TRPV4) e dos receptores B1 e B2 de bradicinina, amplificando a
inflamacéao e a disfungcao pulmonar (Campanholle et al., 2010; Koivisto et al., 2022).

Embora os receptores TRPV1, TRPA1 e TRPV4, bem como os receptores de

bradicinina B, e B,, estejam implicados na SDRA, ainda nao foi esclarecido se a
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interacao funcional entre esses receptores poderia amplificar a resposta inflamatéria
e agravar a lesdo pulmonar. No contexto de modelos experimentais de LPA, investigar
a participagao conjunta desses receptores pode fornecer novos insights sobre os
mecanismos fisiopatoldgicos envolvidos e identificar potenciais alvos terapéuticos.
Nesse sentido, hipotetizamos que a ativacdo dos receptores de bradicinina
B,/B, potencializa a atividade dos canais TRP (TRPV1, TRPA1 e TRPV4),
contribuindo para a fisiopatologia da SDRA. Para testar essa hipotese, utilizamos o
modelo experimental de LPA induzida por LPS, avaliando o papel desses receptores

na modulacgao da les&o pulmonar.
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2. PLANO DA TESE

2.1 JUSTIFICATIVA

A SDRA é uma doenga pulmonar que apresenta alta incidéncia e acomete
todas as faixas etarias, apresentando alta morbidade e mortalidade no mundo.

O processo inflamatdrio caracteristico da doenga poderia sensibilizar canais
TRP como TRPV1, TRPA1 e TRPV4 presentes nas vias aéreas, uma vez que
mediadores inflamatdrios envolvidos na SDRA, como bradicinina e seus receptores
podem modular esses canais TRP. Uma vez ativados esses receptores poderiam
promover a liberacado de citocinas, entre outros, exacerbando o processo inflamatorio
na SDRA. Porém até o momento ndo existem estudos sugerindo uma provavel relagéo
entres canais TRP, receptores de bradicinina e SDRA.

Os resultados do presente estudo, em modelos de animais com LPA irdo
fornecer evidéncias sobre a participacao dos receptores TRPV1, TRPA1 e TRPV4 na
SDRA contribuindo assim para um melhor entendimento dessa doenca. Embora o
modelo utilizado ndo reproduza integralmente todas as caracteristicas da SDRA, os
achados podem oferecer informagdes importantes que contribuam para a
compreensao dos mecanismos envolvidos nessa doenga e, potencialmente,
subsidiem o desenvolvimento de estratégias terapéuticas futuras. Vale também
ressaltar que este projeto oferece um leque de possibilidades de estudo, que poderao
ser aprofundadas a partir dos resultados obtidos e das propostas desenvolvidas ao

longo desta pesquisa.

2.2 OBJETIVO GERAL

Investigar a participacao dos receptores TRPV1, TRPA1 e TRPV4, bem como
dos receptores de bradicinina B1 e B2, e uma possivel interagao funcional entre eles,

na fisiopatologia da LPA induzida por LPS em camundongos.
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2.3 OBJETIVOS ESPECIFICOS

1)

Avaliar os efeitos dose-dependentes e temporais do LPS administrado por via
intratraqueal na indugdo de LPA em camundongos, por meio de analise

histolégica, perda de peso corporal e quantificagdo de proteinas no LBA.

Analisar se a inibicdo farmacolodgica dos receptores TRPV1, TRPA1 e TRPV4
e receptores B1 e B2 de bradicinina atenuam o edema pulmonar e a perda de

peso corporal em modelo murino de LPA induzida por LPS.

Verificar se o bloqueio dos receptores TRPV1, TRPA1 e TRPV4 e dos
receptores B1 e B2 de bradicinina reduzem o infiltrado celular nas vias aéreas

em camundongos submetidos a LPA induzida por LPS.

Avaliar alteragdes histologicas nos pulmdes de camundongos com LPA
induzida por LPS, bem como os efeitos do bloqueio farmacolégico dos
receptores TRPV1, TRPA1 e TRPV4 e dos receptores B1 e B2 de bradicinina

na reversao dessas alteracoes.

Averiguar a deposigcao de colageno nos pulmdes de camundongos com LPA
induzida por LPS, bem como os efeitos do bloqueio farmacoldgico dos canais
TRPV1, TRPA1 e TRPV4 e dos receptores B1 e B2 de bradicinina na modulacéo

desse processo.

Quantificar os niveis de citocinas e proteinas totais no LBA e investigar se a
modulagao dos receptores TRPV1, TRPA1 e TRPV4 e receptores B1 e B2 de
bradicinina influenciam o perfil inflamatério em camundongos com LPA
induzida por LPS.

Investigar, por meio de imunohistoquimica, alteragdes na expressao dos
receptores TRPV1, TRPA1 e TRPV4 nos pulmdes de camundongos com LPA
induzida por LPS.
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8) Investigar os efeitos do bloqueio dos receptores TRPV1, TRPA1 e TRPV4 B1 e
B2 de bradicinina, por meio de seus antagonistas, sobre a expressao do canal
TRPV1, TRPA1 e TRPV4 nos pulmdes de camundongos com LPA induzida por
LPS.
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ARTICLE INFO ABSTRACT

Keywords:
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In this study, we investigated the functional interplay between bradykinin receptors and the transient receptor
potential vanilloid-1 (TRPV1) channel in a mouse model of acute lung injury (ALI) induced by lipopalysaccharide
(LPS). Lung and bronchoalveolar lavages were collected at 6 and 24 h after the induction of ALI and evaluated for

I?Tzk{:ﬁ ; changes in body weight, inflammatory marker levels, lung injury, and TRPV1 expression. Pretreatments with a
TAdYKITI Tec ors
TRPV1 i3 TRPV1 antagonist (capsazepine) or By and By receptor antagonists, i.e., DALBK and HOE 140, respectively, were

evaluated in this ALl mouse model. The histological score revealed higher levels of lung injury in mice treated
with TPS (5 and 10 mg/kg), assessed at both 6 and 24 h, compared to the vehicle-treated group. A loss of body
weight was observed within 24 h of ALI induction. Furthermore, collagen deposition, pulmonary ocdema,
leukocyte influx, and increased cytokine levels were also observed following LPS administration. Pretreatment
with capsazepine, DALBK, or HOE 140 not only reversed all inflammatory parameters but also prevented the
increased expression of TRPV] observed in the lungs of mice subjected LPS-induced ALL Our data suggest that,
following TPS-induced ALL bradykinin activates both By and By receptors associated with the subsequent acti-
vation of TRPV1. These findings suggest that bradykinin can activate both By and By receptors, which may
contribute functionally to TRPV1 upregulation and activation during LPS-induced ALL This novel pathway ap-
pears to sustain inflammation, offering a new therapeutic target for ALT and ARDS.

1. Introduction

Acute respiratory distress syndrome (ARDS) is a manifestation of
acute lung injury (ALI) resulting from severe pulmonary lesions leading
to alveolar damage and collapse [1]. Although ALI and ARDS originate
from different injuries and conditions, their similar clinical features
suggest they must be considered a single entity [2]. Both these diseases
are potentially fatal in critically ill patients. ARDS is characterised by
noncardiogenic pulmonary oedema, severe hypoxemia, hypercapnia,
diffuse chest radiography infiltrates, and a notable decrease in pulmo-
nary compliance leading to alveolar collapse [1,3,4]. It can affect people
of any age, regardless of the underlying cause; thus far, there is no
effective therapy available, leading to high morbidity and mortality in
46 %-60 % of patients [1,5].

In this context, a comprehensive elucidation of the pathophysiology
of ARDS will facilitate the development of new therapies. It has been

demonstrated that the transient receptor potential vanilloid-1 (TRPV1)
channel is involved in various physiological and pathological functions
and, therefore, it has emerged as an attractive target for treating respi-
ratory diseases [6]. TRPV1 channels are particularly activated in
response to various exogenous and endogenous noxious stimuli, such as
capsaicin, low pH (<6.5), harmful temperatures (>43 °C) and increased
levels of several inflammatory mediators (for review see: [7]). When
activated, TRPV1 channels contribute to lung inflammation aggrava-
tion, resulting in pulmonary oedema, breathing difficulties, and tissue
damage (for review see: [8,9]). The role of TRPV1 has been widely
investigated in the pathogenesis of various airway diseases, such as
asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis,
and chronic cough [7,10,11]. In addition, TRPV1 has been implicated in
ALl and preclinical studies have demonstrated that blocking TRPV1
using selective antagonists can prevent pulmonary injury in mice [12,
13].
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In addition, studies have demonstrated that kinins, acting on their By
and By receptors, are involved in the pathological events of the airways
[14-16]. By receptors exhibit relatively low expression under normal
physiological conditions but are highly inducible following inflamma-
tory conditions, whereas B, receptors are normally constitutively
expressed [14,17-19]. In addition, previous studies have demonstrated
an interaction between bradykinin receptors and TRPV1, and this
interaction appears to contribute to an increase in the sensitivity of
TRPV1, making it relatively more responsive to subsequent stimuli
[20-22]. This interaction between bradykinin receptors and the TRPV1
channel has been reported in lung tissue, contributing to airway changes
such as bronchoconstriction, plasma leakage, and coughing [21,23,24].

However, its role in ARDS remains unknown. Based on the hypoth-
esis that bradykinin receptors trigger TRPV1 activation in ARDS, we
aimed to investigate whether a functional association between brady-
kinin receptors and TRPV1 contributes to the inflammatory responses in
an ALI model induced by intratracheal lipopolysaccharide (LPS)
administration.

2. Material and methods
2.1. Animals and ethics statement

C57BL/6 male and female mice, aged 7-8 weeks, weighing 20-25 g,
were used in this study. The animals were obtained from the Bioterium
Complex of the Biological Sciences Sector at the Federal University of
Parana Brazil. The mice were housed in the groups of four animals per
cage, filled with shaving material and maintained under controlled
temperature conditions (22 + 2 °C) and illumination (light/dark cycle of
12 h), with food and water ad libitum. The experimental procedures were
approved by the local Ethics Committee of Animal Experimentation of
the Federal University of Parana (Protocol Nos. 1432/2021 and 1602/
2024) and were performed following the ARRIVE guidelines, as previ-
ously outlined by Sert et al. [25]. The animals were acclimatised to the
laboratory conditions for at least an hour before the experiments. Since
no significant difference was observed between male and female mice,
both sexes were included together in the analyses to increase statistical
power and reduce variations. Subsequently, the animals were randomly
(random.org) assigned to groups, with a minimum of six animals in each
experimental group, a prerequisite to obtain robust and consistent data
and perform statistical analyses. The animals were initially allocated to
the negative control (vehicle) and induction (LPS) groups. Following
intratracheal instillation of LPS or saline, the LPS-exposed animals were
randomly reassigned to experimental groups, receiving either one of the
tested antagonists or the corresponding vehicle, ensuring treatment
blinding. The treatment blinding was performed in a manner where the
experimenter had no prior knowledge of the assigned treatments,
minimizing potential bias. All raw data were included in the calculation
of means, statistical analyses, or result analyses, and no data were
excluded.

2.2, Experimental model of ALI in mice

In this study, ALI was induced by the administration of LPS from
Escherichia coli (endotoxin activity: not less than 500,000 endotoxin
units per mg of LPS; 0111:B4, product number LPS25; Sigma Aldrich) at
a dose of (2, 5, or 10 mg/kg in 50 pL intratracheally (i.t.) in both male
and female C57BL/6 mice, whereas the mice in the control group were
administered with vehicle (50 pL saline). In this study, ALl was induced
in C57BL/6 mice using intratracheal LPS at doses of 2, 5, or 10 mg/kg.
These doses were chosen based on variability reported in the literature
[26-30]. To define the most appropriate conditions for our model, we
tested all three doses at two different time points: 6 and 24 h after LPS
administration. This approach allowed us to evaluate the progression of
the inflammatory response and select the dose that best suited our
experimental goals.
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For this procedure, the mice were weighed and then anaesthetised
intraperitoneally (i.p.) with ketamine/xylazine (100 and 15 mg/kg,
respectively) before being placed in the supine position. Under aseptic
conditions, a 5-mm vertical incision was carefully made on the skin of
the neck. The trachea was then identified, and either LPS or its vehicle
(50 pL saline) was carefully injected into the trachea using a sterile 30-
gauge needle. The skin was sutured, and after 6 or 24 h, the animals
were weighed again and euthanised with a dose of 50 mg/kg sodium
thiopental (i.p.) following the application of lidocaine (10 mg/mL, i.p.).
Subsequently, transcardial perfusion with 0.9 % saline solution was
performed, and the lungs were removed for histological and immuno-
histochemical analyses. In addition, bronchoalveolar lavage fluid
(BALF) was collected for the subsequent analyses of cellular infiltrates
and protein and cytokine levels.

2.3. Effects of the treatments of animals with the antagonists of TRPV1 or
B; and By receptors

To evaluate the potential functional association of TRPV] and By and
By bradykinin receptors in LPS-induced ALI in mice, animals were first
weighed and then pretreated with capsazepine (10 pmol/kg,i.p.) [31],a
TRPV1 channel antagonist. Another group of mice received
Des-Arg9-Leu8-bradykinin (DALBK; 50 nmol/kg, i.p.) or icatibant (HOE
140; 10 nmol/kg, i.p.), B, and B, receptor antagonists, respectively. The
doses of the antagonists capsazepine, DALBK, and HOE 140 were chosen
as described previously [32,33].

Approximately 15 min after pretreatment with these antagonists
(capsazepine, DALBK, or HOE 140) or their respective vehicles (vehicle
for capsazepine: 0.9 % NaCl composed of 10 % DMSO and 5 % Tween
80; vehicle for DALBK and HOE 140: 0.9 % NaCl), the animals were
exposed to LPS (5 mg/kg, i.t.) to induce ALL Nearly 6 or 24 h after LPS
administration, the mice were reweighed and euthanised with a sodium
thiopental overdose of 100 mg/kg (i.p.), following lidocaine adminis-
tration (10 mg/mlL, i.p.). The lungs were removed for histological and
immunohistochemical analyses, and BALF was collected for subsequent
analyses.

2.4. Histological analyses

The lung tissues of mice were collected and fixed in 4 % para-
formaldehyde, embedded in paraffin, sliced into 4 pm sections, and
subjected to haematoxylin and eosin (H&E) staining to evaluate histo-
logical changes or to Masson's trichrome staining to determine collagen
content in the lung tissue.

Lung histology was evaluated by a pathologist using optical micro-
scopy, classifying pathological changes on a scale of 0-3: normal (0),
mild (1), moderate (2), and severe (3) [34]. The pathologist was blinded
and had no prior knowledge of the treatment assignments. The param-
eters evaluated were alveolar congestion, inflammatory cell infiltration,
oedema, and alveolar haemorrhage [34]. The values were expressed as
the sum of scores obtained after histopathological analysis.

To evaluate collagen content, lung tissues were subjected to Mas-
son’s trichrome staining, and the stained slices were observed under an
optical microscope. The percentage of collagen was defined as the total
collagen amount/total area of the tissue in the image and analyzed using
ImagelJ 1.4d [35,36].

2.5. Quantification of total protein content in BALF

After the euthanasia of mice, the trachea was exposed, and a cannula
was inserted via the cervical mid-incision. The airways were washed
thrice with 1 mL of phosphate-buffered saline (PBS), and the aspirated
content was collected in silicone tubes on ice. Subsequently, the entire
exudate was centrifuged at 290xg for 8 min at 4 °C, and the supernatant
obtained was used to measure protein levels using Bradford reagent.
Protein concentration was determined by interpolating data to a
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standard curve (0.1-1.0 mg/mL) of bovine serum albumin (BSA) solu-
tion. The absorbance of the samples was recorded at 595 nm using a
spectrophotometer.

2.6. Measuring the wet/dry weight ratio

Mice were sacrificed 6 and 24 h after LPS administration, and the
wet/dry weight (W/D) ratio of the lungs was estimated to evaluate
pulmonary oedema. The wet weight was measured immediately after
removing the lungs, and the dry weight was obtained by drying the lungs
for 72 h at 60 °C in an oven. The W/D ratic was estimated, with the
following calculation: weight of the wet lung (mg) - weight of the dry
lung (mg)/body weight (g) [34,37]. Values are expressed as lung weight
(mg)/g body weight.

2.7. Analysis of leukocyte influx in BALF

Leukocyte influx into the lungs was evaluated in the BALF of mice
subjected LPS-induced ALI After the collection of BALF, the entire
exudate was centrifuged at 290x g for 8 min at 4 °C, and the sediment
cell pellet was resuspended in 100 pL of PBS. The total number of cells
was determined using a Neubauer chamber (American Optical, South-
bridge, MA, USA), after the addition of Tiirk solution (0.5 mg/mL in
PBS) under the optical microscope (at 400X magnification). The results
are expressed as the total number of cells ( x 10%) [38].

2.8. Immunohistochemical analyses

Immunohistochemistry was performed to evaluate TRPV1 channel
expression in the lungs of mice. The lung tissues were fixed in 4 %
paraformaldehyde, embedded in paraffin, and sliced into 5-pm thick
sections. Subsequently, the sections were blocked and incubated over-
night at 4 °C with a primary antibody against TRPV1 (1:100). After
washing 4 times with PBS, the sections were incubated with a goat anti-
rabbit secondary antibody (1:100) for 1 h at room temperature in a
humid chamber and then washed 4 times with 1 % BSA in PBS. Positive
signals were detected using the 3,3-diaminobenzidine substrate kit (BD
Pharmingen, San Jose, CA, USA). The stained tissue sections were
counterstained with H&E. Immunoreactivity for TRPV1 channel was
visualised under an Olympus System Microscope using the imaging
software CellF (2008; Olympus Soft Imaging Solutions GmbH). The
images were analyzed using ImageJ 1.4d, and the expression levels of
TRPV1 were determined as the average of the grey values normalised
based on nuclei number from two to four images per lung [39,40].

2.9. Determination of cytokine levels in BALF

The quantification of the levels of interleukin (IL)-16, IL-6, 1L-10, 1L-
17, IL-23, tumour necrosis factor-alpha (TNF-«), and interferon-gamma
(IFN-y) levels in BALF was performed at both time points of 6 and 24 h
after LPS-induced ALI using enzyme-linked immunosorbent assay Kkits,
and all procedures were performed following the manufacturer's
instructions.

2.10. Drugs and reagents

The following drugs and reagents were used: LPS from Escherichia
coli (0111:B4, product number: LPS25, not less than 500,000 Endotoxin
Units per mg of LPS), BSA, Bradford reagent, DALBK acetate salt,
HOE140, goat anti-rabbit secondary antibody, all from Sigma Chemical
Co., St. Louis, USA. Capsazepine and rabbit anti-TRPV1 antibody poly-
clonal were purchased from Alomone Labs, Jerusalem, [srael. DAB
Substrate Kit was purchased from BD Pharmingen, San Jose, CA, USA.
LPS, DALBK acetate salt and HOE140 were dissolved in 0.9 % of NaCl
Capsazepine solutions were made using 0.9 % NaCl composed of 10 %
DMSO and 5 % Tween 80. The solutions were diluted on the day of the
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experiment just prior to use. The cytokines IL-1, IL-6, IL-17, IL-23, TNF,
IFN-y and IL-10 were obtained from Peprotech Brazil-Funpec, while IL-
17 and IL-23 were purchased from Biolegend company, UK.

2.11. Statistical analysis

The reported values were expressed as mean + standard error of
mean (SEM) of a minimum of six animals per group and all experiments
were repeated at least three times. Statistical comparisons of data were
performed by one-way analysis of variance (one-way ANOVA) followed
by Newman Keuls (GraphPad Prism software version 8). The body
weight data were analyzed using two-way ANOVA followed by Tukey's
post-hoc considering the independent variables ‘treatment’ (vehicle vs.
LPS) and ‘time’ (0, 6 or 24 h). In all experiments, values of P < 0.05 were
considered statistically significant and all statistical analyses were
conducted using GraphPad Prism 8.0 (San Diego, CA, USA).

3. Results

3.1. Pathological alterations in the lung tissues of mice with LPS-induced
ALI

The administration of LPS at a dose of 2 mg/kg (i.t.) caused no sig-
nificant histological changes in the lung tissues of treated mice
(Fig. 1A-C). However, the lung tissues of the animals treated with LPS at
the doses of 5 and 10 mg/kg (i.t.) exhibited significant pulmonary le-
sions characterised by histological changes, including alveolar conges-
tion, inflammatory cell infiltration, oedema, and alveolar haemorrhage
(Fig. 1A-C). Histological assessment using injury scores demonstrated
that the extent of lung injury in the LPS-treated group was relatively
more severe compared with that in the vehicle-treated group. The his-
tological average score (Fig. 1B and C) of mice treated with 5 mg/kg
dose of LPS at both time points of 6 and 24 h after administration were
7.66 + 0.21 and 6.66 + 0.21, respectively, which were significantly
higher than those in mice in the vehicle-treated group (2.50 + 0.22 and
2.33 £ 0.21, respectively). Similarly, at the 10 mg/kg dose of LPS, the
histological score (Fig. 1B and C) at both analysis time points (6 and 24 h
following administration) were significantly higher (6.50 & 0.22 and
6.33 £ 0.21, respectively) than those in the vehicle-treated group (2.50
+ 0.22 and 2.33 + 0.21, respectively).

In addition, ALI induced by LPS (5 mg/kg) did not result in a loss of
body weight at 6 h after the induction of ALI; however, a significant loss
of body weight (7.89 % + 1.09 %) was evident 24 h after the induction
of ALI (Fig. 1D and E).

The data presented in Fig. 1F demonstrate that protein levels in su-
pernatant samples from BALF were also significantly higher in mice
subjected ALI induced by LPS (5 mg/kg) at both analysis time points of 6
and 24 h after LPS administration (658.1 + 67.99 pg/mL, and 638.6 +
44.82 pg/mL, respectively) than those in mice in the vehicle-treated
group (312.6 + 53.45 and 312.9 + 47.44 pg/mlL, respectively).

3.2. TRPVI channel mediates histological alterations in the lung tissues of
mice with LPS-induced ALI

The histological changes observed at the dose of 5 mg/kg of LPS, at
both analysis time points, were prevented by pretreatment with cap-
sazepine (histological average score: 3.33 + 0.21 and 2.50 + 0.22,
respectively) compared with that in the vehicle-treated group (histo-
logical average score: 7.00 = 0.63 and 6.66 =+ 0.21, respectively)
(Fig. 2A-C).

Additionally, there was a significant increase in collagen accumula-
tion in the lungs of mice subjected ALI induced by LPS (5 mg/kg, i.t.) at
both 6- and 24-h analysis time points (41.72 % =4 4.85 % and 42.31 % +
4.16 % of the total area, respectively), compared with that in the
vehicle-treated group (25.16 % + 2.89 % and 21.74 % + 1.37 % of the
total area, respectively) (Fig. 2B-D). Moreover, pretreatment with
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Fig. 1. Lung injury asscssed at 6 and 24 h after administration intratracheal lipopolysaccharide (LPS). (A) Representative light microphotograph of the lungs of mice
treated with 2, 5 or 10 mg/kg intratracheal doses of LPS. (B, C) Average histological scores of pulmonary lesions observed at 6 and 24 h after treatment subjected LPS
(2, 5 0r 10 mg/kg). (D,L) Alteration in body weight at 6 and 24 h after treatment with LPS (5 mg/kg). (IY) Quantification of total protein content in bronchoalveolar
lavage fluid (BALF) at 6 and 24 h after treatment with LPS (5 mg/kg). Baseline-DO represents the body weight before the administration of vehicle or LPS,
respectively. Veh D1 or LPS D1 represents the body weight at 6 and 24 h after the administration of vehicle or LPS, respectively, Each point represents the mean
(standard crror of the mean, SEM) of six mice. *P = 0.05 compared with vehicle-treated group (Veh), (one-way ANOVA followed by Student-Newman—Keuls test).
"p < 0.05 compared with LPS DO group, (two-way ANOVA applied to body weight changes, followed by Tukey's test for post-hac analysis).

capsazepine restored the increased accumulation of lung collagen to its
normal levels in LPS-treated mice at both analysis time points (19.16 %
+ 2.84 % and 23.23 % + 3.96 % of the total area, respectively)
compared with that in mice in the respective vehicle-treated group
(41.72 % + 4.85 % and 42.31 £ 4.16 % of the total area, respectively)
(Fig. 2B-D).

3.3. TRPVI modulates plasma protein levels, leukocyte influx, lung
weight, and body weight in mice with LPS-induced ALI

In BALF, the albumin content was quantified to assess the integrity of
the alveolar-capillary barrier. The increase in endothelial permeability
indicated by elevated protein content in BALF at both analysis time
points of 6 and 24 h post-LPS administration (626.1 + 52.83 and 660.6
+ 42.05 pg/mL, respectively) was inhibited by pretreatment with cap-
sazepine (332.6 + 48.43 pg/mL and 359.1 + 33.48 pg/mL, respectively)

(Fig. 3A). In addition, mice subjected ALI induced by LPS (5 mg/kg, i.t.)
exhibited pulmonary ocedema, characterised by an increase in lung
weight at both analysis time points of 6 and 24 h (9.00 + 0.66 and 7.40
+ 0.44 mg/g, respectively) after the treatment compared with that in
mice in the vehicle-treated group (5.21 = 0.10 and 5.00 £ 0.55 mg/g,
respectively) (Fig. 3B). The increase in lung weight observed at 6 and 24
h after LPS administration was prevented by pretreatment with cap-
sazepine (5.61 + 0.46 and 5.29 = 0.47 mg/g, respectively) (Fig. 3B).
In addition, an increased influx of leukocytes in BALF was observed
at 6 and 24 h (LPS: 38.97 + 3.81 x 10° and 34.10 + 1.63 x 10° cells,
respectively) after LPS administration compared with that in the
vehicle-treated group (Veh-LPS: 20.57 + 1.09 x 10° and 18.99 = 1.07
x 10° cells, respectively) (Fig. 3C). However, pretreatment with cap-
sazepine prevented the increase in the influx of leukocytes at both
analysis time points following LPS administration (23.14 + 2.33 x 10°
and 22.18 + 1.39 x 10° cells, respectively) (Fig. 3C). Furthermore, the
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Fig. 2. Effects of TRPV1 channel antagonist (capsazepine) on histological changes and collagen deposition at 6 and 24 h after the intratracheal administration of
lipopolysaccharide (LPS) in mice. (A) Representative light microphotograph of histological alterations and (B) collagen deposition in the lungs of mice pretreated
with capsazepine or its vehicle and collected at 6 and 24 h after treatment with LPS or vehicle, respectively. (C) Ilistology injury score and (D) quantification of the
collagen-stained areas of the lung tissues of mice. Each point represents the mean (standard error of the mean, SEM) of five to six mice. *P < 0.05 compared with the
vehicle-reated group (Veh), *P < 0.05 compared with the vehicle of antagonists + LPS-treated group (Veh1) (one-way analysis of variance followed by Stu-

dent-Newman-Keuls test).

data revealed that the pharmacological blockade of TRPV1 channels
with capsazepine prevented the loss of body weight in mice observed 24
h after the administration of LPS (Fig. 3D).

3.4. TRPV1 is upregulated in the lungs of mice with LPS-induced ALI

The administration of LPS (5 mg/kg, i.t.) resulted in an increased
expression of TRPV1 channel at 6 and 24 h analysis time points (relative
expression: 8.58 £+ 0.97 and 6.45 £ 0.71 mg/g, respectively) after the
treatment compared with that in the vehicle-treated group (relative
expression: 4.46 + 0.79 and 3.10 + 0.25 mg/g, respectively) (Fig. 3E
and F). Pretreatment with capsazepine (30 pmol/kg, i.p.) abolished the
increase in TRPV1 expression in the lungs of mice subjected LPS-induced
ALI at both analysis time points (6 and 24 h) post-LPS administration
(Fig. 3E and F). Pretreatment with capsazepine restored the relative
expression of TRPV1 in mice at 6 and 24 h post-LPS administration (3.06
+ 0.45 and 3.1 + 0.51 mg/g, respectively) achieving values similar to
those observed in the group treated only with the vehicle of capsazepine
and LPS (4.20 + 0.86 and 3.1 + 0.25 mg/g, respectively).

3.5. B; and By receptors contribute to histopathological changes in the
lung tissues of mice with LPS-induced ALT

The pretreatment of mice with the B; antagonist DALBK (50 nmol/
kg, i.p.) 15 min before LPS administration (5 mg/kg, i.t.) completely
prevented the histological alterations at both analysis time points of 6
and 24 h (histological score: 2.83 + 0.30 and 3.16 = 0.47, respectively)
compared with that in mice in the respective vehicle-treated group
(histological score: 6.83 £ 0.60 and 6.50 + 0.42, respectively) (Fig. 4A
and B). Moreover, these effects were also observed in mice pretreated
with the B; antagonist HOE 140 (10 nmol/kg, i.p.). HOE 140 pretreat-
ment completely prevented the histological alterations at both 6 and 24
h after the induction of ALI by LPS (histological score: 3.33 & 0.21 and
4.00 + 0.36, respectively) compared with that in mice in the respective
vehicle-treated group (histological score: 5.83 + 0.30 and 6.00 =+ 0.36,
respectively) (Fig. 4A-C). In addition, the increase in collagen deposi-
tion (24.52 % = 1.49 % and 23.07 % + 1.34 % of the total area,
respectively) in the airways of mice treated with LPS at 6 and 24 h
following LPS administration was prevented by the pretreatment of mice
with DALBK (15.06 % £ 2.52 % and 12.67 % £ 1.53 % of the total area,
respectively) (Fig. SA and B). Moreover, pretreatment with HOE 140
inhibited the increase in collagen deposition in the airways of mice at
both 6 and 24 h after the induction of ALI (8.60 % + 1.48 % and 9.33 %
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Fig. 3. Effects of TRPV1 channel antagonist (capsazepine) on protein content, lung weight, leukocyte count, body weight, and TRPV1 channel protein expression at 6
and 24 h after the intratracheal administration of LPS in mice. (A) Quantification of total protein content in bronchoalveolar lavage fluid (BALF). (B) Wet/Dry (W/D)
weight ratio of lung. (C) Leukoeyte infiltration in BALF. (D) Alteration in body weight at 24 h after treatment with LPS. (E, F) Inmunoreactivity of TRPV1 in the lungs
of mice pretreated with capsazepine (CPZ) and collected at 6 and 24 h after LPS administration. The W/D ratio was estimated using the following formula: weight of

the wet lung (mg) - weight of the dry lung (mg)/body weight (g). Each point represents the mean (standard error of the mean, SEM) of six mice.

*P < 0.05 compared

with the vehicle-treated group (Veh), P < 0.05 compared with the vehicle of antagonists + LPS-treated group (Veh1) (one-way ANOVA followed by Stu-
dent-Newman-Keuls test) or compared with the LPS baseline-DO group, (two-way ANOVA applied to body weight changes, followed by Tukey's test for post-

hoe analysis).

+ 1.67 % of the total area, respectively) compared with that in mice in
the respective vehicle-treated group (17.79 % + 1.27 % and 18.45 % +
1.32 % of the total area, respectively) (Fig. 5A-C).

3.6. Bp and By receptors contribute to changes in body weight and the
levels of inflammatory markers in mice with LPS-induced ALT

Increased endothelial permeability, as indicated by the significantly
increased protein content in BALF following intratracheal LPS treat-
ment, was prevented by pretreatment with DALBK or HOE 140 (Fig. 6A).
In addition, pretreatment with DALBK or HOE 140 prevented the in-
crease in lung weight at 6 h (DALBK + LPS: 5.68 + 0.86 mg/g: HOE 140
+ LPS: 4,91 £+ 0.76 mg/g) and 24 h (DALBK + LPS: 5.95 + 0.49 mg/g;
HOE 140 | LPS: 6.73 + 0.40 mg/g) after LPS administration compared
with that in their respective vehicle-treated groups (Veh-DALBK + LPS:

14.76 + 1.39 and 10.63 + 1.20 mg/g, respectively; Veh-HOE 140 + LPS:
12.34 + 1.84 and 11.47 + 1.63 mg/g, respectively) (Fig. 6B and C).
Furthermore, both kinin antagonists prevented the influx of leukocytes
in the BALF of mice subjected LPS-induced ALI at both analysis time
points of 6 h following LPS administration (DALBK + LPS: [21.02 +
1.711 % 10° cells; HOE 140 + LPS: [18.23 + 1.99] x 10° cells) and 24 h
following LPS administration (DALBK + LPS: 18.43 + 2.07 x 10° cells;
HOE 140 + LPS: 17.28 + 2.20 x 10° cells) compared with that in their
respective vehicle-treated groups (Veh-DALBK + LPS: 34.37 + 4.85 x
10° cells and 31.58 + 2.45 x 10° cells, respectively; Veh-HOE 140 +
LPS: 36.53 + 3.70 % 10° cells and 30.23 + 1.79 x 10° cells, respec-
tively) (Fig. 6D and E). In addition, the loss of body weight observed in
mice subjected LPS-induced ALI at 24 h following LPS administration
was prevented by pretreatment with DALBK or HOE 140 (Fig. 6F).
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Fig. 4. Effects of By (DALBK) and By (HOE 140) receptor antagonists on histological changes at 6 and 24 h after the intratracheal administration of lipopolysac-
charide (LPS) in mice. (A) Representative light microphotograph of histological alterations and (B, C) histological average scores in the lung tissue of mice pretreated
with DALBK or HOE 140 at 6 and 24 h after LPS administration. Each point represents the mean (standard error of the mean, SEM) of six mice. *P < 0.05 compared
with the vehicle treated group (Veh), *P < 0.05 compared with the vehicle of antagonists + [PS-treated gronp (Vehl) (one-way ANOVA followed by Stu-

dent-Newman-Keuls test).

3.7. B; and B receptors are involved in upregulating the expression of
TRPV] channel in the lungs of mice with LPS-induced ALI

The results depicted in Fig. 7A-C demonstrate the significant upre-
gulation of TRPV1 at 6 and 24 h after treatment with LPS. However,
pretreatment with DALBK (50 nmol/kg, i.p.) completely abolished this
upregulation at both analysis time points of 6 and 24 h following LPS
administration (arbitrary unit: 3.28 + 0.38 and 3.39 + 0.35, respec-
tively) compared with that in the respective vehicle-treated group
(arbitrary unit: 8.70 + 0.51 and 6.79 + 0.61, respectively). The TRPV1
expression levels after treatment with DALBK were similar to those
observed in the group treated only with the vehicle of DALBK and LPS at
both time points of 6 and 24 h after administration (arbitrary unit: 3.42
+ 0.30 and 3.50 + 0.32, respectively) (Fig. 7A and B).

Similar results were obtained following the pretreatment of animals
with HOE 140. Thus, pretreatment with B, antagonist HOE 140 also
prevented the upregulation of TRPV1 at 6 (arbitrary unit: 3.67 + 0.41)
and 24 h (arbitrary unit: 2.90 + 0.57) after LPS-induced ALI compared
with that in the respective vehicle-treated group (arbitrary unit: 6.71 +
0.69 and 6.18 + 0.24, respectively) (Fig. 7A-C).

3.8. B;j and B3 receptors and TRPV1 contribute to cytokine release within
the bronchoalveolar space in mice with LPS-induced ALI

Fig. 8 shows the increased levels of inflammatory cytokines (IL-1p,
IL-6, IL-10, IL-17, IL-23, TNF-o, and IFN-y) and anti-inflammatory IL-10
in the bronchoalveolar space in mice subjected LPS-induced ALI. The
pretreatment of mice with capsazepine, DALBK, or HOE 140, effectively
prevented the increase in cytokine levels in the BALF of mice subjected
LPS-induced ALI (Fig. 8). Although not statistically significant, a
decrease in the levels of the anti-inflammatory cytokine IL-10 was also
observed in mice pretreated with capsazepine, DALBK, or HOE 140
before LPS administration for ALl induction.

4. Discussion

ARDS is a common cause of respiratory failure observed in critically
ill patients. Although the characteristics of ARDS are already defined in
humans, a lack of consensus regarding the main characteristics of this
disease exists in animal models, making preclinical studies difficult.
Although the animal model of ALI does not fully replicate all features of
ARDS, it is widely accepted as an experimental model for this disease
[41,42].

According to the American Thoracic Society, animal models of ALI
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must present, in addition to a rapid onset within 24 h, at least three of
the four main characteristics: histological evidence of tissue injury,
disruption of the alveolar-capillary barrier, presence of an inflammatory
response, and signs of physiological dysfunction [41,42]. In our exper-
imental model based on using LPS for ALI induction, we observed a rapid
onset of ALI (within 6 and 24 h following LPS administration), an effect
that was characterised by histopathological changes, such as increased
lung injury score and collagen deposition. Lung injury was evident with
5 and 10 mg/kg LPS at early time points, whereas the 2 mg/kg dose
induced detectable changes only after 24 h. This delay may reflect dif-
ferences in mouse strains and experimental protocols, as most studies
using 2 mg/kg assess outcomes only at 24 h after LPS administration
[27-29]. Although the response to 10 mg/kg seemed less strong than to
5 mg/kg, this difference was not statistically significant. This reduction
might be due to compensatory mechanisms like endotoxin tolerance,
reported in mouse models with high LPS doses [43].

In our study, we observed significant changes in the alveolar-
capillary barrier, with marked pulmonary oedema, increased in the
concentration of bronchoalveolar proteins, cellular infiltration and
increased cytokine levels. Moreover, the animals also showed a loss of
body weight 24 h after LPS administration. This weight loss was not
related to the surgical procedure on the trachea, as the animals that
received the intratracheal injection of the vehicle did not show body

weight loss.

The results obtained in this study confirmed and extended the role of
TRPV1 channel protein in the development of LPS-induced ALI in mice.
Several studies have highlighted the role of TRPV1 in respiratory dis-
eases. The increased expression and activity of TRPV1 in pulmonary
afferent nerves and bronchial epithelial cells have been reported in
pathological conditions, such as allergic rhinitis, viral infections,
chronic cough, asthma, COPD, and other pulmonary diseases, including
lung injury in the cases of sepsis, burn injury, and exposure to LPS [7,44,
45]. Moreover, using the same LPS-induced ALI model, some researchers
reported that inhibiting or desensitising TRPV1 channels attenuates the
effects of pulmonary injury [13,46,47].

Our results demonstrate physiological alterations in LPS-induced
AlLl, characterised by histopathological alterations, collagen deposi-
tion, increased inflammatory cell infiltration, protein extravasation,
pulmenary oedema, and changes in body weight. All the above-
mentioned effects were reversed or abolished by the pharmacological
blockade of TRPV1 channels with capsazepine. Although administered
systemically, capsazepine reduced pulmonary oedema and prevented
weight loss, likely through local actions mediated by TRPV1 in pulmo-
nary sensory nerves, as the injury was induced via intratracheal instil-
lation. However, systemic effects cannot be ruled out, as TRPV1 is also
present in structures [7] involved in appetite and metabolic control,



M.A. Amorim et al.

A
3 1000- 6 Hours ey 24 Hours ;
E * ! *
g 800 ; iy
% 600 # # s
< L ’
o e & #
e ol - k. # G
c Tlig -
Tl illlzln
E c 3 . i i
Veh Veh, HOE140DALBK Veh Veh; HOE140 DALBK
LPS LPS
5mglkg, i.t. 5 mg/kg, i.t.
Cc
6 Hours 24 Hours
20 = * 1 : f * 1
2 : : )
2 154 i .
= H
o :
21 el R
[+ ] + x 2
- & H
el , H e “
Q r“‘] . e
2 :
0 T T T T T T 1
Naive Veh Veh,HOE140 Veh Veh, HOE140
E LPS LPS
‘5: 5 mg/kg, i.t. 5 mglkg, i.t.
2 com 6 Hours 24 Hours
s 1 \ I 1
c * 3
3 .
O 40+ ' *
"] 1 "
g o =5 !
0 ad o0 poe :
3 | m: I_i—‘ "{_1
x> ° [ e
S i
o :
- L T ) T T T )
-g Naive Veh Veh,HOE140 Veh Veh,HOE140
L LPS LPS
5 mg/kg, i.t. 5 mglkg, i.t.

54

Pulmonary Pharmacology & Therapeutics 90 (2025) 102384

B
6 Hours 24 Hours
o 20 I * 1T 1
£ . !
= 5 .
o = :
2 10 . # #
= a
2 R R
54 |.¢.|' < |'5" :m. ﬁ‘
[a] ﬁ '
- X . '
g 0 T T T T : T T T
Naive Veh Veh, DALBK Veh Veh,DALBK
LPS LPS
D6"‘ 5 mglkg, i.t. 5 mglkg, i.t.
5
= 6 Hours . 24 Hours
E * i
g = i *
O 404 ' ’
8 w1 = *
-~ Ao
> . o H 4
3 s . n ) : "y o i
E] ; *
2 i
— 0 L] ] 1 T 1 1 1
g Naive Veh Veh, DALBK Veh Veh, DALBK
= LPS LPS
50 5mglkg, it 5mglkg, i.t.
F
o 404 24 Hours
=
£
2 304
$ . # £ . gt 4
> 20~ ] 5 E *
©
<]
c L] L]
vs & & & P
PR N A RS R
& & o F g e
A QP &

Fig. 6. Lffects of B; (DALBK) and B, (IIOL 140) receptor antagonists on protein content, lung weight, leukoeyte infiltration and body weight at 6 and 24 h after the
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body weight (g). Each point represents the mean (standard error of the mean, SEM) of six mice. *P < (.05 compared with the vehicle-treated group (Veh), *P < 0.05
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which may explain the observed weight recovery. Additionally, we
observed an increase in TRPV1 expression in the lungs of mice subjected
LPS-induced ALI, which was prevented by capsazepine pretreatment.
These findings suggest that TRPV1 upregulation is involved in the
pathophysiological changes associated with this model.

Although we did not directly assess TRPV1 functional activation, the
observed upregulation, together with its established role in inflamma-
tion, supports its contribution to ALI and highlights its potential as a
therapeutic target.

Previous studies have also shown that endogenous mediators, such as
bradykinin, histamine, calcitonin gene-related peptide (CGRP), and
substance P, can sensitise TRPV1 channels or induce the expression of
TRPV1 channel protein (for review see: [46]). Once upregulated, the
receptor becomes relatively more susceptible to endogenous stimuli
because of a lowered activation threshold.

Bradykinin does not directly activate TRPV1 but sensitizes it through
By and By receptor activation, which initiates intracellular signaling via
PLC, PKC, and PKA, leading to phosphorylation of TRPV1 and a reduc-
tion in its activation threshold [20 2255]. Additionally, PKC may

stimulate phospholipase A, generating lipoxygenase-derived metabo-
lites that further activate TRPV1. Once activated, TRPV1 promotes
calcium influx and activate signaling pathways such as PKC, MAPK, and
NF-kB, which lead to the production of pro-inflammatory cytokines like
TNF-a, IL-6, and IL-1p [12,45] and the release of neuropeptides such as
substance P and CGRP, increasing vascular permeability and leukocyte
infiltration that can further stimulate bradykinin release. This creates a
self-sustaining inflammatory cyele, potentially upregulating TRPV1
expression, further amplifying the response.

In the airways, this mechanism may be associated with a risk of
respiratory disease complications [48]. Based on both the literature and
our findings, we hypothesize that this mechanism plays a role in the
development of ALI and may also be relevant in the context of ARDS.
Thus, TRPV1 represents a promising therapeutic target for patients with
ARDS.

In addition to TRPV1, other mediators in this inflammatory cascade,
such as bradykinin, may represent additional therapeutic targets. Since
it is established that bradykinin can lead to the sensitisation of TRPV1
channels or the alteration of TRPV1 expression, we hypothesized that By
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and B, bradykinin receptors could be involved in mediating the
increased TRPV1 levels in mice subjected LPS-induced ALIL The present
results clearly demonstrate that both By and By bradykinin receptors
play significant roles in the development of LPS-induced ALI This
argument is supported by the results demonstrating that pretreatment
with antagonists for these receptors not only reduced inflammatory
marker concentrations and lung injury but also prevented weight loss in
mice. In addition, we report that both the pharmacological blockade of
TRPV1 channels and the inhibition of By and By receptors inhibited the
upregulation of TRPV1 expression.

In this context, it has been shown that TRPV1 can be activated by
inflammatory mediators including kinins, which play a key role in
vascular leakage and oedema formation in pulmonary diseases [21,22,
24,50]. Therefore, it is plausible that the beneficial effects observed with
By and Bj receptor antagonists may, at part, be attributed to a reduced
TRPV1 activation, as supported by our data demonstrating that these
antagonists prevent the rise in TRPV1 expression. Although the defini-
tive confirmation of pharmacological target specificity would require
additional approaches such as the use of alternative antagonists,
knockout models, or genetic manipulation, our findings, supported by
the use of doses within the selective range described in the literature
[17,51 53], the consistent effects observed, and the reduction in TRPV1
expression after antagonist treatment point to the functional involve-
ment of these receptors. In addition, previous studies suggest that
TRPV1 is activated as a result of bradykinin receptor stimulation during

inflammation. Therefore, even if intermediate signaling pathways are
involved, By and By receptors and TRPV1 likely act early in this in-
flammatory cascade, supporting their relevance as primary therapeutic
targets.

On the other hand, although the present study demonstrates over-
lapping anti-inflammatory effects of TRPV1 and bradykinin receptor
antagonists, these findings should be interpreted as evidence of an in-
direct functional relationship rather than a direct molecular interaction.
Indeed, according to Calzetta et al. [54], demonstrating pharmacolog-
ical interaction or synergy requires formal analyses using predictive
models and mathematical validation. In contrast, a functional associa-
tion refers to a scenario in which receptors or pathways influence each
other’s activity or jointly contribute to a biological outcome, even in the
absence of direct binding or synergistic amplification.

In this sense, our results are consistent with this proposed mecha-
nism, suggesting that bradykinin receptor activation contributes to
TRPV1 expression and activity during LPS-induced lung injury. Criti-
cally, this cycle is reinforced by cytokine release (e.g., IL-18, TNF-u)}
triggered by TRPV1 and bradykinin receptor activation, which further
sensitizes TRPV1 channels [49,56,57].

The elevated levels of these cytokines are associated with lung in-
juries, such as ARDS, and increased disease severity [58 61]. It has been
proposed that cytokine and bradykinin storms could be among the main
causes of ARDS and multiple organ failure [60-62].

In our experimental model, cytokine profile alterations were
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observed, demonstrating that LPS-induced ALI leads to increased levels
of IL-1p, IL-6, IL-10, IL-17, IL-23, TNF-a, IFN-y. On the other hand, our
data showed that IL-10 levels did not increase significantly 6 h after LPS
administration but increased at 24 h. This pattern is consistent with
previous studies reporting a delayed IL-10 response, with a small in-
crease around 6-7 h and peaking between 24 and 48 h [63,64].
Therefore, we believe that the lack of change at early time points reflects
a delayed anti-inflammatory response. Furthermore, the antagonists we
tested reduced the IL-10 increase at 24 h, suggesting that they also affect
the resolution phase of inflammation. Overall, our findings support a
role for IL-10 in modulating the inflammatory response, although with a
delayed onset.

It has been demonstrated that eytokines such as TNF-a rapidly
sensitise TRPV1 activity, enhancing Ca®" influx. This effect appears to
be mediated by p38 mitogen-activated protein kinase and the ¢-Jun N-
terminal kinase signaling pathway [49,65]. Accordingly, it can be hy-
pothesized that these molecular events contribute to a self-sustaining
inflammatory loop, potentially explaining why the bradykinin and
cytokine storms characteristic of clinical ARDS [58] exert such profound
pathological effects.

*P < 0,05 compared with the vehicle-treated group (Veh), #P < 0.05 compared with the LPS-treated group (Vehl) (one-way ANOVA

This self-sustaining inflammatory cycle, mediated by the functional
interaction between bradykinin and TRPV1, suggests that therapeutic
targeting of these pathways may interrupt the pathological cascade by
reducing vascular permeability, leukocyte infiltration, and the release of
pro-inflammatory cytokines and other mediators.

Thus, as illustrated in Fig. 9, our results show that pharmacological
blockade of TRPV1 channels and inhibition of B; and Bs receptors not
only prevented the increase in inflammatory cytokines but also attenu-
ated other inflammatory parameters. Although our study did not explore
direct molecular interactions (e.g., co-immunoprecipitation) or phar-
macological synergy (e.g., isobolographic analysis), the observed func-
tional link between bradykinin receptors and TRPV1 channels highlights
their potential relevance in pathophysiology in lung injury. These
findings suggest that simultaneous targeting of both receptors may be
beneficial not only in ALI but also in ARDS. On the other hand, we
cannot rule out that TRPV1 interacts with other receptors, since TRPV1
does not act alone but worlks together with other ion channels like
TRPA1 and TRPV4 [66,67], as well as intracellular pathways triggered
by mediators such as prostaglandins, leukotrienes, and neurotrophic
factors, which amplify inflammatory responses [68].
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Fig. 9. Schematic illustration of the role of TRPV1 channel protein and Bl and B2 receptors in LPS-induced acute lung injury (ALD) in mice. The intratracheal
administration of LPS can induce ALI (1). During ALL B, and B, receptors and TRPV1 channels are activated (2), and this activation contributes to the development of
ALL Once activated, By and By receptors can indirectly sensitise and activate TRPV1 channels (3), lowering its activation threshold and promoting continuous
activation, which contributes to the exacerbation and sustainment of the inflammatory response (4). Blocking these receptors (5), prevents the aggravation of lung
injury (6), and attenuates the pathophysiological changes observed in LPS-induced ALI (6).

5. Conclusion

These findings reinforce previous evidence of a functional associa-
tion between kinin B;/By receptor activation and TRPV1 channel ac-
tivity, which may also depend on cytokine release, potentially
establishing a feedback loop that sustains mediator production and
recurrent TRPV1 stimulation.

In this context, the increased levels of these cytokines may addi-
tionally contribute to the maintenance and sustenance of the inflam-
matory response in our LPS-induced ALl mouse model. These
observations suggest that simultaneous targeting of kinin receptors and
TRPV1 channels may offer a promising pharmacological strategy to
mitigate lung injury progression. Nonetheless, this study has certain
limitations. Although the LPS-induced acute lung injury (ALI) model is
widely used, it does not fully replicate the complexity of acute respira-
tory distress syndrome (ARDS) in humans, which is multifactorial and
often associated with sepsis, trauma, or pneumonia. The acute inflam-
matory response triggered by LPS may not encompass the full spectrum
of human ARDS, which also involves proliferative and fibrotic phases.
To enhance the translational relevance of these findings, future studies
could incorporate comparisons with other experimental models, such as
mechanical ventilation, ischemia-reperfusion, or acid-induced lung
injury. Furthermore, to better investigate the potential additive or syn-
ergistic effects between TRPV1 antagonists and By /B, receptor blockers,
future studies could use LPS-induced lung injury models with combined
administration of these inhibitors. The individual and combined effects
on inflammatory outcomes could then be compared. Using isobolo-
graphic analysis, as suggested by Ref. [54], would allow a quantitative
assessment of whether the interaction between treatments is additive or
synergistic.
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ABSTRACT

Although Transient Receptor Potential Ankyrin 1 (TRPA1) and Transient
Receptor Potential Vanilloid 4 (TRPV4) are recognized as amplifiers of lung
inflammation, and bradykinin has been shown to modulate TRP channels in other
systems, their regulation by bradykinin signaling in acute lung injury (ALI) is not well
established. In this study, we examined the involvement of TRPA1 and TRPV4, and
their modulation by bradykinin B1 and B2 receptors, in a murine model of
lipopolysaccharide (LPS)-induced ALI (5 mg/kg, intratracheally). Mice were pretreated
intraperitoneally with TRPA1 (HC030031, 100 mg/kg) or TRPV4 (HC067047, 10
mg/kg) antagonists, or with B1 (DALBK, 50 nmol/kg) and B2 (HOE140, 10 nmol/kg)
receptor antagonists, 15 minutes before LPS instillation, and evaluated after 6 and 24
hours. Lung tissue was analyzed for edema, histology, collagen deposition, and TRP
expression by immunohistochemistry. Bronchoalveolar lavage fluid (BALF) was
assessed for leukocyte infiltration, protein content, and cytokine levels. LPS exposure
induced epithelial barrier damage, edema, cell infiltration, and elevated IL-1(3, IFN-y,
IL-6, IL-17, IL-23, and TNF-a levels in BALF. These changes were significantly reduced
by TRPA1 or TRPV4 inhibition. Notably, LPS upregulated TRPA1 and TRPV4
expressions, which was suppressed by B1 or B2 receptor blockade, suggesting that
these channels are downstream targets of bradykinin signaling. Although direct
interaction between TRPA1 and TRPV4 has not been evaluated, their parallel
modulation by bradykinin receptor antagonists suggests they may participate in a
convergent inflammatory pathway. These findings support a model in which bradykinin
receptors contribute to lung injury through activation of distinct pro-inflammatory TRP

channels.

Keywords: TRP; inflammation, lung injury; bronchoalveolar lavage fluid; edema;

airways.
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1. Introduction

Acute lung injury (ALlI) is a critical clinical syndrome characterized by intense
pulmonary inflammation and disruption of the alveolar—capillary barrier (Verma et al.,
2025). Among the various mediators involved, bradykinin (BK) plays a key role in
amplifying the inflammatory response (Nasseri et al., 2015). However, the specific
molecular effectors that transduce BK signaling in lung tissue remain incompletely
understood. Acute respiratory distress syndrome (ARDS) is triggered by a complex
interaction of inflammatory, mechanical stress, and oxidative stimuli (Bos and Ware,
2022). Although current therapies target isolated pathways, the multifactorial nature of
ARDS requires strategies that act simultaneously on multiple mechanisms.

In this context, Transient Receptor Potential (TRP) channels have emerged as
promising targets, as they respond to diverse stimuli and can act in a coordinated
manner to amplify pulmonary inflammation (Achanta and Jordt, 2020; Muller et al.,
2022). TRP channels are increasingly recognized as molecular integrators of noxious
and inflammatory signals in multiple tissues (Zhang et al., 2023). Based on previous
findings implicating TRPV1 modulation by BK in ALIl, we investigated whether
additional TRP channels also participate in this pathway. In particular, TRPA1 and
TRPV4, both expressed in pulmonary tissues and implicated in barrier dysfunction and
cytokine release, have not yet been explored in the context of bradykinin signaling
during lung injury (Achanta and Jordt, 2020). Given this gap, it is important to further
characterize the role of other TRP channels in BK-driven pulmonary inflammation.

TRPA1 is a non-selective cation channel permeable to Ca?* that functions as
both a chemical and thermal sensor, responding to a variety of noxious and pro-
inflammatory stimuli (Naert et al., 2021; Zhang et al., 2022). In the lung, TRPA1 is
expressed in both neuronal cells, such as vagal sensory neurons (Lee et al., 2015),
and non-neuronal cells, including airway epithelial cells, smooth muscle cells,
lymphocytes, and fibroblasts (Nassini et al., 2012; Li et al., 2020; Luostarinen et al.,
2021; Yap et al., 2020). Thus, in the airways, TRPA1 functions as a sensor of noxious
stimuli and plays a pivotal role in amplifying inflammatory responses (Bautista et al.,
2013). Its activation has been associated with local inflammation and may contribute
to the progression of lung injury, while modulation of this channel has been shown to

improve outcomes in various pulmonary disorders, such as asthma (Balestrini et al.,
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2021), chronic obstructive pulmonary disease (COPD) (Kocot et al., 2025), and ALI
(Liu et al., 2020).

TRPV4 is also involved in sensing noxious stimuli and acts as a detector of
elevated temperatures, acidic conditions, mechanical pressure, and osmotic changes
(Koskimaki et al., 2024). It contributes to endothelial barrier dysfunction and pulmonary
edema (Weber et al., 2020). Substantial evidence indicates that activation of TRPV4
channels promotes the breakdown of the pulmonary endothelial and epithelial barriers,
a fundamental aspect of lung damage (Lu et al., 2021; Wang et al., 2024; Weber et al.,
2020). Moreover, pharmacological inhibition of TRPV4 has shown protective effects in
different models of pulmonary injury, suggesting that this channel contributes to lung
damage through multiple pathological pathways (Balakrishna et al., 2014; Cai et al.,
2022; Toumpanakis et al., 2022).

On the other hand, although there is considerable evidence that both channels
are involved in lung injury, their specific roles in ALI and ARDS remain poorly defined.
These conditions continue to represent a major clinical challenge, with high mortality
rates and no effective treatments currently available (Peck et al., 2019). Because there
are still no appropriate therapies, there is growing interest in identifying novel molecular
targets involved in the progression of ARDS. Importantly, the effects of bradykinin are
not limited to TRPV1. Emerging evidence suggests that BK modulates distinct TRP
channels, such as TRPA1 and TRPV4, pointing to a broader signaling network
underlying the multifactorial pathology of ALI. While our prior work established TRPV1
as a key mediator of bradykinin-driven inflammation (Amorim et al., 2025), TRPV1
alone cannot explain the full spectrum of ALI pathophysiology. This gap suggests that
bradykinin receptors recruit a broader TRP channel network (TRPA1/TRPV4) to
sustain lung injury via parallel pathways.

Since TRPA1 and TRPV4 also respond to pro-inflammatory stimuli and have
been shown to interact with the BK system (Jentsch et al., 2020), it is reasonable to
hypothesize that they contribute, alongside other TRP channels, to the amplification of
lung inflammation. Thus, we hypothesize that bradykinin receptors independently
regulate TRPA1 and TRPV4, creating a self-reinforcing inflammatory loop through
convergent but distinct mechanisms. While direct interactions between TRP channels
remain unexplored, their modulation via BK receptors suggests that these channels

collectively exacerbate ALIl. Taken together, these observations support a model in
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which BK receptors modulate both TRPA1 and TRPV4, expanding the role of TRPV1

and offering new targets for multi-mechanism therapies in ALI.

2. Material and methods

2.1 Ethical Procedures and Animal Model

Experiments were performed on male and female C57BL/6 mice (20-35g) aged
between 7 and 8 weeks, sourced from the Bioterium Complex of the Biological
Sciences Sector at the Federal University of Parana. The animals were housed at 22
1 2°C under a 12 h light/dark cycle. Food and water were provided ad libitum, with a
maximum of four mice per cage. The study was conducted in accordance with the
ARRIVE guidelines, as previously reported by Sert et al. (2020), and all experimental
procedures were approved by the local Ethics Committee of Animal Experimentation
of the Federal University of Parana (Protocol number 1602, 1427, and 1486). For a
period of at least 24 hours before the beginning of the experiments the animals
acclimated to the laboratory environment for at least 24 h before the experiments. As
no significant differences were identified between male and female mice, both sexes
were analyzed together to enhance statistical power and minimize variability.
Subsequently, the animals were randomly assigned to experimental groups using a
computer-generated randomization (random.org), ensuring a minimum of six animals
per group, ensuring at least six animals per group to allow reliable data generation and

appropriate statistical analyses.

2.2 Experimental Design and Treatment Groups

Although no animal model fully replicates ARDS, the method of inducing ALI by
intratracheal instillation of LPS in animals has been widely accepted as a valid
experimental model to study ARDS (D’Alessio, 2018; Zhang et al., 2024). Accordingly,
mice were anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg). Following
anesthesia induction, the animals were maintained in an upright position, and under
aseptic conditions, a 5-mm midline incision was made in the cervical region. Using a
sterile 30-gauge needle, lipopolysaccharide (LPS) from Escherichia coli (O111:B4,

Sigma Aldrich) was administered intratracheally at a dose of 5 mg/kg in 50 ul, or its
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vehicle (50 pl of saline) (Yang et al., 2020). Immediately after administration, the
incision was closed by suturing. The animals were then monitored and euthanized at
6 and 24 hours post-instillation by intraperitoneal injection of thiopental (50 mg/kg),
preceded by lidocaine administration (10 mg/mL, i.p.). Subsequently, the thoracic
cavity was opened, and a cannula was inserted into the left ventricle and directed
toward the aorta to perform transcardiac perfusion with 0.9% NaCl, following
confirmation of adequate anesthesia. The lungs were then collected for histological
evaluation, wet-to-dry (W/D) weight ratio analysis, and immunohistochemistry. In
addition, bronchoalveolar lavage fluid (BALF) was obtained for further assessment of
cellular infiltrates and cytokine quantification.

Following the establishment of the ALI model, specific receptor antagonists
were administered to assess their contribution to disease modulation. To evaluate the
role of TRPA1 and TRPV4 receptors in LPS-induced ALI in mice, 15 minutes prior to
the administration of LPS (5 mg/kg, i.t.), animals were pretreated intraperitoneally with
either the TRPA1 receptor antagonist HC030031 (100 mg/kg), the TRPV4 receptor
antagonist HC067047 (10 mg/kg), or their respective vehicles (Descoeur et al., 2011;
Dong et al., 2017). Another group of mice received Des-Arg®-Leu®-bradykinin (DALBK;
50 nmol/kg, i.p.) or icatibant (HOE 140; 10 nmol/kg, i.p.), B1 and B2 receptor
antagonists, respectively, or their respective vehicles (Correa et al., 1996; Dutra et al.,
2013). At 6 and 24 hours after ALI induction, the mice were euthanized by an overdose
of thiopental (50 mg/kg, i.p.), preceded by lidocaine administration (10 mg/mL, i.p.).
Subsequently, the lungs were harvested for histological and immunohistochemical
analyses, and BALF was collected for further evaluation. As an additional parameter
for assessing general health status, body weight was recorded prior to LPS
administration and again at 6 and 24 hours following treatment with LPS and receptor

antagonists (Piirsalu et al., 2020).

2.3. Morphological Assessments of the Lungs

2.3.1. Histological Analysis and Injury Scoring

After the experimental protocols, the lungs were removed, fixed in 4%
paraformaldehyde for 24 hours, and subsequently embedded in paraffin. The blocks
were sectioned at a thickness of 4 um and stained with hematoxylin and eosin (H&E)

for histological evaluation. Analysis was performed by a pathologist blinded to
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experimental groups using optical microscopy. Histological parameters evaluated
included pulmonary edema, alveolar congestion, inflammatory cell infiltration, and
alveolar hemorrhage, each scored on a four-point scale: (0) absent, (1) mild, (2)

moderate, and (3) severe (An et al., 2019).

2.3.2. Collagen Staining (Masson's Trichrome)

To quantify collagen deposition in lung tissue, histological sections were stained
with Masson's trichrome. The slides were analyzed under an optical microscope, and
images were processed using Imaged software (version 1.4d). The area occupied by
collagen was quantified as the percentage of the field area, allowing estimation of the
degree of tissue fibrosis. This methodology was based on previously validated

protocols (Geng et al., 2022; Seger et al., 2018).

2.3.3. Wet/Dry Weight Ratio (Pulmonary Edema)

Mice were euthanized 6 and 24 h after LPS-induced injury, and the lungs were
promptly excised and weighed using an analytical balance to obtain wet weight. The
degree of pulmonary edema was assessed by the ratio between the wet and dry lung
weights (W/D ratio). The lungs were then oven-dried at 60 °C for 72 h to determine the
dry weight. The W/D ratio was calculated as an indicator of pulmonary edema. This
parameter reflects fluid accumulation in lung tissue, characteristic of ALI (Ali et al.,
2020; Bernardo et al., 2022).

2.4. Analysis of Bronchoalveolar Lavage Fluid (BALF)
2.4.1. Collection and Processing

The procedure was adapted from Van Hoecke et al. (2017), with minor
modifications. For BALF collection, the trachea was exposed via a small cervical
incision, followed by lavage performed three times with 1 mL of phosphate-buffered
saline (PBS). The recovered fluid was collected in microcentrifuge tubes kept on ice.
The entire volume of exudate was centrifuged at 290 x g for 8 minutes at 4 °C. The
resulting cell pellet was resuspended in 100 uL PBS for total and differential cell count
analysis, while the supernatant was used for protein concentration measurement and

cytokine quantification.
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2.4.2. Cell Count and Protein Concentration

Total inflammatory cell counts were performed using a Neubauer chamber
under an optical microscope (400% magnification) after the addition of Turk's solution
(0.5 mg/mL in PBS). The results were expressed as total cell number (x10°) according
to Kadam and Schnitzer (2024). Protein concentration in BALF was determined by the
Bradford assay (Bio-Rad, California, USA) using bovine serum albumin (BSA) as a
standard (Yu et al., 2016). The protein concentration was determined by interpolation
from a standard curve (0.1-1.0 mg/mL) prepared with bovine serum albumin (BSA).

Sample absorbance was measured at 595 nm using a spectrophotometer.

2.4 3. Quantification of Inflammatory Cytokines (ELISA)

In addition to cellular and protein analyses, the BALF supernatant was collected
after centrifugation at 290 x g for 8 minutes at 4 °C for the quantification of inflammatory
cytokines. The cytokines evaluated included IL-6, IL-10, IL-17, IL-23, IL-13, IFN-y, and
TNF-a. Concentrations were determined by enzyme-linked immunosorbent assay
(ELISA) using commercial kits (PeproTech, BioLegend), following the manufacturers’
instructions. Absorbance was measured at 405 nm, according to the methodology
described by Zhou et al. (2017).

2.5 Immunohistochemistry for TRPA1 and TRPV4 receptors

Immunohistochemistry was performed to evaluate TRPA1 and TRPV4 receptor
expression in mouse lung tissue. Following transcardiac perfusion with 0.9% NacCl, the
lungs were removed, fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at a thickness of 5 ym. Tissue sections were blocked and incubated
overnight at 4 °C with primary antibodies against TRPA1 (1:100) or TRPV4 (1:100).
After four washes with PBS, the sections were incubated with a goat anti-rabbit
secondary antibody (1:100) for 1 hour, followed by four additional washes with PBS
containing 1% BSA. Positive staining was visualized using a 3,3'-diaminobenzidine
(DAB) substrate kit (BD Pharmingen, San Jose, CA, USA).

Immunoreactivity for TRPA1 and TRPV4 was observed under an Olympus

microscope equipped with Cell*F capture software (2008, Olympus Soft Imaging
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Solutions GmbH). Images were analyzed using ImagedJ software (version 1.4d), and
receptor expression levels were quantified as the mean gray value normalized to the
number of nuclei in 2—4 randomly selected images per lung (Crowe and Yue, 2019;
Jentsch et al., 2020).

2.6 Drugs and reagents

The experimental protocols were performed with the following drugs: LPS from
Escherichia coli (O111:B4), HC030031, HC067047, DALBK acetate salt, HOE140,
goat anti-rabbit secondary antibody, all of which were purchased from Sigma Chemical
Co., St. Louis, USA. TRPA1 polyclonal antibody (PA1-46159) and TRPV4 polyclonal
antibody (PAS5-34292) were purchased by Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA. DAB Substrate Kit was purchased from BD Pharmingen, San
Jose, CA, USA. The Kits of cytokines IL1-B, IL-6, IL-10, TNF-a were purchased from
PeproTech, Rocky Hill, NJ, USA. The kits of cytokines IL-17, IL-23, IFN-y were
purchased from BioLegend San Diego, CA, USA. LPS, DALBK acetate salt and
HOE140 were dissolved in 0.9% of NaCl. HC030031 solution was made using 0.9%
NaCl composed of 10% DMSO and 10% Tween 80 and HC067047 solution was made
using 0.9% NaCl composed of 10% DMSO and 5% Tween 80. The solutions were
diluted on the day of the experiment just prior to use.

2.7 Statistical analysis

All data were described as mean + standard error of mean (S.E.M) of a minimum
of six animals per group. Statistical evaluation of the data was carried out using the
One Way Analysis of Variance (ANOVA) followed by Student-Newman Keuls
(GraphPad Prism software version 8). Body weight data were analyzed using two-way
ANOVA followed by Tukey’s post-hoc test, considering 'treatment' (vehicle vs. LPS)
and 'time' (0, 6, or 24 hours) as independent variables. A P value lower than 0.05 was
significant. All statistical analyses were performed with the aid of GraphPad Prism

software version 8.
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3. Results

3.1 TRPA1 and TRPV4 antagonists attenuate and collagen deposition on LPS-
induced ALI in mice

Histopathological alterations were assessed using H&E staining to determine
the protective effects of TRPA1 and TRPV4 antagonists against LPS-induced ALI.
Intratracheal instillation of LPS (5 mg/kg) significantly increased the lung injury score
at both 6 and 24 hours compared to the vehicle group (*p < 0.05). At 6 hours, the
histological score in the LPS group (Veh,;) was 7 £ 0.63, and at 24 hours 6.33 + 0.21,
whereas the vehicle group showed scores of 2.66 + 0.21 and 2.5 + 0.22, respectively.
Pretreatment with the TRPA1 antagonist HC030031 (100 mg/kg) significantly reduced
the lung injury score to 2.5 + 0.22 and 2.33 £ 0.21 at 6 and 24 hours, respectively (#p
<0.05vs. Veh,). Similarly, treatment with the TRPV4 antagonist HC067047 (10 mg/kg)
decreased the scores to 2.33 + 0.21 at both time points (#p < 0.05 vs. Veh;) (Figure
1A,B).

Lung tissue from LPS-treated mice also exhibited a marked increase in collagen
deposition at 6 and 24 hours, reaching 40.05% * 5.41% and 42.31% + 4.16% of the
total area, respectively, compared to 25.16% * 2.89% and 21.74% % 1.37% in the
vehicle group (*p < 0.05). HC030031 significantly reduced collagen accumulation to
24.04% = 3.32% and 20.67% = 1.06%, and HC067047 produced a similar effect
(25.09% = 1.11% and 22.25% + 3.82%) at 6 and 24 hours, respectively (#p < 0.05 vs.
Veh,) (Figure 1C,D).
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Fig. 1 TRPA1 and TRPV4 antagonists reduce LPS-induced ALI in mice at 6 and 24
hours post-administration. (A) Lung histological scores based on inflammation,
alveolar thickening, and leukocyte infiltration at 6 and 24 hours after intratracheal LPS
(5 mg/kg) administration. (B) Representative images of H&E-stained lung sections
showing inflammatory cell infiltration and alveolar damage. (C) Quantification of
collagen deposition area expressed as a percentage of the total lung area. (D)
Representative images of lung sections stained with Masson's trichrome, highlighting
collagen deposition (blue). Pretreatment with the TRPA1 antagonist HC030031 (100
mg/kg, i.p.) or the TRPV4 antagonist HC067047 (10 mg/kg, i.p.) significantly reduced
histological damage and collagen deposition compared to the LPS group (Veh,). Data
is presented as mean + SEM (n = 6 per group). *P < 0.05 vs. vehicle control (Veh); #P
< 0.05 vs. LPS group (Veh,), analyzed by one-way ANOVA followed by Student—
Newman—Keuls post hoc test.

3.2 TRPA1 and TRPV4 antagonists reduce pulmonary edema, vascular
permeability, and inflammation on LPS-induced ALI in mice

To further investigate the effects of TRPA1 and TRPV4 antagonists on
pulmonary edema and inflammation, we evaluated protein concentration in BALF, lung
W/D ratio, leukocyte infiltration, and body weight (Figure 2). Intratracheal
administration of LPS (5 mg/kg) significantly increased protein levels in BALF,
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indicating alveolar-capillary barrier disruption and increased vascular permeability. At
6 and 24 hours, the LPS group (Veh,) exhibited protein concentrations of 679.20 *
47.54 ug/mL and 657.30 £ 61.10 pyg/mL, respectively, compared to the vehicle group
(289.70 £ 48.47 pg/mL and 213.30 + 49.15 pg/mL, *p < 0.05). Pretreatment with
HC030031 (100 mg/kg) markedly reduced these levels to 359.90 + 42.67 ug/mL and
298.00 + 60.24 pg/mL, and HC067047 (10 mg/kg) produced similar effects (374.00 +
74.75 pg/mL and 223.40 + 60.53 ug/mL) at 6 and 24 hours, respectively (#p < 0.05 vs.
Veh,) (Figure 2A).

LPS also caused a significant increase in lung W/D ratio, indicative of pulmonary
edema, with values of 9.95 £ 0.79 and 8.50 £ 0.32 at 6 and 24 hours, respectively,
compared to the vehicle group (4.92 + 0.21, 4.65 + 0.27, *p < 0.05). This increase was
significantly attenuated by pretreatment with HC030031 (5.05 + 0.58 and 4.60 £ 0.37)
and HC067047 (4.88 £ 0.35 and 4.22 + 0.16) (#p < 0.05 vs. Veh,) (Figure 2B).
Furthermore, LPS markedly elevated the total leukocyte count in BALF at both 6 and
24 hours (40.76 £ 3.19 x10° cells and 42.16 + 2.08 x10° cells) compared to the vehicle
group (19.89 £ 1.57 x10° cells and 18.94 + 1.08 x10¢° cells, *p < 0.05). Both antagonists
effectively reduced leukocyte recruitment, HC030031 to 22.10 + 1.49 x10° and 20.29
+ 0.75 x10¢, and HC067047 to 22.11 £ 1.30 x10° and 21.13 £ 1.34 x10° (#p < 0.05 vs.
Veh,) (Figure 2C).

Body weight measurements showed no significant differences after 6 hours
(data not shown). However, after 24 hours, mice treated with LPS alone exhibited
significant weight loss (20.55 + 0.24 g) compared to baseline (22.31 + 0.53 g, *p <
0.05), whereas animals treated with saline showed no weight loss compared to
baseline (21.51 + 0.48 g and 22.07 + 0.69 g, respectively). Animals pretreated with
HC030031 (17.59 £ 0.63 g) maintained weights close to baseline (18.23 + 0.89 g), with
no significant reductions. The same was observed in animals pretreated with
HC067047, where weight after 24 hours (16.87 £ 0.36 g) did not show a significant
decrease compared to baseline (18.09 + 0.64 g) (Figure 2D).
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Fig. 2 TRPA1 and TRPV4 antagonists attenuate inflammation and weight loss in LPS-
induced ALI. (A) Total protein concentration in BALF, indicating alveolar-capillary
barrier disruption, measured at 6 and 24 hours after LPS (5 mg/kg, i.t.) administration.
(B) Lung wet-to-dry (W/D) weight ratio, representing pulmonary edema, at the same
time points. (C) Total leukocytes count in BALF, reflecting inflammatory cell
recruitment. (D) Body weight measured before (D0) and 24 hours after (D1) vehicle or
LPS administration. Pretreatment with the TRPA1 antagonist HC030031 (100 mg/kg,
i.p.) or the TRPV4 antagonist HC067047 (10 mg/kg, i.p.) significantly reduced LPS-
induced protein leakage, pulmonary edema, leukocyte infiltration, and body weight
loss. Data is presented as mean £ SEM (n = 6 per group). *P < 0.05 vs. vehicle control
(Veh); #P < 0.05 vs. LPS group (Veh,) or vs. LPS baseline-D0 group for body weight
changes. Data were analyzed by one-way ANOVA followed by Student—-Newman-—
Keuls post hoc test, except for body weight changes, which were analyzed by two-way
ANOVA followed by Tukey’s post hoc test.

3.3 Increased TRPA1 and TRPV4 expression and pro-inflammatory cytokine
production following LPS-induced ALI in mice

Quantitative analysis showed that intratracheal LPS administration significantly

increased TRPA1 expression in lung tissue at 6 and 24 hours compared with the
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vehicle group (Figure 3A). At 6 hours, TRPA1 expression levels were 2.45 + 0.42 in
the vehicle group (Veh), 6.88 £ 0.42 in the LPS + vehicle group (Veh,), and 2.91 £ 0.41
in the HC030031-treated group (p < 0.05 vs. Veh; # p < 0.05 vs. Veh,). This increase
persisted at 24 hours, with values of 2.80 £ 0.50 (Veh), 6.81 £ 0.63 (Veh,), and 3.39
0.38 (HC030031) (Figure 3A,C).

Similarly, TRPV4 expression was significantly upregulated following LPS
exposure at both 6 and 24 hours compared with the vehicle group (Figure 3B). At 6
hours, the values were 1.93 + 0.36 (Veh), 6.35 + 0.34 (Veh,), and 2.65 + 0.12
(HC067047). At 24 hours, the values were 2.28 + 0.21 (Veh), 5.64 + 0.26 (Veh,), and
3.33 £ 0.31 (HC067047) (Figure 3B,D).

To evaluate the inflammatory response induced by LPS, the concentrations of
TNF-a, IL-6, IL-183, IL-10, IL-17, IL-23, and IFN-y were measured in BALF at 6 and 24
hours. LPS administration markedly increased all cytokines compared with the vehicle
group at both time points. For TNF-q, levels rose from 3208 £ 331 pg/mL (Veh) to 4905
+ 295 pg/mL (Veh,) at 6 hours and from 2512 + 155 pg/mL to 4363 * 95 pg/mL at 24
hours (p < 0.05). Pretreatment with HC030031 and HC067047 reduced TNF-a to 2644
+ 73 pg/mL and 2841 + 163 pg/mL (6 h) and to 2582 + 152 pg/mL and 2464 + 136
pg/mL (24 h), respectively (# p < 0.05 vs. Veh,) expression (Figure 4 A).

IL-6 increased from 2016 £ 48 pg/mL to 4043 £ 396 pg/mL at 6 hours and from
1939 + 235 pg/mL to 4872 £+ 642 pg/mL at 24 hours. After treatment with HC030031
or HC067047, values decreased to 3299 + 1748 pg/mL and 1792 + 240 pg/mL (6 h)
and 2226 + 338 pg/mL and 2001 £ 159 pg/mL (24 h) (Figure 4 B). IL-13 followed a
similar trend, rising from 2521 + 159 pg/mL (Veh) to 4147 + 280 pg/mL (Veh,) at 6
hours and from 2581 + 139 pg/mL to 3687 + 141 pg/mL at 24 hours, with reductions to
2734 + 114 pg/mL and 2697 + 242 pg/mL (6 h) and 2497 + 138 pg/mL and 2631 + 185
pg/mL (24 h) after antagonists (Figure 4 C). IL-10 did not increase 6 hours after LPS
administration but increased from 915 + 84 pg/mL to 1379 + 93 pg/mL (24 h); The
reductions observed after administration of the antagonists were modest, occurring
only with the HC067047), which caused a reduction of 930 + 48. In contrast, the
antagonist HC030031 did not show a statistically significant effect (Figure 4 D).

IL-17 increased from 104 £ 15 pg/mL to 283 + 20 pg/mL at 6 hours and from
130 + 11 pg/mL to 242 + 40 pg/mL at 24 hours, with reductions to 145 £ 21 pg/mL and
115 £ 18 pg/mL (6 h) and 107 £ 2 pg/mL and 133 + 19 pg/mL (24 h) after antagonists
(HC030031 and HC067047, respectively) (Figure 4 E). IL-23 enhances from 131 £ 7
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pg/mL to 389 + 25 pg/mL (6 h) and from 128 £ 17 pg/mL to 279 + 38 pg/mL (24 h), and
treatment with antagonists (HC030031 and HCO067047, respectively) values
decreased to 86 * 28 pg/mL and 141 £ 45 pg/mL (6 h) and 101 £ 24 pg/mL and 128 +
36 pg/mL (24 h) (Figure 4 F). While IFN-y levels rose significantly from 2161 + 395
pg/mL (Veh) to 7141 + 724 pg/mL (Veh,) at 6 hours and from 2386 + 306 pg/mL to
6617+ 1003 pg/mL at 24 hours, decreasing to 3975 + 719 pg/mL and 4502 + 834 pg/mL
(6 h) and 2820 + 103 pg/mL and 2300 = 249 pg/mL (24 h) after antagonist treatment
(Figure 4 G).

>
w
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6 HOURS 24 HOURS
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T
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TRPV4 expression levels

TRPA1 expression levels

Fig. 3 TRPA1 and TRPV4 antagonists reduce upregulation of TRPA1 and TRPV4
expression in LPS-induced ALI. (A,B) Relative expression levels of TRPA1 and TRPV4
in lung tissue measured at 6 and 24 hours after intratracheal administration of LPS (5
mg/kg), with or without pretreatment using the TRPA1 antagonist HC030031 (100
mg/kg, i.p.) or the TRPV4 antagonist HC067047 (10 mg/kg, i.p.). (C,D) Representative
immunohistochemical images showing TRPA1 and TRPV4 expression in lung sections
from mice with LPS-induced ALI. Both antagonists significantly reduced the LPS-
induced increase in receptor expression. Data is presented as mean £ SEM (n = 6 per
group). *P < 0.05 vs. vehicle control (Veh); #P < 0.05 vs. LPS group (Veh;), analyzed
by one-way ANOVA followed by Student—Newman—Keuls post hoc test.
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Fig. 4 TRPA1 and TRPV4 antagonists reduce proinflammatory cytokine levels in BALF
after LPS-induced ALI. Levels of inflammatory cytokines were measured in BALF at 6
and 24 hours after intratracheal LPS (5 mg/kg) administration, with or without
pretreatment using the TRPA1 antagonist HC030031 (100 mg/kg, i.p.) or the TRPV4
antagonist HC067047 (10 mg/kg, i.p.). (A) TNF-a, (B) IL-6, (C) IL-1B, (D) IL-10, (E) IL-
17, (F) IL-23, and (G) IFN-y levels. LPS administration significantly increased the levels
of all measured cytokines. Pretreatment with TRPA1 or TRPV4 antagonists markedly
reduced the LPS-induced increase in both proinflammatory (e.g., TNF-a, IL-6, IL-1j3,
IL-17, IL-23, IFN-y) and anti-inflammatory (IL-10) cytokines in BALF. Data is presented
as mean £ SEM (n = 6 per group). *P < 0.05 vs. vehicle control (Veh); #P < 0.05 vs.
LPS-treated group (Veh,), analyzed by one-way ANOVA followed by Student—
Newman—Keuls post hoc test.

3.4 Involvement of B1 and B2receptors in the expression of TRPA1 and TRPV4
receptors in LPS-induced ALI in mice

The results depicted in Figure 5 demonstrated a significant increase in the
relative expression of TRPA1 and TRPV4 at 6 and 24 hours after LPS treatment.
However, pretreatment with DALBK (50 nmol/kg, i.p.) completely abolished this

increased. In addition, the expression of TRPA1 receptors was significantly reduced to
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246 £ 0.30 in 6 hours and 1.83 + 0.32 at 24 hours in DALBK-treated animals,
compared to vehicle-treated animals, which showed values of 5.54 + 0.70 and 4.20 +
0.52, respectively (Figures 5A and 5B). Similarly, the TRPV4 expression was also
significantly reduced by DALBK, with values of 1.97 + 0.33 at 6 hours and 2.47 + 0.45
at 24 hours, compared to the vehicle group, which showed 5.86 £ 0.72 and 6.26 + 0.31,
respectively (Figures 5C and 5D).

Similarly, pretreatment with the B2 receptor antagonist (HOE140, 10 nmol/kg,
i.p.) also abolished the elevated expression of TRPA1 (Figure 6A,B), and TRPV4
channels (Figure 6C,D), 6 (relative expression TRPA1: 1.86 + 0.32, TRPV4: 2.90 +
0.24) and 24 hours after treatment with LPS (relative expression TRPA1: 1.88 £ 0.36,
TRPV4: 2.81 + 0.58, respectively), when compared to the treated vehicle group (6
hours: TRPA 1: 5.30 + 0.45, TRPV4: 6.22 + 0.71; and 24 hours TRPA 1: 5.30 + 0.45,
TRPV4: 5.34 + 0.69).
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Fig. 5 B: receptor antagonism with DALBK reduces TRPA1 and TRPV4 expression in
LPS-induced ALI. (A,B) Quantification and representative immunohistochemistry
images of TRPA1 expression levels in lung tissue at 6 and 24 hours after intratracheal
LPS (5 mg/kg) administration, with or without pretreatment with the B: receptor
antagonist DALBK (50 nmol/kg, i.p.). (C,D) Quantification and representative
immunohistochemistry images of TRPV4 expression in lung tissue at corresponding
time points following the same treatments. Pretreatment with DALBK significantly
reduced the LPS-induced upregulation of both TRPA1 and TRPV4 in lung tissue. Data
is presented as mean + SEM (n = 6 per group). *P < 0.05 vs. vehicle control (Veh); #P
< 0.05 vs. LPS-treated group (Veh;), analyzed by one-way ANOVA followed by
Student—Newman—Keuls post hoc test.
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Fig. 6 B2 receptor antagonism with HOE-140 reduces TRPA1 and TRPV4 expression
in LPS-induced ALI. (A,B) Quantification and representative immunohistochemistry
images of TRPA1 expression levels in lung tissue at 6 and 24 hours after intratracheal
LPS (5 mg/kg) administration, with or without pretreatment with the B: receptor
antagonist HOE-140 (10 nmol/kg, i.p.). (C,D) Quantification and representative
immunohistochemistry images of TRPV4 expression at corresponding time points
following the same treatments. Pretreatment with HOE-140 significantly reduced the
LPS-induced upregulation of both TRPA1 and TRPV4 in lung tissue. Data is presented
as mean £ SEM (n = 6 per group). *P < 0.05 vs. vehicle control (Veh); #P < 0.05 vs.
LPS-treated group (Veh,;), analyzed by one-way ANOVA followed by Student—
Newman—Keuls post hoc test.

4. Discussion

Our results reinforce the concept that modulation of TRPA1 and TRPV4
channels exerts significant protective effects in ALI, expanding current understanding
of their role in pulmonary inflammation. Although a previous study from our group
established a functional link between bradykinin receptors and TRPV1 in LPS-induced
ALlI, the current results demonstrate that TRPA1 and TRPV4 are also modulated by
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the same system. This extends the reach of bradykinin signaling to other TRP channels
involved in this condition.

In the current study, we observed that pharmacological inhibition of TRPA1 and
TRPV4 led to a significant reduction in classic markers of lung inflammation, including
epithelial barrier disruption, alveolar septal thickening, edema, cellular infiltrate, and
collagen deposition (Matthay et al., 2011). TRPV4 has been extensively implicated in
endothelial permeability (Alvarez et al., 2006), alveolar epithelial cell disruption
(Scheraga et al.,, 2020), pulmonary edema formation (Thorneloe et al., 2012),
macrophage phagocytosis (Hamanaka et al., 2010), modulation of cytokine secretion
(Dalsgaard et al., 2016), and pulmonary inflammation (Balakrishna et al., 2014;
Scheraga et al., 2016).

In our model, TRPV4 inhibition resulted in a reduction of the lung W/D ratio,
supporting its role in promoting vascular permeability. Interestingly, TRPA1 has been
implicated in epithelial barrier dysfunction through mechanisms involving neurogenic
inflammation (Andre et al., 2008), oxidative stress pathways (Ko et al., 2020), and the
release of inflammatory mediators (Lin et al., 2015). These processes contribute to
edema formation and airway inflammation (Gouin et al., 2017; Weng et al., 2024),
reinforcing the relevance of TRPA1 in the pathophysiology of lung injury.

In parallel, both channels have been associated with fibroblast activation and
tissue remodeling. TRPA1 regulates calcium influx essential for the release of pro-
fibrotic cytokines such as TGF-3, which promotes extracellular matrix production and
fibroblast activation (Yang et al., 2024). Meanwhile, TRPV4 senses increased tissue
stiffness, triggering mechanosensitive pathways that sustain the myofibroblast
phenotype (Adapala et al., 2021; Rahaman et al., 2014), suggesting that they may act
in concert to amplify lung injury and fibrotic progression (Ratnasingham et al., 2025).
These overlapping mechanisms may help explain the observed attenuation of both
edema and collagen deposition after blocking either channel.

In addition, we observed a marked reduction in both TRPA1 and TRPV4
expression levels and in the release of pro-inflammatory cytokines such as IL-18, IFN-
Y, IL-6, IL-17, IL-23, TNF-a, suggesting that TRP modulation may contribute to the
overall anti-inflammatory effect. These findings highlight the anti-inflammatory
potential of TRPA1 and TRPV4 antagonism in ALl and raise the possibility of
therapeutic relevance in chronic lung diseases such as COPD and pulmonary fibrosis,

where persistent inflammation and tissue remodeling are hallmarks.
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Thus, the reduction in TRP channel expression and cytokine release suggested
that blockade of these pathways may interrupt an inflammatory amplification loop in
the lung. Although we did not assess direct or synergistic interaction between TRPA1,
TRPV4, and TRPV1, the overlapping anti-inflammatory effects observed with inhibition
of each support the idea of convergent or complementary roles. Notably, functional
interactions between bradykinin receptors and TRP channels, such as TRPA1 and
TRPV1, have been described in the lung, particularly in models of inflammation and
airway hyperresponsiveness, in which bradykinin-induced activation of these channels
contributes to neurogenic inflammation, increased vascular permeability, and
bronchoconstriction (Al-Shalam and El-Hashim, 2019; Amorim et al., 2021; Bandell et
al., 2004; de Oliveira et al., 2016; de Oliveira et al., 2024; Jentsch et al., 2020).
However, these interactions remain unexplored in the context of ALI or ARDS. Future
studies should evaluate whether B1 or B2 receptors physically or functionally interact
with- TRPA1 and TRPV4 in Ilung inflammation, for example, through
coimmunoprecipitation, proximity ligation assays, or colocalization approaches.

Previous studies have demonstrated coexpression of these channels in sensory
neurons and lung cells, raising the possibility of functional cooperation (Al-Shalam and
El-Hashim, 2019; Bessac and Jordt, 2008). Cross signaling could occur through
shared intracellular cascades involving calcium influx, kinase activation, or
transcription of inflammatory mediators (Bessac and Jordt, 2008). Supporting this,
TRPV1 and TRPV4 have been shown to form heteromeric complexes in vascular
endothelium, while TRPA1 and TRPV1 display calcium-dependent synergism in
pulmonary neurons (Lee et al., 2015). Together, these findings suggest that TRP
channels may operate as an integrated pro-inflammatory network.

Another fundamental aspect of this study is the demonstration that the
inflammatory effects mediated by TRPA1 and TRPV4 are modulated by signaling via
bradykinin B1and B2 receptors. Here, we also found that these receptors, B1 and Bz,
exert an indirect modulatory role on TRPA1 and TRPV4 channels during LPS-induced
ALL

The significant reduction in the expression of both TRP channels after treatment
with the specific antagonists DALBK (B1) and HOE140 (B2) suggests a functional
interaction between these signaling pathways, indicating that bradykinin receptor
activation may promote TRPA1 and TRPV4 activation or expression in an inflammatory

context.
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Studies have shown that TRPA1 antagonists were able to inhibit the cough
response induced by BK in guinea pigs, indicating that TRPA1 directly mediates some
sensory responses to BK (Grace et al., 2012). Additionally, the activation of the TRPV4
channel can be potentiated by BK in HEK293 cells (Fan et al., 2009), and BK sensitizes
TRPV4 to induce mechanical hyperalgesia in murine models (Costa et al., 2018),
suggesting a mechanism by which BK amplifies the TRPV4 response to mechanical
stimuli. Complementing these findings, TRPA1 and TRPV4, via a mechanism
dependent on B2 receptor activation, are involved as common effectors in plasma
extravasation and bronchoconstriction induced by captopril (de Oliveira et al., 2024).

Together, these data indicate that bradykinin-mediated signaling is
fundamental for the activation and sensitization of pro-inflammatory TRP channels,
such that inhibition of bradykinin signaling attenuates the inflammatory cascade,
possibly by preventing the activation of upstream pathways that would lead to the
induction of TRP channels and amplification of the pulmonary inflammatory response.

This hypothesis is based on our findings suggesting that bradykinin receptors
modulate multiple TRP channels, each contributing to the pathogenesis of ALI through
distinct but complementary mechanisms. Although the functional interaction between
TRPA1 and TRPV4 was not directly assessed in this study, their similar modulation by
bradykinin receptor antagonists supports the hypothesis that bradykinin signaling
contributes to their activation during lung inflammation (Figure 7).

A limitation of this study is that although our data demonstrate that TRPA1 and
TRPV4 are modulated by B1/B2 receptors in the ALI model, no experiments were
performed to directly assess the physical or functional interaction between these TRP
channels. Although our results suggest a possible interaction between the bradykinin
receptors and TRP channels, the existence of a coordinated signaling axis remains to
be clarified. Further studies are needed to determine its functional relevance in the

context of ALI.
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Fig. 7 Schematic representation of the involvement of bradykinin receptors (B1 and B2)
and TRP channels (TRPV1, TRPA1, and TRPV4) in the pathophysiology of LPS-
induced ALl in mice. (1) Intratracheal instillation of LPS triggers a pulmonary
inflammatory response. (2) This response involves both the direct activation of B1 and
B2 receptors and TRPV1, TRPA1, and TRPV4 channels, as well as the indirect
activation of TRP channels mediated by bradykinin B1/B2 receptors, modulating
inflammatory processes and endothelial permeability. TRP channel modulation by
bradykinin receptors occurs when bradykinin (BK) binds to B1/B2 receptors, activating
phospholipase C (PLC) and promoting the hydrolysis of phosphatidylinositol
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bisphosphate (PIP2) into inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3
induces Ca?* release from the endoplasmic reticulum, increasing intracellular Ca?*
concentration. This increase activates protein kinase C (PKC), which phosphorylates
TRPV1, TRPA1 and TRPV4 channels, and also stimulates adenylyl cyclase (AC),
elevating cAMP levels and activating protein kinase A (PKA), which phosphorylates
TRP (TRPV1, TRPA1 and TRPV4). DAG is converted into arachidonic acid (AA), a
precursor of inflammatory mediators such as prostaglandins (PG), thromboxanes (TX),
and leukotrienes (LT), which also activate TRPV1, TRPA1 and TRPV4. Crosstalk and
physical interactions between TRP channels further increase Ca?* influx, enhancing
cytokine and neuropeptide production. This mechanism generates a self-sustaining
inflammatory cycle, potentially upregulating TRP channel expression and amplifying
the inflammatory response. Pharmacological blockade of these targets with specific
antagonists (indicated by “X”) highlights their contribution to inflammation. (3)
Activation of these pathways results in pulmonary inflammation, edema, collagen
deposition, and impaired gas exchange. (4) Collectively, these events lead to ALI
development, while pharmacological inhibition of these mediators attenuates
inflammation and reduces the severity of lung injury (Duitama et al., 2022; Lee et al.,
2015).
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4. CONCLUSAO FINAL

A SDRA é uma condi¢cado grave e multifatorial, caracterizada por inflamacao
pulmonar difusa, aumento da permeabilidade da barreira alveolo-capilar, acumulo de
liguido no espago alveolar e comprometimento severo das trocas gasosas.
Clinicamente, a SDRA esta associada a elevadas taxas de mortalidade e morbidade,
sendo frequentemente desencadeada por sepse, trauma, pneumonia ou aspiragao de
conteudo gastrico. Sua fisiopatologia envolve uma complexa rede de mediadores
inflamatdrios, células imunes e vias de sinalizacdo que atuam de forma coordenada
na lesdo e disfungédo pulmonar, progredindo por fases inflamatdrias, proliferativas e
fibréticas.

Apesar dos avangos no suporte ventilatério e cuidados intensivos, ndo existem
terapias farmacoldgicas especificas capazes de modificar significativamente o curso
da SDRA, o que torna o desenvolvimento de novas estratégias terapéuticas uma
necessidade urgente. Assim, compreender os mecanismos moleculares que regulam
a resposta inflamatéria e a progressdao da lesdo pulmonar é fundamental para
identificar alvos terapéuticos inovadores.

Neste contexto, a sinalizagdo mediada pelos receptores de bradicinina B1 e B2
emerge como um elemento central no desencadeamento e na manutengédo dessa
resposta. A ativacdo desses receptores metabotropicos ocorre em resposta ao
aumento dos niveis de bradicinina durante o processo inflamatério, promovendo uma
série de eventos intracelulares que culminam na sensibilizagédo e ativagao dos canais
TRP, especialmente TRPV1, TRPA1 e TRPV4, expressos em neurbnios sensoriais e
células pulmonares.

A ativacdo dos canais TRP resulta na entrada de ions calcio e sddio,
despolarizando as membranas celulares e desencadeando a liberagao de mediadores
pré-inflamatérios, incluindo citocinas. Esses mediadores ampliam a resposta
inflamatdria local, promovendo recrutamento de células imunes e perpetuando a
ativagdo dos receptores de bradicinina, configurando assim um ciclo de
retroalimentacdo que sustenta e exacerba a inflamagao pulmonar. Além disso, a
ativagdo dos canais TRP esta associada a neuroinflamagdo e a liberacdo de
substancias neurogénicas que contribuem para alteragbes vasculares, aumento da

permeabilidade capilar e edema alveolar.
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Os resultados desta tese demonstram que a inibigdo dos receptores B1/B2 e
dos canais TRP sao capazes de interromper esse ciclo vicioso, reduzindo a ativacao
dos canais TRP, a liberagdo de citocinas e, consequentemente, a intensidade da
resposta inflamatéria e o dano pulmonar em modelo experimental de LPA induzida
por LPS. A modulacgédo paralela dos canais TRPV1, TRPA1 e TRPV4 sugere que esses
canais atuam de maneira complementar dentro dessa rede inflamatéria fortalecendo
a hipétese de um eixo coordenado de sinalizagao.

Portanto, a sinalizagédo de bradicinina atua como um ponto de convergéncia na
ativacao de multiplos canais TRP, cuja regulagcao integrada se mostra fundamental
para a progressao da LPA. Esta compreensao abre caminhos para o desenvolvimento
de estratégias farmacoldgicas que visem o bloqueio combinado destes receptores e
canais, com o objetivo de interromper a cascata inflamatoria e melhorar os desfechos
clinicos da SDRA.

Apesar de o modelo de LPA induzido por LPS ser amplamente utilizado e aceito
como ferramenta experimental, ele ndo reproduz integralmente a complexidade e
heterogeneidade da SDRA humana, ressaltando a necessidade de estudos adicionais
com modelos complementares, como ventilagdo mecéanica, isquemia-reperfusao e
lesdo pulmonar induzida por acido, capazes de reproduzir diferentes aspectos da
fisiopatologia humana.

Futuras abordagens experimentais que explorem a administragdo combinada
de antagonistas de canais TRP e bloqueadores de receptores B1/B2, associadas a
métodos quantitativos como a analise isobolografica, poderdo elucidar de forma
precisa o potencial aditivo ou sinérgico dessas estratégias. A validagdo dessa
interacdo em modelos pré-clinicos mais complexos podera fortalecer a aplicabilidade
translacional e abrir caminho para o desenvolvimento de terapias inovadoras
direcionadas a modulacao da resposta inflamatdria pulmonar.

Em sintese, os achados desta tese indicam que a sinalizagdo mediada por
bradicinina constitui um ponto-chave na ativagao e sensibilizagdo de canais TRP pro-
inflamatdrios e que sua modulagao representa uma via estratégica e inovadora para
conter a progressao da LPA e, potencialmente, da SDRA. A compreensdo mais
aprofundada dessa rede de sinalizacao podera, no futuro, contribuir para a formulacao
de terapias direcionadas capazes de reduzir a mortalidade e melhorar o progndstico

de pacientes acometidos por essa grave sindrome.
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