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RESUMO

A doenca intersticial pulmonar (DIP) engloba um grupo heterogéneo de doencas
fibrosantes que causam cicatrizes pulmonares apos lesdes de causas conhecidas ou
desconhecidas. A fibrose pulmonar idiopética (FPI) é a variante mais comum de DIP
e, devido ao carater progressivo e cronico, possui alta morbidade e mortalidade em
todo o mundo. As limitacdes terapéuticas agravam o progndstico do paciente, o qual
possui uma sobrevida média de apenas 3 anos apés o diagndstico. Apesar do
mecanismo patogénico da FPI ainda n&o estar totalmente elucidado, o significativo
declinio na funcédo pulmonar é a principal caracteristica responsavel pelo prejuizo
funcional e impacta diretamente na qualidade de vida do paciente. Atualmente, os dois
unicos medicamentos aprovados mundialmente para controlar os sintomas da FPI ndo
sdo distribuidos no sistema unico de saude (SUS) devido a auséncia de evidéncias
robustas que justifigjuem o alto investimento. Dessa forma, compreender a
fisiopatologia da FPI pode auxiliar a identificacdo de novas opc¢des terapéuticas. Nesse
contexto, por ser um modulador essencial da homeostase tecidual, o sistema renina
angiotensina (SRA) deve ser explorado como um sistema ativo também nestadoenca.
Evidéncias consistentes mostram o papel do eixo classico do SRA napatogénese da
doenca. Entretanto, nosso grupo mostrou, pela primeira vez, que a alamandina (ALA),
um importante peptideo contrarregulatério do SRA esta reduzido 365% no plasma de
pacientes com FPI, enquanto os peptideos do eixo classico estavam similares aos
controles. Esse achado demonstrou a importancia do equilibrioentre os eixos do SRA
na FPI e permitiu a hip6tese de que a administracdo exdégena de ALA pode, a0 menos
em parte, proteger da fibrose pulmonar (FP) e representar umapromissora alternativa
terapéutica futura. Portanto, o objetivo desse estudo foi avaliaro potencial preventivo
da ALA no desenvolvimento da FP experimental induzida por bleomicina (BLM). Para
isso, 40 ratos Wistar foram divididos aleatoriamente em 4 grupos: CO (saudaveis), ALA
(saudaveis e tratados com alamandina), BLM (fibréticos) e BLM+ALA (fibréticos e
tratados com alamandina). Nos animais que receberam BLM,houve uma correlacéo
positiva entre a pontuacdo de Ashcroft, que indica o grau de fibrose pulmonar, e a
elastancia do sistema respiratério. A administracdo de ALA atenuou o
desenvolvimento da fibrose, reduziu a elastancia pulmonar e preservou o ganho de
peso em animais fibréticos sem afetar o controle autonédmico da presséo arterial e
frequéncia cardiaca. Nossos dados representam um importante avanco nasterapias
antifibréticas e, provavelmente, também para as sequelas fibréticas daCOVID-19.

Palavras-chave:
Fibrose pulmonar; alamandina; bleomicina; sistema renina angiotensina; modelo
animal.



ABSTRACT

Interstitial lung disease (ILD) comprises a heterogeneous group of fibrous diseases
that cause lung scarring after lesions of known or unknown causes. Idiopathic
pulmonary fibrosis (IPF) is the most common variant of ILD and, due to its
progressive and chronic character, has high morbidity and mortality worldwide.
Therapeutic limitations worsen the prognosis of the patient, who has an average
survival of only 3 years after diagnosis. Although the pathogenic mechanism of IPF
is not yet fully elucidated, the significant decline in lung function is the main
characteristic responsible for functional damage and impacts directly on the quality
of life of the patient. Currently, the only two drugs approved worldwide to control IPF
symptoms are not distributed in the Brazil's Unified Health System due to the
absence of robust evidence to justify the high investment. Thus, understanding the
pathophysiology of IPF can help to identify new therapeutic options. In this context,
as it is an essential modulator of tissue homeostasis, the renin angiotensin system
(RAS) should be explored as an active system also in this dis Consistent evidence
shows the role of the classical axis of RAS in the pathogenesis of this disease.
However, our group showed for the first time that alamandine (ALA), an important
counter-regulatory peptide of RAS, is reduced by 365% in plasma of patients with
IPF, while the classical axis peptides were similar to controls. This finding
demonstrated the importance of balance between the axes of RAS in FPI and
allowed one to hypothesize that exogenous administration of ALA may, at least in
part, protect from pulmonary fibrosis (PF) and represent a promising future
therapeutic alternative. Therefore, the objective of this study was to evaluate the
preventive potential of ALA in the development of bleomycin (BLM)-induced
experimental FP. For this, 40 Wistar rats were randomly divided into 4 groups: CO
(healthy), ALA (healthy and treated with alamandine), BLM (fibrotic) and BLM+ALA
(fibrotic and treated with alamandine). In the animals that received BLM, there was
a positive correlation between Ashcroft score, which indicates the degree of PF, and
the elastance of the respiratory system. ALA administration attenuated the
development of fibrosis, reduced pulmonary elastance, and preserved weight gain
in fibrotic animals without affecting autonomic blood pressure and heart rate control.
Our data represent an important advance in antifibrotic therapies for several causes,
including for the sequelae of COVID-19.

Keywords: Pulmonary fibrosis; alamandine; bleomycin; angiotensin renin system;
animal model.



INTRODUCAO

1. REPARO TECIDUAL E O PROCESSO FIBROGENICO

1.1  Processo de cicatrizacao

Uma vez que os seres humanos estdo em constante exposicao a lesdes, sejam
elas acidentais, por doenca ou intervencao cirargica, o reparo tecidual € um processo
crucial para a sobrevivéncia.! Nesse contexto, para compreender os mecanismos de
resposta aos danos celulares e desenvolver abordagens terapéuticas, € fundamental
entender como o tecido responde fisiologicamente aos insultos.

A cicatrizacdo € um fenbmeno complexo, com alta demanda metabdlica e
intensa atividade celular. Ele é caracterizado por processos controlados que resultam
na substituicdo do tecido lesado por células regeneradas e/ou cicatriciais. Portanto, o
processo inflamatério pode ser resolutivo, com a proliferacdo de células do mesmo
tipo, ou, como na maioria dos casos, envolver algum grau de comprometimento
funcional pela deposi¢édo de tecido conjuntivo em substituicdo ao parenquimatoso,
fase conhecida como fibroplasia ou fibrose.??3

Conforme bem descrito na revisdo de Wang et al. (2018)%, a cicatrizagédo pode
ser dividida, didaticamente, em 3 fases sobrepostas: hemostasia/inflamacao,
proliferacdo e remodelacdo. Resumidamente, apos as alteracfes vasculares, visando
a reducdo do extravasamento sanguineo, e processos inflamatérios para evitar
infeccédo, a fase proliferativa é a responsavel efetivamente pelo inicio da formacéo do
novo tecido.

Quando o tecido formado é o substitutivo, ou seja, tecido conjuntivo, ele é
composto por colageno e outros componentes da matriz extracelular (MEC),
possuindo alta capacidade de contracdo e sendo responséavel, portanto, pelo
fechamento da ferida. Muitas citocinas e fatores de crescimento participam dessa fase,
como, por exemplo, a familia do fator de crescimento transformador-B (TGF-B), a
interleucina 6 e a interleucina 8.

Em resposta ao TGF-f3, fibroblastos sao ativados, ocorrendo uma intensa
proliferacdo e diferenciacdo em miofibroblastos que, por definicdo, sédo células que
expressam proteinas do musculo liso, como a-actina, e sdo responsaveis pela
retracdo do tecido. Essa fase de estabelecimento da fibrose pode ser observada em

torno do 7° dia apds a injuria tecidual.* 10



A Ultima etapa da cicatrizacéo é caracterizada pelo equilibrio entre a apoptose
das células miofibroblasticas e a producédo de novas células para formar propriamente
a cicatriz. Nessa fase, também ocorre a degradacao gradual da MEC e a formacao de
coladgeno tipo | maduro, passos criticos para o sucesso do reparo. Portanto, qualquer
anormalidade nessa etapa pode resultar em cicatrizacdo excessiva e cronica.* Além
disso, disturbios na deposi¢cdo de MEC também podem estar associados a presenca
persistente de um insulto, sustentando a producdo de citocinas e fatores de

crescimento.3

1.2  Mecanismo fibrogénico

Conforme descrito anteriormente, embora benéfica ao organismo, a fibrose
pode se tornar patogénica quando estimulada de forma inadequada. Essa
remodelacdo permanente e progressiva da arquitetura tecidual resulta em disfuncéo
e/ou faléncia do 6rgdo. Na fibrose patologica, os miofibroblastos permanecem no
tecido e sdo responsaveis pelo aumento da sintese da MEC e pelo aumento da
elasticidade do tecido.®

Dados da literatura demonstram que, com a idade, aumenta a possibilidade de
uma cicatrizagcao anormal e pode ocorrer, com maior prevaléncia em tecidos expostos
constantemente a agentes quimicos, como medicamentos, e/ou agentes biolbgicos,
como os virus.®” Dessa forma, os pulmdes, pele e trato digestivo sdo considerados os
6rgaos mais suscetiveis.*8

Assim como na cicatrizagéo, os processos moleculares que conduzem a fibrose
envolvem muitos tipos celulares e mediadores inflamatérios. Rockey et al. (2015)2
propuseram quatro fases fibrogénicas principais: lesdo primaria, ativacdo de células
efetoras, deposicao excessiva da MEC e faléncia do 6rgao (figura 1). Para os autores,
o insulto celular inicial e posterior ativagéo de células inflamatodrias resulta em um
mecanismo autocrino, com feedback positivo para producéo de proteinas da MEC e
recrutamento de mais células efetoras como fibroblastos, fibrocitos e miofibroblastos.

A distorcao da arquitetura e a contracdo do tecido promovem a patogénese da

doenca fibrética e, como consequéncia, a faléncia do 6rgao. Aléem disso, Chappell e
Zayadneh (2017)° apontam que, somando a estimulacéo das vias fibréticas, a perda
das vias contrarregulatdrias pode contribuir para o agravamento do processo.

11
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Figura 1: Injaria celular e fibrogénese. (Traduzida de Rockey et al., 2015)8

Dentre os mediadores inflamatérios envolvidos na fibrogénese, o TGF-8
desempenha um papel amplo e fundamental. Os processos celulares regulados por
essa molécula estdo implicados no remodelamento do tecido e envolvem a super-
expressao de células epiteliais e ativacao e diferenciacéo de fibroblastos. Todas essas
acOes ocorrem pela sinalizacdo classica das proteinas SMADs e modulacdo da
expressdo de diferentes genes-alvo.® Portanto o TGF-B, sintetizado pelas células
inflamatérias e efetoras, pode ser considerado um mediador chave do
estabelecimento da fibrose, tanto por vias autdcrinas quanto paracrinas.®

O declinio funcional dos 6rgdos acometidos faz com que as doencas fibréticas

12



tenham altas taxas de morbidade e mortalidade®. Mesmo com os avangos e inimeros
estudos pré-clinicos, ndo se tem disponivel nenhuma terapia eficaz que atendam as
necessidades clinicas e, portanto, a fibrose impacta substancialmente a qualidade de
vida do paciente e os sistemas de salde.® Nesse contexto, investigar alternativas
terapéuticas que proporcionem um ambiente ideal para que o reparo ocorra de forma

controlada e sem estimulos excessivos pode ser promissor.

2. DOENCA INTERSTICIAL PULMONAR

O tecido pulmonar é composto por células epiteliais chamadas pneumacitos,
vasos sanguineos e espaco intersticial também conhecido MEC. Os alvéolos podem
ser revestidos por pneumocitos tipo | (Pl), células pavimentosas que formam a
interface adequada para as trocas gasosas e pneumacitos tipo Il (PIl), células cubicas
responsaveis pela producédo do surfactante. Além dos pneumdcitos, a presenca de
macréfagos e fibroblastos no tecido pulmonar é bem descrita na literatura.'! Outra
importante funcdo dos PIlI estad associada a alta capacidade proliferativa dessas
células, sendo, portanto, a fonte celular para o reparo de les6es, como as observadas
na doenca intersticial pulmonar (DIP).1?

DIP é a abreviatura de um termo abrangente utilizado para descrever um grupo
heterogéneo de mais de 200 doencas que causam inflamacéo e/ou fibrose nos
pulmdes e possuem achados radiol6gicos, patoldgicos e clinicos comuns. A etiologia
da DIP esta associada ao processo anormal de reparacdo ap0s uma lesdo nos
pulmdes. Apesar de existirem variacdes entre essas doencas, o acumulo de tecido
cicatricial colagenoso, comum em todas elas, causa espessamento do intersticio e
rigidez pulmonar (figura 2).13-15 Essa cicatriz afeta a capacidade respiratéria dos
pacientes e dificulta a obteng&o de oxigénio suficiente para a perfusado tecidual e, por

isso, ainda é um grande desafio para os pneumologistas.*®

13
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Figura 2: Representacao do comprometimento respiratorio na DIP
(Traduzida de Martinez et al., 2017)16

Os primeiros sinais clinicos da DIP séo inespecificos, como por exemplo, tosse,
dispneia, fadiga e perda de peso, prejudicando o diagndstico precoce. Desses, a
dispneia € o mais comum e, inicialmente, manifesta-se apenas diante de esforcos
fisicos e, com a progressao da doenca, ocorre até mesmo em repouso. Com 0 avancgo
da doenca, os pacientes também podem apresentar taquipneia e taquicardia.’
Geralmente, quando os sintomas sao perceptiveis, os danos pulmonares ja estdo em
um estado avancando, necessitando acompanhamento médico imediato.

Apesar de desafiador, o diagnostico é fundamental para o adequado manejo
dos pacientes. Para isso, uma anamnese detalhada, bidpsia e exames de imagem sao
essenciais. Dentre 0s exames, destaca-se a importancia da tomografia
computadorizada de alta resolucdo (TCAR) devido a visualizacdo clara das
anormalidades estruturais, permitindo o diagnéstico antes mesmo do aparecimento
das alteracdes funcionais.3’

Em termos gerais, as DIPs podem ser (a) pneumonias intersticiais idiopaticas,
ou seja, de causa ndo identificada ou (b) secundarias a uma causa conhecida.'® Dessa
maneira, a classificacdo correta da DIP requer uma abordagem precisa e
multidisciplinar para a exclusdo de todas as possiveis causas.!® Entre elas, encontram-
se exposicdes ocupacionais ou ambientais, como asbestose?°, doencas sistémicas,
como esclerose?! e COVID-192324, ou resultantes da toxicidade de medicamentos,
como a bleomicina??. Embora algumas causas possam ser identificadas, a variante
mais comum de DIP é a idiopatica'®, sendo a fibrose pulmonar idiopatica (FPI) a sua

principal forma.®
14



3. FIBROSE PULMONAR IDIOPATICA

3.1 Conceito e patogénese

7

A FPI é caracterizada por diferentes graus de ativacdo de fibroblastos,
deposicao excessiva de colageno na MEC, espessamento das paredes alveolares e
distorcdo da arquitetura pulmonar e alveolar. Esse conjunto de alteracdes teciduais
implica diretamente na funcéo respiratdria, comprometendo a capacidade funcional e
exercendo um consideravel efeito negativo na qualidade de vida dos pacientes.®

Assim como em outros 6rgaos, a FPI se desenvolve em resposta a lesédo
persistente. Porém, diferentemente do observado nas demais DIPs, a biopsia de
pacientes com FPI mostra uma inflamacao discreta, sugerindo que ela nédo tenha
participacéo direta no processo.?®

Inicialmente, acreditava-se que a FPI era resultante de um processo
inflamatorio exacerbado e reparo ineficiente. Entretanto, durante as ultimas décadas,
essa teoria tornou-se menos aceita. Um dos motivos é a auséncia de beneficios
clinicos com o uso de anti-inflamatorios, tdo pouco a melhora no prognéstico dos
pacientes.?6:27

Os eventos iniciais da FPI ainda sdo mal compreendidos, mas a hipotese mais
aceita atualmente é a exposi¢éo de individuos geneticamente suscetiveis a doenca.'®
Sendo assim, a resposta epigenética envolvida no desenvolvimento da FPI € uma
hipotese cada vez mais aceita. Além disso, fatores como tabagismo e alguns agentes
infecciosos, como virus da hepatite C, também estdo sendo associados ao padrédo
histolégico e clinico da FPI, porém ainda sem evidéncia comprovada de relacdo
causal.?®

Resumidamente, a FPI pode ser considerada uma doenga multifatorial na qual
estimulos ambientais ativam fatores enddgenos, resultando em um processo de
reparo celular desordenado.® A proliferacdo de fibroblastos e miofibroblastos, em
dltima instancia, leva a insuficiéncia respiratéria.®° Nesse contexto, alguns autores
sustentam a ideia de que a denominacdo “idiopatica” esta cada dia menos
adequada.?’?° Didaticamente, é possivel explicar a patogénese da FPI em fases,

conforme visualizado na figura 3.
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Uma vez iniciada o estabelecimento da fibrose, até 0 momento, ndo existe
alternativa de reversao do processo, tendo a doenca um curso gradual ou rapido, mas
sempre com declinio inevitavel na funcdo do 6rgdo que, muitas vezes, leva ao 6bito.?¢
Estudos mostram que o TGF-B1, expresso pelos macréfagos e pelos PlI, esta
diretamente envolvido na progressao da FPI e, portanto, parece ser um importante
alvo terapéutico. 3!

A medida que o mecanismo de reparo avanca, a liberacéo de citocinas e fatores
de crescimento intensifica a deposicdo de MEC, demonstrando a importancia das
moléculas presentes no tecido para o desenvolvimento da FPI. Além disso, a literatura
indica que a presenca de estresse oxidativo também deve ser considerado como um
importante mecanismos para o estabelecimento da FP.[1-3]

O estresse oxidativo é uma condigdo na qual ha um desequilibrio entre a producéo
de espécies reativas ao oxigénio (EROs) e/ou espécies reativas ao nitrogénio (ERNSs) e as
defesas antioxidantes do organismo. EROs sé&o radicais livres (RL), ou compostos que
produzem RL, que interagem com componentes da célula como lipideos, proteinas e DNA,
causando lesbes altamente prejudiciais ao funcionamento celular e, muitas vezes,
irreversiveis.[4,5] Conforme muito bem destacado na revisédo de Birben et al. (2012), seres

aerobicos possuem componentes antioxidantes integrados, com ac¢des enzimaticas e nao
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enzimaticas, potencialmente eficazes em condicbes normais. No entanto, durante o
estabelecimento de doencas, como a FPIl, esses sistemas de defesa estao
sobrecarregados, contribuindo com o mecanismo patogénico.

Além da deplecdo das defesas antioxidantes, as toxinas ambientais, as
mitocondrias/INADPH oxidase das células inflamatérias e pulmonares sdo importantes
origens do estresse oxidativo na FPL.[5] Kinnula e Myllarniemi (2008)[6] destacam que tanto
em humanos quanto em modelos experimentais de FP o estado redox exerce um papel
modulador na sintese da MEC nos pulmdes, a qual esta intimamente ligada ao processo de
estabelecimento e agravamento da FP. Para os autores, além da ativacdo de citocinas
reguladores do crescimento, a sinalizacdo desencadeada pelo estresse oxidativo resulta na
fibro-proliferagdo, constituindo mais uma importante via de estabelecimento da doencga.
Além disso, diversos estudos indicam que o estresse oxidativo esté intimamente associado
também a progressao e piora no prognéstico da FPI.[1,6-9]

No entanto, € improvavel que um desequilibrio Unico seja responsavel pelas multiplas
vias afetadas durante a FPI e, por esse motivo, estudos que investiguem potenciais
mecanismos associados sdo de extrema necessidade e importancia. Nesse contexto,
componentes responsaveis pela homeostase tecidual podem ser considerados potenciais
alvos terapéuticos na FPI. Por esse motivo, investigar a participacdo dos peptideos do
sistema renina angiotensina (SRA) na fisiopatologia dessa doenca é de grande relevancia
para avancos na ciéncia e na clinica, podendo representar uma importante via de tratamento

futuramente.

3.2 Epidemiologia

A FPI é considerada a DIP com o pior progndstico e com uma mortalidade
precoce.®32 Conforme consta em Mikolasch, Garthwaite e Porter (2017)!%, a FPI é a
pneumonia intersticial idiopatica mais comum, afetando principalmente homens e com
sobrevida média de apenas 3 anos apos o diagnostico. Ainda segundo a revisao, a
FPI é um problema crescente e pode ser explicado, ao menos em parte, pelo
envelhecimento da populagéo.

Uma vez que o conceito de doenca rara é definido pela Unido Europeia como
a que afeta 5 em 100.000, uma unica doenca pode afetar até 250.000 mil pessoas.
Paises como Brasil, Russia, india e China, com 2,9 bilhdes de habitantes ao todo,

podem ter uma doenca rara em 1 milh&o de pessoas, representando desafios médicos
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para o sistema de saude.3?

Embora a FPI seja considerada uma doenca rara, a mortalidade vem
aumentando mundialmente no século XXI, alcancando entre 4-10 6bitos/100.000
habitantes em paises da Europa, América do Norte, Asia e Oceania.3* Ainda segundo
o estudo de Hutchinson et al. (2014)%4, associacdes positivas com o sexo masculino e
aumento da idade foram identificadas.

As taxas epidemioldgicas da FPI no Brasil sdo dificeis de determinar e os dados
sobre a doencga sao raros. Uma das razdes deve-se a dificuldade de diagndstico que
tem sido por exclusdo. Dessa maneira, as estimativas podem variar de acordo com 0s
critérios utilizados, podendo ser amplos ou restritos. Nesse sentido, na analise
temporal da mortalidade no Brasil, entre 1979-2014, os coeficientes de mortalidade
estdo menores aos de outros paises, podendo indicar a subnotificacdo.®> Ainda assim,

os dados de Algranti et al.(2017)%® mostram que o pais acompanha a tendéncia

mundial de sexo e idade (figura 4).
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Figura 4: Taxas de mortalidade padronizadas por 100.000 pessoas-ano, por género e faixas etarias,
1979-2014, Brasil. (Algranti et al.,2017)3°

Em relacéo a incidéncia, um estudo de estimativa supds que a incidéncia anual
de casos de FPI no Brasil esta entre 6.841 e 9.997 casos/100.000 habitantes,enquanto
sua prevaléncia varia entre 13.945 e 18.305 cas0s/100.000 habitantes.3® Damesma
forma que a mortalidade, a incidéncia também vem aumentando ao longo dosanos.
Entretanto, para Baddini-Martinez e Pereira (2015)%¢ ndo é possivel saber se esse
aumento é decorrente do maior reconhecimento da doenca, ao aumento da sobrevida
da populacéo ou a fatores ambientais.

Com a incidéncia crescente, hd um potencial para que centros especializados
figuem sobrecarregados e 0s custos tornem-se extremamente onerosos para O
sistema de saude. Portanto, estudos que visem elucidar os mecanismos envolvidos

na FPI, bem como a identificacdo de vias de tratamento sdo de extrema relevancia
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nao apenas para o paciente e seus familiares como para a saude publica e ainda para

0 setor econdmico.

3.3 Caracteristicas histoldgicas, radiolégicas e funcionais

Assim como para a classificacdo das DIPs, os exames de imagem s&o de
extrema importancia para a confirmacédo do diagnostico e determinacao da gravidade
da FPI. A TCAR de torax € o exame radiolégico padrdo para a FPI e costuma ser a
primeira investigacdo em pacientes com DIP.1® Os critérios diagnésticos observados
na TCAR envolvem o predominio de lesfes basais e/ou subpleurais, anormalidades
reticulares e faveolamento (figura 5).3237 A importancia da TCAR é tamanha que pode,

inclusive, eliminar a necessidade de procedimentos mais invasivos.'®

Figura 5: Imagem axial de TCAR do térax. (A) opacidades reticulares (seta cheia) e cistos de
faveolamento (seta vazada). (B) padréo de distribuicdo principalmente periférico e basal.
(Oliveira et al., 2018)3?

Em alguns casos, a biépsia pulmonar € necessaria para a confirmacao da DIP
clinica, mas ndo classificavel. A diretriz publicada em 2011 pelas American Thoracic
Society e European Respiratory Society (ATS/ERS)3’ fornece critérios bem
estabelecidos para o padréo histolégico conhecido como pneumonia intersticial usual
(PIU). Conforme pode ser visualizado na figura 6, o padrao PIU é caracterizado por
acumulo de colageno, presenca de focos fibroticos, alteracdes subpleurais e/ou
basilares e faveolamento com ou sem bronquiectasia de tracdo. Uma vez que as
aparéncias tipicas estdo presentes em dois tercos dos pacientes®®, a realizacédo da
biépsia nem sempre é necessaria e, portanto, a decisdo de realizar ou ndo deve ser
individualizada.
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Figura 6: Caracteristicas histoldgicas de padrédo PIU. (C) Fibrose com faveolamento e focos

fibroticos. (D) Dano alveolar difuso e espessamento das paredes alveolares. (Travis et al., 2013)18

Esse conjunto de alteracdes histologicas, inevitavelmente, alteram a funcéo do
orgado. Nesse sentido, a FPI é descrita como uma doenca respiratéria restritiva, na
gual ha reducdo dos volumes pulmonares e prejuizo na oxigenacdo do paciente,
fatores diretamente associados aos sintomas classicos da doenca.3®

A dificuldade dos pulmdes fibréticos de se expandirem durante a inspiracao €
explicada, ndo s6 pelo acumulo de colageno no parénquima pulmonar, mas também
pela diminuicdo da producdo do surfactante pelos PIl lesados. Em conjunto, essas
anormalidades funcionais representam 0 aumento da elastancia e,
consequentemente, reducéo da complacéncia pulmonar.3®

Segundo Cottin et al. (2019)!4, esses prejuizos funcionais podem ser
analisados através do parametro denominado capacidade vital forcada (CVF). Esse
parametro € avaliado pela mudanca na linha de base em mL ou também considerando
a percentagem do valor previsto.

O grau de comprometimento da funcdo respiratoria reflete diretamente a
progressdo da doenca e, nesse contexto, o declinio da CVF é um preditor bem
estabelecido de mortalidade. Além disso, devido ao aumento da forca elastica dos
pulmdes, a relacao entre o volume expiratoério forcado no primeiro segundo (VEF1) e

a CVF pode apresentar-se normal ou elevada.*%4!
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3.4 Terapéutica da fibrose pulmonar idiopatica

Apesar da crescente evolugdo na compreensdo das vias envolvidas no
desenvolvimento da FPI, as opc¢des terapéuticas ainda sdo muito limitadas e o Obito €
um desfecho clinico comum em pouco tempo apds o diagnéstico.'® Ainda assim,
conforme Cottin et al. (2019)%, a FPI é a Unica DIP com terapia ja estabelecida.

Os primeiros tratamentos para FPI incluiam protocolos com terapia combinada
de prednisona, N-acetilcisteina e Azatioprina. Porém, além de néo atingir resultados
eficientes, esses imunossupressores mostraram piorar 0 prognéstico, com aumento
do risco de hospitaliza¢des e mortalidade, fornecendo evidéncias contra o uso desse
protocolo.*?

Atualmente, a terapia basica € apenas de suporte e ndo ha medicamento que
interrompa a progressao, nem reverta a fibrose existente. De todas as substancias
investigadas até o momento, apenas 0 nintedanibe e a pirfenidona foram

recomendadas para o tratamento da FPI.*3 Embora sejam eficazes para retardar a

progressdo da doenca e reduzir a taxa de declinio da funcdo pulmonar, elas néo
modificam a alta taxa de mortalidade e possuem efeitos colaterais debilitantes, como
vomito e diarreia.16:43-4%

Essas substancias tém como alvo receptores de fatores de crescimento
essenciais na patogénese da FPI. Dessa forma, experimentos demonstraram a
efichcia em diversos processos como proliferacdo, migracdo e diferenciacdo de
fibroblastos e deposicdo de MEC.434647 Entretanto, apesar de serem considerados
seguros e com recomendacéo na diretriz de pratica clinica internacional para FPI*3,
no Brasil ele ndo esta disponivel no Sistema Unico de Satde (SUS). Conforme os
relatérios do SUS*+45, os beneficios de ambas as drogas néo justificam a distribuicdo
pelo sistema publico.

Em casos mais avancados, o transplante pulmonar é a Unica opg¢ao para
possibilitar um aumento consideravel na sobrevida de pacientes. Entretanto, no Brasil,
essa opgao é muito limitada, devido aos poucos centros médicos aptos a realizacéo
de um procedimento tdo complexo e ao baixo nimero de doadores.*®

Devido ao carater cronico da FPI, a terapia precoce pode estar diretamente
correlacionada com a eficacia terapéutica, uma vez que a arquitetura pulmonar nao
sofreu modificagdes significativas. Portanto, estudos de carater preventivo, avaliando

o papel de reguladores endégenos da homeostase tecidual, como o SRA, parece ser
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uma estratégia fundamental para a investigacdo de possiveis terapias para essa

doenca limitante.

4. SISTEMA RENINA  ANGIOTENSINA: ALEM DO CONTROLE
CARDIOVASULAR

O organismo humano é composto por diferentes e complexos sistemas que
interagem para um adequado funcionamento. Entre eles, o SRA é vital para a
sobrevivéncia. O SRA pode ser definido como uma cascata de reac¢des, envolvendo
horménios vasoativos, enzimas conversoras e receptores com fungdes essenciais na
homeostase. Classicamente, o SRA foi reconhecido como parte do sistema
cardiovascular, sendo fundamental para regular o tbnus vascular e o balanco
hidroeletrolitico.*® Portanto, jA estd bem descrito que perturbacdes no SRA podem
causar alteracdes pressoéricas e a morte.50-52

Porém, desde a sua caracterizacdo, ele vem sendo extensivamente estudado,
proporcionando a identificacdo de novos componentes, vias e locais de ativacao.
Atualmente, a presenca do SRA é descrita em tecidos como cérebro, coracdo, musculo
esquelético e tecido adiposo com importantes funcdes fisioldgicas (figura 7).53-5° Dessa
forma, € de se esperar que o desequilibrio desse sistema esteja envolvido na patogénese

de diferentes doencas como fibrose pulmonar®®57, esclerose®®, sepse® e COVID-19%.
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Figura 7: Localizagdo do SRA tecidual. (Traduzida de Bitker e Burrell, 2019)53

Com o0 avanco das pesquisas e a descoberta dos novos componentes, 0 SRA
passou a ser dividido, didaticamente, em dois eixos, para facilitar a compreensao da

cascata enzimatica, bem como os efeitos nos 6rgaos alvo.

4.1 Eixo classico

A via canonica do SRA inicia com a secrecdo da enzima renina, uma aspartil
protease, pelas células justaglomerulares localizadas na arteriola aferente renal. A
secrecdo dessa enzima pode ser estimulada por diversos fatores como a diminuicédo

do fluxo sanguineo renal e/ou de sdédio no tubulo renal distal, fortes indicativos de

reducdo da pressao arterial.6%.62 Ao ser liberada na corrente sanguinea, a renina
realiza a conversdo do peptideo angiotensinogénio, proveniente principalmente do
figado, no decapeptideo angiotensina | (Ang I).53

A Ang | é considerada um peptideo biologicamente inativo por possuir baixos
efeitos vasoativos, sendo entédo substrato para a enzima conversora de angiotensina
(ECA), presente na superficie luminal das células endoteliais. A acdo da ECA é
baseada na clivagem dos dois ultimos aminoacidos da Ang |, formando o octapeptideo
angiotensina Il (Ang Il), que possui importantes funcdes no sistema cardiovascular.?

Essa conversdo ocorre grande parte nos pequenos vasos dos pulmdes.®
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Apesar de rapidamente degradada em angiotensina Ill (Ang IlIl), IV (Ang IV) ou
1-7 [Ang-(1-7)], a Ang Il é o peptideo central desse eixo. As suas acdes podem ser
através da ligacdo com os receptores de angiotensina tipo 1 (AT1) ou tipo 2 (AT2),
pertencentes a familia de receptores acoplados a proteina G.%

As classicas funcdes cardiovasculares da Ang I, como vasoconstricao,
aumento do débito cardiaco e promocdo da sintese de aldosterona sao
desempenhadas pela liga¢do do peptideo ao receptor AT1. Por outro lado, os efeitos
da Ang Il via receptor AT2 sdo menos conhecidos. Apesar disso, todas as agdes ja
observadas sdo antagbnicas as produzidas via AT1, como, por exemplo,
vasodilatacdo, antifibrética e anti-inflamatoéria. Além disso, sabe-se também que a
expresséao tecidual do receptor AT2 esta reduzida em comparacéo a do AT1.%4 A figura

8 representa um esquema simplificado desse eixo.
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Figura 8: Visao classica do sistema renina angiotensina. (Traduzida de Hussain e Awan, 2018)%

A Ang Il também é um potente vasoconstritor desse eixo, estimulador do
apetite pelo sal e indutor da aldosterona, assim como a Ang Il. Enquanto que a Ang
IV tem efeitos presséricos opostos, aumentando o fluxo sanguineo renal e reduzindo
a reabsorcéo de sédio e agua.>?

Apesar das funcdes regulatérias bem conhecidas e importantes da Ang Il, a
maior expressao tecidual de AT1 ou o aumento plasméatico do peptideo podem resultar
no desequilibrio do sistema. Essa modulacdo do SRA causa efeitos deletérios como
vasoconstricdo, estimulacdo do sistema nervoso simpdtico, inflamagéo, apoptose,
aumento do estresse oxidativo e proliferacdo dos fibroblastos.®® Dessa forma,
inUmeras evidéncias apontam o envolvimento do SRA em condi¢gBes patologicas além
do sistema cardiovascular como nos pulmdes®’, figado® e sistema nervoso®®.

Outro importante componente da via classica é a Angiotensina A (Ang A), um
octapeptideo também com afinidade pelos receptores AT1 e AT2. Isso se deve a
semelhanca estrutural com o seu precursor Ang I, diferindo apenas no aminoéacido

alanina na posi¢cdo N-terminal e ndo aspartato. Apesar de ter maior afinidade pelo
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receptor AT2, as acdes vasoconstritoras e vasopressoras da Ang A sdo comparaveis

as da Ang 11.%7

4.2 Visao atual do SRA

Por décadas, os pesquisadores estudaram o SRA, ndo apenas para
compreender os mecanismos fisiolégicos, mas também para identificar alvos
terapéuticos. Essas investigacoes levaram a descoberta de vias alternativas que
despertaram o papel protetor do SRA em diversos tecidos.>36569.70

O SRA contrarregulador € composto de varios peptideos, receptores e enzimas.
O primeiro componente descrito foi o heptapeptideo Ang-(1-7), sintetizado em
diferentes reacdes. A primeira via observada foi a partir da Ang |, independentemente
da ECA.” Uma década apés a descoberta da Ang-(1-7), aidentificacdo da enzima
conversora de angiotensina 2 (ECA2), revelou a rota de formacéo do peptideo. Essa
enzima tem a capacidade de clivar a Ang |, formando Ang-(1-9) que, posteriormente,
podera formar Ang-(1-7) pela acéo catalitica da ECA’?ou pela endopeptidase neutra
(NEP)3. Porém, apesar da Ang | representar um precursor importante, a via mais

relevante ocorre através da acdo direta da ECA2 naAng Il (figura 9).68
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Figura 9: Vias classicas e vias protetoras do sistema renina angiotensina.
ECA, enzima conversora de angiotensina; ECA2, enzima conversora de angiotensina 2; AT1, receptor de

angiotensina tipo 1; AT2, receptor de angiotensina tipo 2; MrgD, receptor acoplado a proteina G relacionado
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ao Mas tipo D; MasR, receptor Mas; Cxa, carboxipeptidase; CpA, catepsina; NEP, endopeptidase neutral;
PCP, prolil carbopeptidase; POP, prolil endopeptidase; TOP, thimet oligopeptidase.
(Traduzida de Torres et al.,2015)¢8

Apesar de muito semelhante do ponto de vista estrutural, a ECA2 e a ECA se
contrapdem do ponto de vista funcional. Os peptideos resultantes da ECA2 ativam
potentes receptores vasodilatadores e anti-inflamatérios e, portanto, foram
considerados contra regulatérios do SRA classico (figura 11).58

De todos ja identificados, a Ang-(1-7) e a alamandina (ALA) sdo os peptideos
com as ac¢fes mais investigadas. Os efeitos da Ang-(1-7) sdo mediados pela ligacdo
com o receptor Mas e ja foram demonstrados em diversos tecidos.®®74-"7 Em muitas
condicdes fisiol6gicas, como, por exemplo, na gestacdo, a expressado de Ang-(1-7) é
essencial para neutralizar a elevacédo progressiva da Ang Il circulante e manter os
niveis pressodricos normais.”® Além disso, Barroso et al. (2017)”> demonstraram que
a Ang-(1-7) € um importante mediador de resolucéo da inflamacao por inibir o fator de

transcricdo NF-kB.

A descoberta, em 2013, de outros dois componentes do eixo ndo classico
amplia as possibilidades terapéuticas do SRA. Pesquisadores brasileiros identificaram
e caracterizaram o peptideo ALA e seu receptor Mas-related G-protein coupled
receptor type D (MrgD), com acdes vasodilatadoras e protetoras semelhantes a ja
conhecida Ang-(1-7).78

A ALA é um heptapeptideo analogo a Ang-(1-7), possuindo apenas uma
diferenca estrutural na posi¢cao 1, com a substituicdo do aminoacido aspartato pela
alanina. A ALA pode derivar da descarboxilacdo da propria Ang-(1-7) ou a partir da
Ang A, pela acdo da ECA27° e, apesar de recentemente descoberta, ja possui efeitos
comprovados em diversas condicdes.80-82

Segundo experimentos in vivo, a administracdo de ALA pode ter diferentes
desfechos em relacdo a regulacdo da pressao arterial, dependendo da via de
administracdo e condicao fisiopatolégica do corpo. Em ratos hipertensos, a infusdo
subcutanea de ALA por 6 semanas foi capaz de reduzir a pressao arterial (PA) e a
hipertrofia cardiaca.83 Em contraponto, Wang et al. (2019)%* mostraram que a ALA
intraperitoneal é capaz de atenuar a fibrose cardiaca de forma independente da PA.
Essa caracteristica pode representar uma vantagem em futuras intervencdes

terapéuticas em doengas ndo associadas a hipertensdo, como a FPI.
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Além do efeito pressorico, a capacidade antioxidante, anti-inflamatoria e
antifibrética ja foram descritas para a ALA.828586 Efeitos esses altamente desejaveis
no manejo de pacientes com doencas fibrosantes. Em modelo experimental, a ALA
reduziu a sintese de colageno e a remodelacdes tecidual, mostrando ter um potente
efeito antiproliferativo no sistema cardiovascular.

Além disso, a capacidade antifibrética foi comprovada, recentemente, também
no figado.®? Huang et al. (2020)82 demonstraram que a administracdo de ALA mudou
0 equilibrio do SRA a favor do eixo da ECA2, reduzindo o estresse oxidativo e a

producédo de colageno.

4.3 SRA e fibrose pulmonar

Recentemente, os efeitos protetores do eixo da ECA2 no sistema respiratério
ficaram mais evidente com a pandemia COVID-19.%° Entretanto, as implicacdes do

desequilibrio entre os eixos do SRA nos pulmdes ja foram bem descritas.53.6587-89

Considerando que os pulmdes sdo um importante sitio de ativacdo do SRA, é
evidente a participacéo desse sistema na fisiopatologia de doencas pulmonares, como
a FPL.%% De fato, nosso grupo jA demonstrou que pacientes com FPI apresentam
desequilibrio nos componentes desse sistema.*®%” Segundo Uhal et al. (2012)%, o
aumento da producdo de angiotensinogénio, com o objetivo de estimular a
fiborogénese, pode contribuir para a maior geracdo de Ang Il pelas células epiteliais
alveolares lesadas e miofibroblastos e estar envolvida com o estabelecimento da FP.

No estudo de Raupp et al. (2020)°’, em comparacdo ao grupo controle, a
expressdo do receptor AT1 estava significativamente maior no tecido pulmonar de
pacientes com FPI, enquanto a do receptor da Ang-(1-7) estava menor. Além disso,
0S autores mostraram uma correlacdo negativa entre a expressao do receptor AT1
e 0s importantes parametros respiratorios VEF1 e CVF.

Esse desequilibrio no SRA também foi demonstrado, no plasma, por Sipriani et
al. (2019)%6. Os autores analisaram a concentracdo plasmatica de Ang I, Ang Il, Ang-
(1-7) e ALA em pacientes com FPI e verificaram que apenas esse ultimo peptideo
estava 365% menor. Em conjunto, os dados do nosso grupo mostram que o
desequilibrio do SRA a favor do eixo fibrosante pode estar envolvido diretamente no

desenvolvimento e progresséao da FPI.
28



Além disso, em modelo animal de FP, foi demonstrado que a Ang Il formada no
tecido pulmonar é fundamental para estimular a expressao de TGF-f3, impulsionandoa
proliferacdo de fibroblastos e a diferenciacdo em miofibroblastos.8”:2¢ Wang et al.
(2015)°? posteriormente comprovaram que, além do papel critico da via Ang II/AT1
para os eventos moleculares fibrogénicos, esse eixo também é responsavel pela
reducdo da complacéncia respiratéria em camundongos.

Embora pouco se saiba sobre os efeitos do SRA na FPI em humanos, o dano
epitelial e endotelial parece criar um desequilibrio que favorece a acao deletéria do
eixo classico sobre o nado classico. Esses efeitos incluem o0 aumento da secrecéo de
mediadores pro inflamatérios e a producédo local de espécies reativas ao oxigénio,
todos diretamente implicados na patogénese da doenca.'*3°

A inibicdo do eixo Ang II/AT1 j& foi investigada em ensaios clinicos como
alternativa terapéutica para FPI e ndo obtiveram resultados satisfatérios.®?> No entanto,
como é possivel perceber, nosso conhecimento sobre o SRA estd crescendo e
expondo, cada vez mais, sua complexidade. Novos capitulos, direcionados para um
novo conceito na utilizagdo desse sistema, precisam ser escritos.

O potencial do eixo contrarregulatério ja foi demonstrado em modelos
experimentais de FP induzidos por bleomicina.®®° Segundo os achados, a
modulacdo do SRA pode ser um importante aliado no tratamento da fibrose. Para
Prata et al. (2017)%, a ativacdo do eixo da ECA2, associado ao exercicio, pode
representar melhoras significativas na reducdo da FP. Além disso,restabelecer o
equilibrio do SRA pode ser mais importante do que a inibicdo do eixo fibrosante,
conforme sugerido por Wang et al. (2015).%*

Considerando o desequilibrio do SRA observado nos pacientes com FPI%6:57 e
as acbes antifibréticas da ALA8297 ¢ possivel acreditar que a administracédo
exdgena desse peptideo possa atenuar o desenvolvimento da fibrose e auxiliar na
reducédo dos sintomas, melhorando a qualidade de vida desses pacientes. Apesar da
importancia do eixo envolvendo a ECA2 estar bem fundamentada para a homeostase
tecidual, nenhum estudo foi encontrado na literatura avaliando o potencial terapéutico

da ALA em doencas respiratorias.

5. MODELO EXPERIMENTAL DE FIBROSE PULMONAR

O reparo tecidual € um mecanismo universal nos seres multicelulares e,
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portanto, modelos experimentais sdo considerados seguros para estudos
fisiopatologicos e investigagdo de potenciais terapias. Diversos modelos de
administracdo de drogas, exposicdo a alérgenos, irradiacdo e infeccdo ja foram
descritos na literatura.®® Segundo as recomendagbes da ATS, a indugdo por
bleomicina (BLM) intratraqueal em ratos é o que melhor mimetiza a doenca nos
humanos sendo o mais indicado para os testes pré-clinicos.®
A BLM é um antibié6tico isolado do fungo Streptomyces verticillus, descoberto
em 1966, com propriedades quimioterapicas.'%° Esse medicamento tem sido utilizado
como tratamento de diferentes tipos de tumores malignos, como linfomas, entretanto,
a eficacia terapéutica é limitada pelo desenvolvimento de FP.” A toxicidade para o
tecido pulmonar estd associada a baixa atividade local da enzima bleomicina
hidrolase, protease capaz de inativar a BLM.101
O mecanismo antitumoral da BLM envolve a producao de radicais livres que,
através da clivagem do DNA, induzem a morte celular. Além disso, o estresse oxidativo
leva a uma resposta inflamatoria e ativacéo dos fibroblastos. A patogénese induzida
pela BLM nos pulm®es parece estar associada a danos no endotélio e epitélioalveolar,
liberando citocinas e fatores de crescimento que estimulam a FP.7:102
Desde a descoberta das rapidas reagées inflamatérias e fibréticas em ratos'®3, o
modelo tem sido amplamente utilizado.%4-19 Ainda que muitos pesquisadores utilizem uma
Unica administracdo intratraqueal ou injecdes peritoneais repetitivas, a via orofaringea leva
a FP com menor sedacdo do animal e sem procedimento cirdrgico, permitindo uma
recuperacdo mais rapida e segura.'’
A evolucdo da FP apés a instilacdo da BLM pode ser dividida em trés fases:
lesdo pulmonar aguda (dias 0-7), fibroproliferacao (dias 3-14) e fibrose estabelecida
(dias 14-28)08 (figura 10). Portanto, com esse modelo, é possivel investigar o efeito

preventivo e terapéutico de compostos.1%?

BLM

P

A
k [won]
1) INFLAMATORIA AGUDA 2) SUBAGUDA 3) RESOLUGAO

Resposta Resposta
inflamatéria: inflamatoria com
Influxo de células evidéncias de Diminuigéo do infiltrado
inflamatorias, edema reparo: inflamatario, reepitelizagéo
alveolar/intersticial e proliferagao de alveolar e reendotelizagéo
ativagéo de CEAlle capilar.
mediadores presenga de
inflamatorios. fibrose

Figura 10: Evolugéo temporal da FP ap6s instilagdo de BLM. (Autoria propria,2020)

30



Para que esses estudos sejam conduzidos de forma adequada, Moeller et al.
(2008)192 reconhecem como tratamento preventivo aqueles iniciados antes do 7° dia
de protocolo, enquanto o terapéutico deve ser administrado apenas apds a fase de
inflamac&o aguda. Nesse contexto, o melhor momento para a avaliacdo do efeito
preventivo da ALA € o 14° dia apés a instilacdo. Nessa fase, 0os animais apresentam
fibrose estabelecida, porém, sem niveis extensivos a ponto de causar mortalidade.

Além de mimetizar as alteracdes da FPI, o modelo de BLM é de facil execugéo
e boa reprodutibilidade, critérios importantes para um bom modelo animal.1%? Por
esses motivos, foi 0 método de avaliacdo pré-clinica do nintedanibe!!® e de elucidacédo
da participacdo do TGF-B como um dos fatores chave no desenvolvimento da
fibrose.!1

De acordo com as diretrizes oficiais, a analise precisa da FP envolve varios
desfechos. Entre eles, a avaliacdo histolégica e a fungcédo pulmonar sdo consideradas
importantes parametros pré-clinicos.®®

O grau de fibrose € mensurado pela escala de Ashcroft, sendo classificado de
0 (pulmdo saudavel) a 8 (obliteracdo fibrosa total).!*? As alteracdes fibréticas
observadas podem ser confirmadas através da deposicao de colageno, pela coloracao

tricromica de Masson.®®

Essas modificacdes teciduais refletem na funcéo pulmonar que, apesar de ter
a avaliacdo desafiadora, € muito Gtil para examinar a resposta terapéutica. A analise
dos parametros funcionais na FP experimental € realizada através de métodos
invasivos, Buxco-force ou FlexiVent, que realizam manobras de ventilacdo forcada em

animais anestesiados e tragueostomizados.®®

6. DIRETRIZES FUTURAS: ALAMANDINA E COVID-19

O primeiro caso da COVID-19, doenca causada pelo novo coronavirus da
sindrome respiratéria aguda grave (SARS-CoV-2), teve seu primeiro caso relatado em
Wuhan, na China, em dezembro de 2019 e foi reconhecida como pandemia pela
Organizacdo Mundial da Saude (OMS) em marco de 2020.13 Devido a acelerada
disseminacédo, a COVID-19 despertou intenso interesse de grupos de pesquisa em
todo o mundo. O &rduo esfor¢o da pesquisa mundial permitiu a rapida identificacdo da

estreita relagdo do virus com o SRA’%!14 e do potencial terapéutico desse sistema para

31



a doenca.l1>116

Os estudos demonstraram que a infeccéo pelo SARS-CoV-2 é dependente, ao
menos em parte, da ligagdo com a ECA2, levando a redugdo da atividade da
enzima.’®4 O desequilibrio do SRA resultante tem como consequéncia o prejuizo dos
efeitos anti-inflamatoérios, antifibréticos e antitromboticos, favorecendo os disturbios da
COVID-19.117 Além disso, uma vez que os pulmdes sdo a fonte principalda ECA2, a
interacdo do virus com o tecido pulmonar explica as graves consequénciasrespiratérias,
além do amplo espectro clinico e patolégico da doenca.''®

Apesar do reconhecimento aos esfor¢cos centrados na resolugdo do quadro
agudo da doenca e no desenvolvimento de vacinas, evidéncias emergentes apontam
para a necessidade do acompanhamento a longo prazo dos pacientes recuperados
da infecgdo, devido a possivel sequela fibrética.?4#11°-124 Embora os pacientes se
recuperem dos sintomas, o desenvolvimento da FP p6s COVID-19 pode trazer sérias
complicacbes aos pacientes e aos cofres publicos, por se somar as causas ja
conhecidas de FP.

Segundo os estudos de Pan et al. (2020)?°, Zhou et al. (2020)'?% e Shi et al.
(2020)*?7, as alteracgGes fibréticas no tecido pulmonar ja podem ser observadas na fase
inicial, inclusive assintomatica!?’, da doenca. Ainda que seja cedo para determinar se
a fibrose ird progredir em todos os pacientes, alguns dados deixam claro a importancia
clinica da FP no mau prognostico.®'?8 Sendo assim, e, considerando os desafios
relacionados ao tratamento da FP, esforcos devem ser direcionados para reduzir o
risco entre os pacientes com COVID-19.

Embora, neste momento, ainda ndo seja possivel prever quantas pessoas
desenvolverdao sequelas permanentes devido a pandemia, as altas taxas de
contaminacdo demandam profunda atencéo. Diante disso, estudos que identifiquem
alvos terapéuticos para, futuramente, atenuar o desenvolvimento da fibrose
representa um grande avango na pesquisa basica.

Nesse sentido, a literatura sugere possiveis efeitos benéficos do uso da Ang-
(1-7) e da ALA para o tratamento da COVID-19.115116.129-131 Ag jn(imeras evidéncias
do papel anti-inflamatério e antifibrético desses peptideos, ja descritas nesse
referencial, estimulam as investigacdes para a COVID-19 e/ou suas sequelas, uma
vez que séo efeitos altamente desejaveis.

Nossos dados até o momento corroboraram com essa hipotese e, por isso,

mais estudos estdo sendo realizados para demonstrar o potencial antifibrético da
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alamandina, pela primeira vez, nos pulmdes. Uma vez que o mecanismo fibrético da
FPI e da COVID-19 sdo semelhantes, acreditamos que os achados descritos na
presente tese poderao, futuramente, se confirmar em modelos in vitro e in vivo de
infecgdo por SARS-CoV-2. Importante ressaltar que, devido aos relevantes achados
e a possibilidade da aplicacdo para a atual pandemia, as informacdes contidas no
artigo anexado na tese foram classificadas pela OMS como de interesse em saude
publica para possivelmente tratar sequelas da COVID-19. Além disso, foi solicitada a
PCT International Application No. PCT/US2021/029559 Filed: April 28, 2021 (ANEXO
2).
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HIPOTESE

A hipo6tese do estudo foi de que a alamandina seria protetora aos danos inflamatorios,
oxidativos e funcionais em um modelo de fibrose pulmonar experimental. Além disso, é
plausivel acreditar que, futuramente, ela possa ser considerada como uma importante
alternativa adjuvante no tratamento de pacientes com fibrose pulmonar por multiplas

causas.
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OBJETIVOS

Objetivo geral

Investigar o potencial preventivo da alamandina no desenvolvimento da fibrose

pulmonar experimental.

Objetivos especificos

Analisar o efeito da administracdo de alamandina em ratos sobre a(0):
- Mecéanica pulmonar;
- Pressao arterial sistémica;

- Balanco simpatovagal para o coracgéao;

- Histopatologia e deposicao de colageno na matriz extracelular;
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RESULTADOS

Os resultados obtidos durante o estudo foram publicados em 2 artigos

internacionais. A ordem de apresentacdo segue o diagrama abaixo e tem como

objetivo a melhor compreensao dos objetivos propostos no estudo.

Potencial antifibrotico da

alamandina na fibrose

pulmonar

Modelo experimental induzido
por bleomicina em roedores

Peptides
Fator de impacto 3.867

Classificagdo B1 na Medicina |

Alamandine: a promesing treatment
for fibrosis

Journal of the renin-angiotensin-aldosterone
system

Fator de impacto 4.109

Classificacdo A2 na Medicina |

Assessment of Alamandine in Pulmonary Fibrosis
and Respiratory Mechanics in Rodents
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ARTICLE INFO ABSTRACT

Keywords: Angiotensin (Ang) II, the main active member of the renin angiotensin system (RAS), is essential for the
Renin angi_OtEHSin system maintenance of cardiovascular homeostasis. However, hyperactivation of the RAS causes fibrotic diseases. Ang IT
I‘}ﬂarrl_matlon has pro-inflammatory actions, and moreover activates interstitial fibroblasts and/or dysregulates extracellular
iﬁ:ﬁ;idme matrix degradation. The discovery of new RAS pathways has revealed the complexity of this system. Among the

RAS peptides, alamandine (ALA, Ala® Ang 1-7) has been identified in humans, rats, and mice, with protective
actions in different pathological conditions. ALA has similar effects to its well-known congener, Ang-(1-7), as a
vasodilator, anti-inflammatory, and antifibrotic. Its protective role against cardiovascular diseases is well-
reviewed in the literature. However, the protective actions of ALA in fibrotic conditions have been little
explored. Therefore, in this article, we review the ability of ALA to modulate the inflammatory process and
collagen deposition, to serve as an antioxidant, and to mediate protection against functional disorders. In this

COVID-19 treatment

scenario, we also explore ALA as a promising therapy for pulmonary fibrosis after COVID-19 infection.

1. Introduction

In 1898, the physiologist Professor Robert Tigerstedt and Pen Gunnar
Bergman, one of his fellows, showed the pressor function of a substance
obtained from the kidney. The substance, which they named renin, was
isolated from the renal cortex [1] and was the beginning of an impactful
and broad area of research in the biological field. Since the discovery of
renin, several related substances have been studied, presently known as
the renin-angiotensin system (RAS).

Currently, it is well-established that dehydration and hyponatremia
stimulate renin release from the kidneys, more specifically the juxta-
glomerular apparatus. This is a response to decreased renal perfusion
pressure and/or sodium (Na) concentration in the distal tubules. Renin
release is also stimulated by activation of the sympathetic nervous sys-
tem. In the systemic circulation, renin cleaves angiotensinogen, a
glycoprotein produced by the liver, to form angiotensin I (Ang I; Asp-
Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu). Ang I is cleaved by angiotensin
converting enzyme (ACE) into angiotensin II (Ang II; Asp-Arg-Val-Tyr-
Ile-His-Pro-Phe), mainly in the vasculature of the lungs. The classic ac-
tions of Ang II are associated with hydromineral balance and blood

pressure (BP) control by different mechanisms, such as renal Na excre-
tion, vasoconstriction, and sympathetic nervous system stimulation
through AT1 receptors [2-4] (Fig. 1).

For many years, the RAS was mainly considered in terms of the he-
modynamic functions of Ang II. However, investigations have shown
that sustained stimulation of the Ang II/AT1 axis is implicated in several
pathological conditions, including cell proliferation, inflammatory re-
sponses, and coagulation disorders [5-8].

Since the discovery of renin over 100 years ago, much progress has
been made towards a better understanding of the RAS in homeostasis
and in disease. Several new RAS components have been discovered in
the blood and tissues: angiotensin (1-7) (1-7) [Ang-(1-7); Asp-Arg-Val-
Tyr-Ile-His-Pro] [9], the Mas receptor [10], and ACE subtype 2, (ACE2)
[11-13]. These findings have led to a new interpretation of the original
cascade of RAS, with the ACE2/Ang-(1-7)/Mas axis being antagonistic
to the Ang II/AT1 axis.

When discovered in 1983, Tonnaer et al. [13] demonstrated that
Ang-(1-7) had no biological activity in the brain of rabbits. These au-
thors hypothesized that Ang-(1-7) was an inactive product from Ang II
degradation. Subsequently, Santos et al. [14] showed the exogenous
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Fig. 1. Classical and non-classical actions of the renin-angiotensin system
components. Ang I = Angiotensin I; Ang II = Angiotensin II; Ang-(1-9) =
Angiotensin 1-9; Ang-(1-7) = Angiotensin (1-7); ALA = Alamandine; Ang
A = Angiotensin A; ACE = Angiotensin-converting enzyme;
ACE2 = Angiotensin-converting enzyme type 2; AT1 = Angiotensin receptor
type 1; Mas = Ang-(1-7) receptor; MrdG = Mas-related G-protein coupled re-
ceptor type D.

conversion of Ang I into Ang-(1-7) in the brainstem and spinal cord
regions of dogs, even in the presence of an ACE inhibitor. Similarly,
Chappell et al. [9] demonstrated in rats that plasma and tissue con-
centrations of Ang-(1-7) suggest that the endogenous generation of this
peptide is from Ang I or Ang II.

Surely, the characterization of this non-classical RAS began in 1988
with Santos et al. [15], who showed Ang-(1-7) formation from Ang I in
an ACE-independent pathway. From that time, its cardiovascular and
cerebral effects were discovered reveling new RAS interactions [16,17],
including a specific receptor for Ang-(1-7) [18,19].

After the discovery of ACE2 in 2000, the unprecedented enzymatic
pathway to form Ang-(1-7) was unveiled [11,12]. In 2003, the hypo-
tensive effects of Ang-(1-7) were associated with bradykinin [20],
opposing the vasoconstrictor and proliferative effects of the Ang II/AT1
axis [21]. Finally, still in 2003, Santos et al. demonstrated that the
functional activities of Ang-(1-7) occur through the Mas receptor [10].

Currently, there are abundant data for the ACE2-independent gen-
eration of Ang-(1-7) [22-28]. Studies show that vascular neprilysin
(NEP) is responsible for the extracellular conversion of Ang I to
Ang-(1-7), particularly in the presence of ACE inhibitors [26,27].
Additionally, Domenig et al. [29] identified NEP as the main source of
renal Ang-(1-7) in mice and humans.

With the advancement of research, the ACE2/Ang-(1-7)/Mas axis
has been increasingly recognized for its counterregulatory and protec-
tive actions in different physiological and pathological conditions.
Numerous studies have shown that Ang-(1-7) has opposite effects to
those of Ang II, particularly as an antihypertensive peptide [30],
inducing vasodilation [31], anti-inflammatory [32], and antifibrotic
effects [33], while also reducing oxidative stress [34] under various
conditions (Fig. 1). Thus, in view of these new findings, a new inter-
pretation of the therapeutic perspective of RAS is necessary.

Since the discovery of this protective axis, several studies have been
focused not only physiological function of RAS [29-32], but also in its
involvement in pathological mechanisms provoked by the RAS imbal-
ance that favor Ang II actions [33-36]. These studies contributed to the
discovery of another component that also counterbalances Ang II ac-
tions: alamandine (ALA) and its receptor Mas-related G- coupled re-
ceptor D (MrgD) [37]. The literature extensively reports on the
deleterious role of upregulating the Ang II/AT1 axis. Currently, there is
increasing awareness that Ang-(1-7) and ALA formation could consti-
tute a counterregulatory axis that needs to be better explored.

Studies have already demonstrated that ALA has important
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therapeutic roles in different tissues and pathophysiological contexts, as
in sepsis [38], in the cardiovascular system [39], and in pulmonary [40]
and hepatic fibrosis [41]. In addition, the idea is growing that the bal-
ance between the two axes is more important than the participation of
individual mediators. Therefore, this article reviews the newest findings
about ALA, focusing on its potential antifibrotic role, a subject that is
still little discussed in the literature. For this, we will address (i) the
synthesis and biological diversity of ALA; (ii) the pathophysiological
mechanisms involved in tissue repair; (iii) the potential therapeutic
targets for ALA in pathological fibrosis; (iv) the protective effects of ALA
in cardiovascular, hepatic, and pulmonary fibrosis (PF) and, finally, (v)
the potential use of ALA in the adjuvant treatment of COVID-19.
Currently, little is known about the actions of ALA on different tissues
and systems. Thus, this review tries to provide an overview of the
mechanisms already described in the literature.

2. Biosynthesis pathways of alamandine

In 2013, two possible ALA biosynthesis pathways were demonstrates
[37]. Lautner et al. showed that, in addition to Ang II, Angiotensin A
(Ang A; Ala-Arg-Val-Tyr-Ile-His-Pro-Phe) can also be a substrate for
ACE2 and could participate in ALA formation [37]. These researchers
described ALA (Ala-Arg-Val-Tyr-Ile-His-Pro) formation from Ang A hy-
drolysis by ACE2 [37], possibly due to the high structural similarity
between Ang A and Ang II [42].

Lautner et al. [37] also reported that ALA can be derived directly
from the decarboxylation of the N-terminal aspartate amino acid residue
of Ang-(1-7). Intriguingly, the enzyme responsible for this decarboxyl-
ation is still unknown and constitutes a new challenge in the field. In
2020, Jha et al. hypothesized that a bacterial aspartate decarboxylase,
present in the gastrointestinal tract, heart, or the systemic circulation,
could metabolize Ang-(1-7) to ALA in mammals. According to the au-
thors, this enzyme probably converts aspartate to alanine and, therefore,
transforms Ang-(1-7) into ALA by p-decarboxylation. Moreover, Jha
et al. [43] believe that this p-decarboxylation could also be responsible
for the conversion of Ang II into Ang A. In both situations, from Ang A
and/or from Ang-(1-7), the reaction leads to ALA formation (Fig. 1).
Studies should be carried out to unravel alternative candidates that
provoke ALA formation.

Although it is known that ALA is synthesized from Ang A or Ang-
(1-7), little is known about its degradation. Due to the similarity of ALA
to Ang-(1-7), it is possible that ALA can be cleaved by NEP into several
smaller peptides. Using mass spectrometry, Brar et al. [44] showed that,
in addition to generating Ang-(1-7), NEP is able to cleave this peptide at
three different sites, corresponding to six smaller peptide products.
However, studies should be conducted to investigate the fate of ALA.

3. The diversity of alamandine’s biological actions

Although ALA differs from Ang-(1-7) by the replacement of the
aspartate for an alanine residue at the amino terminus, they present
several functional similarities [45]. In addition, it was very
well-demonstrated that the biological effects of ALA occur through its
interaction with MrgD receptor [37,39,46,47]. Expression of this re-
ceptor has been detected in the membrane, cytoplasm, perinuclear and
nuclear regions of the cells of the brain [48,49], cardiomyocytes [50],
the aorta [5], endothelial cells [48,51,52], and the retina [53]. More-
over, MrgD can also be expressed in macrophages [54] and fibroblasts
[48], which are important cells in the fibrotic process.

Recently, Valenzuela et al. [55] found a new Mas-related G- coupled
receptor E (MrgE) in dopaminergic neuronal mitochondria that is
capable of recognizing Ang-(1-7) and ALA. The authors showed that
intracellular ACE2 and its products Ang-(1-7) and ALA are highly
concentrated in the mitochondria and bind to MrgE to produce nitric
oxide, which counterbalances the increase in reactive oxygen species
(ROS) at the cell and mitochondrial levels. Knowing the importance of
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the counter-regulatory peptides to maintain tissue homeostasis, dis-
covery of the ACE2/Ang-(1-7)-ALA/MrgE axis reinforces the need for a
new look at RAS in inflammatory, oxidative, and fibrotic diseases.

Important physiological effects have already been attributed to ALA,
such as vasodilation [37,51,56], improvement in cardiovascular func-
tion [39,51,52,57,58], and anti-inflammatory [47] and antifibrotic [37,
39-41,46,58,59] actions. Collectively, these findings indicate the
versatility and pathophysiological impact of ALA on homeostasis.

Interestingly, although ALA administration frequently causes hypo-
tension, studies have shown that its actions are dependent on the route
of administration and on the pathophysiological situation [5,37,40,46,
50,56,59-62]. In this sense, Hekmat et al. [56] suggested that, under
normal conditions, ALA could also act via the AT1 receptor. On the other
hand, under pathological situations, its effect on MrgD probably masks
the effect on the AT1 receptor. In hypertensive rats, a subcutaneous
infusion of ALA reduced blood pressure (BP) and cardiac hypertrophy
[50]. In contrast, Wang et al. [46] showed that an intraperitoneal
infusion of ALA attenuates cardiac fibrosis independently of BP. ALA
probably reduces BP only in hypertensive disease and could be an
advantage in therapeutic interventions when the disease is not associ-
ated with hypertension, such as idiopathic PF (IPF).

In early 2021, Almeida-Santos et al. demonstrated an unprecedented
role of ALA [49]. Considering that MrgD is expressed in the brain, the
authors evaluated the potential of ALA to decrease the symptoms of
depression in transgenic rats. They reported that ALA attenuated the
depression-like behavior observed in transgenic rats with low brain
angiotensinogen. This study extends the importance of the
counter-regulatory arms of the RAS to include neuropsychiatric
diseases.

Briefly, all the biological actions of ALA point to a promising future
for this peptide as an antifibrotic therapeutic compound. However,
despite the strong evidence of ALA involvement with the pathophysio-
logical mechanisms of fibrosis, as well as the functional impact of the
imbalance between the two axes of the RAS in patients with fibrosis, this
field has been little explored.

4. Tissue repair and the fibrogenic process
4.1. The healing process

Healing is a complex phenomenon with high metabolic demand,
intense cellular activity, and oxidative involvement [33]. It is charac-
terized by processes that result in tissue replacement by regenerated
and/or scar cells. Therefore, the initial inflammatory process can be
solved or, as in most cases, involve some degree of functional impair-
ment. In this last case, myofibroblasts remain in the tissue and increase
extracellular matrix (ECM) proteins and tissue elasticity [63]. This
deposition of connective tissue to replace the parenchyma is known as
fibroplasia or fibrosis [64,65].

Many cytokines and growth factors participate in this fibrogenic
mechanism, such as the transforming growth factor-p (TGF-p) family,
synthesized by inflammatory and effector cells, and responsible for
fibroblast activation. There is intense proliferation and cell differentia-
tion into myofibroblasts that express smooth muscle proteins, such as
a-actin, responsible for tissue retraction. The last stage of healing is
characterized by the balance between myofibroblast apoptosis and the
production of new cells to form the scar. In this phase, there is also a
gradual degradation of the ECM and mature collagen type I formation
for successful repair. However, abnormalities in any of these phases can
result in excessive and chronic scarring and serious functional damage to
the organ [66].

4.2. Pathological fibrosis

In pathological fibrosis, the persistence of the initial cellular insult,
and subsequent activation of inflammatory cells, results in a feedback
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mechanism. This positive feedback increases ECM protein production
and/or the recruitment of more effector cells such as fibroblasts, fibro-
cytes, and myofibroblasts [67]. The permanent and progressive
remodeling of tissue architecture can result in total organ failure [63,
68], emphasizing the importance of counter-regulatory pathways that
can initiate anti-fibrotic effects [33].

Therefore, considering the functional impairment and the poor
quality of life of patients with fibrotic disease, it is crucial to avoid the
pathological tissue transformation that is responsible for the high
morbidity and mortality rates among these patients [67]. Unfortunately,
regardless of advances in research and in preclinical studies, there is still
no effective therapy for pathological fibrosis that reduces mortality and
the high cost to the health system [65]. Thus, investigating therapeutic
alternatives to provide an ideal environment for tissue repair may be
promising.

5. Potential of ALA as an antifibrotic agent

Currently, several in vivo studies support the hypothesis that ALA
could be a powerful alternative to treat fibrotic diseases [37,40,41,69].
Thus, we present below some evidence for these protective actions in
classical molecular pathways such as inflammation and oxidative stress
(Fig. 2). Subsequently, we highlight preclinical investigations indicating
the potential antifibrotic actions of ALA (Fig. 3) in the cardiovascular
system, liver, and lung.

5.1. Inflammatory, apoptotic, and oxidative pathways opposed by ALA

The mechanisms involved in the anti-inflammatory, antioxidant, and
antifibrotic effects of ALA are still not fully understood. However, recent
studies have indicated the ability of this peptide to inhibit the activation
of the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and
mitogen-activated protein kinase (MAPK) pathways [38]. In humans,
the PIBK/AKT pathway is an essential regulatory component for cell
metabolism, growth, proliferation, survival, protein synthesis, and
apoptosis [70]. Additionally, the MAPK pathways play an important role
in proliferation, differentiation, migration, cell survival, apoptosis, and
inflammatory responses [71]. Therefore, the inhibition of these path-
ways represents an important mechanism of ALA in several pathologies
that could lead to fibrosis.

In a sepsis-induced myocardial dysfunction model, Li et al. [47]
observed that the anti-apoptotic and anti-inflammatory participation of
ALA can be explained, at least in part, by the phosphorylation inhibition
of the MAPK family members, i.e. ERK, JNK, and p38. The authors
showed that LPS increased the levels of p-ERK, p-JNK and p-p38,
inhibited by ALA. Similar results were observed by Hu et al. [38] in a
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sepsis-associated kidney injury model. The authors showed that the ALA
inhibits the phosphorylation of PI3K/Akt and MAPKs signaling,
reversing the increased levels of phosphorylated PI3K, Akt, ERK, JNK,
p38.

In addition, nuclear factor kappa B (NF-kB) is an essential intracel-
lular signaling molecule that is considered to be an inhibitory target of
ALA. NF-B activation and migration to the cell nucleus stimulates the
release of several pro-inflammatory agents such as cytokines, chemo-
kines, growth factors, and mediators that contribute to apoptosis [72].

Studies have shown that ALA can inhibit the expression of NF-kB
and, therefore, reduce inflammatory mediator expression [53,73]. Song
et al. [73] found that, by inhibiting NF-kB, ALA can significantly reduce
TNF-a, IL-1B, IL-6, and nitric oxide in rats with myocardial
ischemia-reperfusion injury. Importantly, this reduction of inflamma-
tory parameters was associated with preservation of the histological
architecture. Similarly, results from in vitro studies with human retinal
cells showed that ALA attenuated NF-xB activation, inflammatory
cytokine gene expression, and ROS production [53]. Collectively, these
data indicate a useful inhibitory action of ALA that could represent an
important therapeutic target in the future.

In addition to inflammation, pathological cell death is an important
trigger for inadequate tissue repair [63,65]. ALA can also act in the early
stages of fibrotic diseases by reducing cell death. ALA administration
decreases apoptotic marker expression in the kidney [38,74] and heart
[47,75], indicating tissue protection against inflammation and the
exacerbation of fibrosis.

Moreover, the literature provides evidence that oxidative stress is an
important component of inflammation and fibrosis. Oxidative stress is
characterized by the excessive production of ROS and/or depletion of
antioxidant defenses [76]. The increase in the Ang II axis is closely
related to ROS production [77-81], playing an important role in
oxidative stress. On the other hand, in some cases, exogenous Ang-(1-7)
could represent a therapeutic strategy [77,78,82]. Likewise, recent
studies have shown that ALA can modulate the redox balance by
attenuating and/or inhibiting the oxidant action of Ang II [75,76,83].
Zhu et al. [74] recently observed that the inhibition of ROS formation by

ALA resulted in the attenuation of pro-inflammatory cytokines and,
consequently, apoptosis.

Data from the literature also indicate that ALA can inhibit immune
cell function. Inflammation resolution can restore tissue homeostasis
and involves macrophages and neutrophil degranulation [84], with a
positive impact on fibrosis control. Promisingly, Da Silva et al. [84]
demonstrated the potential of ALA to reduce granular neutrophil prod-
ucts in atherosclerosis. This finding was confirmed by Santuchi et al.
[54], who showed that ALA reduces the number of neutrophils and in-
flammatory macrophages in vivo, and modulates macrophage plasticity.

In summary, the literature shows that ALA can act on several in-
flammatory and oxidant mechanisms that are directly or indirectly
involved in the development of fibrosis. Next, preclinical studies per-
formed in different models of fibrosis in the cardiovascular system [37,
46,591, liver [41] and lung [40,83] will be discussed.

5.2. Cardiovascular, hepatic and pulmonary fibrosis opposition by ALA:
what do we know?

5.2.1. Cardiovascular fibrosis

The first description of the potential antifibrotic effect of ALA was
carried out in 2013, concomitantly with its discovery [37]. Lautner et al.
[37] showed in aortic rings from rats that, after oral ALA administration,
the collagen I, collagen III, and fibronectin content was decreased in
isoproterenol-treated rats. This antifibrotic role was also demonstrated
in cardiac fibrosis secondary to hypertension in a spontaneous hyper-
tensive rat model [46] and in a rat model of 2-kidney, 1-clip hyperten-
sion (2K1C) [59].

Hekmat et al. [59] observed that systemic ALA infusion decreased
cardiac fibrosis and blood pressure (BP) and increased ACE2 expression
in hypertensive rats. On the other hand, studies by Wang et al. [46] and
Fernandes et al. [40] found that the reduction in fibrotic parameters
occurred independently of BP. The dissociation between antifibrotic
action and the decrease in BP is of extreme clinical relevance because
increased BP is not present in all fibrotic diseases, as seen in patients
with PF.
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According to the literature, at least in part, the effects of ALA in
cardiovascular system fibrosis could be explained by MAPK pathway
inhibition. Yang et al. [5] demonstrated that ALA blocks p38 expression
and attenuates Ang II-induced arterial fibrosis. These authors observed
that ALA reverses the increase in collagen I, TGF-B, and connective tissue
growth factor content in the vascular smooth muscle cells of mouse and
rat thoracic aortas after Ang II treatment.

It is known that there are still countless mechanisms to be elucidated
about the antifibrotic action of ALA on the cardiovascular system.
However, currently, strong evidence supports the rationale that ALA has
high potential to be considered an effective therapy against fibrosis in
this system.

5.2.2. Hepatic fibrosis

The beneficial effect of classic RAS-targeted drugs in human liver
disease has already been demonstrated [85-87]. Shim et al. [85] sug-
gested that the administration of agonizts counterregulatory to the
ACE2/ALA/MrgD axis of RAS are important pharmacological molecules
that can support prevention and treatment of chronic liver disease.

Recently Huang et al. [41] demonstrated, in vivo, that ALA amelio-
rated CCly-induced liver fibrosis, reduced the hydrogen peroxide (H202)
content and NOX4 protein level, and compromised autophagy. In the
same study, these authors reported that ALA also shifted the RAS bal-
ance towards the counterregulatory ACE2/ALA/MrgD axis, reducing the
oxidative stress induced by Ang II and autophagic activation. This at-
tenuates fibrotic processes, reinforcing the importance of ALA not only
in liver pathophysiology, but also in the systemic anti-fibrotic effect of
ALA.

5.2.3. Pulmonary fibrosis

Despite the efforts of the scientific community, the pathophysiology
of PF remains unclear and the patient survival rate is still poor and
unacceptable [88,89]. Sipriani et al. was a pioneer demonstrating by
High performance liquid chromatography (HPLC) mass spectrometry
approach that, compared to the control group (2,7 + 0,47 pg/uL), the
ALA plasma concentration was 3.65 times lower (P < 0.0001) in PF
patients (0,74 + 0,44 pg/uL) [90]. Moreover, there was no difference in
the plasma concentration of Ang-(1-7) between the groups (P = 0.684).
Our research group hypothesized that, in PF patients, there is a reduc-
tion in the participation of the ACE2/ALA/MrgD axis. Probably, the
decrease in this axis is more harmful than changes in the Ang II/AT1
axis.

Recently, our group also investigated the antifibrotic actions of ALA
in a bleomycin-induced experimental model of PF, considered to be one
of the most similar models to PF in humans [91,92]. Fernandes et al.
[40] found that ALA administration for 15 days reduced the worsening
of breathing patterns in rats treated concomitantly with bleomycin and
ALA. In addition, an attenuation of the histological damage to the lungs
characteristic of PF was shown. Likewise, corroborating our results, Liu
et al. [83] demonstrated in vivo that ALA prevented the effects of
fibrosis similarly to pirfenidone, one of the current therapies for patients
with PF. This protection was associated with a reduction in oxidative
stress and autophagy, attenuated production of a-collagen I, connective
tissue growth factor, and a-smooth muscle actin induced by Ang II in
fibroblasts.

One of the main mechanisms involved in the pathophysiology of PF
is MAPK signaling. However, in the lungs, this pathway could be more
complex than in other tissues. The induction of TGF-f1 in PF is mediated
by p38 MAPK, which up-regulates fibronectin and collagen expression
and stimulates the epithelial to mesenchymal transition (EMT), giving
rise to ECM-producing myofibroblasts [93,94]. Therefore, the inhibition
of this pathway may attenuate the development of PF and represent a
possible therapeutic target. But, myofibroblasts can also be activated by
another component of the MAPK pathway, ERK 1/2, via crosstalk with
p38. The authors demonstrated that phosphorylated p38 MAPK interacts
with ERK1/2 to suppress its activity. Therefore, curiously, the inhibition
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of p38 MAPK in vitro increases the activation of ERK 1/2 in pulmonary
myofibroblasts. However, the positive effects of p38 inhibition appear to
outweigh the negative observations, as described by Matsuoka et al.
[93]. In this context, and considering the effects of ALA on p38 in car-
diovascular tissue, it is desirable that future studies should elucidate this
pathway in protection against PF.

Due to the absence of a described human enzyme that converts
aspartate to alanine, Jha et al. [43] hypothesized the involvement of an
intestinal or systemic bacterial p-decarboxylase. Considering that one of
the most serious side effects described for antifibrotic therapy in patients
with PF is diarrhea [95,96], the dysbiosis in these patients could explain
the low plasma concentration of ALA found by Sipriani et al. [90].
Bacterial translocation, a process by which intestinal bacteria cross the
intestinal epithelium and enter the systemic circulation, could be
responsible for the formation of protective substances such as ALA [43]
in the circulation. However, diarrhea may provoke a reduction in these
bacterial enzymes, which would compromise systemic ALA formation by
decarboxylation.

Collectively, the evidence reinforces that ALA could be beneficial for
PF patients. Nonetheless, it is important to note that there are no studies
being conducted to understand whether ALA can protect the lungs with
or without established fibrosis. Additional studies on this issue are
necessary.

6. ALA/MrgD activation as a possible strategy to prevent
coronavirus (SARS-CoV-2) pulmonary fibrosis

The first case of COVID-19, i.e. severe acute respiratory syndrome
caused by the coronavirus SARS-CoV-2, was reported in Wuhan, China
in December 2019. In March 2020, it was recognized as a pandemic by
the World Health Organization [97]. Worldwide efforts allowed for the
rapid identification that the pathophysiology of this disease is associated
with RAS [98,99] and its therapeutic potential in COVID-19 [100,101].
Studies have shown that SARS-CoV-2 infection is dependent, at least in
part, on binding with ACE2, leading to a reduction in its activity [98,99].

The wide expression of ACE2 in the membrane of alveolar epithelial
type II cells and in pulmonary endothelial cells could justify the initial
respiratory symptoms and subsequent vascular endothelial involvement
[100]. However, a recent study by McCracken et al. [102] demonstrated
in vitro that even when exposing ECs to high concentrations of
SARS-CoV-2, the replication was extremely low. The authors attributed
this result to an independent ACE2 route, indicating that endothelial
infection by SARS-CoV-2 is unlikely to occur in vitro [102].

The data presented in this review allow to believe that the down-
regulation of ACE2 activity could cause an imbalance of the RAS and
reduce the protective effects of the Ang-(1-7)/Mas and ALA/MrgD
pathways in different diseases. Furthermore, according to the literature,
the reduction in ACE2-cell membrane interactions can push the RAS
toward the Ang II/AT1 axis [97-100]. This could be considered an
important component of COVID-19 pathogenesis. However, few studies
have investigated the plasma relationship of RAS components, and most
show controversial results [99,103-107]. Recently, Camargo etal. [105]
showed that patients who stayed longer in the hospital were also those
who had a higher plasma concentration of Ang Il measured at the time of
admission. According to these authors, although more studies are
required, this data may contribute to understand the mechanisms
involved in the disease and also to the identification of Ang II as a po-
tential biomarker of the COVID-19 severity [105].

Future studies are clearly needed to understand the effects of this
disease on RAS. However, considering the many beneficial effects, it is
possible that the administration of ALA could improve the clinical
outcome of patients with COVID-19.

Despite major efforts directed towards treating the acute illness and
developing vaccines, there are increasing reports of persistent and pro-
longed effects after acute COVID-19 [108-110]. Although there are
several uncertainties regarding PF post-COVID-19, some patients, upon
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recovery from COVID-19 may have fibrotic sequelae [110-116]. Zhao
et al. [117] showed residual abnormalities of lung function and chest
radiography of COVID-19 survivors three months after hospital
discharge. Nabahati et al. prospectively evaluated post-COVID-19
fibrotic lung changes. They observed that PF was present in about half
of the survivors and some of these patients had fibrotic changes even
after six months of follow-up [118]. There is no doubt that PF can be
observed in the initial phase of COVID-19 [118-120]. Although some-
times asymptomatic, the clinical relevance and PF prognosis [121,122]
remain important. The decrease in patient quality of life, the sequelae,
and the high costs to the public health system justify more studies and a
better understanding of this complication of COVID-19.

Currently, two clinical trials, NCT04605887 and NCT04633772,
employing therapy with Ang-(1-7) are being conducted; they will open
up new perspectives on the understanding of RAS. The clinical trial
NCT04924660 was recently finished because the treatment benefits
were inferior to the placebo group. Due to the antioxidant, anti-
inflammatory, and antifibrotic actions already reported for ALA in this
review, it is possible to believe that the ALA/MrgD pathway may add to
the beneficial effects already reported for Ang(1-7)/Mas.

Despite being the most recently discovered peptide, the actions
already described for ALA indicate that it may be an important ally of
the protective arm of RAS in COVID-19 and in all diseases that culminate
in fibrosis. This proposal was first reported by Hekmat and Javanmardi
[123] and is reinforced with this review. Here, we explored the anti-
fibrotic and anti-inflammatory properties of ALA mentioned by these
authors in 2021. ALA may also act on several critical molecular path-
ways involved in the pathogenesis of COVID-19, so better knowledge of
this mediator could contribute to a reduction in the high mortality and
morbidity rates associated with this disease. Briefly, the evidence in-
dicates that the exaggerated inflammatory response and the fibrotic
process induced by SARS-CoV-2 infection can be controlled, at least in
part, by correcting a possible ALA deficiency. This brings the attention to
the need for a new look at the RAS. More research is needed to elucidate
the mechanisms involved in this promising therapeutic peptide.

7. Conclusion

Our comprehension of the RAS is far from being complete. However,
findings from the last decade have contributed to a better understanding
of the role of this system in many pathophysiological processes. The
challenge is enormous, but it fills physicians and researchers with hope
in terms of finding a treatment, adjuvant or not, that will increase the
survival and/or improve the quality of life of all patients affected by
fibrosis.
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Introduction. Pulmonary fibrosis (PF) is characterized by an accelerated decline in pulmonary function and has limited treatment
options. Alamandine (ALA) is a recently described protective peptide of the renin-angiotensin system (RAS) with essential tasks in
several conditions. Our group previously demonstrated that ALA is reduced by 365% in the plasma of patients with idiopathic PF,
and thus, it is plausible to believe that stimulation of this peptide could represent an important therapeutic target. In this sense, this
study investigates the effects of ALA in an experimental model of PF. Materials and Methods. Bleomycin (BLM) was administrated
in Wistar rats, and these fibrotic animals were treated with ALA for 14 days. Body weight, histology, respiratory, and hemodynamic
parameters were analyzed to study the effects of ALA. Results. ALA treatment attenuated the development of fibrosis (P < 0.0001),
reduced respiratory system elastance (P < 0.0001), and preserved weight gain (P < 0.0001) in fibrotic animals without affecting the
autonomic control of blood pressure and heart rate. Conclusion. The data from this study demonstrate the potential of ALA to
alleviate pulmonary fibrosis and improve respiratory system mechanics in vivo. The promising results encourage more detailed

investigations of the potential of ALA as a future and efficient antifibrotic.

1. Introduction

Pulmonary fibrosis (PF) is characterized by the excessive
extracellular matrix (ECM) deposition and frequently evolve
to death [1]. In these patients, the elastance of the respiratory
system are significantly increased [2], requiring greater respi-
ratory work. Therefore, it is essential to find effective thera-
peutic strategies that facilitate lung expansion, reducing
episodes of respiratory failure.

The participation of renin-angiotensin system (RAS) in PF
has been well described [3-5]. The angiotensin-converting
enzyme 2 (ACE2) has shown been an important counter-
regulatory axis in several different conditions [6-8]. The ala-
mandine (ALA), generated by ACE2 axis, although recently
discovered [9], is well-known due its protective action in the
cardiovascular system, i.e., vasodilation [9] and antifibrotic

effects [10]. In addition, our previous study showed that
patients with idiopathic PF present 365% less ALA in plasma
[11], which probably indicates that the exogenous administra-
tion of this peptide may attenuate the development of PF and,
consequently, reduce the decline in lung function.

Therefore, since bleomycin (BLM) is the best character-
ized PF model [12, 13], this study is aimed at evaluating the
protective effect of ALA on the development of PF in BLM-
induced rats.

2. Materials and Methods

2.1. Animals. All procedures followed the Guide for the Care
and Use of Laboratory Animals published by the US National
Institute of Health [14]. Ethics Research Committee of the
Universidade Federal de Ciéncias da Satde de Porto Alegre



approved the study (protocol 17/207). Five-week-old male
Wistar rats were housed in a room (25+2°C) ona 12:12h
dark/light circadian rhythm with access to standard diet
and water ad libitum.

2.2. Pulmonary Fibrosis Protocol. Rats were anesthetized with
ketamine (80 mg/kg) and xylazine (10mg/kg), and BLM
(2.5 mg/kg, Bonar, Ache) or saline (0.9%) was administered
by oropharyngeal aspiration (OA). On the same day, the
miniosmotic pumps (OM; Alzet 2004) containing saline or
ALA (Sigma Aldrich, St. Louis, MO, USA) solution were
introduced subcutaneously onto the animal’s back to deliver
0.25 pl/hour (ALA; 50 ug/kg or saline=0.9% a day) for 14
days, respectively. The rats’ health status and body weight
were monitored daily,

Groups (N = 7/per group) are as follows: (1) CO: saline
by OA and OM. (2) ALA: saline by OA and ALA
(50 pg/kg/day) in the OM. (3) BLM: BLM (2.5 mg/kg) by
OA and saline in the OM. (4) BLM+ALA: BLM (2.5 mg/kg)
by OA and ALA (50 pg/kg/day) in the OM.

2.3. Histopathology. The lung was inflated and fixed in 10%
phosphate-butfered formalin, and 5pum thickness sections
were stained with hematoxylin and eosin (HE) and Mas-
son’s trichrome (TM). 20 fields of each slide were exam-
ined at a magnification of 400x. The fibrosis classification
was according to the modified Ashcroft score [15]. Quan-
titative analysis of stained collagen area was performed
using the Image Pro-Plus® 6.0 software (Media Cybernet-
ics, Inc., Rockville, MD, USA).

2.4. Assessment of Respiratory Function. On day 14, animals
were anesthetized with ketamine (80 mg/kg) and xylazine
(10 mg/kg), positioned on a plane surgical table and tracheos-
tomized to introduce a rigid-type cannula (2-mm ID). The
cannula was fixed to the trachea by a silk thread and con-
nected to the mechanical ventilator. Respiratory function
was analyzed using a mechanical ventilator for small animals
(FlexiVent, Scireq, Montréal, Canada) [16].

2.5. Hemodynamic Analyses and Autonomic Evaluation.
After respiratory mechanics data collection, still under anes-
thesia, a polyethylene catheter (PE-50) was inserted into the
right carotid to record arterial blood pressure (ABP) for 10
minutes (sample rate = 2000 Hz/channel). The analogical sig-
nals were digitalized by a data acquisition system (Windagq-
AT/CODAS, Dataq 143 Instruments Inc.,, OH, USA). The
data were analyzed by spectral analysis to assess the sympa-
thovagal balance in the cardiovascular system [17, 18]. At
the end of the experiment, animals were euthanized by intra-
muscular anasthetic overdose (240 mg/kg of ketamine and
30 mg/kg of xylazine) for lung collection.

2.6. Statistical Analysis. The normal distribution was tested
by the Shapiro-Wilk test. Parametric data analysis was per-
formed using one-way or two-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test.
For data with nonnormal distribution, the Kruskal-Wallis
test was used, followed by the Dunn post hoc test. The associ-
ations between data were demonstrated through Pearson’s
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correlation test. Data analysis was performed using the
GraphPad Prism 8 software and presented as mean + SEM.
P < 0.05 was considered statistically significant.

3. Results

3.1. Alamandine Attenuates Loss Weight of Pulmonary
Fibrosis. From day 6, the BLM group gained less weight
onwards when compared to the CO and ALA groups
(P<0.01). ALA treatment had a protective effect starting
on day 8 (P <0.05). By day 14, PF rats gained significantly
less body weight compared to the CO and ALA groups
(P <0.0001). However, animals treated with ALA main-
tained a similar weight to healthy animals (P < 0.0001, vs.
BLM group; Figure 1(a)).

3.2. Alamandine Attenuates the Development of Pulmonary
Fibrosis. The lung parenchyma was preserved in the CO
and ALA groups (score =0) compared to the BLM group
(score=3.6). ALA treatment had a potent effect
(Figure 1(b)) by attenuating fibrosis
(BLM + ALA score = 1.3; P <0.0001; F=33.10). Moreover,
collagen deposition was confined to the regions around blood
vessels and airways in the CO and ALA groups. As expected,
there was considerable lung interstitial collagen deposition in
the BLM group (P < 0.05 vs. CO and ALA). ALA treatment
reduced significantly the collagen deposition compared to
the BLM group (P < 0.001; F = 8.285). Cellular and alveolar
areas were similar among groups in (Figure 1(b)). Images
of lung histology are shown in Figure 1(c).

3.3. Alamandine Treatment Improves the Respiratory
Mechanics in Pulmonary Fibrosis. There was significant
increase in the dynamic elastance (Edyn) in the BLM group
(7.27 + 1.6 cmH, O/ml) compared to the CO
(2.13+0.10cmH,0O/ml) and ALA (1.92 + 0.08 cmH,0O/ml)
groups (Figure 2(a)). The BLM+ALA group demonstrated a
significant attenuation in Edyn (2.22+0.18 cmH,0/ml)
compared to the BLM group (P<0.001; F=11.28;
Figure 2(a)).

As expected, the dynamic compliance was lower in the
BLM  group  (0.18+0.04cmH,O/ml) vs. CO
(0.48 + 0.02cmH,O/ml) and ALA (0.53 +0.02 cmH,0/ml
) groups. The results from the BLM+ALA
(0.47 + 0.04 cmH,O/ml) demonstrated a protective role of
ALA on respiratory mechanics (P <0.0001 vs. BLM; F=
20.50; Figure 2(b)). Moreover, the BLM group showed sig-
nificantly higher respiratory dynamic resistance (P < 0.001
vs. CO; F=8.672; Figure 2(c)), indicating the protective
effect ALA in the BLM+ALA group (P <0.001) to prevent
loss of tissue function.

The correlation between the Ashcroft score and pulmo-
nary elastance is shown in Figure 3. There was a strong pos-
itive correlation between the BLM and BLM+ALA groups
(r=0.8452; R*=0.7143; P =0.0005; Figure 3(a)) probably
due to the data from the BLM group alone (r=0.9295; R*
=(0.8640; P =0.0073; Figure 3(b)). Observing the correlation
between those parameters in the BLM+ALA group, it is
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Fieure 1: Effect of alamandine on development of pulmonary fibrosis. (a) Bodyweight variation (%) analyzed by two-way analysis of variance
(ANOVA) followed by Tukey's multiple comparison posttest. (b) Ashcroft modified score (F =33.10) and collagen area quantification in the
lungs (F =8.285). (c) Representative images of effects at two weeks after alamandine treatment on histological findings and collagen deposition
in the lungs. Hematoxylin and eosin (HE) and Masson’s trichrome (TM) staining. Magnification at 400x. CO: animals that received only saline;
ALA: saline intratracheally and alamandine in the osmotic minipumps; BLM: bleomycin intratracheally and saline in the osmotic minipumps;
BLM+ALA: bleomycin intratracheally and alamandine in the osmotic minipumps. Arrows: alveolar septa; asterisks: fibrous bands or fibrous
masses; arrowhead: inflammatory cells. Tissue changes were analyzed by one-way ANOVA, followed by Tukey’s multiple comparison posttest.
All data represent mean + SEM; n =7 — 9. P < (.05 was considered statistically significant. * P < 0.05; ***P < 0.001; **** P < 0.0001.

possible to verify that this association was weak (r = 0.3670;
R? =0.1347; P = 0.4742; Figure 3(c)).

3.4. Hemodynamic Analyses. Table 1 shows that there were
no differences among the hemodynamic parameters. The
ABP (P=0.8121) and heart rate (P = 0.1432) were not differ-
ent among groups. This result was confirmed by spectral
analysis showing that the autonomic nervous system partici-
pation in the heart was also not different among groups. The
sympathetic (LF) and parasympathetic components (HF)
were similar in absolute and normalized units. These results

were confirmed by the LF/HF ratio. In addition, the 0V,
which represents the sympathetic participation to the heart
through symbolic analysis, also indicates that there was no
significant difference among groups.

4, Discussion

We have demonstrated for the first time the protective effect
of ALA in attenuating PF and preserving respiratory
mechanics. In addition, BLM administration significantly
induced weight loss, which was prevented by ALA treatment.



Journal of the Renin-Angiotensin-Aldosterone System

e 4
10 4 T T 1 f 2 { 0.6 - . krsl*:r: | FRkE |
= 84 z ) =
B = -
c, o
_é 6 4 § X
3 s
v
W 4 | b1
2 -
g 8 02
z — g
a2 = | g
[ .
0 0.0 ; -
o] < = i Q < = -
1] ~ = = - ]
= = < e = = E
= =
= =
(a) (b)
0.5 - | EE 2 | |l EE |
- ded
g 0.4 -
cr!
T 034
5
3 02
g
& = - ——
3 0.1 4
0.0 i -
2 e = <
o — = o
=
< (=21 ‘_E
=
d
=1
(c)

Figure 2: Lung mechanics on day 14. (a) Elastance, F = 11.28. (b) Compliance, F = 20.50. (c) Resistance: level of constriction, F = 8.672. CO:
animals that received only saline; ALA: saline intratracheally and alamandine in the osmotic minipumps; BLM: bleomycin intratracheally and
saline in the osmotic minipumps; BLM+ALA: bleomycin intratracheally and alamandine in the osmotic minipumps. One-way ANOVA
followed by Tukey’s multiple comparison test was used. Data represent mean+ SEM; n=6-7; P < (.05 was considered statistically

significant. **P < 0.01; """ P < 0.001; *"*"P < 0.0001.

According to American Thoracic Society recommenda-
tions, induction by intratracheal BLM in male rats is the
one that best mimics the disease in humans and is the most
suitable for initial preclinical tests [19]. Kilic et al. [20]
showed that 2.5 mg/kg of BLM in Wistar rats causes histolog-
ical changes compatible with PF. Qur study also demon-
strated that this dose is sufficient to study the effects of
antifibrotic substances without causing lethal damage to ani-
mals. In addition, George et al. [21]describes that studies for
antifibrotic therapies using the BLM animal model of PF can
be beneficial also to COVID-19. Even in patients recovered
from COVID-19, the virus elimination does not preclude
the development of progressive fibrosis. Thus, the promising
results of ALA obtained in our study might encourage inves-
tigations of preventive fibrosis therapies after SARS-CoV-2
infection.

Our findings agree with the literature showing that PF
leads to a decrease in body weight [22], a strong indication
of health in animals [22]. While ALA treatment prevented
the loss in body weight, the higher energy consumption to
respiratory work probably explains this decrease in BLM

group. This is true also for humans because treatment with
nintedanib or pirfenidone normally provokes weight loss in
patients [23], contributing to their poor prognosis [24].

Furthermore, the antifibrotic effect of ALA has already
been described in the cardiovascular system [25] and, more
recently, in the liver [26]. Although there are strong indica-
tions of the protective effects of ALA, there are no reports
in the literature investigating its action on the fibrotic process
in the lung. To date, there are only studies suggesting the pro-
tective role of to ACE2 and angiotensin-(1-7) in PF [27] and
COVID-19 [8, 28]. In this study, ALA alleviated the lung
degree of fibrosis and collagen deposition. It is established
in the literature that collagen is the primary determinant of
overall lung tissue elasticity [29], which therefore commits
to functional capacity [30] in the same proportion as the
degree of fibrosis [31]. Thus, if ALA prevent the fibrosis, it
is possible that ALA can also act by improving respiratory
mechanics.

Furthermore, our findings show that the degree of fibro-
sis was positively correlated with respiratory system elastance
and that ALA treatment reduced this correlation. It is well
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FiGuRE 3: Pearson’s correlation between Ashcroft score and pulmonary elastance. (a) BLM and BLM+ALA groups (R* = 0.7143). (b) BLM
group (R*=0.8640). (c) BLM+ALA group (R*=0.1347). BLM: bleomycin intratracheally and saline in the osmotic minipumps; BLM
+ALA: bleomycin intratracheally and alamandine in the osmotic minipumps; N = 7. »: BLM group. : BLM+ALA group.

Tasre 1: Hemodynamic data and spectral and symbolic analysis results. CO: control rats; ALA: rats treated only with alamandine; BLM: rats
treated with bleomycin; BLM+ALA: rats treated with bleomycin+alamandine. HR: heart rate; bpm: beats per minute; ABP: average blood
pressure. HRV: heart rate variability; LF: low- and HF: high—frequcncy component; a: absolute and nu: normalized units. A one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison posttest was used for ABP and HR evaluation. The Kruskal-
Wallis and the post hoc Dunn’s multiple comparison tests were performed to detect differences in spectral and symbolic analysis. Data
represent mean + SEM, and a P < 0.05 was considered statistically significant.

Spectral analysis

CO (n=7) ALA (n=7) BLM (n=7) BLM+ALA (n=7) P

ABP (mmHg) 7516 703 74+5 77£3 0.81
HR (bpm) 299+ 16 269+ 17 251 +11 26710 0.14
HRY (ms?) 9.18 +£2.26 9.58 + 2.81 943 +4.28 12.69 +6.68 0.90
LFa (ms”) 2.12+0.74 3.5+ 1.38 1.31 £0.37 2.12+0.86 0.68
HFa (ms?) 550+ 1.63 4.30+0.98 7.07 £4.12 6.03 +2.47 0.96
LFnu 0.32+0.09 0.32 £0.07 0.28 +0.08 0.30 £0.07 0.96
HFnu 0.68 +0.09 0.68 +0.07 0.72 +£0.08 0.70 £0.07 0.96
LF/HF ratio 0.83 +£0.38 0.62 £0.19 0.56 £0.21 0.50+0.16 0.97
Symbolic analysis (%)

0V pattern 0.101 £ 0.006 0.100 £ 0.019 0.111 £ 0.027 0.111 +0.010 0.99
1V pattern 0.370 £ 0.010 0.372 +£0.021 0.361 £ 0.017 0.392+0.010 0.40
2LV pattern 0.102+0.014 0.091 £0.012 0.103 £0.012 0.075+0.014 0.34
2UV pattern 0.418 +0.020 0.434 +0.031 0.424 +0.035 0.413 +0.020 0.94
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established that fibrosis increases the elastic recoil forces of
the lung and therefore reduces lung compliance. Moreover,
excess ECM alters ventilation/perfusion ratios in the lung,
causing hypoxemia both at rest and with effort [32]. Conse-
quently, our results indicate that treatment with ALA might
overcome these mechanical changes and could be effective
in reducing respiratory work also in IPF patients. Despite evi-
dence in the literature regarding the involvement of the RAS
in PF [33], this is the first study which demonstrates the pro-
tective effect of ALA in lungs, extending the knowledge about
the potential of the ACE2 axis [34]. In this sense, our data
point to the possibility of using ALA to treat PF of varying
etiology, mainly when involving ACE2 participation. As pro-
posed by Wu [8], our findings indicate that the compensation
of ACE2 function, with ALA administration, could be a
promising alternative to treat the severe respiratory damage
provoked by PF, as found in COVID-19 [21, 28].

Studies have also indicated that ALA has different effects
on arterial blood pressure (ABP) regulation, depending on
where it is administered and/or the pathophysiological con-
dition. It causes an increase in ABP and sympathetic partici-
pation when injected into the paraventricular nucleus of
spontaneously hypertensive rats [35], whereas subcutaneous
infusion of ALA attenuates hypertension [36]. It was also
demonstrated by Wang et al. [37] that ALA attenuates car-
diac fibrosis caused by long-term hypertension indepen-
dently of ABP. Similar to the report by Wang et al. in 2019
[37], our results demonstrate that ALA attenuated lung fibro-
sis but did not change ABP, clearly indicating the versatility
of ALA’s effects and confirming RAS pleiotropism.

5. Conclusion

In the future, it is possible that ALA represents an important
strategy to improve [PF patient quality of life. This histolog-
ical and functional study supports a significant progress and
may encourage further investigation into the mechanisms of
ALA in PE.
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CONSIDERACOES FINAIS

Muitas substancias mostraram eficacia na FP in vitro ou nos mecanismos
moleculares em modelos animais. No entanto, nossos dados demonstraram, pela
primeira vez, o efeito da alamandina no desenvolvimento da FP experimetnal e na
protecdo da funcéo pulmonar em ratos induzidos com bleomicina.

Os promissores resultados preliminares do nosso estudo mostram que a
ativacao do eixo Alamandina/MrgD pode ser um potente alvo terapéutico. Estudos
adicionais séo, claramente, essenciais para investigar com precisdo 0s mecanismos
da alamandina e os efeitos em células humanas.

Além disso, analisar o potencial da alamandina em protocolos terapéuticos sédo
necessarios. Porém, os dados desse estudo representam um avanco importante na
pesquisa basica, uma vez que ha caréncia de abordagens terapéuticas eficazes para
controlar o desenvolvimento da fibrose.

Os dados da presente tese auxiliaram na fundamentagéao do pedido de patente
provisoria internacional para o uso da ALA como medicamento para prevenir ou
retardar significativamente a FP (US Provisional Patent Application No. 63/016,646
(303943/2016-5). Nesse contexto, e conhecendo a complexidade da patogénese da
FP, acreditamos que a modulacdo do SRA possa ser utilizada isoladamente ou em

combinacdo com outros agentes antifibréticos.
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