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RESUMO

Fibrose pulmonar (FP) € o resultado de um processo de lesdo cronica no qual fibroblastos se
tornam ativados e passam a secretar e depositar grandes quantidades de matriz extracelular
(ECM). Este fato leva uma dificuldade na degradacdo da ECM, seguido por rigidez tecidual,
perda de funcdo tecidual e morte. A frutose-1,6-bisfosfato ¢ um metabolito intermediario da
rota glicolitica que vem sendo estudada ha varios anos e tem demonstrado agdes protetoras em
diferentes tipos celulares e tecidos. Ha evidéncias de que a FBP ¢ capaz de prevenir o
desenvolvimento da FP induzida por bleomicina (BLM) em camundongos, mas o mecanismo
pelo qual isso acontece ainda ¢ desconhecido. Assim, o objetivo deste estudo foi avaliar os
efeitos da FBP sobre a prevencdo e/ou regulagdo do processo fibrotico em um modelo
experimental de FP in vivo e em células pulmonares in vitro. Para isso, tratamos animais que
receberam BLM intratraqueal com FBP por 14 dias. Ainda, utilizamos culturas primarias de
fibroblastos e miofibroblastos pulmonares extraidos de camundongos saudaveis e fibroticos,
respectivamente. Analisamos, a fungdo pulmonar, a expressao génica de subtipos de colagenos
e outros componentes importantes no processo fibrotico, assim como as taxas de proliferagao,
contracdo e migracdo celular, além das proteinas envolvidas na degradacdo da ECM. No
modelo de FP, a FBP foi capaz de melhorar significativamente a fun¢do pulmonar, como
demonstrado pela reducdo do depdsito de colageno e diminui¢do da expressdo de genes
relacionados a ECM, como colageno e fibronectina. /n vitro, miofibroblastos tratados com FBP
por 3 dias demonstraram uma menor taxa de proliferacdo, contragdo e migracdo, o que sao
indicios de desativagdo e reversdo fenotipica. Além disso, a FBP também diminui a expressdo
de genes e proteinas relacionados a ECM, como colageno, fibronectina e actina de musculo
liso a em cultura primaria de miofibroblastos. MMP1, uma colagenase responsavel pela
degradacdo da ECM, teve sua expressdo aumentada, enquanto a TIMP-1, um inibidor da
MMP1, diminuiu. MMP2, que estd associada ao aumento da invasdo do tecido por
miofibroblastos, também teve sua expressdo diminuida. Nossos resultados demonstram que a
FBP pode prevenir o desenvolvimento de FP induzida por BLM através da redugdo da
produgdo e depdsito de colageno e outros componentes de ECM e isso pode ser mediado
através do aumento da producdo de MMP1 e diminui¢do da TIMP-1, o que promoveria uma

degradacao efetiva da ECM depositada no tecido.

Palavras-chave: fibrose pulmonar; bleomicina; frutose-1,6-bisfosfato; matriz extracelular;

fibroblasto.



ABSTRACT

Pulmonary fibrosis (PF) is the result of chronic injury where fibroblasts become activated and
secrete large amounts of extracellular matrix (ECM), leading to impaired ECM degradation
followed by tissue stiffness, loss of lung function and death. Fructose-1,6-bisphosphate is a
metabolite from glycolytic pathway that has been studied for many years and showing
beneficial actions in different cell lines and tissues. In a recent study from our laboratory, FBP
was able to prevent the development of FP bleomycin (BLM)-induced on mice, but the
underlying mechanism is still unknown. In this way, the objective of this study was to evaluate
the effects of FBP under prevention and regulation of fibrotic process in PF mouse model and
lung fibroblasts. In this way, we treated mice that received BLM intratracheally with FBP for
14 days. We also extracted lung fibroblasts and myofibroblasts from healthy and fibrotic
animals, respectively. We analyzed lung function, gene expression of collagen subtypes and
other important components of ECM, as well proliferation, contraction and migration rates,
and proteins involved in ECM degradation. In PF mice model, lung function was improved by
FBP as revealed by reduced collagen deposition and downregulation of ECM gene expression
such as collagens and fibronectin. Myofibroblasts treated with FBP for 3 days in vitro showed
decreased proliferation, contraction, and migration, which are characteristic of myofibroblast
to fibroblast phenotype reversal. ECM-related genes and proteins such as collagens, fibronectin
and a-smooth muscle actin, were downregulated in FBP-treated myofibroblasts in vitro.
Moreover, MMP1, responsible for ECM degradation, and TIMP-1, a MMP1 inhibitor, were up
and down regulated, respectively. MMP2, which is associated with fibroblast invasion on
tissue, also was downregulated. These results demonstrate that FBP may prevent bleomycin-
induced PF development through reduced expression of collagen and other ECM components
mediated by a reduced TIMP-1 and increased MMP1 production, which would allow a better
ECM degradation.

Keywords: pulmonary fibrosis; bleomycin; fructose-1,6-bisphosphate; extracellular matrix;

fibroblast.
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INTRODUCAO

11 Fibrose e Fibrose Pulmonar Idiopatica

Fibrose ¢ o acimulo excessivo de componentes de matriz extracelular (ECM) que
ocorre ao redor do tecido inflamado e o resultado patologico de muitas doencgas inflamatoérias
cronicas que podem levar a uma area cicatricial permanente, perda de funcao tecidual e morte.
A fibrose pode ser ocasionada por inumeros processos genéticos desregulados, infeccoes
persistentes, exposi¢ao frequente a toxinas, agentes quimicos, hipertensao, diabetes, obesidade,
entre outros (1). Um evento fundamental no processo fibrotico € a ativacdo de fibroblastos em
miofibroblastos, um processo denominado transicdo epitélio-mesenquimal (EMT) (2). No
entanto, outras células podem se diferenciar em miofibroblastos e contribuir para o
estabelecimento da fibrose, como protofibroblastos, fibrocitos derivados da medula 6ssea,
células epiteliais e mesenquimais. Com o tempo, se a causa primaria da lesdo ndo ¢ eliminada,
os processos inflamatorios existentes se tornam cronicos e desregulados, gerando um aumento
da producao e deposito totalmente desordenado de ECM por fibroblastos ativados. Além de
sintetizar ECM, miofibroblastos sdo c€lulas altamente contrateis, o que contribui ainda mais
para o aumento da rigidez tecidual e para a consecutiva perda de funcdo do o6rgdo que ¢
observada em estagios mais avangados e terminais de fibrose. Por esses motivos, fibroblastos
e miofibroblastos sdo as principais células responsaveis pelo remodelamento tecidual que

ocorre durante a fibrose (Figura 1) (3).

Fibrose pulmonar (FP) idiopatica (FPI) é uma forma cronica e progressiva de
pneumonia intersticial que ocorre majoritariamente em idosos por causas desconhecidas e com
pouquissimas opg¢des de tratamento, sendo que nenhum reverte o quadro fibrotico ja
estabelecido (4). O resultado desse processo € a perda da elasticidade pulmonar e da area de
superficie alveolar. Isso leva a anormalidades na funcdo pulmonar, a troca gasosa ineficiente
(5, 6), diminuicdo da capacidade vital forcada (CVF), da capacidade de difusdo e dessaturacdo
de oxigénio (7). A FPI apresenta um prognostico bastante ruim. Apos o diagnostico, somente
20 a 30% dos pacientes apresentam sobrevida maior que 5 anos (8, 9) e a taxa de declinio da
capacidade vital forgada é bastante acentuada entre pacientes nao tratados (10). Varios fatores
externos estao associados ao desenvolvimento de FPI, como inalagdo de substancias toxicas,
envolvimento de virus e mesmo refluxo gastroesofagico, entretanto os processos exatos pelos

quais a FPI se desenvolve ainda nao estdo claramente definidos (11).
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Saudavel

Figura 1. Representacio de um pulmio saudavel e outro com FPI. Enquanto o pulmio saudavel apresenta
arquitetura macroscopica e microscopica normal, o pulméo com FPI adquire um padrio heterogéneo, com regides
normais e fibroticas ao longe de areas de faveolamento e com espessamento subpleural na regido inferior. 4)
Estrutura alveolar com paredes alveolares preservadas e camada celular epitelial intacta. B) Epitélio danificado
com espessamento da camada pleural e aumento da proliferagdo e migragdo de fibroblastos ativados por TEM que
contribuem para o foco fibrdtico (12).

1.2 Epidemiologia

A FPI ¢ uma doenga na qual, por seu carater cronico, os sintomas irdo se manifestar
majoritariamente ap6os os 50 anos de idade e com o quadro fibrotico ja bastante avangado. A

dispneia, uma das principais queixas relatadas por pacientes com FPI normalmente se
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estabelece na sexta ou sétima décadas de vida. Consequentemente, o diagndstico nos estagios
iniciais da doenga ¢é extremamente dificil. Assim, a partir do inicio dos sintomas e a
confirmacdo do diagndstico pelo quadro clinico apresentado, uma incessante corrida ¢
necessaria para tentar retardar o avango do processo fibrético, visto que a reversdo do quadro

ainda nao ¢é possivel com as medicagdes disponiveis no mercado (13).

A FPI esta associada a inumeros fatores de risco. Idade avancada, sexo masculino,
diferentes interagdes genéticas hereditarias e ndo hereditarias, encurtamento de teldomeros,
estresse oxidativo, disfun¢ao de surfactante, fatores epigenéticos, desregulacio proteolitica,
disfuncdo mitocondrial e secre¢do de mediadores pro fibroticos aumentada, como o TGF-B1,
tém sido reportados em pacientes e aumentam o risco de FPI. Tabagismo também ¢é um fator
de risco fortemente associado a FPI, podendo coexistir com a presenca de enfisema pulmonar.
Ainda, algumas atividades envolvendo o contato direto com animais, por causa do contato com
patogenos responsaveis por zoonoses, € agricultura, pela exposigdo a agrotoxicos, podem levar
ao desenvolvimento de FPI e outras doengas. A relagao com alguns virus e patdégenos, como
virus Epstein-Barr, adenovirus, herpes e hepatite C ainda nao ¢ totalmente clara. Embora nao
se saiba se o quadro fibrotico possa ser causado exclusivamente por esses agentes, existe a
suspeita de que possa ser agravado pelos mesmos. Surpreendentemente, refluxo
gastroesofagico tem sido um fator bastante associado a FPI. Pacientes com essa doenga t€ém
propensao a aspirar microparticulas do conteudo gastrico que causam dano ao epitélio alveolar.
Um estudo restrospectivo mostrou que pacientes com FPI que receberam tratamento para o
refluxo apresentaram uma menor mortalidade em comparagdo a pacientes sem tratamento. Por
ultimo, largos agregados linfociticos relacionados a auto-imunidade tém sido descritos em

pacientes com FPI, o que sugere um quebra na tolerancia imunolégica (14).

A FPI possui muitas caracteristicas e limitagdes que s@o compartilhadas com outras
doencas, o que faz com quem sua epidemiologia ndo seja facilmente desvendada. A tentativa
de classificar uniformemente os aspectos da FPI ¢ relativamente recente. O primeiro consenso
internacional para o diagnéstico de FPI foi publicado somente no ano 2000 (15), enquanto a
resolugdo que orientava uma classificagdo e diferenciagdo mais precisa da FPI veio em 2002
para auxiliar na distingdo da FPI dentre 6 outras formas de pneumonias intersticiais (16).
Apesar de ser uma doenca considerada rara, suas taxas de incidéncia e prevaléncia vem
aumentando a cada ano. Isso se deve, provavelmente, a melhor possibilidade de diagnostico

com equipamentos e técnicas modernas, e a melhor diferenciagdo e classificagdo correta da
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doenga, visto que existem mais de 150 tipos de doengas intersticiais pulmonares conhecidas,

dentre as quais a FPI ¢ a mais comum e uma das mais agressivas (17).

Nos Estados Unidos, com um gasto de 25.000 USD por paciente ao ano, a FPI
representa um custo maior que o cancer de mama e outras doengas que sao consideradas graves
(18). Ainda no mesmo pais, estimou-se que 34.000 pessoas sdo diagnosticadas com FPI por
ano. Esse numero foi considerado abaixo da realidade devido a algumas limitagGes
apresentadas no estudo, como a dificuldade do diagnostico, atrasos nos registros dos planos de
saude, a interrupcao da investigacdo sobre a doenca de base pela ndo continuidade do
atendimento no servico de saude primario e pacientes com doencgas intersticiais pulmonares
que o diagnostico preciso ndo foi confirmado e que poderia ser FPI (19). Japao, Peru, Bolivia,
Chile e alguns paises do oeste europeu sdo os locais nos quais se apresentam as maiores taxas
de FPI no mundo (14). No Reino Unido, 5.000 casos sdo estimados ¢ 5.000 mortes sdo relatadas
anualmente, o que significa que mais pessoas irdo morrer por causa de FPI do que devido a
cancer de ovario, linfoma, leucemia ou cancer renal. Congruente com outros estudos, a
incidéncia € maior em homens idosos, sendo que a sobrevida de pacientes com fibrose

comprovada por bidpsia € de aproximadamente 5.5 anos (20).

No Brasil, dados epidemioldgicos sobre a FPI que sejam detalhados e que reflitam o
real quadro dessa doenca sdo escassos. Isso dificulta a elaboracdo de politicas de saude
eficazes, visto que o impacto da FPI ndo é contemplado, ja que ainda ndo existem dados
confiaveis de incidéncia, prevaléncia e nimero total de pacientes afetados. Em 2015, na
tentativa de se averiguar a prevaléncia de FPI no nosso pais, Baddini-Martinez e Pereira
analisaram dados de dois estudos realizados nos EUA. No primeiro, haviam relatorios e
estimativas provenientes de comunidades de ancestralidade latina, enquanto o segundo
continha a analise de um grande banco de dados de companhias de planos de satde. Com isso,
os dois pesquisadores extrapolaram esses nimeros para realizar uma estimativa da realidade
Brasileira. De acordo com suas analises, a incidéncia anual prevista de novos casos de FPI foi
de 6.841 29.997 casos por 100.000 habitantes, enquanto a prevaléncia variou de 9.986 a 16.019
casos por 100.000 habitantes. Obviamente, essa extrapolagdo tem a tendéncia de mascarar a
nossa realidade e um estudo com dados provenientes de nosso pais deveria ser conduzido. Além
disso, devido a grande extensdo do nosso pais, a analise epidemiologica entre regides distintas
também foi recomendada por esses autores (21). Em um artigo mais recente, uma avaliagdo

realizada através da coleta de dados do Sistema da Informagdo de Mortalidade (SIM) entre os
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anos 1979 e 2014 mostrou que o Brasil segue as tendéncias globais em relagdo ao aumento de
casos de FPI (Figura 2A). As causas desse aumento sdo a possibilidade do diagnoéstico correto
com a melhora na tecnologia dos tomoégrafos empregados e a disponibilidade do uso da
tomografia computadorizada de alta resolu¢do (TCAR), a discussdo de casos em grupos
multidisciplinares e o aumento da populacdo com idade superior a 60 anos. Ainda, a analise de
género demonstrou que a mortalidade ¢ maior em homens do que em mulheres até a faixa de

85 anos, quando a mortalidade se iguala (Figura 2B) (22).
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Figura 2. Mortalidade por FPI no Brasil. Dado coletados dos periodos entre 1979 € 2914 no Brasil no Sistema

de Informagdo de Mortalidade (SIM). 4) Coeficiente de mortalidade bruto (¢) e padronizado (O) e padronizado
por FPI+Similes, onde similes significa a probabilidade de inclusdo de dados erroneos no SIM. B) Taxa de
mortalidade padronizado por género ¢ faixa etaria. Todas as faixas sdo significativamente diferentes entre homens
e mulheres exceto “85 anos ou mais” (22).

1.3 Diagnostico e Aspectos Clinicos

O diagnostico precoce ¢ de extrema importancia, visando evitar que possiveis terapias
com potencial lesivo para o pulmao sejam utilizadas e que o tratamento adequado possa ser
iniciado o mais brevemente possivel. O atraso do encaminhamento de pacientes com suspeita
de FPI a um centro especializado pode ser ocasionado pela demora do paciente ao consultar
um médico por causa da dispneia ou tosse, os quais sdo os primeiros sintomas que podem ser
constatados no atendimento primario. Além disso, crepitagdes inspiratorias, que sdo percebidas

na ausculta pulmonar, podem passar desapercebidas pelo médico sem experiéncia. Ainda, a
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auséncia de informagdes clinicas consideradas relevantes, como tabagismo, historico
ocupacional e informagdes sobre uso de medicacdes prévias, pode resultar em uma anamnese
inapropriada e ocasionar o atraso no encaminhamento do paciente para um centro especializado

(23).

Em seus guias, a American Thoracic Society, juntamente com a European Respiratory
Society, Japanese Respiratory Society e Latin American Thoracic Society, recomendam que a
presenca de FPI deve ser considerada em todos os pacientes adultos que apresentarem dispneia
e/ou tosse cronica, crepitagdes inspiratorias e/ou baqueteamento digital que ocorram sem causa
especifica ou mesmo devido a outros sintomas que sugiram uma doenca multissistémica. O uso
de TCAR ¢ altamente recomendado, visto que permite uma melhor definicdo dos padrdes
morfoldgicos pulmonares obtidos nas imagens e na observagdo da presenca ou nao de padréo
de pneumonia intersticial usual (PIU), que é observado tanto no exame histopatolégico, quanto

no radiologico (24).

No exame radiologico, uma das principais caracteristicas do padrao PIU observadas
através da TCAR ¢ o faveolamento. Faveolamento ¢ um agrupamento cistico que se dispdem
em camadas na regido subpleural, com diametro tipicamente consistente (3-10mm), paredes
espessas e bem definidas. Representa o estagio final do processo fibrético com a destruicao de
espacos aéreos distais e possui esse nome por se assemelhar a favos de mel (25) (Figura 3).
Usualmente, juntamente com o faveolamento, também se observam bronquiectasias e/ou
bronquiolectasias de tragdo concomitantemente com a presenga de opacidades reticulares de
predominio periférico e basal (26). Bronquiectasias de tragao sdo dilatacdes ou espessamento
permanente do calibre dos bronquios com usual espessamento do parénquima circunjacente a
via aérea, resultante de alguma enfermidade pulmonar produtora de fibrose. Bronquiolectasias
sdo semelhantes a bronquiectasia, porém ocorrem em bronquiolos, que possuem menor calibre

Q7).
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Figura 3. Imagens de tomografia computadorizada de alta resolu¢io (TCAR) demonstrando padrdes de
pneumonia intersticial usual (PIU). 4-C) secdo transversal e (D) reconstrugao coronal ilustrando a presenga de
faveolamento com predominéncia subpleural e basal e presenca de opacidade reticular. E) visdo em detalhe do
quadro em C mostrando tipicas caracteristicas de faveolamento, consistindo de espacos agrupados com paredes
bem definidas, didmetros variaveis e vistos em Gnica ou multiplas camadas (setas) (24).

No achado histopatolégico, deve-se buscar critérios que confirmem o padrdo PIU. Esse,
se caracteriza pela aparéncia de uma fibrose densa e desorganizada que causa remodelamento
da arquitetura tecidual, frequentemente resultando em alteragdes tipicas de faveolamento e
alternando com areas de parénquima menos afetadas. Nas regioes de faveolamento, em nivel
microscopico, existe a presenca de espagos aéreos fibroticos que sdo frequentemente revestidos
por epitélio bronquiolar e preenchido com muco e células inflamatérias. A presenca de
inflamacdo ¢é, normalmente, moderada com infiltrado linfocitico e hiperplasia do epitélio dos
bronquiolos. A zona fibrética ¢ composta majoritariamente de colageno com a presenga de

fibroblastos e miofibroblastos em alta taxa de proliferacdo (27).
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Figura 4. Analise histopatologica mostrando padrio de pneumonia intersticial usual (PIU). A) imagem
mostrando padrao PIU classico, correspondente com fibrose pulmonar idiopatica (FPI), com presenca de alta
densidade fibroética, distor¢ao da arquitetura tecidual com faveolamento microscopico (flechas) justaposto com
parénquima relativamente pouco afetado (*). B) Area em detalhe do quadro em 4, mostra cicatriz subpleural com
alteragOes caracteristicas de faveolamento e foco fibroblastico (setas) (24).

A progressiva diminui¢do da fung@o pulmonar leva a uma piora da qualidade de vida e
¢ um indicador clinico importante na FPI (28, 29), refletindo mudangas na qualidade e aumento
da quantidade de ECM acumulada durante a fibrogénese, o que leva ao enrijecimento do tecido
(30). Com isso, pacientes com FPI apresentam perda progressiva da funcdo pulmonar e
consequente 6bito. Em resumo, o diagnostico de FPI pode ser confirmado quando outras causas
conhecidas de doencas pulmonares intersticiais puderem ser excluidas, quando o padrao PIU
for observado na TCAR e na presenca de padrdes histopatologicos caracteristicos em pacientes

que tiverem amostras de biopsia coletadas (24).

1.4  Aspectos Moleculares e Regulacio da Matriz Extracelular na FPI

Tao importante quanto a regulagdo da produgdo e depodsito, a degradagdo da ECM ¢
fundamental para a resolug¢do da fibrose e reestabelecimento do tecido saudavel. Tanto em
modelos experimentais quanto em humanos, existe um desequilibrio extremamente
significativo na produgéo e atividade de proteinas que sdo responsaveis pela reciclagem da
ECM, gerada durante o processo fibrdtico. Apds a fonte primaria da lesdo ser retirada ou
interrompida, fibroblastos que foram ativados entram em apoptose, devendo ser eliminados por
células imunes ou desdiferenciar para que processos normais referentes a cicatrizacdo ocorram
de maneira controlada. Porém, no processo cronico, fibroblastos permanecem sendo ativados
continuamente e depositando ECM no tecido. Além da composi¢do quimica e estabilidade da
estrutura tridimensional, propriedades mecanicas da ECM podem regular o fenétipo celular,

sinalizacdo e ativagdo de moléculas pro fibroticas. Existem estudos relacionando a
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deformabilidade do parénquima tecidual e composi¢do da ECM com a fungao e diferenciacao
de fibroblastos devido a interacdo da ECM com proteinas de adesdao focal transmembrana,
como integrinas. For¢as mecénicas externas e internas podem ser transmitidas para o
citoesqueleto, gerar sinais bioquimicos e estimular fatores de transcri¢do que vao alterar a
conformacgdo de proteinas importantes na regulacdo da diferenciagdo de fibroblastos, assim

ativando-os (31).

O fator de crescimento transformante Bl (TGF-B1) ¢ uma citocina envolvida em
inimeros processos fisioldgicos, como embriogé€nese, imunidade, carcinogénese, cicatrizagao,
proliferagdo e migracao celular (32). Apos sua sintese, o TGF-B1 € secretado e armazenado
ligado a8 ECM como uma molécula inativa. Apds lesdo tecidual, o estresse mecanico e geragao
de espécies reativas de oxigénio (ROS) podem ativar o TGF-B1 (33), o que faz com que
fibroblastos saudaveis se diferenciem em miofibroblastos. Por sua vez, esses miofibroblastos
irdo aumentar sua propria producdo de ROS, liberando mais TGF-B1, induzindo a ativagao de
quinases reguladas por sinais extracelulares (ERK) e a expressdo de actina de musculo liso a
(a-SMA) em um circulo vicioso (34). TGF-B1 ¢é a principal citocina indutora de fibrose (35,
36) e sua produ¢do, quando aumentada, estd relacionada a progressdo de fibrose hepatica,
cardiaca, renal e pulmonar. A sinalizacdo do TGF-B1 se da através da ligacdo do TGF-B1 a
seus receptores, o receptor de TGF-B1 tipo I e 11, o que induz a ativagdo de proteinas Smad.
Essa ativacdo leva a formacdo de complexos heteroméricos entre Smad2, Smad3 e Smad4 e a
translocagdo desse complexo ao ntcleo, onde podem direcionar a transcricdo de genes
relacionados a proliferacdo, diferenciagdo e producdo de ECM, como , fibronectina (Fn1), além
da a-SMA (37). A proteina Smad7, que parece ser ativada pelo fator de necrose tumoral alfa
(TNF-a), ao contrario, inibe a formacdo desses heterocomplexos e, por isso, impede a

sinalizacdo do TGF-B1 (36, 38).

Estudos anteriores relacionam diretamente os niveis de producdo e depodsito de
colageno e outros componentes de ECM com a severidade do quadro (39). Apds sua sintese,
mondmeros de colageno polimerizam em sua forma fibrilar que, entdo, sdo unidos por ligagdes
covalentes pela enzima lisil oxidase (LOX). Esse processo de maturacdo do colageno ¢
fundamental para a estabilidade da sua estrutura e das suas propriedades mecanicas e fisicas
(40) e, quando desregulado, confere uma maior resisténcia a proteodlise do coldgeno, que ¢é
realizado pela metaloproteinase de matriz (MMP) 1 (MMP1), aumento da rigidez tecidual e

diminui¢ao da elasticidade do tecido (30, 39, 41). Em modelos animais de fibrose hepatica, o
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aumento na rigidez do tecido precede a ativagdo de fibroblastos e acumulo de coldgeno. Isso
indica que alteragdes precoces na mecanica tecidual podem ser suficientes para estimular
cascatas de contragdo e a ligacdo do colageno fibrilar pela LOX pode ser um dos fatores
responsaveis por essas mudangas iniciais (42). A Fnl, outro importante componente de ECM
que pode ter agdo quimioatratora para fibroblastos, também ¢ vista nas fases iniciais do
desenvolvimento de FP em modelos animais e ndo somente nos estagios finais quando o quadro

fibrotico ja esta estabelecido (43).

A o-SMA ¢ um dos marcadores classicos da diferenciacdo de fibroblasto em
miofibroblasto ¢ um dos componentes de ECM mais importantes em qualquer processo
fibrotico. A sintese de a-SMA por miofibroblastos gera uma for¢a de contracdo pelo menos
duas vezes maior que outras isoformas de actina, o que ¢ fundamental no processo normal de
cicatrizacdo, visto que a tensdo mecanica necessaria no reparo do dano e a carga suportada pelo
tecido para reestabelecer sua estrutura ¢ maior do que no tecido saudavel. Ao menos trés
eventos sao necessarios para a geragdo de miofibroblastos que sejam totalmente diferenciados
e capazes de expressar a-SMA. Sdo eles o acamulo de TGF-B1 biologicamente ativo, a
presenca de proteinas de ECM especificas e estresse extracelular proveniente do constante
remodelamento da ECM circundante aos fibroblastos. Um passo fundamental para a formagao
da nova ECM ¢ a estruturagdo da Fnl, que ¢ mediada por miofibroblastos e dependente da
ligacdo de dimeros de Fnl a integrinas. Isso resulta em um formato fibrilar que ira servir de
base para a ligacdo de colageno e outros componentes de ECM, como a propria a-SMA, ja que
a expressdo dessa pode afetar a estrutura¢do da Fnl fibrilar ¢ modular a geracdo da forga de
contragdo maxima que a célula podera suportar. Ainda, a estruturagdo da Fnl em fibriblas ¢
realizada de um modo muito mais eficaz e rapido por miofibroblastos do que por fibroblastos
e esse efeito ¢ diretamente relacionado com o aumento da expressdo de genes relacionados a

capacidade de contracdo celular (44).

As MMPs formam uma familia de proteinas endopeptidases dependente de Zn*? que
estdo envolvidas na degradagdo e remodelamento da ECM em varias condigdes fisiologicas e
patologicas (45). MMPs e seus inibidores, inibidores de metaloproteinase tecidual (TIMP), tém
sido implicados na patogénese da FPI. MMP1 ¢ uma colagenase e responsavel por degradar
uma das moléculas de ECM mais importantes e presente no quadro fibrético (46). TIMPs estao
distribuidos amplamente e em grandes quantidades no parénquima pulmonar de pacientes e

animais com FP. Isso contribui para que o colageno e outros componentes de ECM nao sejam
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degradados apropriadamente e se acumulem, contribuindo para a rigidez do tecido pulmonar
afetado, perda de fung@o e consequente ineficiéncia na habilidade de trocas gasosas e
metabolicas, o que, por fim, leva a morte. Surpreendentemente, algumas MMPs promovem, ao
invés de inibir, o desenvolvimento de FP através da promoc¢do de EMT, aumento dos niveis ou
atividade de mediadores pro-fibréticos, promovendo migragdo anormal de células epiteliais,
migracdo de fibrocitos e outros processos de reparo celular aberrantes (47). Em animais
submetidos a inducao de fibrose com bleomicina (BLM), tanto a expressdo quanto os niveis de
metaloproteinase de matriz 2 (MMP2) aumentam gradativamente com o passar do tempo. Isso
pode levar a desestabilizacdo da membrana de células epiteliais, facilitando a invasdo de
fibroblastos a espagos alveolares, fazendo com que esse aumento esteja relacionado a

severidade do quadro fibrético (48).

1.5 Tratamento

As opgOes de tratamento para a FPI ainda sdao escassas. Dois medicamentos,
nintedanibe e pirfenidona, foram recentemente aprovados para uso em humanos pelo Food and
Drug Administration (FDA) dos Estados Unidos e sdo considerados seguros e efetivos no
tratamento da FPI. Nintedanibe ¢ um inibidor da tirosina-quinase que pode estimular migragado
e proliferacdo de fibroblastos pulmonares e tem como alvo receptores do fator de crescimento
vascular endotelial (VEGF), do fator de crescimento de fibroblasto (FGF) e do fator de
crescimento derivado de plaquetas (PDGF), que estdo envolvidos na sinalizagdo
transmembrana e transdugdo de sinais intracelulares. A pirfenidona inibe citocinas
inflamatdrias em nivel pos-transcricional € aumenta a produgao de interleucina 10 (IL-10), que
¢ anti-inflamatoria, inibe a proliferacao de fibroblastos induzida por PDGF e FGF e inibe a
sintese de pro-colageno estimulada por TGF-B1 (24). Alias, o bloqueio de citocinas pro-
fibroticas tem sido buscado como uma alternativa de tratamento, tendo o TGF-B1 como alvo
principal. Porém, a administracdo de drogas e anticorpos inibidores dessa citocina tem
demonstrado pouca eficacia quando aplicados sozinhos, o que sugere que a inibi¢do de uma

citocina ndo € suficiente para o sucesso do tratamento.

Em um estudo clinico de fase 3, analisando 555 pacientes, 47% deles apresentaram
CVF estavel (diminuicdo <10%) ou sobrevida maior que um ano de tratamento (49). Outro

estudo, analisando o efeito do nintedanibe, mostrou que, de 80 pacientes, 59% apresentaram
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melhora ou estabilidade no quadro fibrético, enquanto 41% foram a 6bito durante o periodo
observacional do estudo (50). Quando comparados, pacientes em uso de nintedanibe
apresentaram perda de peso significativamente maior em relagdo a pacientes em uso de
pirfenidona (51). Ainda, o uso conjunto de diferentes farmacos abrem novas possibilidades de
tratamento. Um estudo reportou a diminuigdo da CVF em 44% dos pacientes que usaram
pirfenidona e em 87% de pacientes que associaram perfenidona e N-acetilcisteina, um
antioxidante (52). Ainda, in vitro, a combinacdo de pirfenidona e interferon-y mostrou um
possivel efeito sinérgico entre dois fArmacos, inibindo a proliferagao, diferenciagao e migragao
de fibroblastos induzida por TGF-1 e PDGF. Porém, um estudo japonés relatou um pequeno,
porém significativo aumento no numero de efeitos adversos e uma diminuicdo da
biodisponibilidade do nintedanibe quando administrado em conjunto com a pirfenidona (53).
Assim, mais estudos que avaliem os efeitos concomitantes de diferentes possiveis agentes sdo

necessarios.

Caracteristicas da FPI incluem lesdes e hiperplasia de células epiteliais alveolares,
acumulo de células inflamatoérias, hiperplasia de fibroblastos, depdsito € acimulo de ECM.
Apesar da presenca de células inflamatoérias no foco fibrotico, o papel que a inflamagao
desempenha no processo da FP ainda ¢ incerto, visto que pacientes nao respondem a terapias
com agentes imunossupressores, como azatioprina e prednisona. Ao contrario, pacientes
tratados com essa classe de farmacos apresentaram uma mortalidade maior e foram
hospitalizados por exacerbacdes mais frequentemente que pacientes controles (54). Embora os
exatos mecanismos ainda ndo sejam totalmente elucidados, esse fato pde em divida se a
inflamagao tem algum papel como protagonista do processo fibrotico que ocorre no pulmao. A
eficacia apresentada pelo nintedanibe e pirfenidona, apesar de ndo reverterem a fibrose ja
instaurada, demonstram que a FPI ¢ passivel de tratamento e que ¢ de extrema importancia que
a pesquisa por novas moléculas seja realizada, pois o transplante pulmonar ainda permanece

como o Unico tratamento definitivo.

1.6 Modelo Experimental de Fibrose Pulmonar em Camundongos com
Bleomicina

Nenhum animal desenvolve fibrose pulmonar espontaneamente como acontece em

humanos. Isso faz com que a indugdo de fibrose com toxinas ou agentes quimicos seja
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necessaria para que possamos estudar os aspectos e mecanismos moleculares que estdo
presentes no estabelecimento e resolugdo do processo fibrdotico no pulmdo. Obviamente,
modelos experimentais e humanos apresentam diferencas intrinsecas, mas, ainda assim, sdo
uma alternativa de grande relevancia para o estudo dos efeitos de drogas que possam ter um

papel antifibrético em ensaios pré-clinicos.

A bleomicina (BLM) ¢ um agente antineoplasico usado para tratar inumeros tipos de
cancer, como linfomas, carcinoma de testiculos, ovarios e cabega. O principal mecanismo
anticancer da BLM ocorre através da indugao de estresse oxidativo e clivagem de DNA. Porém,
apresenta uma alta toxicidade pulmonar, pois a enzima bleomicina hidrolase (BLMH), que
inativa a BLM quase ndo ¢ produzida nesse orgdo (55, 56). Por causa dessa toxicidade no
pulmao, a BLM ¢ o agente mais comumente utilizado para a indugdo de fibrose pulmonar
experimental (56, 57) em ratos e camundongos. As lesdes induzidas por esse agente incluem
inflamacgao, dano epitelial com hiperplasia reativa e apoptose, alteracdes da membrana basal e
fibrose heterogénea (58). Embora esse modelo seja facilmente reproduzivel, a administracao
de BLM leva a um rapido estabelecimento do quadro fibrotico que ndo simula perfeitamente o
quadro clinico em pacientes, o que ¢ uma limitacdo presente em todos os modelos
experimentais disponiveis (56, 57). Além disso, existe um consenso de que a fibrose pulmonar
induzida por BLM se resolve, ou seja, regride, a partir do 28° dia apds a administracdo (55).
Porém, apesar do dano agudo, Limjunyawong e colaboradores observaram que, mesmo depois
de seis meses de uma unica administracdo intra-traqueal (IT) de 5 U/kg de BLM, animais ainda
apresentavam varias alteragdes estruturais e funcionais, como diminui¢do do volume, aumento
da rigidez pulmonar, dificuldade nas trocas gasosas, aumento de células inflamatorias e
deposi¢ao de colageno, quando comparados ao grupo controle, sugerindo que o quadro

fibrotico se mantém mesmo depois de um longo periodo apos a administragao do farmaco (59).

Diferentes linhagens de camundongo respondem de diferentes modos ao estimulo
fibrotico induzido pela BLM. Santos-Silva e colaboradores, em um estudo comparando trés
cepas distintas (BALB/c, DBA/2 ¢ C57BL/6), encontraram varias diferencas entre elas. Por
exemplo, a taxa de sobrevida apds administragdo IT de BLM variou entre 50, 80 ¢ 100% para
C57BL/6, DBA/2 ¢ BALBY/c, respectivamente. Além disso, uma diferenga significativa na
expressao e atividade de marcadores de estresse oxidativo, como superoxido dismutase (SOD),
catalase (CAT), glutationa peroxidase (GPx), espécies reativas ao acido tiobarbitirico

(TBARS) e 6xido nitrico (NO) também foi constatada entre as cepas. Visto que a BLM age
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como uma fonte de ROS, a maior atividade antioxidante da SOD observada em camundongos
BALB/c pode estar associada com a resisténcia a fibrose induzida por BLM nessa cepa (60).
Apesar disso, um estudo analisando a resposta 8 BLM entre diferentes cepas encontrou graus
semelhantes de fibrose e apoptose entre C57BL/6 e NMRI (61). Em células mesoteliais
pulmonares, a BLM diminui niveis de expressdo de citoqueratina 8 e E-caderina, aumentando
a motilidade e migracdo celular, expressdo de colageno tipo 1 (Col-1), a-SMA e induzindo
mudancas morfoldgicas para um fenotipo semelhante a miofibroblasto. Todas essas mudancas
sdo caracteristicas de EMT e a sinalizagdo do TGF-B1 via Smad2/3 ¢ fundamental para esse

processo (62).

1.7 Frutose-1,6-bisfosfato

A Frutose-1,6-bisfosfato (FBP) ¢ um intermedidrio glicolitico de alto potencial
energético produzido pela enzima fosfofrutoquinase (PFK), que catalisa a fosforilagdo da
frutose-6-fosfato. As propriedades protetoras deste aguicar tém sido demonstradas em uma
variedade de condigbes patologicas por nosso grupo, incluindo sepse e imunomodulagdo (63,
64). Além disso, outros grupos demonstraram suas acdes como agente neuroprotetor, anti-
isquémico e antioxidante (65), em uma variedade de tecidos, como figado (66-68), rim (69),
cérebro (70, 71), pulmdo (72-74), musculo (75) e intestino (76). Rigobello e Galzigna
realizaram um dos primeiros estudos que avaliaram o comportamento farmacocinético apds a
administracdo da FBP. Usando FBP marcada, eles viram que o rim apresentava os maiores
niveis de radiagdo, enquanto o cérebro os menores, sugerindo uma distribui¢do ou mesmo

captacdo ndo homogénea da FBP administrada (77).

Durante anos, os mecanismos pelos quais a FBP pudesse entrar nas células foram
investigados e essa hipotese sempre foi controversa. Com a sintese de [C'3]JFBP, detectavel por
ressonancia nuclear magnética, Hardin e Robert viram que [C'*]lactato era produzido por
células apods sofrerem hipdxia, o que indicava que a FBP era metabolizada apos entrar na célula
e servia como intermediario glicolitico (75). Por possuir dois grupos fosfatos na sua molécula,
Sano e colaboradores sugeriram que a FBP ndo pode cruzar a membrana plasmatica intacta.
Assim, seria necessaria a acao de fosfatases no meio extracelular e a obtengao de frutose, que
poderia, entdo, como uma molécula mais simples, atravessar a membrana, porém essa hipotese

ndo foi confirmada (78). Anos mais tarde, em outro estudo, Hardin e colaboradores ndo viram
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indicios de que a FBP fosse convertida a frutose no meio extracelular, mas sim de que era
transportada para o meio intracelular e metabolizada a COz e lactato, confirmando que a FBP
pode cruzar a membrana celular intacta. Além disso, relataram que a forma linear da FBP
utiliza um transportador dicarboxilado para entrar na célula. Esse efeito ¢ inibido quando o
fumarato esta presente, o que indica uma competi¢cdo pelo mesmo sistema de transporte (79).
Além disso, foi descrito que a FBP poderia causar uma instabilidade na membrana plasmatica
através da interagdo com o célcio que estabiliza fosfolipideos da membrana. Isso aumentaria
temporariamente a fluidez da bicamada lipidica e permitiria que a FBP entrasse na célula (80).
Ainda, dados indicam que o processo de entrada da FBP na célula é dependente de energia,
visto que astrocitos sdo capazes de captar esse acticar a 37°C, o que ndo acontece a 0°C (81).
Desde entdo, a captagdo da FBP tem sido demonstrada em diferentes tecidos e células, mas o
exato mecanismo pelo qual ela é capaz de cruzar a membrana com seus dois grupos fosfato

intactos permanece como alvo de discussao.

Em relagao a toxicidade da FBP, Nunes e colaboradores mostraram que a dose letal
média desse agucar em ratos ¢ de aproximadamente 1,0g/kg quando administrada em bolus por
via endovenosa e que esse efeito pode ser ocasionado pelo aumento de fosfato que ¢ liberado
quando a FBP ¢ hidrolisada (82). Em outro trabalho, a administragdo de até 4,0 g/kg de FBP
por via intraperitoneal em ratos neonatos ndo teve qualquer indicio de toxicidade nem de
alteracdes estruturais de 6rgdos como coragdo, figado, pulmdes e rins (83). Normalmente,
testes realizados em roedores utilizam doses que variam de 100 a 1000 mg/kg de FBP (84). Em
ratos, niveis plasmaticos de FBP atingem seu pico duas horas apds a administracdo de
500mg/kg por via intraperitoneal, saltando de 15ug/mL para 35ug/mL. Decorridas 6 horas, os
niveis de FBP diminuem em mais da metade, mas ainda continuam acima da concentracao
basal e permanecem estabilizados por, no minimo, 3 dias, mostrando que os efeitos de uma
unica dose podem ser duradouros. Apesar de, nesse mesmo artigo, o pico de acumulo de FBP
ocorrer 1 hora ap6s a administragdo em 6rgdos como figado e rim, o pulmao nao foi analisado
(85). Ainda que saibamos que a FBP pode exercer efeitos protetores no tecido pulmonar, ndo

se sabe exatamente como a FBP ¢ capaz de influenciar esse 6rgao.

Muitos estudos mostram que a FBP possui agao protetora contra radicais livres (86) em
modelos in vitro com células expostas a peroxido de hidrogénio (87), impedindo a produgdo
de malondialdeido, um indicador de peroxidagdo lipidica (78) e reduzindo a formacdo de

produtos de oxidacdo de proteinas (88). Em hepatocitos lesados com galactosamina, a FBP
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aumenta a relacdo glutationa oxidada/glutationa reduzida que € um importante sistema
antioxidante celular (89). Outro possivel mecanismo pelo qual a FBP exerce sua atividade
protetora € pela capacidade de quelar ions divalentes, como Fe™? (90, 91), que é responsavel

pela geracdo de ROS na reacdo de Fenton.

A PFK ¢ o principal ponto de regulacdo na glicdlise e sua atividade diminui
drasticamente em um ambiente celular hipoéxico ou com dano por causa do baixo pH do meio.
Com isso, a fosfofrutoquinase diminui drasticamente sua capacidade de gerar FBP ¢ a rota
glicolitica ¢ inibida, fazendo com que os niveis de adnosina trifosfato (ATP) celular caiam
drasticamente. Isso leva a despolarizagdo celular e a entrada de grandes quantidades de Ca**
por canais voltagem-dependentes. Principalmente em neurdnios, a entrada de Ca** resulta na
ativacdo de cascatas de sinalizacdo de morte celular. A administragdo exdgena de FBP pode
impedir esse processo por dois mecanismos. Primeiro, a FBP, ao entrar na célula, pode pular a
etapa regulada pela PFK, fazendo com que a glicolise, assim como a producdo de ATP seja
restaurada, o que reestabelece o equilibrio idnico e diminui a concentra¢do de Ca*? intracelular.
Segundo, a habilidade de FBP de se ligar ao Ca?", outro ion divalente, poderia impedir a
sinalizacdo toxica desse cation e exercer um efeito crucial para a estabilidade e sobrevivéncia

celular (65, 92, 93).

Ainda, a FBP apresenta atividades imunomodulatorias, visto que a ativacdo de
neutrofilos (94) e proliferacdo de linfocitos in vitro (64, 95) € inibida por esse agucar, o que
pode ser resultado da inibigdo da producdo de NO e proteina quinase ativada por mitégeno p38
(p38 MAPK) (96). Em modelos in vivo de lesdo pulmonar induzida por carragenina (97) e
zimosan (72), a FBP foi capaz de exercer atividades anti-inflamatérias, diminuindo a migragao
de leucocitos e a produgdo de NO. Em um recente trabalho realizado por nosso laboratorio, a
administracdo de FBP no momento da indu¢@o de sepse experimental em camundongos foi
capaz de, no cérebro, impedir a formacgdo de radicais livres, aumentar a concentracdo de
catalase e diminuir os niveis de S100f, uma proteina que ¢ utilizada como marcador de lesdo.
Ainda, foi capaz de manter o metabolismo cerebral em niveis semelhantes aos dos animais

controles (98).

Existem evidéncias que a FBP pode exercer suas propriedades anti-inflamatdrias
através da adenosina. Sola e colaboradores mostraram que a infusdo de FBP aumenta os niveis

de adenosina, diminuindo o acimulo de xantina durante o periodo de isquemia, inibindo o
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recrutamento de neutrofilos e subsequente geracdo de ROS durante a reperfusdo. Com a
administracdo de adenosina deaminase, que converte a adenosina a um metabolito inativo, a
FBP teve seu efeito protetor bloqueado (94). Valério e colaboradores mostraram que a FBP
diminui a hiperalgesia em camundongos apos a injecao intraplantar de carragenina e que esse
efeito pode ser mediado especificamente através da ativacdo do receptor de adenosina Al.
Animais que receberam FBP antes da injecdo de carragenina tiveram uma sensibilidade
diminuida a dor causada pela inflamagdo e esse efeito foi inibido quando, antes da
administracdo da FBP, os animais receberam DPCPX, um antagonista seletivo do receptor de
adenosina Al. Além disso, viram que animais que receberam FBP tiveram seus niveis
plasmaticos de adenosina aumentados e que a administragdo direta de adenosina tinha efeitos
semelhantes aos da FBP em diminuir a hiperalgesia (84). Ainda avaliando a relacdo da FBP-
adenosina, Veras e colaboradores utilizaram um modelo de artrite induzida por zymosan e
viram que a FBP, uma vez mais, foi capaz de atenuar a inflamagdo. Além disso, a FBP foi
capaz de aumentar os niveis de ATP sérico, além da adenosina extracelular, com sua
concentracdo maxima atingida 24h ap6s a administracdo de FBP. Ainda, relataram que esse
aumento da adenosina ¢ dependente de CD39 e CD73, que sdo ectonucleotidades que degradam
o ATP extracelular em etapas sequenciais até adenosina. Porém, dessa vez, a FBP foi
responsavel pela ativacdo de um subtipo diferente de receptor, o receptor de adenosina A2a

(99).

Alguns estudos com a administra¢do de FBP ja foram realizados em humanos com lesao
miocardica (100, 101) e acidente vascular cerebral isquémico (102). Em um desses estudos,
Markov e colaboradores demonstraram que a infusdo endovenosa de 5g de FBP ndo altera a
pressao arterial, diminui os niveis de piruvato e lactato e aumenta o consumo de carboidratos,
enquanto diminui a utilizacdo de lipideos para a geracdo de energia em individuos saudaveis
(103). Ainda, FBP foi administrada de modo seguro em pacientes com doenga pulmonar
obstrutiva cronica, onde melhorou a forca de contragdo muscular, melhorando a respiragdo
desses pacientes (104). Em outro estudo, em pacientes com insuficiéncia cardiaca congestiva,
a administragdo de 125mg/kg resultou em uma modesta melhora na performance ventricular

esquerda quando comparada ao grupo placebo (105).
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1.8 Frutose-1,6-bisfosfato e Fibrose

Pelo fato da fibrose pulmonar ainda ndo ter uma alternativa de tratamento que reverta
o quadro fibrotico, novos estudos se fazem necessarios para entender os mecanismos
subjacentes a essa doenca e testar novas moléculas que possam agir contra o seu avango. As
HSC sao fibroblastos residentes do figado que acumulam vitamina A em seu citoplasma em
goticulas de lipideo que podem ser coradas e visualizadas facilmente ao microscopio. Durante
a lesdo hepatica e a medida que essas células vao sendo ativadas, ocorre perda da habilidade
de estocar vitamina A, perdem as goticulas de lipideos e vao adquirindo caracteristicas de
miofibroblastos, com maior contratilidade, producao de TGF-B1, proliferacdo, etc. Porém, as
HSC possuem a peculiar caracteristica de sofrerem um processo de desativacdo, ou reversao
fenotipica, quando expostas a moléculas que induzam protecdo antioxidante. Em um estudo do
nosso laboratorio, utilizamos a FBP no cultivo celular de uma linhagem de células estreladas
hepaticas (HSC) chamada GRX. Apds 7 dias de tratamento, de Mesquita e colaboradores
relataram uma dréstica reducao na taxa proliferacdo e um significativo aumento na quantidade
de lipideo armazenado no citoplasma dessas células. Esse efeito foi acompanhado por um
aumento na expressao do receptor ativado por proliferadores de peroxissoma gama (PPAR-y),
que ¢ um fator de transcricdo envolvido no metabolismo, e pela diminui¢do da expressdo e

producdo de Col-1 e TGF-B1 (106).

Em outro trabalho, expusemos essas células a uma solugdo de ferro e vimos que isso
aumentava a taxa de proliferacdo celular, diminuia a quantidade de lipideo intracelular,
aumentava a expressdo de coldgeno e diminuia a de PPAR-y. Esses efeitos foram revertidos
com sucesso pelo co-tratamento com FBP que, como confirmado por nossos experimentos,
pode quelar o ferro presente no meio de cultivo. Ainda, vimos que a FBP, apesar de dados
indicarem possuir um efeito antioxidante, ndo parece ser uma molécula com propriedades

antioxidantes, visto sua incapacidade de captar o radical livre DPPH (107).

Em um outro artigo publicado por nosso laboratorio, vimos que a administragdo de FBP
via IP foi capaz de prevenir o desenvolvimento de FP induzida por BLM em camundongos, a
perda de fun¢do pulmonar e, in vitro, reduzir a taxa de proliferacdo de fibroblastos pulmonares
pela indugdo de senescéncia celular (108). Apesar de termos demonstrado que a FBP ¢ capaz

de proteger o pulmao em diferentes modelos experimentais e contra o desenvolvimento da FP,
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0s mecanismos envolvidos nesse processo ainda nao foram elucidados e novos estudos se

fazem necessarios.
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JUSTIFICATIVA

Estudos recentes apontam a FBP como uma molécula com um grande efeito terapéutico
em inumeras doencas. No entanto, o conjunto de evidéncias sobre esse aglicar ainda ¢
incipiente. A FBP apresenta diferentes propriedades protetoras em diferentes 6rgdos e em
diferentes modelos experimentais, mas as melhores condigdes para seu potencial
farmacoldgico ainda ndo foram exploradas. Apesar da busca por novas terapias, ainda nao
existem tratamentos que revertam o quadro fibrético na FPI. Um fator bastante importante € o
remodelamento tecidual que ocorre no processo fibrdtico, visto que mudangas na rigidez,
composi¢ao e estrutura da ECM podem estimular a ativagdo de fibroblastos em miofibroblastos
e propagar indefinidamente a fibrose no tecido. Neste sentido, a FBP ja demonstrou potencial
na prevencao de fibrose pulmonar experimental e ¢ importante que os mecanismos pelos quais

esse agucar exerce esses efeitos sejam melhor investigados.

32



OBJETIVOS

1.9 Objetivo Geral

Avaliar os efeitos da FBP sobre a prevencao e/ou regulacdo do processo fibrotico em

um modelo experimental de FP in vivo e em células pulmonares in vitro.

1.10  Objetivos Especificos

Avaliar o efeito da FBP sobre:
- a morfologia do parénquima pulmonar de camundongos submetidos a FP;

- a deposicdo de componentes de matriz extracelular no parénquima pulmonar de

camundongos submetidos a FP;
- parametros de fun¢@o pulmonar de camundongos submetidos a FP;

- a expressdo génica de componentes de ECM nos pulmdes de camundongos

submetidos a FP;

- a proliferacdo, contragdo e migracdo de fibroblastos e miofibroblastos pulmonares

extraidos de camundongos e mantidos em cultivo primario;

- a expressdo génica de diferentes componentes de ECM em fibroblastos e
miofibroblastos pulmonares extraidos de camundongos e mantidos em cultivo

primario;

- a expressao de MMP’s e TIMP’s de fibroblastos e miofibroblastos pulmonares

extraidos de camundongos e mantidos em cultivo primario.
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Abstract

Pulmonary fibrosis (PF) is the result of chronic injury where fibroblasts become activated
and secrete large amounts of extracellular matrix (ECM), leading to impaired fibroblasts
degradation followed by stiffness and loss of lung function. Fructose-1,6-bisphosphate
(FBP), an intermediate of glycolytic pathway, decreases PF development, but the underly-
ing mechanism is unknown. To address this issue, PF was induced in vivo using a mouse
model, and pulmonary fibroblasts were isolated from healthy and fibrotic animals. In PF
model mice, lung function was improved by FBP as revealed by reduced collagen deposition
and downregulation of ECM gene expression such as collagens and fibronectin. Fibrotic
lung fibroblasts (FLF) treated with FBP for 3 days in vitro showed decreased proliferation,
contraction, and migration, which are characteristic of myofibroblast to fibroblast phenotype
reversal. ECM-related genes and proteins such as collagens, fibronectin and a-smooth
muscle actin, were also downregulated in FBP-treated FLF. Moreover, matrix metalloprotei-
nase (MMP) 1, responsible for ECM degradation, was produced only in fibroblasts obtained
from healthy lungs (HLF) and FBP did not alter its expression. On the other hand, tissue
inhibitor of metalloproteinase (TIMP)-1, a MMP1 inhibitor, and MMP2, related to fibroblast
tissue-invasion, were predominantly produced by FLF and FBP was able to downregulate
its expression. These results demonstrate that FBP may prevent bleomycin-induced PF
development through reduced expression of collagen and other ECM components mediated
by a reduced TIMP-1 and MMP2 expression.

Introduction

Pulmonary fibrosis (PF) is a chronic and progressive lung disease with scarring of lung inter-
stitium and progressive decline of lung function. With an overall survival rate of 20% after 5
years of diagnosis, there is currently no treatment to reverse the fibrotic state and lung
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transplant remains the best option [1, 2]. In the fibrotic tissue, a remarkable characteristic is
the fibrotic foci, where active fibroblast to myofibroblast differentiation occurs. This leads to
the production and deposition of the extracellular matrix (ECM) components collagen and
fibronectin, and o-smooth muscle actin (a-SMA), an actin isoform responsible for cell-gener-
ated mechanical tension [3, 4]. In addition, ECM degradation by metalloproteinases (MMP) is
compromised by increased production of its inhibitors, tissue inhibitor of metalloproteinase
(TIMP) [5]. Thus, fibroblasts and myofibroblasts are regarded as the main source of ECM
present in the fibrotic process [6]. Fibroblast activation can occur in response to growth factors
after tissue damage, with increasing cell migration to the wound focus, contractility, and
acquiring a high proliferative phenotype [7].

Fructose-1,6-bisphophate (FBP), an intermediate of glycolytic pathway, has shown protec-
tive effects in a wide range of pathological situations, including sepsis [8] and acute lung injury
[9]. FBP has demonstrated anti-oxidant activity both in vitro and in vivo. However, conflicting
results were also reported regarding this effect [10-13]. An earlier study found that activated
liver myofibroblasts, or hepatic stellate cells, underwent a phenotype reversal associated with
quiescence, decreased proliferation, and accumulation of lipid droplets when treated in vitro
with FBP, all of which are characteristics of normal healthy fibroblast [14]. This protective
effect of FBP was maintained even when these cells were concomitantly exposed to high doses
of free iron, that sustains activation of stellate cells [15]. A previous study on lung fibrosis
showed that FBP can prevent bleomycin-induced fibrosis development in mice [16], however,
the molecular basis of this effect remains unknown. The aim of this study was to determine
how FBP prevents and/or regulates the fibrotic process using an animal model of PF induced
by bleomycin in vivo and primary fibroblasts isolated from healthy and fibrotic lungs of mice
in vitro.

Materials and methods

Pulmonary fibrosis animal model

Male mice (eight week old, C57Bl/6N, 25-30g) maintained in a 12h light-dark cycle with water
and chow ad libitum, were divided into four groups; 1) Bleomycin (BLM) group: received
intratracheally (IT) 1.2U/kg BLM (Sigma-Aldrich) on day 0 [17], 2) control group: received IT
an equal volume of saline on day 0, 3) BLM + FBP group; BLM IT on day 0 and thereafter
daily intraperitoneal injection (ip) of 500 mg/kg FBP [16, 18] for 14 days, and 4) FBP group:
saline IT on day 0 and thereafter daily ip of FBP. Weight and mortality were monitored daily
for 14 days. Intratracheal intubation was carried out using the BioLITE system (BioTex, Inc.,
Houston, TX). Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) by
ip injection, and a catheter, with the aid of the light of an optical fiber, was inserted into the tra-
chea located between the arytenoid cartilages. The optical fiber light guide was removed with
maintaining the catheter in a steady position in the trachea and 50 pl of BLM was added to the
catheter. The quick suction of the solution through the catheter indicated its correct location
in the trachea. All animal studies were performed after approval by the National Cancer Insti-
tute Animal Care and Use Committee.

Lung function

On day 14, the mice were anesthetized with ketamine (100 mg/kg) and xylazine (20 mg/kg),
tracheotomized, cannulated and subjected to lung function analysis with the Legacy FlexiVent
System (SCIREQ, Montreal, Canada). To prevent spontaneous breathing during data acquisi-
tion and to avoid any interference in the analysis, the mice received the paralytic rocuronium
bromide (0.5 mg/kg IP) and were kept ventilated for 5 min at 150 breaths/min before the tests,
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with a tidal volume of 10 mL/kg and 3 cm H,O of positive end-expiratory pressure (PEEP).
Through broadband (multifrequency) forced oscillation and, with a constant Phase Model
parameter, different compartment of lungs were analyzed and the following measurements
obtained: tissue elastance (H), which reflects parenchyma stiffness and is measured by energy
conservation in the lungs; tissue damping (G) which indicates tissue resistance, is measured by
the energy dissipation in the lungs, and reflects the peripheral airways; and Newtonian resis-
tance (Rn), which is the raw resistance of the conducting central airways. For whole thorax
measurement, the single frequency forced oscillation maneuver (Snapshot perturbation) was
used to obtain values for: compliance (C), which is the easiness with which lungs can be
extended; resistance (R), that reflects dynamic lung resistance; and elastance (E), which is the
distensibility of the lungs, chest walls and airways, given by elastic rigidity of the lungs. Each
perturbation was repeated three times per mouse with a 30 second interval between each
measurement.

Bronchoalveolar lavage fluid (BALF)

After analysis of lung function, the animals were exsanguinated by cardiac puncture and 1 mL
of PBS was slowly injected to the lungs through the catheter and immediately aspirated. Sam-
ples were centrifuged, supernatant was stored at -80°C and the pellet was resuspended in

250 pl of PBS. The total number of cells were assessed by direct counting in hemocytometer
with the Trypan blue exclusion method. For cell differentiation analysis, 200 pL of cell suspen-
sion was added in a cytospin slide chamber (Shandon EZ Double Cytofunnel, Thermo Scien-
tific, USA), spun at 800 rpm for 5 min in a Cytospin 4 (Thermo Scientific, USA) and stained
with Stain Set Diff-Quik (Siemens Healthcare Diagnosis Inc., Newark, NJ, USA). Percentages
of macrophages, neutrophils and lymphocytes were obtained and adjusted by total cell
number.

Lung histological analysis

After BALF collection, the right lungs were tied, collected, quick frozen in liquid nitrogen
and stored in -80°C for quantitative RT-PCR (qRT-PCR). For histological analysis, left lungs
were inflated under 20 cm H,O and fixed overnight in 10% phosphate buffered formalin,
dehydrated and embedded in paraffin. Sections of 4 um were stained with hematoxylin and
eosin (H&E) or Picro Sirius Red (PS) for collagen fibers. Sections were made from different
portions of lung, so that the analysis was congruent with the fibrotic stage of the whole lung.
To develop a modified Ashcroft Score, 30 fields in each lung of every mouse was visualized
and classified according to Hiibner and coworkers [19]. For PS, images from lung sections
were obtained with BZ-X7000 Analyzer (Keyence, Japan) and the area of the tissue stained
with PS was accessed with Image Pro Plus® 6.0 software (Media Cybernetics, Inc., Rockville,
MD, USA).

Lung fibroblasts primary culture

Mouse whole lungs were minced and digested with 1 mg/ml collagenase (Gibco, Invitrogen)
in RPMI-1640 medium with 2% antibiotic/antimycotic (Lonza) at 37°C. After 1h, dispersed
cells were centrifuged, washed in PBS, seeded in 10-cm? dishes with RPMI-1640 containing
1% antibiotic/antimycotic + 10% fetal bovine serum (FBS), and placed in a cell culture incuba-
tor. Media was replaced every day until cells reached confluence. Lung fibroblast primary cul-
tures were obtained from healthy (HLF) and fibrotic (FLF) mice. All experiments were carried
out using cells between passages 4 and 8.
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Cell proliferation

Fibroblasts were seeded into 96-well plates (2x10° cell/well) and treated with 0.6 or 1.25 mM
FBP dissolved in complete growth media. After 24, 48 and 72 h, media was removed and 10%
of Cell Counting Kit-8 (CCK8) (DOJINDO, USA) in RPMI-1640 was added to the wells and
allowed to react for 2 h. Absorbance was measured at 450 nm.

Culture insert migration analysis

Fibroblasts were pre-treated with FBP for 72 h and 10* cells were seeded on cell culture inserts
with 8 pm pore size (Falcon, USA) with 1% FBS in RPMI-1640 (low serum media). The insert
was placed inside a well of a 24-well plate that contained 20% FBS in RPMI-1640 that was used
as chemoattractant to stimulate cells to migrate to the bottom of the insert. FBP was added
into the media of the upper chamber at 0 (control), 0.6, or 1.25 mM to examine the effect of
FBP on cell migration. After 24 h, the cells inside the insert were mechanically removed and
those that migrated to the bottom of the insert were incubated with 10% CCKS8 solution in
RPMI-1640. The absorbance was obtained, and the migration rate was adjusted by healthy
control absorbance.

Cell contraction in collagen gel assay

Collagen solution (Advanced BioMatrix, USA) was impregnated with 10 cells dissolved in
RPMI-1640 media at a final concentration of 0.75 mg/ml collagen, added to a 24-well plate
and left to polymerize at 37°C for 1 h. The gels were then detached and soaked in 600 pL of
complete growth media containing 0 (control), 0.6, or 1.25 mM FBP and incubated for 24 h.
Photographs were taken and the surface area of the gel was measured using Image] (http://rsb.
info.nih.gov/ij) with the area of an empty well considered the initial area occupied by the gel.

RNA extraction and quantitative RT-PCR

Total RNA was isolated using TRIzol (Invitrogen), and was converted to cDNA using Super-
script II reverse transcriptase (Invitrogen, USA). Quantitative RT-PCR (qRT-PCR) was per-
formed with ABI Prism 7900 Sequence Detection System (Applied Biosystems, Foster City,
CA) using SYBR Green FastMix (Quanta Biosciences, Gaithersburg, MD). GAPDH was used
as a normalization gene and the standard curve method was used to calculate the relative
expression. The PCR conditions used were 50°C for 2 min and 95°C for 10 min followed by
95°C for 15 s and 60°C for 40 s for 40 cycles. Primers used for qRT-PCR analysis are shown in
S1 Table.

Western blotting

Total protein was obtained using cold RIPA lysis buffer (Millipore, USA) with protease inhibi-
tor cocktail (Roche Diagnosis, Indianapolis IN), fractionated by SDS-PAGE and transferred to
a PVDF membrane using a transfer apparatus according to the manufacturer’s instructions
(Bio-Rad, Hercules, CA). After blocking with 5% nonfat milk in TBS (Tris-buffered saline, pH
7.4) for 1 h, the membrane was washed thrice in TBST (TBS + 0.1% Tween 20) and incubated
with the following primary antibodies; anti-o-smooth muscle actin (a-SMA, dilution 1:2000),
anti-Collagen type 1 (1:1000), anti-MMP1 (1:500), anti-MMP2 (1:500), anti-TIMP-1 (1:500),
anti-TIMP-4 (1:500), and anti-B-actin (1:5000). All antibodies were obtained from Proteintech
Group-Fisher Scientific, (Hampton, NH). Membranes were washed three times and incubated
with HRP linked anti-Rabbit IgG antibody (1:1000, Cell Signaling, USA) for 1 h. Bands were
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revealed with SuperSignal West Dura kit (Thermo Scientific, Waltham, MA), visualized with
ChemiDoc MP Imaging System (Bio-Rad), and normalized by intensity of f-actin bands.

Statistical analysis

Data were reported as mean + SD. Analysis of survival was performed by Kaplan-Meier analy-
sis with log-rank (Mantel-Cox). Comparison between two groups was performed by unpaired
two-tailed student’s ¢-test. Multigroup comparisons were performed by One-way or Two-way
ANOVA, as indicated in each separate analysis, followed by Tukey’s post hoc test using Prism
Software (GraphPad Software, v.7, San Diego, CA). A p value <0.05 was considered statisti-
cally significant in all analysis. Replicates consisted of at least three independent experiments
that were performed at different days. The numbers of biological replicates are indicated in
each figure legend.

Results

Fructose-1,6-bisphosphate prevents pulmonary fibrosis development and
collagen deposition in the lungs

Weight loss and mortality are well-known characteristics of the BLM-induced PF model once
the fibrotic process starts. BLM induced a statistically significant decrease of body weight in
the BLM and BLM+FBP groups when compared to the control and FBP groups (p<0.001)
(Fig 1A). However, weight loss of the BLM+FBP-treated group was significantly smaller than
BLM group (p<0.001). All mice from control and FBP groups survived until the end of induc-
tion period (14 days). On the other hand, mice from BLM group presented a survival rate of
only 38%, which is significantly lower than the 58% found in BLM+FBP group.

To evaluate the extent of PF damage and collagen deposition induced by BLM and the
effects of FBP treatment, Ashcroft score and morphometric analysis were performed, which
evaluates parenchyma changes and collagen deposition, respectively (Fig 1B). The group that
was treated with FBP once a day (BLM+FBP), when compared with non-treated (BLM) mice,
had a decreased Ashcroft score, while no changes on lung architecture was observed in the
control and FBP-only groups. BLM group also presented a significantly increased percentage
of collagen area in the lungs, while a decreased percentage of alveoli space. In comparison,
FBP treatment was able to prevent these effects, decreasing the amount of deposited collagen
on the parenchyma and preserving the alveolar structure. Although BLM group showed a ten-
dency for increases in cellular area, this value was not different from other groups. The repre-
sentative histological images of lung sections stained with HE and PS showed a decreased
distortion in lung architecture in the BLM+FBP group when compared with mice that received
BLM only (Fig 1C). Taken together, these results show that daily treatment with FBP (500 mg/
kg) can prevent body weight loss, increase survival and restore the lung architecture of mice
with PF induced by BLM.

Fructose-1,6-bisphosphate decreases inflammatory cell migration and
improves lung function

BLM induces a strong inflammatory response in lungs and, consequently, many leucocytes are
recruited to the tissue. BALF was collected to evaluate whether FBP influences immune cell
migration. The total number of cells in the lung was significantly increased in animals that
received BLM when compared to control, FBP, and BLM+FBP groups (Fig 2A). This effect
was due to an increased number of neutrophils and lymphocytes, however the number of mac-
rophages did not differ between the groups.
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Fig 1. Fructose-1,6-bisphosphate prevents pulmonary fibrosis development and collagen deposition in the lungs. (A) Body weight
variation (%) and survival rate (%) are shown during 14 days post-BLM treatment. (B) Ashcroft modified score was used to quantify fibrosis
and architecture distortion degree while morphometric analysis was performed to assess area of collagen deposition in the lungs after BLM
intratracheal administration and FBP treatment. (C) Representative images of lung sections stained with hematoxylin and eosin (HE) or
Picro Sirius Red (PS) showing a high parenchyma distortion and collagen content in the lung after BLM administration. Treatment with FBP
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shows a lower degree of fibrosis and collagen. Groups’ description given for the whole panel B is on the bottom of the graph showing Cellular
Area (%). Weight variation (%) was analyzed by Two-way ANOVA followed by Tukey’s multiple comparison test. Values are expressed as
mean * SD. Survival rate (%) was analyzed by Kaplan-Meier followed by log-rank (Mantel-Cox) test. Ashcroft and morphometric analysis
were analyzed by One-way ANOVA followed by Tukey’s multiple comparison test (B). Values are expressed as mean + SD; For weight
variation and survival analysis, n = 6-20/group. For Ashcroft and morphometric analysis, n = 6-12/group; *p<0.05; **p<0.01; ***p<0.001.

https://doi.org/10.1371/journal.pone.0222202.9001

Fibrosis also increase tissue stiffness, which leads to lung function loss. Accordingly, intra-
tracheal BLM administration caused a decrease in overall lung function, as illustrated by
increased on tissue elastance (H), tissue damping (G), resistance (R) and elastance (E), while
lowered compliance (C). For Newtonian resistance (Rn) parameter, BLM group was lower
only when compared to Control group (Fig 2B). BLM+FBP group had lung function range
similar to Control and FBP groups in all tested criterions.

Fructose-1,6-bisphosphate regulates extracellular matrix-related genes in
vivo

The fibrotic process leads to the upregulation of many ECM genes. Thus, Collal, Col2al,
Col5al and Col6al mRNAs were measured. All mRNAs were increased 14 days after BLM
intratracheal administration when compared to the control, FBP, and BLM + FBP groups (Fig
3). The mRNAs encoding fibronectin (Fnl), another important ECM component, and C-X-C
motif chemokine ligand 12 (Cxcl12), a fibrosis-associated chemokine, were also increased by
BLM administration and FBP was able to downregulate the expression of these mRNAs. Fur-
ther, BLM decreased Cdhl (E-cadherin) mRNA levels, which is inversely associated with the
EMT process, and was not affected by treatment with FBP.

Fructose-1,6-bisphosphate induces deactivation of fibroblasts in vitro

When activated, myofibroblasts acquire a high proliferative phenotype. In order to determine
whether FBP interferes with the proliferation rate of primary fibroblasts, cells extracted from
healthy (HLF) and fibrotic (FLF) mouse lungs were subjected to FBP treatment. FLF had a sig-
nificantly higher proliferation rate than HLF and treatment with FBP slowed the proliferation
rate of both FLF and HLF after three days of treatment with 0.6 and 1.25 mM FBP (Fig 4A).
These two doses were chosen because the lower dose of 0.3 mM FBP did not show significantly
different effects after three days, while the higher doses of 2.5 to 10 mM FBP were toxic to the
cells (S1 Fig). To confirm the nature of HLF and FLF cells, their gene expression profiles were
analyzed. The mRNAs encoding all three major ECM components, a-SMA, Collal, and Fnl,
were higher in cells extracted from mice that were fibrotic (FLF) when compared to those
from healthy non-fibrotic mice (HLF) (Fig 4B).

High contractility and EMT process are also important characteristics of myofibroblasts
for wound closure and migration to the wound site. In the analysis of contraction on colla-
gen gels, HLF treated with FBP were not different from control cells at any dose tested. How-
ever, FLF were more contractile than HLF and FBP-treatment decreased cell contractility at
both doses tested (Fig 4C). For insert migration assay, cells were treated with FBP for 3 days.
The migration rates of healthy and fibrotic cells were not altered after 24 hours. However,
when FBP was maintained for another 24 hours (re-treatment), the migration rates of
healthy and fibrotic cells decreased. This effect was more profound in fibrotic cells, and
their levels were much lower than healthy re-treated cells (Fig 4D). Together, these results
indicate that FBP can influence fibroblast behavior and lead to a deactivated, fibroblast-like
phenotype.
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Fig 2. Fructose-1,6-bisphosphate decreases inflammatory cell migration to the lungs and improves lung function. (A) Total number of cells,
neutrophils, lymphocytes, and macrophages in BALF assessed by direct counting in hemocytometer. (B) Lung function measurement for tissue
elastance (H, parenchyma stiffness), tissue damping (G, tissue resistance that reflects the peripheral airways), resistance (R, level of constriction in
the lungs), elastance (E, stiffness of respiratory system), compliance (C, easiness with which respiratory system can be extended), and Newtonian
resistance (Rn, reflects the resistance of central and conducting airways). One-way ANOVA followed by Tukey’s multiple comparison test was
used. Values are expressed as mean + SD; n = 6-12/group; “p<0.05; **p<0.01; ***p<0.001.

https://doi.org/10.1371/journal.pone.0222202.g002
Fructose-1,6-bisphosphate down-regulates collagen-related gene
expression in vitro

Since myofibroblasts are source of collagen production and deposition in fibrosis, the expres-
sion of collagen subtypes and lysil oxidase (LOX), a protein responsible for cross linking and
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Fig 3. Fructose-1,6-bisphosphate regulates extracellular matrix-related genes in vivo. qRT-PCR analysis of mRNA encoding for collagen
subtypes, collagen 1al (Collal), collagen 2al (Col2al), collagen 5al (Col5al), collagen 6al (Col6al), and Fnl, Cxcli2 and Cdhl. One-way
ANOVA followed by Tukey’s multiple comparison test was used. Relative expression is presented based on the expression level of control as 1.
Values are expressed as mean + SD; n = 6-12/group; *p<0.05; **p<0.01; ***p<0.001.

https://doi.org/10.1371/journal.pone.0222202.9003

maturation of collagen fibers [20], was examined using HLF and FLF treated with FBP for 72 h
(Fig 5). FBP significantly downregulated expression of Lox mRNA and many collagen sub-
types, both in HLF and FLF, such as Collal, Col4a6, Col5al, Col5a2 mRNAs, and this effect
was most noticeable with the dose of 1.25 mM FBP. For Col2al, Col6al and Col6a2 mRNAs,
the expression was significantly decreased by FBP treatment only in FLF cells, and not in nor-
mal fibroblasts, while the expression of Col4a3 and Col4a4 mRNAs was not altered.

Fructose-1,6-bisphosphate regulates expression of ECM and ECM-
degrading proteins in vitro

Expression of Fnl and Cxcl12 mRNAs were decreased in cells that were treated with FBP while
Cdhl mRNA expression was increased only in HLF at the higher FBP dose (Fig 6A). FBP was
also able to increase superoxide dismutase 1 (Sod1) mRNA expression at the higher dose and
in FLF cells. Mmp2 mRNA was not different from control in any cells or FBP doses tested.
Myofibroblasts are recognized to be one of the main sources of extracellular matrix in fibrosis
and its degradation is compromised through inhibition of MMPs. Immunoblotting showed
that, compared to HLF, FLF expressed higher levels of COL1A1, a-SMA, TIMP-1 and MMP2
(Fig 6B). Three days of FBP-treatment clearly decreased the expression levels of COL1A1,
MMP2, and TIMP-1 in FLF. MMP1 and TIMP-4 levels were higher in HLF compared to FLF
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Fig 4. Fructose-1,6-bisphosphate induces non-activated phenotype in fibroblasts. (A) Cell growth. Cells were treated with 0, 0.6, and 1.25 mM
FBP and proliferation rate of fibroblasts from healthy (HLF) and fibrotic (FLF) lungs was assessed in 1, 2, and 3 days after treatment. Y axis shows
the absorbance of CCK8 assay. (B) Comparison of ECM components gene expression between cells extracted from healthy (HLF) and fibrotic
(FLF) lung tissues. (C) Cell contraction analysis in collagen gel. Cells were embedded in a collagen solution and allowed to polymerize to form a
gel. The gel was detached from the well and treated with different concentrations of FBP. Results are expressed as a percentage of well area
occupied by the gel after a 24 h of incubation based on the size of empty well considered as 100%. Representative images used for the analysis are
shown on the right. Dashed line shows the outline of the contracted gels after 24 h. (D) Cell migration assay. Cells were treated with FBP (0.6 or
1.25mM) for 3 days, detached and seeded inside an insert with 1% FBS RPMI-1640. The insert was placed inside a well of a 24-well plate with
20% FBS as chemoattractant and the invasion migration was assessed 24 h later. For retreatment, fresh FBP solution was added to the cells inside
the insert (1% FBS RPMI-1640 + 0.6 or 1.25 mM FBP). The relative migration rate for all groups was calculated considering the migration values
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of non-treated healthy fibroblasts (HLF 0 mM FBP) as 1. Two-way ANOVA followed by Tukey’s multiple comparison test was used in A,
unpaired two-tailed student’s t-test was used in B, and One-way ANOVA followed by Tukey’s multiple comparison test was used in C and D.
Values are expressed as mean + SD; n = 4-6/group; ## p<0.01 Healthy (HLF) vs. Fibrotic (FLF) without FBP (Control group) on Day 3; *p<0.05;
#*p<0.01; ***p<0.001.

https://doi.org/10.1371/journal.pone.0222202.9004

and the treatment with 1.25 mM FBP slightly reduced TIMP-4 expression while FBP had no
effect on MMP1.

Discussion

FBP is a metabolite from glycolysis produced by phosphofructokinase-1, that has many protec-
tive properties [13, 16]. In this study, the effects of FBP were evaluated in an experimental
model of BLM-induced PF and in in vitro studies using lung fibroblasts derived from healthy
and fibrotic mice. The results showed that FBP prevents the progression of PF, as revealed by
improved lung function in mice, and altered ECM production, deposition and degradation.
The in vitro results further demonstrated a phenotypical reversion-like phenomenon in lung
fibroblasts by FBP treatment.

A previous study [16] showed that a single dose of FBP given at the time of BLM adminis-
tration can prevent PF, with improvement of lung function. In the current study, mice were
administered FBP once a day for 14 consecutive days. This was based on the hypotheses that
this treatment schedule could exhibit a stronger protective effect. However, this did not seem
to be the case since the mice still presented with considerable fibrosis, as seen by the Ashcroft
score, mortality and weight loss. This suggests that the protective effect may be limited.
Another possible reason could be the variable ranges of bleomycin activity (10 mg of bleomy-
cin can range through 15 to 20 units) depending on the source of manufacturer. Alternatively,
it is known that the fibrotic response to bleomycin is strain-dependent and C57BL/6 mice are
more susceptible than BALB/c mice because of different expression of bleomycin hydrolase,
cytokines and proteases [21, 22]. Since the genetic background is very important, even differ-
ent mouse substrains could lead to different experimental observations even under similar
conditions [23].

In the earlier studies, a human cell lineage of lung fetal fibroblasts were used [16]. Fetal and
adult fibroblasts behave in different ways. Notably, human lung fetal fibroblasts have higher
expression of TGF-B1 receptor interacting protein 1, and are less able to contract collagen gels
than adult lung fibroblasts [24]. In heart, fetal fibroblasts have more plasma membrane and
higher expression of proteins that promote the development and proliferation of cardiomyo-
cytes, whereas adult fibroblasts are more enriched with ECM components [25]. Fetal lung
fibroblasts, when confluence is reached in vitro, undergo cell cycle arrest even under the stimu-
lation of growth factors, while adult fibroblasts will continue to proliferate [26]. Thus, adult
fibroblasts may better reflect the response under pathological conditions, differentiating the
characteristics of normal from fibrotic lungs. In the current study, in order to better demon-
strate the effect of FBP, we extracted lung fibroblasts from healthy and fibrotic adult mice and
treated these cells in vitro with FBP for 3 days.

It was thought that FBP loses its phosphates and crosses the membrane as fructose [27].
Another study demonstrated that cells and tissues treated with labelled [C*]FBP produce
[C"]lactate, which indicates that exogenously given FBP can participate in the glycolytic path-
way to reestablish ATP pool inside the cells [28]. One hypothesis is that FBP could briefly
interact with calcium that stabilizes bilayer lipid membrane, leading to an increase in mem-
brane fluidity that would allow FBP to cross it through passive diffusion [29]. Further, the per-
meability of FBP through a dicarboxylate transporter was reported, although only the linear
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Fig 5. Fructose-1,6-bisphosphate regulates collagen-related gene expression in HLF and FLF in vitro. Results show qRT-PCR analysis of
mRNAs encoding for lysil oxidase (Lox), collagen 1al (Collal), collagen 2al (Colla2), collagen 4a3 (Col4a3), collagen 4a4 (Col4a4), collagen 4a6
(Col4a6), collagen 5al (Col5al), collagen 5a2 (Col5a2), collagen 6al (Col6al), and collagen 6a2 (Col6a2). Relative expression is presented based
on the expression level of control denoted as 1. One-way ANOVA followed by Tukey’s multiple comparison test were used. Values are expressed

as mean + SD; n = 4-6/group; *p<0.05; **p<0.01; ***p<0.001.

https://doi.org/10.1371/journal.pone.0222202.9005

form of FBP, a small fraction of total FBP, can use this system [30]. Despite of many authors
have confirmed the effect of FBP in a variety of tissues, such as liver [31, 32], kidney [33], brain
[34] and lung [9, 16], the exact mechanism of how FBP can enter the cells remains unknown.
The ranges of FBP doses used in our studies were between 12.5 and 15 mg per animal in
vivo (animals with 25 and 30 g receiving 500 mg/kg, respectively), and 0.212 mg/ml (0.625
mM) or 0.425 mg/ml (1.25 mM) for in vitro treatment. A study that analyzed FBP concentra-
tion in blood of rats after a single dose of 500 mg/kg injected via IP demonstrated that the peak
was reached 2 h after administration, going from control level of 15 to 35 pg/ml, which then
came down to 20 pg/ml after 6 h and remained there for at least 72h [35]. This effect was also
observed in the brain; the FBP levels peaked at 2 hours after administration (from 0.4 at
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Fig 6. Fructose-1,6-bisphosphate regulates expression of ECM and ECM-degrading proteins in vitro. (A) qRT-PCR analysis for the levels of Fn1,
Cxcl12, Cdhl, superoxide dismutase 1 (Sod1l), and metalloproteinase 2 (Mmp2) mRNAs. Relative expression is presented based on the expression
level of control as 1. One-way ANOVA followed by Tukey’s multiple comparison test was used. Values are expressed as mean + SD; n = 4-6/group;
*p<0.05; **p<0.01; ***p<0.001. (B) Protein expression of a-SMA, COL1A1, MMP1, MMP2, TIMP-1, and TIMP-4 in HLF and FLF treated with

FBP for 3 days.

https://doi.org/10.1371/journal.pone.0222202.9006
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control level to 0.6 mg of FBP/g of brain tissue), followed by slow decrease during the follow
48 h (to 0.5 mg FBP/g brain tissue). The level stayed above the base line concentration up to
72h. For rats receiving 180 mg/kg FBP orally every 8 h for 7 consecutive days, FBP levels in
plasma peaked at 182 ug/ml after 45 min [36]. To our knowledge, there is no report on the
amount of FBP captured by lung after IP administration in mice, although reports can be
found that it can prevent ischemic lung injury in rats [37]. Based on these, we believe that the
amount of FBP we used in in vitro experiments is close to in vivo physiological range.

Lung function is a hallmark of PF and an important clinical indicator in humans [1, 38]. It
reflects the changes in quality and an increase in the quantity of ECM components accumu-
lated during the fibrogenic process, leading to tissue stiffening [39]. Degradation of ECM by
MMPs is highly dysregulated in PF and, paradoxically, some MMPs can be overexpressed and
linked to a more severe and advanced pathology stage in the lung. This is well known for
MMP2, which can disrupt the basement membrane, leading to increased fibroblast invasion of
the alveolar spaces. MMP1, an interstitial collagenase, is not as widely distributed in PF lungs
as its inhibitor, TIMP-1. TIMPs, that inhibit MMP lytic activity, are present in great amounts
in lung parenchyma of IPF patients and animals with induced PF, which contributes to an
environment where collagen and other ECM components are not properly degraded [5, 40].
In mice, invasive pulmonary function, used in this study, can exhibit the same functional
parameters that are measured in humans and it is the one that better reflects the diseased state
of the lung [41]. The present results showed an improvement in lung function by FBP both in
vivo and in in vitro experiments, which is due to FBP regulating the deposition and degrada-
tion of many ECM components. Several studies linked levels of production and deposition of
collagen and other ECM components with the severity of fibrosis [42]. Cross-linking of colla-
gen fiber is an essential step for collagen maturation and to acquire its mechanical and physical
properties. This process is carried out mainly by the LOX enzyme, which is highly increased in
PF [39, 42, 43] but decreased in both HLF and FLF treated with FBP. This leads us to believe
that FBP may influence collagen maturation and prevent from its uncontrolled deposition.

The aspect of inflammation on human idiopathic pulmonary fibrosis (IPF) is very contro-
versial since no treatment with immunosuppressant was able to improve the clinical course or
increase survival rate of patients in clinical trials. However, some authors believe that inflam-
mation is still crucial for IPF development, because inflammatory cells can be seen in lung
biopsies and many cytokine levels are higher in BALF from IPF patients [44]. CXCL12is a
cytokine that stimulates leucocyte migration to inflammation site [45] and fibroblast activation
[46]. Our data show that FBP-treatment 1) decreases bleomycin-induced pulmonary fibrosis
in mice, 2) inhibits inflammatory cell migration to the lungs of mice, and 3) decreases
CXCL12 expression levels in healthy and fibrotic mouse lung fibroblasts in vitro. These suggest
that an inflammatory activity may be involved in pulmonary fibrosis development and FBP
plays a role in this process. Based on the expression of ECM components, MMPs, and TIMPs,
however, we believe that there may be other mechanisms behind FBP actions than anti-inflam-
matory activity. Further studies are required to address these questions.

Recently, Zhao and coworkers showed that skin ECM production, including collagen, is
related to an upregulation of glycolysis and downregulation of gluconeogenesis, PPARy
expression and fatty acid oxidation, as observed both in vitro in dermal primary human fibro-
blasts and in vivo in patients that presented skin fibrosis [47]. On skin equivalents, FBP
increased the amount of collagen fibrils on dermis, with increased phosphorylation of p38
MAPK and decreased desmosomal components [48]. Similarly, another study showed that idi-
opathic pulmonary fibrosis and fibroblast activation are related to an upregulated glycolysis
with higher activity of glycolytic enzymes and lactate production [49]. However, a metabolo-
mic analysis on IPF patients showed the contrary; downregulated glycolysis with lower rate of
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phosphofructokinase (PFK) and lower level of FBP with increased lactate production, reduced
mitochondrial beta-oxidation, and downregulated tricarboxylic acid (TCA) cycle in IPF lungs
[50]. To proliferate, cells can deviate metabolism from oxidative phosphorylation to aerobic
glycolysis, generating lactate, in a phenomenon that is known as Warburg effect. Although
less efficient in producing ATP from glucose, it allows cells to divert glucose to produce mac-
romolecular precursors to sustain growth [51]. Even if increased glycolysis is a key element for
fibrosis development, it is difficult to know whether glycolysis is the inducer of fibroblast acti-
vation, as postulated in some of the studies [47-50]. In this way, it is plausible that Warburg
effect happens to sustain the growth and metabolic changes needed after a growth factor sig-
naling, i.e. TGF-P1, and the upregulation of glycolysis would be a consequence, not the trigger,
of fibrotic changes in tissues and cells.

Exogenously administered FBP can also act as an activator of glycolysis, increasing lactate
production rate [28] and serum ATP [52], but not preserving intracellular pH as shown in
cerebral ischemia [53]. As PFK activity is inhibited by high levels of ATP and low pH [54], FBP
administration could even result in a halt on PFK activity, leading to an inhibition of glycolytic
pathway and consequent downregulation of fibrosis. Others report that FBP could upregulate
the expression of PPARY in hepatic stellate cells, which could increase fatty acid oxidation and
decrease glycolysis [15]. Further studies are necessary to determine the exact role of FBP in cell
metabolism, which are currently underway.

There are studies supporting that a fully differentiated myofibroblast phenotype is neces-
sary to increase collagen production [55], and the present results showed that cells extracted
from the fibrotic lung indeed presents increased proliferation, contraction, invasion and ECM
components gene expression. Three days after FBP exposure, both healthy and fibrotic cells
were significantly affected by FBP in vitro, showing signs of going to a quiescent state that is
characteristic of normal fibroblasts. In agreement with these results, previous studies showed
that FBP treatment in vitro promotes the deactivation of liver fibroblasts [14] even in the pres-
ence of free iron that activates fibroblasts to become myofibroblasts [15]. These results mirror
some of the in vivo experiments, showing that FBP can have protective effects in a more com-
plex system such as intact tissues. While most mechanisms are shared between different organs
and tissues, each one represents its own challenge regarding therapeutic approach. Further, it
is likely that the in vitro experiments presented herein may not be totally extrapolated to the
much more complex in vivo system. However, it’s interesting to note how FBP can robustly
reproduce its effects in different cell lines (lung vs liver) in vitro and animals.

Cellular senescence is an irreversible cell-cycle arrest, where the cell maintains a metabolic
and secretory profile, and can be induced by many stimuli, including oxidative stress DNA
damage [56]. Others showed that FBP induced oxidative stress in hepatic carcinoma cells,
which caused an inhibition in proliferation, and this effect was suppressed when these cells
were treated with anti-oxidants, such as N-acetyl-l-cysteine or catalase [12]. In contrast, using
the same cell line, HepG2, FBP-treatment led to cell senescence, an increase in catalase activity
[10] and a decrease in thiobarbituric acid reactive substances, which is a lipid peroxidation
product and an indirect measure of radical oxygen species (ROS) [57]. Regardless of this dis-
crepancy, there is a strong body of evidence suggesting that FBP has anti-oxidant properties
[13] and, in the present study, FBP was able to increase expression of an antioxidant enzyme,
SODJI, in FLFE. A study also showed that FBP treatment induced senescence in human lung
fetal fibroblasts, which resulted in a lower proliferation rate [16]. This is in good agreement
with the present study showing a lower proliferation rate and many other aspects of phenotyp-
ical reversion of lung fibroblasts after FBP treatment. Myofibroblasts are initially activated
from fibroblasts by various causes including tissue/cell damage. After prolonged damage, myo-
fibroblasts can become senescent, which results in reduced ECM deposition and increased
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production of ECM degrading enzymes. This phenomena will limit the accumulation of
fibrotic tissue and help fibrosis to resolve [58]. In cancer, senescent myofibroblasts express o.-
SMA and possess a high contractile phenotype. However, their ability to generate organized
collagenous matrix is greatly reduced, suggesting that senescent myofibroblasts are o.-SMA
positive but non-fibrogenic cells [59].

In conclusion, the present results show that FBP prevents BLM-induced PF development in
mice. In vitro and in vivo results demonstrate that this may be due to reduced expression of
collagens and other ECM components, which may partly be the consequence of a reduced
TIMP-1 and MMP2 expression. However, understanding the exact mechanism for the anti-
fibrotic activity of FBP awaits further studies. To our knowledge, this is the first study that
demonstrates a regulatory mechanism of FBP in terms of expression of genes and proteins that
are responsible for ECM production and degradation. This may open the possibility of evaluat-
ing the activity of FBP on patients undergoing cancer treatment as a preventive tool against
the harmfull effects of BLM in the lung.

Supporting information

S1 Fig. Fructose-1,6-bisphosphate inhibits healthy lung fibroblasts (HLF). Cells were
treated with 0 to 10 mM of FBP and proliferation rate of fibroblasts from healthy (HLF) lungs
was assessed through 1 to 7 days after treatment. Y axis shows the proliferation rate as deter-
mined by MTT assay. Two-way ANOVA followed by Tukey’s multiple comparison test was
used. Values are expressed as mean * SD; n = 4-6/group; * p<0.05 determined on Day 3.
(TIF)

S1 Table. Primer sequences used for qRT-PCR analysis.
(DOCX)
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CONSIDERACOES FINAIS

Devido ao numero crescente de novos casos de FPI sendo diagnosticados a cada ano e
a sua alta mortalidade, médicos e cientistas tem buscado terapias que possam reverter o quadro
fibrotico, porém ainda sem sucesso. A FBP, quando administrada de forma exogena, tem a
capacidade de exercer inimeras propriedades benéficas e proteger contra o dano celular em
diferentes tecidos. A FBP vem sendo estudada, pelo menos, desde os anos 1950, mas seu
potencial total ainda nao foi elucidado e muitos dos efeitos que a FBP exerce ainda nao

possuem seus mecanismos detalhados.

Considerando estudos anteriores que mostravam que a FBP poderia ter um efeito
protetor no pulmido (72) e sobre fibroblastos (106, 107), nds iniciamos testes que,
primeiramente, demonstraram que esse aglicar poderia proteger contra a fibrose pulmonar
desenvolvida pela administragdo de bleomicina intratraqueal em camundongos (108). Assim,
0 objetivo desse trabalho foi investigar quais mecanismos ¢ efeitos da FBP poderiam estar

relacionados a essa acdo preventiva no pulmao.

A inducdo de fibrose pulmonar por bleomicina ocorre dentro de 14 a 21 dias.
Imediatamente ap6s a administragdo da droga, ocorre um extenso processo inflamatério e
destruicdo do parénquima pulmonar, que no processo da cicatrizagdo, resulta em fibrose.
Embora o consenso geral seja de que a fibrose ird se resolver a partir do 21° dia, existem
evidéncias que mostram que as alteragdes s@o estaveis por, no minimo, 6 meses. Ainda,
considerando a severidade do dano, existe uma alta mortalidade associada a técnica € uma
significativa perda de peso durante o periodo de inducdo. Assim, as primeiras caracteristicas
que pudemos avaliar foram o peso ¢ a sobrevida desses animais, 0 que nos deu o primeiro
indicio de que o tratamento foi eficaz, pois a FBP foi capaz de aumentar a sobrevida dos

animais e reduzir a perda de peso inerente a inducdo da fibrose.

Nosso proximo passo foi realizar a analise histologica dos pulmdes coletados no 15°
dia apos a inducdo para avaliarmos o grau de fibrose presente no tecido, de acordo com o
método de Ashcroft modificado (109). Vimos que, em relagdo ao controle e aqueles animais
que receberam FBP durante 15 dias, mas sem a administracdo da BLM (escore de zero - sem
fibrose), o grupo que recebeu somente BLM teve um escore de aproximadamente 5. Isto, de

acordo com o método, corresponde a uma massa fibrotica confluente, com estrutura
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severamente lesada, mas ainda preservada em algumas areas do campo visual ao microscopio.
Quando os animais receberam BLM, mas foram tratados com FBP, esse escore caiu para 3, o
que significa que o tecido apresentava paredes fibrdticas contiguas, com espessamento de septo
ndo maior que 3 vezes do normal, alvéolos parcialmente alargados, mas sem a presenga de
massa fibrotica. Ainda, visto a importancia da ECM na fibrose, utilizamos a coloragdo com
PicroSirius Red para visualizar e quantificar a area do tecido com producdo de fibras de
colageno que foram depositadas ao longo do periodo de indugdo. Nossos resultados mostraram
que a administracdo de BLM aumentou significativamente a area de deposicdo colageno,
diminuindo a area alveolar, e a FBP foi capaz de prevenir o acimulo de colageno, preservando

a estrutura do tecido e aumentando a area alveolar.

A piora progressiva da funcdo pulmonar é outra caracteristica importante encontrada
em pacientes com FPI, onde o colageno leva a rigidez do tecido e dificulta uma troca gasosa
eficiente. Assim, considerando os resultados obtidos pela analise do PicroSirius, analisamos
varios parametros da fun¢do pulmonar dos camundongos, como elastancia tecidual, damping,
resisténcia, elastancia, complacéncia e resisténcia newtoniana. Como esperado e de acordo
com os resultados anteriores (108), a BLM alterou significativamente todos esses pardmetros
e, com excec¢do da resisténcia newtoniana, nosso tratamento foi capaz de impedir o declinio da

funcdo pulmonar dos animais.

Um aspecto ainda muito controverso em relagao a FPI € o papel que a inflamagao exerce
nessa doenca. Ainda assim, a inflamagdo sempre foi considerada um fator extremamente
importante no processo fibrotico e, mesmo considerando que a terapéutica com anti-
inflamatérios ndo ¢ eficaz no tratamento da FPI, ha um consenso de que existe uma
subinflamacdo, ou seja, uma inflamagao mais branda que nao causa uma destrui¢ao severa do
tecido e ocorre ao longo dos anos de desenvolvimento da fibrose. Pacientes podem apresentar
declinios agudos do quadro clinico, o que ¢ chamado de exacerbacdo, e se caracterizam pelo
influxo de células inflamatérias para o pulmao, podendo ser identificadas no lavado
broncoalveolar (LBA) e nas biopsias. Assim, visto que existem estudos que mostram que a
FBP ¢é capaz de diminuir a migracdo de células inflamatorias (64), nés extraimos e
quantificamos células presentes no LBA dos animais apds a indugdo da fibrose e, de fato, a

FBP foi capaz de diminuir a migragao celular induzida pela BLM.
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O proximo passo do nosso estudo foi tentar investigar possiveis mecanismos para os
resultados encontrados. Para isso, analisamos a expressdo génica de genes relacionados a
producdo de ECM, EMT e a migragdo de leucocitos. Nossos dados indicam que o tratamento
com FBP foi capaz de regular a expressdo de diferentes subtipos de colageno, o que vai de
encontro a andlise histologica, e Fnl, que é outro importante componente da ECM e
responsavel por aumentar a rigidez tecidual. A expressdo de E-caderina, que esta relacionada
a EMT, como esperado, diminuiu nos animais que receberam apenas BLM e a FBP nao foi
capaz de reverter esse efeito. Ainda, a FBP regulou a expressao de CXCL12, que ¢ uma citocina

que estimula migracdo de leucdcitos (110) e que esta associada a FPI.

Esses resultados nos mostraram que a FBP pode, in vivo, prevenir o desenvolvimento
da fibrose pulmonar e diminuir o dep6sito de ECM no pulmao, o que resulta na manutencdo da
elasticidade normal do pulmdo e impede a alteragdo da funcdo pulmonar. Esse efeito pareceu,
em principio, ser ocasionado pela regulagdo da migragdo de leucocitos, visto que a FBP reduz
o numero de células no LBA e diminui a expressdo de CXCL12. Considerando que estudos do
nosso laboratorio mostram que a FBP reverte o fendtipo de fibroblastos ativados (106, 107) in
vitro e que o papel da inflamacao ndo ¢ considerado o principal aspecto da FPI, nos decidimos
avaliar o efeito da exposicdo de FBP em uma cultura primaria de fibroblastos e miofibroblastos
de camundongos. Para isso, realizamos a extracdo dessas células de animais saudaveis
(fibroblastos) ou fibroticos (miofibroblastos). Em relacdo aos fibroblastos, vimos que
miofibroblastos apresentam uma maior taxa de proliferacdo, contragdo e migragdo. Ainda, a
expressdo de a-SMA, Fnl e Col-1 foi aumentada nessas células. Com esses resultados

confirmamos que as células extraidas de animais fibrdticos eram miofibroblastos de fato.

Apos essa confirmagdo, iniciamos os experimentos que buscavam analisar se a
exposicdo in vitro dessas células reproduziriam alguns resultados encontrados em estudos
anteriores e, mais importante, do nosso estudo in vivo. Testamos diferentes concentragcdes de
FBP (0.3mM — 10mM) e escolhemos 0.6mM e 1.2mM para prosseguir com o restante dos
experimentos, pois foram as concentracdes que reduziram a proliferacdo de ambas células
significativamente apds 3 dias de tratamento, sem demonstrar sinais de toxicidade. Nosso
laboratdrio mostrou que a FBP pode induzir um processo de senescéncia celular, que ¢ uma
parada irreversivel no ciclo celular (108), e esse poderia ser um dos motivos que explicariam
essa reducdo na proliferacdo. Ainda, nosso tratamento com FBP reduziu a contracdo de

miofibroblastos, enquanto ndo teve efeito significativo na contragdo de fibroblastos, e foi capaz
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de reduzir a migracao celular somente quando ainda presente no cultivo celular. Esse efeito foi
observado em maior grau também em miofibroblastos. Considerando a diferenca de
comportamento de ambas as células, cogitou-se que a FBP poderia estar exercendo uma

reversdo fenotipica e que esse efeito seria maior em miofibroblastos.

Assim, avaliamos genes e proteinas que pudessem estar envolvidas nesses processos.
Embora alguns estudos tenham reportado que a expressdo de colageno é relativamente
constante durante alguns processos de lesdo celular, nossos resultados mostraram que a FBP ¢
capaz de diminuir a expressdo de diferentes subtipos dessa proteina tanto in vivo quanto in
vitro. Ainda, a FBP foi capaz de diminuir a expressdo de Lox, que ¢ importantissima na
maturacgdo das fibras de colageno. Além disso, a FBP também diminuiu a expressao de Fnl.
Visto que a composicdo e quantidade de ECM produzida e depositada ¢ fundamental na fibrose,

esses resultados demonstram que a FBP ¢ capaz de regulé-la.

A citocina CXCL12 também foi analisada. Estudos mostram que essa citocina derivada
de fibroblastos associados a cancer aumenta a habilidade de invasdo de certos tumores (111).
Isso nos levou a cogitar que fibroblastos e miofibroblastos que possuem uma expressao
aumentada desse gene, além de alterar a estrutura e rigidez do tecido, podem estimular a
migracdo de diferentes células e a liberagdo de mais fatores fibroticos no local da lesdo. Nosso
tratamento com FBP reduziu a expressdo de CXCL12, o que esta de acordo com nossos
resultados in vivo, e nos leva a crer que a FBP pode inibir a migrag@o de outras células além de
leucocitos. Surpreendentemente, assim como a FBP nao foi capaz de reestabelecer a expressao
de e-caderina in vivo, em miofibroblastos também nao houve diferenga com nosso tratamento.
Ao contrario, a FBP foi capaz de aumentar a expressao desse gene em fibroblastos saudaveis.
Isso sugere que a FBP nao ¢ capaz de regular o processo de EMT. Além disso, alguns estudos
demonstram que a FBP possui um papel antioxidante e vimos que nosso tratamento foi capaz
de aumentar a expressdo de SOD somente em miofibroblastos e na concentra¢do de 1.2mM.
Isso sugere que a FBP pode ter um efeito protetor contra radicais livres nessas células. Por fim,
analisamos a expressao de Mmp2, que hidroliza diferentes subtipos de coldgeno, elastina e Fnl,
e estd altamente desregulada na fibrose pulmonar (48). Ainda, alguns estudos mostram que a
MMP2 pode causar uma ruptura na membrana basal e facilitar a invasdo do espago alveolar.

Nossos dados mostram que a expressao dessa enzima nao foi afetada pelo tratamento com FBP.
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Por fim, considerando os resultados que obtivemos pela expressao gé€nica, analisamos
a expressdo de proteinas relacionadas a degradacdo da ECM. Primeiramente, vimos que
miofibroblastos, quando comparados a fibroblastos, produzem grandes quantidades de a-SMA
e colageno e que o tratamento com 0,6mM e 1,2mM foi capaz de diminuir essa produgéo tanto
em fibroblastos quanto em miofibroblastos. Ainda, vimos que miofibroblastos ndo produzem,
ou produzem em niveis indetectaveis, MMP1, que ¢ uma colagenase importante para o
reestabelecimento do tecido saudavel durante a resolugdo da fibrose. Isso ocorre por que
inibidores de metaloproteinase tecidual 1 (TIMP-1), presente em miofibroblastos, inibe a
producdo de MMPI, impedindo a degradacdo eficiente do colageno. A FBP foi capaz de
diminuir a producdo de TIMP-1 em miofibroblastos enquanto ndo teve efeito visivel em
fibroblastos. Ao mesmo tempo, o tratamento ndo teve efeito sobre a producdo de MMP1. Isso
sugere que a FBP ¢é capaz de regular a producdo, além da expressdo, de importantes
componentes de ECM, mas esse efeito ndo parece ser resultado da degradagdo por MMPI1,
visto que, mesmo diminuindo a producao de TIMP-1, a FBP ndo foi capaz levar a producao de
MMP1 em miofibroblastos. A MMP2 estd desregulada na FPI e a inibicdo dessa proteina
melhora o desenvolvimento de fibrose pulmonar em modelos experimentais. Fibroblastos
apresentaram niveis menores de MMP2 quando comparados com miofibroblastos, o que vai de
encontro com a literatura, ¢ a FBP diminui esses niveis em miofibroblastos. Inibidores de
metaloproteinase tecidual 4 (TIMP-4), através de uma ligacdo no C-terminal, interage com a
MMP2 para exercer seu papel inibidor. Nossos dados mostraram a auséncia da produgéo de

TIMP-4 em miofibroblastos e, em fibroblastos, uma diminui¢do com tratamento de 1.2mM.

Em resumo, essa tese fornece evidéncias de que a FBP previne o desenvolvimento de
fibrose pulmonar em camundongos. Nossos resultados, tanto in vivo quanto in vitro, sugerem
que esse efeito pode ser consequéncia da regulagdo da composicdo e degradacdo da ECM no
tecido pulmonar, como expressdo reduzida de colageno e outros componentes de ECM, e da
diminui¢do da TIMP-1 em miofibroblastos tratados com FBP. E sabido que se necessita de
cautela para extrapolar resultados encontrados in vitro diretamente para modelos in vivo, porém
¢ interessante o fato de que a FBP ¢ capaz de, sistematicamente, reproduzir seus efeitos em
diferentes tipos celulares e nos mais variados modelos experimentais. Por isso, o estudo
detalhado desse agucar bifosforilado deve continuar para que possamos identificar em detalhes

todo o seu potencial.
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Abstract

Non-alcoholic steatohepatitis (NASH) is the progressive stage of non-alcoholic fatty liver disease
(NAFLD) that highly increases the risk of cirrhosis and liver cancer, and there are few therapeutic
options available in the clinic. Withaferin A (WA), extracted from the ayurvedic medicine
Withania Somnifera, has a wide range of pharmacological activities, however, little is known about
its effects on NASH. To explore the role of WA in treating NASH, two well-defined NASH models
were employed, the methionine-choline-deficient (MCD) diet and the 40 kcal% high-fat diet
(HFD). In both NASH models, WA treatment or control vehicle was administered to evaluate its
hepatoprotective effects. As assessed by biochemical and histological analyses, WA prevented and
therapeutically improved liver injury in both models, as revealed by lower serum
aminotransaminases, hepatic steatosis, liver inflammation and fibrosis. In the HFD-induced NASH
model, both elevated serum ceramides and increased hepatic oxidative stress were decreased in
the WA-treated group compared to the control vehicle-treated group. To further explore whether
WA has an anti-NASH effect independent of its known action in leptin signaling during combating

obesity, leptin signaling-deficient ob/ob mice maintained on a HFD were employed to induce

NASH. WA was also found to therapeutically reduce NASH in HFD-treated leptin-deficient ob/ob
mice, thus demonstrating a leptin-independent hepatoprotective effect. This study revealed that

WA treatment could be a therapeutic option for NASH treatment.

Keywords: Withania Somnifera; herb; hepatic steatosis; NASH; anti-oxidant
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Introduction

Nonalcoholic steatohepatitis (NASH) is the progressive stage of nonalcoholic fatty liver
disease (NAFLD) that results in a high risk of the end-stage liver diseases, cirrhosis and
hepatocellular cancer (Farrell and Larter, 2006; Michelotti et al., 2013). While virus-induced
hepatitis has been sharply reduced with vaccine application and curative drugs (Scott et al., 2015;
Flemming et al., 2017), there continues to be an increase in NAFLD incidence due to the rapid rise
of obesity and diabetes (Wong et al., 2014; Estes et al., 2018). NASH is currently listed as the
second leading cause of liver disease among adults awaiting liver transplantation in the United
States (Wong et al., 2015) and is estimated to overtake hepatitis C virus infection as the leading
cause of liver transplantation in the US in the coming decades (Oseini and Sanyal, 2017). Although
some conventional therapies such as vitamin E and pioglitazone could improve steatosis and
inflammation, few treatments that could significantly decrease fibrosis, one of the strongest
indicators of liver damage caused by NASH, have been found (Cassidy and Syed, 2016; Oseini
and Sanyal, 2017), indicating that while market-available drugs are mostly effective in treating
hepatic steatosis, they have minimal effects on fibrosis associated with NASH. There are no
current FDA-approved therapies for treating NASH, and the development of novel medical
treatments is urgently needed.

Withaferin A (WA), is a steroidal lactone derived from the plant Withania Somnifera used
in traditional ayurvedic medicine (Vanden Berghe et al., 2012). WA was originally used as an anti-
tumor agent (Lee and Choi, 2016) and has other pharmacological properties including
cardioprotective, anti-inflammation and anti-oxidant activities (Vanden Berghe et al., 2012).
Recently, WA was demonstrated to be a leptin sensitizer with strong antidiabetic properties in

mice that could decrease obesity-associated metabolic abnormalities including hepatic steatosis
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(Lee et al., 2016). Several other studies demonstrate that WA has hepatoprotective activity as
revealed by its ability to mitigate acetaminophen-induced acute liver injury (Jadeja et al., 2015;
Palliyaguru et al., 2016) and alleviate bromobenzene-induced liver injury (Vedi and Sabina, 2016).
Since obesity is usually associated with insulin resistance and fatty liver, the pharmacological
potential of WA in treating NASH needs to be evaluated.

NAFLD/NASH is known to be caused by a hepatic overload of fatty acids, leading to
the production of toxic lipids that could cause hepatic oxidative stress, inflammation,
endoplasmic reticulum (ER) stress and cell death (Friedman et al., 2018). Among the toxic
lipids, ceramides are signaling molecules that accumulate in the blood and tissues in animal
models of metabolic diseases. High cellular levels of ceramides are correlated with
inflammation, cell death, oxidative stress, ER stress and insulin resistance (Pagadala et al.,
2012; Chaurasia and Summers, 2015). Thus, strategies that decrease ceramides could efficiently
improve NAFLD and NASH (Kurek et al., 2014; Jiang et al., 2015; Xie et al., 2017). On the
other hand, WA is known to suppress oxidative stress, evidenced by its nuclear factor erythroid
2-related factor 2 (NRF2)-dependent effect in alleviating acetaminophen-induced liver injury
and its effect in inducing heme oxygenase (HO-1) expression in endothelial cells via activating
NRF2 pathway (Vanden Berghe et al., 2012; Jadeja et al., 2015; Heyninck et al., 2016;
Palliyaguru et al., 2016). Besides, WA is a known leptin sensitizer that could both leptin
signaling-dependently and leptin signaling-independently reduce diet-induced obesity as
reported previously (Lee et al., 2016). Although there is no conclusive evidence that leptin is
of value for the treatment of NAFLD patients, leptin was suggested to have a potential role in
benefiting NASH treatment, as revealed by that recombinant leptin administration showed a

beneficial effect in hepatic steatosis in NAFLD patients with hyperleptinemia (Polyzos et al.,
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2015) or lipodystrophy patients (Javor et al., 2005). However, whether WA modulates
ceramides homeostasis and alleviates oxidative stress during treating NASH, and whether WA
affects NASH dependent on its effect on leptin signaling are still not known.

In the present study, two widely-used NASH models, the methionine- and choline-deficient
(MCD) diet and the high-fat diet (HFD) were firstly employed to evaluate the efficacy of WA in
treating NASH. WA had both preventive and therapeutic effects in improving NASH, as revealed
by significant decreases of serum aminotransferases, hepatic steatosis, inflammation, ER stress
and fibrosis. In the HFD-induced NASH model, WA alleviated NASH-associated oxidative stress
and lowered serum ceramide levels. By using leptin-deficient ob/ob mice maintained on a NASH-
promoting HFD, we further demonstrated that WA had a therapeutic effect in improving HFD-
induced NASH in ob/ob mice, suggesting an leptin-independent anti-NASH effect of WA. All the
present results indicate that WA could be repurposed as a novel therapy in treating NASH patients.

Materials and Methods

Chemicals and Reagents. WA was purchased from ChromaDex (Irvine, CA).
PeroxiDetect kit, superoxide dismutase kit, glutathione assay kit and dimethyl sulfoxide were
purchased from Sigma Aldrich (MO, USA). Alanine aminotransferase (ALT) kits and aspartate
aminotransferase (AST) kits were purchased from Catachem (CT, USA). Total cholesterol (TC),
triglyceride (TG), and non-esterified fatty acids (NEFAs) kits were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Ceramides standards C16, C18, C20, C22, C24, C18:1, C24:1
were purchased from Avanti polar Lipids (Alabaster, AL). Rodent diets with 40 kcal% high-fat,
20 kcal% fructose and 2% cholesterol (HFD, Cat# D09100301 for C57BL/6N mice and Cat#

D09100310 for ob/ob mice) and 10 kcal% fat control diet (LFD, Cat# D09100304) were purchased
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from Research Diets (NJ, USA). Methionine and choline sufficient (MCS) diet and MCD diet were
purchased from Dyets Inc (Bethlehem, PA, USA).

Drugs Preparation and Dosing. The WA stock solution was dissolved in dimethyl
sulfoxide and frozen, and before use diluted with saline to generate the treatment doses (the final
dimethyl sulfoxide percentage was the same for all final injection solutions). WA was injected
intraperitoneally (0.1 ml/20 g mouse) at the doses indicated once per day before the dark cycle of
the day.

Animal Studies. Age-matched 6- to 8-week-old C57BL/6N males were housed in a
specific pathogen-free environment controlled for temperature and light (25°C, 12-h light/dark
cycle) and humidity (45-65%). The National Cancer Institute Animal Care and Use Committee
approved all animal experiments conducted in this study. The mice were administered WA at a
dose of 1 mg/kg, 2.5 mg/kg and 5 mg/kg for the MCD model and at the dose of 5 mg/kg for the
HFD models. To test the preventative effect of WA in treating MCD-induced NASH, the mice
were randomly divided into six groups: (1), MCS: mice fed the MCS diet and treated with control
vehicle; (2), MCS+WAS: mice fed the MCS diet and treated with 5 mg/kg of WA; (3), MCD: mice
fed the MCD diet and treated with control vehicle; (4), MCD+WAT1: mice fed the MCD diet and
treated with 1 mg/kg of WA; (5) MCD+WAZ2.5: mice fed the MCD diet and treated with 2.5 mg/kg
of WA; (6) MCD+WAS: mice fed the MCD diet and treated with 5 mg/kg of WA. All mice were
fed the MCS or MCD diets for four weeks, and WA or control vehicle was injected once per day
from the first day of diet feeding. To test the therapeutic effect of WA in treating MCD diet-
induced NASH, the mice were fed with the MCD diet for 6 weeks and then injected with WA once
a day at the dose of 5 mg/kg during the last two weeks of MCD feeding. To test the preventive and

therapeutic effect of WA in HFD-induced NASH model, mice were fed a HFD or LFD for 20
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weeks. Mice were fed a HFD or LFD for 8 weeks and then divided into 4 groups; (1) mice treated
with vehicle for 12 weeks; (2) mice treated with WA for 12 consecutive weeks; (3) mice treated
with vehicle for 4 weeks from week 9 to week 12, and then treated with WA for the last 8 weeks;
(4) mice treated with vehicle for 8 weeks from week 9 to week 16 and then treated with WA for 4
weeks. To test the therapeutic effect of WA in leptin-deficient NASH, the leptin-deficient ob/ob
NASH mouse model was employed. Eight-week-old age-matched ob/ob mice, obtained from
Jackson Laboratories, were fed a HFD for 8 weeks and then divided into two groups: (1) mice
maintained on a HFD and treated with WA or control vehicle for 4 weeks; (2) mice maintained on
a HFD and treated with WA for 4 weeks. The mice were injected with vehicle or WA before the
dark cycle of the day and not fasted during the study. One hour after the last injection of WA or
control vehicle, the mice were killed with CO; and serum and tissues collected for further analysis.

Histology Analysis. Formalin-fixed liver tissues were embedded in paraffin. A portion of
fresh livers were embedded in Tissue-Tek Optimal Cutting Temperature compound (Sakura
Finetek, Torrance, USA) and then flash frozen for Oil Red O staining. Five pm thick sections were
cut for both H&E and picrosirius red staining. Further sample processing, and analysis for H&E
staining, and Oil red O staining were performed at Histoserv Inc (Germantown, MD, USA) or
VitroVivo Biotech (Rockville, MD, USA). For picrosirius staining in Figure 8, paraffin-embedded
livers were sectioned at Histoserv Inc and stained with picrosirius based on its manual, while
picrosirius staining for Figure 12 were performed in VitroVivo Biotech (Rockville, MD, USA).
Digital images from picrosirius red-stained liver sections were analyzed with ImagePro plus
software (Media Cybernetics, Inc., Rockville, MD, USA), and the collagen positive area was
assessed. Large blood vessels and corner sections were excluded from analysis and at least five

different fields of each slide were measured to allow a realistic picture of the entire organ’s fibrotic
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state. Results were expressed as collagen percentage of all images related to the total area of the
tissue.

Biochemical Analysis of Liver and Serum. Biochemical parameters including levels of
ALT, AST, TC, TG and NEFAs, as well as levels of superoxide dismutase, hydroxide peroxide
and glutathione in serum or liver were tested with commercial kits based on the manuals. Serum
ceramides were quantified as described previously (Xie et al., 2017).

Quantitative Polymerase Chain Reaction. The livers were flash frozen in liquid nitrogen
and stored at -80°C. Total RNA from frozen livers was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA). cDNA was synthesized from 1 pg of total RNA using qScript cDNA SuperMix
(Gaithersburg, MD). Analysis was performed by using the ABI PRISM 7900 Sequence Detection
System (Applied Biosystems, Bedford, MA). Values were normalized to Acth or Gapdh mRNAs
and the results expressed as fold change relative to the control group. Primer sequences are listed
in Supplementary table 1.

Pharmacokinetic Analysis. Age and body weight-matched 8-week-old C57BL/6N mice
were randomly-grouped and dosed with 5 mg/kg of WA via intraperitoneal administration. Blood
was collected at O min (pre-dose), 10 min, 20 min, 40 min, 1 h, 2 h, 4 h, 8 h, 24 h and 48 h for
isolation of plasma. Samples were diluted with acetonitrile and protein removed by centrifugation,
and then analyzed using UPLC-MS/MS under reverse phase chromatography after optimizing
chromatographic conditions for WA. MassLynx software version 4.1 was used to analyze the data
of drug concentration. The pharmacokinetic parameters of WA were calculated by non-
compartmental model using WinNonlin software version 5.2.1 (Pharsight Corporation, Sunnyvale,
CA, USA). The C,,., values and the time to reach maximum plasma concentration (T,,.) were

calculated directly from the observed plasma concentration vs time data. The area under the plasma
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drug concentration—time curve from time 0-48h (AUC,.4s) was calculated using the linear
trapezoidal rule. The AUC iy Was calculated as: AUC infiniy=AUC4sn+ C/K, , where C, is the
last plasma concentration measured and K, is the elimination rate constant; K. was determined
using linear regression analysis of the logarithm linear part of the plasma concentration—time

curve. The t;, of WA was calculated as t,,=In2/K,,.

Statistical Analysis. Experimental values were presented as mean + SD. Statistical
analyses were determined by two-tail t test between two groups or by one-way ANOVA followed
by Dunnett’s multiple comparisons test among multiple groups using Prism version 7.0 (GraphPad

Software, San Diego, CA). P values less than 0.05 were considered statistically significant.

Results

WA Dose-dependently Attenuates MCD Diet-induced Liver Injury. To explore the
effect and effective dose of WA in the MCD diet-induced liver injury model, WA at 1, 2.5, and 5
mg/kg were administered. From the first day of MCD diet feeding, WA was injected once a day
for four consecutive weeks (Fig. 1A). The MCD diet induced body weight loss, which was
significantly attenuated by WA at 5 mg/kg (Fig. 1B). WA dose-dependently increased the liver
weight and liver index in mice on the MCD diet (Fig. 1, C and D). WA treatment alone caused no
significant histologic changes indicating liver damage (Fig. 1E) and did not significantly affect
serum ALT and AST levels (Fig. 2, A and B) in the control MCS diet feeding group, indicating
that WA at 5 mg/kg was not hepatotoxic. Further biochemical assays showed that WA dose-
dependently inhibited the MCD diet-induced increase of serum ALT and AST levels (Fig. 2, A

and B) as well as hepatic levels of TC and TG (Fig. 2, C and D). The MCD diet induced a marked
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decrease of serum TC and TG, which was significantly attenuated by 5 mg/kg WA (Fig. 2, E and
F). Given that WA at 5 mg/kg, among the tested doses, showed a consistent effect in reversing
body weight changes, serum ALT and AST levels, TC and TG levels in livers and serum, the effect
of 5 mg/kg of WA in hepatic inflammation and histology were measured at this dose. WA
alleviated MCD diet-induced liver inflammation (Fig. 2G), and histological analyses by H & E
and Oil Red O staining showed that 5 mg/kg of WA improved MCD diet-induced hepatic steatosis
(Fig. 2, H and I). These data demonstrate that WA dose-dependently prevents MCD diet-induced
fatty liver, and that the 5 mg/kg dose of WA ameliorates NASH.

With a dose of 5 mg/kg WA chosen for further extensive study, a pharmacokinetic analysis
was performed to investigate the exposure and clearance behavior of WA in blood after
intraperitoneal injection. The chemical structure of WA and drug concentration-time curve of WA
are shown (Supplemental Fig. 1, A and B). The pharmacokinetic parameters including Ci.x, Ti,
AUC 4sn, AUCy. and elimination rates (K 1/h) were calculated (Supplemental Fig.1C).
Following a single intraperitoneal injection dose of 5 mg/kg WA, a C,. level of 143 + 1.8 nM
was observed at 20 min. The plasma T, value of WA was 2.0 £ 0.6 h. These data and a previous
study (Thaiparambil et al., 2011) that found intraperitoneally-injected WA had a half-life of 1.36
h, suggest that WA has a rapid clearance from blood after intraperitoneal dosing. However, WA
was readily detected across the time-course of 48 h and was maintained at 2-4 nM (14%-29%
percent of WA peak concentration) at the later phase after a single dose of 5 mg/kg WA
(Supplemental Fig. 1B). These data suggest that WA could be maintained at a relatively low level
for 48 h, while having a short half-life of 2 h in mice. However, its pharmacokinetics my differ in

humans.
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WA Prevents MCD Diet-induced Liver Injury Independent of Body Weight Change.
To examine whether WA could prevent MCD diet-induced NASH independent of its effect in
changing MCD diet-induced body weight loss, a short-term MCD diet feeding study was
performed. Mice were fed an MCD diet for 10 days, during which 5 mg/kg of WA or control
vehicle was injected once a day for 10 consecutive days (Fig. 3A). In this short-term study, 5
mg/kg of WA did not change the body mass of MCD diet-fed mice (Fig. 3B). However, WA
markedly increased the liver weight and the liver index when compared with control vehicle-
treated controls (Fig. 3, C and D). Five mg/kg of WA significantly decreased the MCD diet-
induced serum ALT and AST levels (Fig. 3, E and F). These data demonstrate that 5 mg/kg WA
is sufficient to alleviate MCD diet-induced liver injury at the early stage in the absence of
significant body weight changes.

WA Therapeutically Improves MCD Diet-induced Liver Injury. To further explore
whether WA could therapeutically treat MCD diet-induced NASH, 5 mg/kg WA was administered
for two weeks after the onset of liver damage induced by 6 weeks of MCD diet feeding (Fig. 4A).
WA did not affect the body weight, liver weight and liver index (Fig. 4, B-D), while it significantly
decreased the MCD diet-induced increases of serum ALT and AST levels (Fig. 4, E and F). WA
also improved hepatic steatosis as revealed by histological analyses (Fig. 4, G and H). These data
suggest that 5 mg/kg WA therapeutically improves MCD diet-induced liver injury.

WA Improves HFD-induced Liver Injury. In contrast to the MCD diet-induced NASH
model that results in body weight loss and does not cause insulin resistance coincident with
inducing steatohepatitis, the 40 kcal% HFD-induced obese NASH model is thought to better mimic
the typical human NASH pathologies of insulin resistance, high serum lipids accumulation and

obesity (Hebbard and George, 2011; Griffett et al., 2015; Honda et al., 2016; Ding et al., 2018).
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To further confirm the effect of WA in treating NASH, the HFD regimen and its matched LFD
were used to test the effect of WA both in preventing and therapeutically improving NASH. Mice
were fed a HFD for 20 weeks and injected with 5 mg/kg of WA or control vehicle for the last 12,
8, or 4 weeks before killing (Fig. 5A). WA significantly decreased body weights in both the HFD-
fed and LFD-fed mice (Fig. 5, B and C). WA also decreased liver weights and liver indexes (Fig.
5, D and E) and attenuated the HFD-induced increase of serum ALT and AST (Fig. 5, F and G) in
a time-dependent manner. Similarly, WA treatment decreased the HFD-induced accumulation of
hepatic TG and TC levels (Fig. 6, A and B) and serum TG and TC levels (Fig. 6, C and D). WA
treatment time-dependently decreased the HFD-induced accumulation of NEFAs in both livers
and serum (Fig. 6, E and F). Further histological analyses showed that WA treatment time-
dependently improved NASH-associated hepatic steatosis as revealed by histological analyses
(Fig. 7, A and B). WA treatment also significantly reduced the levels of the HFD-induced 7nfa,
111D, and 1/6 mRNAs involved in hepatic inflammation (Fig. 7, C-E) and heat shock protein family
A member 5 (Hspa5) and DNA damage-inducible transcript 3 (Ddit3) mRNA levels involved in
ER stress (Fig.7, F and G). WA treatment decreased the HFD-induced increase of Srebplc mRNA
encoding the transcription factor SREBP1C and its downstream target gene mRNAs, Scd/ and Fas
involved in the control of lipogenesis (Fig. 7, H-J). These data demonstrate that WA treatments
both prevent and therapeutically improve HFD-induced hepatic steatosis, inflammation, and ER
stress accompanied by dampening the hepatic lipogenesis signaling.

WA Attenuates Hepatic Fibrosis. Fibrosis is a major hallmark of NALFD progression to
NASH. Twenty-week HFD feeding markedly induced picrosirius red staining in the NASH group,
which was rescued by WA treatment in a time-dependent manner (Fig. 8A). Further statistical

analysis showed that WA treatment decreased NASH-associated hepatic collagen accumulation
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(Fig. 8B). In addition, WA treatment decreased Timp2, Collal, Mmp?2, and Acta? mRNAs
encoding enzymes and structural proteins involved in liver fibrogenesis (Fig. 8, C-F). These data
demonstrate that WA improves NASH-associated fibrosis induced by HFD in a time-dependent
manner.

WA Rescues NASH-associated Ceramide Accumulation, ER Stress and Oxidative
Stress. Previous studies demonstrated that HFD-induced hepatic steatosis was correlated with
increased ceramide levels (Longato et al., 2012; Chaurasia and Summers, 2015; Kasumov et al.,
2015). Genetically or biochemically decreasing ceramides improved NAFLD and NASH (Kurek
et al., 2014; Xie et al., 2017). Oxidative stress that occurs in NASH could induce ceramide
accumulation (Bikman and Summers, 2011) and WA has exhibited anti-oxidant activity in earlier
experimental models (Vanden Berghe et al., 2012). Thus, the anti-oxidant effects of WA could
potentially influence ceramide levels and oxidative stress during treating NASH. To examine this
hypothesis, levels of serum ceramides were first measured using authentic standards. HFD
significantly induced the accumulation of ceramides, such as C16 (m/z 582.5098), C18 (m/z
610.5411), C20 (m/z 638.5724), C22 (m/z 666.6037), C24 (m/z 694.6350), C18:1 (m/z 608.5254),
and C24:1 (m/z 692.6193), all of which were reduced by WA treatment (Fig. 9, 4-G).

Next, that possibility that WA attenuated HFD-induced oxidative stress was examined.
WA treatment time-dependently rescued the NASH-induced decrease of hepatic superoxide
dismutase and glutathione levels, and significantly attenuated the NASH-induced increase of
hepatic peroxide levels (Fig. 9, H-J). These data suggest that WA treatment reduces HFD-induced
ceramides accumulation in serum and oxidative stress in liver.

To further examine why WA alleviated serum ceramides accumulation and hepatic

oxidative stress, mRNA levels of ceramides signaling and NRF2 signaling were analyzed. WA
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treatment markedly decreased mRNAs of genes involved in ceramide biosynthesis pathways, such
as serine palmitoyltransferase, long-chain base subunit 1 (Sprlcl) and Sptic2, sphingomyelin
phosphodiesterase / (Smpd1), Smpd2, Smpd3, and Smpd4, angiotensin-converting enzyme-related
2 (Acer2) and Acer3, sphingomyelin synthase (Sgms/) and Sgms2, ceramide synthase 2 (Cers2),
Cers4 and Cers6 in a time-dependent manner (Fig. 10, A-M). These data demonstrate that WA
attenuates HFD-induced accumulation of serum ceramides and oxidative stress. Further analysis
of NRF2 signaling revealed that WA decreased mRNA levels of genes involved in NRF2 pathway
both in 20-week HFD-treated mice (Supplemental Fig. 2) and 4-week MCD diet-treated mice
(Supplemental Fig. 3A). Given that earlier reports revealed that WA could activate NRF2 (Jadeja
etal., 2015; Heyninck et al., 2016; Palliyaguru et al., 2016), the possibility exists that the decreases
NASH diet-induced NRF2 signaling by WA in the current study is due to a secondary result of its
hepatoprotective effects. The marked hepatoprotective effect may decrease NASH diet-promoted
NRF2 signaling, which could overcome the effect of WA on NRF2 activation under that
pathological conditions of NASH. To answer this question, the effect of WA in hepatic NRF2
signaling pathway at an early stage of NASH model induced by the MCD diet or HFD was
examined. Mice were fed with an MCD diet for 10 days or a HFD for one week, during which
mice were cotreated with control vehicle or 5 m/kg of WA once a day via intraperitoneal injection,
and all mice were killed one hour after the last WA injection to collect livers for further mRNAs
analysis. In 10-days MCD diet-fed mice, WA was found to induce hepatic mRNAs of NRF2 target
genes including Gcle, Ngol, Keapl, Cat and Nrf2 (Supplemental Fig. 3B), while in one-week
HFD-treated mice, this NRF2-activating effect of WA was not found. These data suggest that WA

may affect the mRNAs expression of NRF2 target genes in a context-dependent manner.
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WA Improves NASH in HFD-induced Liver Injury in Leptin Signaling Defective
(ob/ob) Mice. To determine the effect of WA in a leptin-deficient NASH model, ob/ob mice were
fed a HFD for 12 weeks and injected with 5 mg/kg of WA or control vehicle for the last 4 weeks
before killing (Fig. 11A). WA significantly decreased body weight, the liver weight and liver index
(Fig. 11, B, C and D), and attenuated the HFD-induced increase of serum ALT and AST (Fig. 11,
E and F). Histological analyses revealed that WA treatment improved NASH-associated hepatic
steatosis (Fig. 11, G and H). Consistent with this finding, WA treatment reduced the mRNA levels
of proinflammatory cytokines including 1//b, 116 and Tnfa mRNAs, as well as the mRNA levels
of lipogenesis genes including Srebpic, Scdl and Fas (Fig. 11I). WA treatment decreased the
HFD-induced accumulation of TG, TC and NEFAs in liver and serum (Fig. 12, A-F). Furthermore,
WA also significantly reduced the mRNA levels of the fibrogenesis genes Timp2, Collal, Mmp2
and Acta2 (Fig. 12G) and attenuated HFD-induced hepatic fibrosis as revealed by picrosirius red
staining data (Fig. 12H). Similar to its effect in HFD-treated C57BL/6N mice, WA also
significantly decreased HFD-induced ER stress markers Hspa5 and Ddit3 mRNAs, as well as all
the tested mRNAs involved in ceramide synthesis including Sptici, Sptic2, Smpd2, Smpd3, Acer2,
Sgmsl, Sgms2, Cers2, Cers4 and Cers6 (Fig. 12,1 and J). These results demonstrate that WA
treatment decreases HFD-induced NASH in ob/ob mice, and this was in accompany by decreased

hepatic ceramide synthesis.

Discussion
The hepatoprotective roles of WA in treating liver diseases, especially the effects on NASH
are largely unknown. The current study revealed that WA could both prevent and therapeutically

improve NASH in two well-defined mouse NASH models, MCD-induced NASH model and HFD-
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induced NASH model in C57BL/6N mice and could therapeutically alleviate a leptin-deficient
HFD-induced NASH model in ob/ob mice. WA restored NASH-induced dysregulation of
oxidative stress and lowered ceramides that may be involved in the mechanism of NASH (Fig.
13). However, detailed mechanistic analysis required further studies.

The MCD diet-induced NASH model has been a widely-used for evaluating the
pharmacological effects of drugs on NASH (Hebbard and George, 2011) and provides convenience
for its short-term experimental duration. By using this rapid short-term model, the efficient dose
of WA on NASH was found to be 5 mg/kg that was efficient in both preventing and therapeutically
treating MCD diet-induced NASH. Compared with the MCD diet-induced lean NASH model, the
HFD-induced NASH model more accurately reflects the clinical NASH pathologies including
obesity, insulin resistance and high serum triglycerides, in addition to the typical hepatic steatosis,
inflammation and fibrosis (Hebbard and George, 2011), and thus this model was chosen for further
determining the effects of WA on NASH. In the obese NASH model, WA treatment improved
NASH-associated pathologies including hepatic steatosis, inflammation and fibrosis in a time-
dependent manner. Since HFD diet feeding causes hepatic steatosis and minor fibrosis after a two-
month diet feeding that gradually progresses to advanced NASH (Ding et al., 2018), the effect of
WA treatments for twelve weeks during the full course of HFD feeding would be mainly regarded
as a preventive effect, while WA treatment for eight weeks and four weeks after the onset of NASH
would evaluate the therapeutic effects. In addition to WA’s effect in improving NASH, WA also
decreased HFD-induced body weight gain, in agreement with its known anti-obesity activity (Lee
et al., 2016). Whether the effect of WA is the result of its anti-obesity effect or a direct effect on
NASH in the present HFD-induced NASH model still requires further study. By using the NASH-

promoting HFD, the current study extends the pharmacological known effects of WA to improving
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NASH, beyond its known effects on obesity-accompanied hepatic steatosis associated with its anti-
obesity effect (Lee et al., 2016). However, weight loss caused by WA treatment could potentially
ameliorate the HFD-induced NASH. Given that the body weight was sharply decreased upon WA
treatment in the current HFD-induced fat NASH model as well as in the previous study (Lee et al.,
2016), it would be difficult to separate the anti-obesity effect as the cause of decreased NASH as
opposed to a direct pharmacological effect of WA on NASH. However, the MCD-induced NASH
mice show lean body weight instead of obesity, and the inhibitory effect of WA on MCD diet-
induced NASH suggests that WA has a direct hepatoprotective effect in treating NASH
independent of obesity at least in this non-obese NASH model. As noted earlier, the present study
provides evidence that WA potently improves MCD diet-induced NASH, a lean NASH mouse
model, in which some hepatoprotective effects, such as the therapeutic effect of WA at the dose of
5 mg/kg on MCD-induced NASH and the preventive effect on MCD-induced NASH at doses of 1
mg/kg and 2.5 mg/kg, are independent of body weight change. Furthermore, WA could also
markedly decrease MCD diet-induced increase of serum ALT and AST and increased liver weights
prior to body weight changes after MCD diet feeding for ten days. Similar with the present finding,
it was reported that the hepatoprotective component glycyrrhizin also reduced MCD diet-induced
NASH without significantly affecting the MCD diet-induced body weight loss (Yan et al., 2018).
On the other hand, WA was reported to therapeutically improve acetaminophen-induced acute
liver injury even when injected 1 hour after acetaminophen dosing (Jadeja et al., 2015), indicating
that WA has a direct hepatoprotective effect. The current work, together with previous studies,
suggests that WA could improve NASH, at least potentially due to its direct hepatoprotective

activity, independent of its anti-obesity effect.
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WA was previously reported to act as a leptin-sensitizer during obesity and was also shown
to exert an anti-obesity effect independent of leptin signaling, as WA still had an anti-obesity effect
in leptin-deficient mice (Lee et al., 2016). Thus, the question arose whether the anti-NASH effect
of WA was dependent on leptin signaling. Consistent with this previous study, WA still elicited a
potent therapeutic effect in HFD-induced NASH in leptin-deficient ob/ob mice. Thus, WA has
leptin-independent pharmacological activity in obesity and obesity-associated NASH.

In the present study, WA was found to reduce the accumulation of ceramides in serum
accompanied with attenuation of HFD-induced upregulation of ceramides. WA also decreased
hepatic oxidative stress and hepatic ER stress, which were correlated with its anti-NASH effects.
Although all these analyses provide potential hints for further mechanism exploration, the study
does not determine how WA directly affects oxidative stress signaling, ER stress signaling,
ceramides signaling or stress-treated ceramides signaling. In vitro studies are warranted to answer
this question. Previous studies demonstrate that WA has antioxidant activity via activating NRF2
(Cassidy and Syed, 2016; Palliyaguru et al., 2016) and anti-inflammatory potential via directing
inhibiting NLR family pyrin domain containing 3 (NLRP3) inflammasome activation (Kim et al.,
2015; Dubey et al., 2018). Although in the present study, WA attenuated NASH-induced NRF2
signaling at the terminal stages of the NASH model, which may be a result of its hepatoprotective
effects, WA could activate NRF2 signaling in the early stages of NASH within 10-days of
commencing MCD diet treatment, although WA did not activate hepatic NRF2 signaling in after
one-week of commencing HFD feeding. Thus, in the current study, WA was able to modulate
NRF2 signaling in a context-dependent manner.

NRF2 activation could improve glucose tolerance, suppress NASH and liver fibrosis, and

attenuate liver cirrhosis (Wu et al., 2014; Sharma et al., 2018). This suggest that NRF2 could be
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an efficient target for anti-NASH therapy, consistent with the report that pharmacological
activation of NRF2 by the potent NRF2 activator TBE-31 is able to ameliorate experimental
NASH (Sharma et al., 2018). Multiple mechanisms are involved in the modulation of NRF2
signaling via interfering with kelch like ECH associated protein 1-NRF2 interaction or other
posttranscriptionally and/or posttranslationally-modulated mechanisms, such as ERAD-associated
E3 ubiquitin-protein ligase HRD1, glycogen synthase kinase 3 and 3-transducin repeat-containing
protein (Chowdhry et al., 2013; Wu et al., 2014; Hayes et al., 2015). Among these known NRF2-
modulating mechanisms, WA was demonstrated to be an inducer of NRF2 signaling both in vitro
and in vivo, and this effect is partially kelch like ECH associated protein 1-independent and in part
dependent on the glycogen synthase kinase 3 -associated modulation pathway as in the
acetaminophen-induced acute liver injury model in mice (Palliyaguru et al., 2016). In the present
study, the mechanisms by which WA attenuates NASH may be dependent on its effect on NRF2
signaling or other pathways such as NLRP3. This requires further experimentation using NRF2
and NLRP3 knockout mice that are beyond the scope of the current study.

In summary, by evaluating various NASH pathological parameters in serum and livers in
two well-defined NASH mouse models (MCD-induced NASH model and HFD-induced NASH
model in wide-type mice), WA exhibits both the preventive and therapeutic effects in improving
NASH. WA also therapeutically decreases HFD-induced NASH in leptin-deficient ob/ob mice.
The anti-NASH effect of WA is accompanied by lower hepatic oxidative stress, ER stress, and
ceramide accumulation in serum. These data suggest that WA has potent anti-NASH effects at
least independent of its anti-obesity effect as revealed in the non-obese MCD-induced NASH
model and is independent of its leptin-sensitizing effect as found in a HFD-fed leptin-deficient

ob/ob mouse NASH model. While further studies to determine the exact mechanisms by which
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WA decreases NASH are still needed, these findings suggest that the herbal medicine-derived
compound WA may be a therapeutic option for treating NASH particularly that featured with
ceramide accumulation and would help repurpose the ancient drug WA with its novel application

in treating NASH.
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Figure Legends

Fig. 1: Effect of WA in body weight, liver weight, liver index and liver histology in MCS diet-
fed mice. (A) Experiment scheme for testing the preventive effects of WA in the MCD-induced
liver injury model; (B) Effect of WA on body weight; (C) Effect of WA on liver weight; (D),
Effect of WA on liver index; (E), Effect of WA on H&E staining of MCS diet-fed mouse livers.
Scale bar size, 100 um. Data were presented as means + SD. MCS, mice fed the MCS diet and
treated with vehicle; MCS+WAS, mice fed the MCS diet and treated with 5 mg/kg of WA only;
MCD, mice fed the MCD diet and treated with vehicle; MCD+WA1, mice fed the MCD diet and
treated with 1 mg/kg of WA; MCD+WAZ2.5, mice fed the MCD diet and treated with 2.5 mg/kg
of WA; MCD+WAS, mice fed the MCD diet and treated with 5 mg/kg of WA. n=5 mice per group.
Statistical differences were determined by the two-tailed t test between two groups or by one-way
ANOVA among multiple MCD diet-fed groups. ##P<0.005 when compared with MCS group; *

P<0.05 and ** P<0.01 when compared with the MCD group.

Fig. 2: WA dose-dependently alleviated MCD diet-induced liver injury. (A and B) Analysis
of serum ALT (A) and AST levels (B). (C and D) Analysis of liver TC (C) and TG (D) levels. (E
and F) Analysis of serum TC (E) and TG levels (F). (G) Analysis of hepatic pro-inflammatory
cytokines mRNA levels. (H) H & E staining of livers from MCD diet-fed mice treated with vehicle
or 5 mg/kg of WA. (I) Oil Red O staining of livers from MCD diet-fed mice treated with vehicle
or 5 mg/kg of WA. Scale bar, 100 pm. Data were presented as means + SD. Group descriptions
for the MCS, MCS+WAS5, MCD, MCD+WA1, MCD+WA2.5, MCD+WAS groups were the same
as described in the legend to Fig. 1. n=5 mice per group. “P<0.05, #P<0.01 and **P<0.005 when

compared with the MCS group; *P<0.05, **P<0.01, ***P<0.005 when compared with the MCD

26

6T0Z ‘Sz Joqueldas Uo sfeulnor 1 34SY e Bioseuano iedse ied[ woJ) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 16, 2019 as DOI: 10.1124/jpet.119.256792
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 256792

group. Statistical differences were determined by the two-tailed t test or one-way ANOVA. Tnfa,

tumor necrosis factor alpha; 1115, interleukin 1b; 116, interleukin 6.

Fig. 3: WA alleviated MCD diet-induced liver injury independent of body weight change.
(A) Experiment scheme for testing the therapeutic effect of WA in MCD diet-induced NASH
model; (B) Body weights; (C) liver weights; (D) Liver indexes calculated as the ratio of liver
weight to body weight; (E) serum ALT levels; (F) serum AST levels. Data were presented as
means + SD. Group descriptions for MCS, MCD, and MCD+WAS were same as described in the
legend to Fig. 1. n=5 mice per group. Data were presented as means + SD. Statistical differences
were determined by the two-tailed t test between two groups. ¥*P<0.05 and ***P<0.005 compared

with MCD group.

Fig. 4: WA therapeutically improved MCD diet-induced NASH. (A) Experiment scheme for
testing the therapeutic effect of WA in the MCD-induced NASH model. (B) Effect of 5 mg/kg
WA on body weight. (C) Effect of 5 mg/kg WA on liver weight. (D) Effect of 5 mg/kg WA on
liver indexes. (E and F) Analysis of serum ALT (E) and AST (F) levels in LFD-fed mice and
HFD-fed mice treated with control vehicle or WA. (G and H) Histology analysis of hepatic
steatosis by Oil Red O staining (G) and H & E staining (H). Scale bar, 100 um. Data were
presented as means + SD. Descriptions for the MCS, MCS+WAS, MCD, MCD+WAS groups were
same as described in the legend to Fig. 1. n=5 mice per group. “P<0.05, #P<0.01 and “**P<0.005
when compared with MCS group; *P<0.05 when compared with MCD group. Statistical

differences were determined by the two-tailed t test or one-way ANOVA.
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Fig. 5: WA improved HFD-induced liver injury. (A) Experiment scheme of the time-course
dosing regimen. (B and C) Body weights of HFD-fed mice (B) and LFD-fed mice (C) treated with
vehicle or WA. (D and E) Liver weights (D) and liver indexes calculated by liver weight/body
weight ratio (E). (F and G) Analysis of serum ALT (F) and AST levels (G). Data were presented
as means = SD. LV, mice fed the LFD and treated with vehicle (V); L+4W WA, mice fed LFD
and treated with WA for the last 4 weeks. L+8W WA, mice fed the LFD and treated with WA for
the last 8 weeks; L+12W WA, mice fed the LFD and treated with WA for the last 12 weeks; NV,
mice fed the HFD-induced NASH diet (N) and treated with vehicle (V); N+4W WA mice fed the
HFD-induced NASH diet (N) and treated with WA for the last four weeks; N+8W WA, mice fed
the HFD-induced NASH diet (N) and treated with WA for the last 8 weeks; N+12W WA, mice
fed the HFD-induced NASH diet (N) and treated with WA for the last 12 weeks. n=5 mice for the
LFD-fed groups and n=7-10 for HFD-fed mice. #P<0.01 and *"P<0.005 compared with the LFD
group; *P<0.05 and ***P<0.005 compared with HFD group. Statistical differences were

determined by the two-tailed t test or one-way ANOVA.

Fig. 6: WA improved serum and liver biochemical parameters in a time-dependent manner.
(A and B) Analysis of liver TG levels (A) and TC levels (B). (C and D) Analysis of serum TG
(C) and TC (D) levels. (E and F) Analysis of liver NEFAs levels (E) and serum NEFAs levels
(F). Data were presented as means + SD. Groups for the LV, NV, N+4W WA, N+8W WA, and
N+12W WA groups were same as described in the legend to Fig. 5. n=5 mice for the LFD group
and n=7-10 for the other three HFD-fed groups. #P<0.01 and **P<0.005 compared with LFD
group; **P<0.01 and ***P<0.005 compared with the HFD group. Statistical differences were

determined by the two-tailed t test or one-way ANOVA.
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Fig. 7: WA improved HFD-induced hepatic steatosis and inflammation. (A and B)
Representative histology pictures of H & E staining (A) and Oil Red O staining (B). Scale bar, 100
pm. (C-E) Effect of WA on HFD-induced liver Tnfa, Il1b, and 116 mRNA levels. (F-G) Effect of
WA on HFD-induced hepatic ER stress signaling markers, Hspa5 and Didt3, mRNAs levels. (H-
J) Effect of WA on HFD-induced Srebplc, Fas, and Scdl mRNAs levels. Data were presented as
means + SD. Descriptions for the LV, NV, N+4W WA, N+8W WA and N+12W WA were same
as described in the legend to Fig. 5. n=5 mice for the LFD group and n=7-10 for the other three
HFD-fed groups. ##P<0.005 compared with LFD group; *P<0.05, **P<0.01 and ***P<0.005
compared with the HFD group. Statistical differences were determined by the two-tailed t test or

one-way ANOVA.

Fig. 8: WA improved HFD-induced hepatic fibrosis. (A) Representative hepatic picrosirius red
staining for both LFD-fed livers and HFD-fed livers. Scale bar, 100 pum. (B) Statistical quantitation
analysis of picrosirius red staining for liver collagen. (C-F) Analysis of Timp2, Collal, Mmp?2,
and Acta2 mRNAs. Data were presented as means + SD. Descriptions for the LV, NV, N+4W
WA, N+8W WA, and N+12W WA groups were same as described in the legend to Fig. 5. n=5
mice for LFD group and n=7-10 for the other three HFD-fed groups. #/P<0.005 when compared
with the LFD group; *P<0.05, **P<0.01, while ***P<0.005 when compared with the HFD group.

Statistical differences were determined by the two-tailed t test or one-way ANOVA.

Fig. 9: WA rescued HFD-induced ceramides accumulation and oxidative stress. (A-G)

Quantitation of serum ceramide concentrations for C16 (A), C18 (B), C20 (C), C22 (D), C24 (E),
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C18:1 (F) and C24:1 (G). (H-J) Analysis of hepatic superoxide dismutase levels (H), glutathione
levels (I) and peroxide levels. (J) Data were presented as means + SD. Descriptions for the LV,
NV, N+4W WA, N+8W WA, and N+12W WA groups were same as described in the legend to
Fig. 5. n=5 mice for the LFD-fed groups and n=7-10 for the HFD-fed groups. ##P<0.005 compared
with the LFD group; *P<0.05, ** P<0.01 and *** P<0.005 compared with HFD group. Statistical

differences were determined by the two-tailed t test or one-way ANOVA.

Fig. 10: WA treatment reduced ceramides biosynthesis and catabolism in WA treated HFD-
fed C57bl/6N mice and ER-stress markers in a time dependent manner. (A-M) Ceramides
biosynthesis and catabolism markers analysis of Spticl (A), Sptic2 (B), Smpdl (C), Smpd2 (D),
Smpd3 (E), Smpd4 (F), Acer2 (G), Acer3 (H), Sgmsl (I), Sgms2 (J), Cers2 (K), Cers4 (L) and
Cers6 (M) mRNA levels. Descriptions for the LV, NV, N+4W WA /N+8W WA, and N+12W WA
were same as described in the legend to Fig. 5. n=5 mice for the LFD group and n=7-10 for the
other three HFD-fed groups. #/P<0.005 compared with LFD group; *P<0.05, **P<0.01, and ***
P<0.005 compared with the HFD group. Statistical differences were determined by the two-tailed

t test or one-way ANOVA.

Fig. 11: WA improved HFD-induced liver injury in ob/ob mice and liver histology. (A)
Experimental scheme for testing the therapeutic effect of WA in the HFD diet-induced NASH
model. (B) Body weights. (C and D) liver weights (C) and liver indexes calculated by liver
weight/body weight ratios (D). (E and F) Analysis of serum ALT (E) and AST levels (F). (G and
H) Representative histology pictures of H & E staining (G) and Oil Red O staining (H) for HFD

and WA treated HFD livers. Scale bar, 100 pm. (I) Effect of WA on HFD-induced liver 111, 116,
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Tnfa, Srebplc, Fas, and Scdl mRNAs levels. Data were presented as means + SD. NV, mice fed
the HFD-induced NASH diet (N) and treated with vehicle (V) for 12 weeks; N+ WAS, mice fed
the HFD diet and treated with 5 mg/kg of WA mice fed the HFD-induced NASH diet (N) and
treated with WA for the last four weeks; n=5 mice for the HFD-fed vehicle groups and n=8 for
WA treated HFD-fed ob/ob mice. *P<0.05, **P<0.01, and ***P<0.005 compared with HFD

group. Statistical differences were determined by the two-tailed t test.

Fig. 12: WA treatment improved serum and liver biochemical parameters, reduces HFD-
induced hepatic fibrosis, and mRNAs associated with ER-stress and ceramides biosynthesis
and catabolism in WA-treated HFD-fed ob/ob mice. (A-F) Analysis of liver TG levels (A), TC
levels (B); NEFAs levels (C); analysis of serum TG (D) serum TC (D) levels and serum NEFAs
levels (F). (G) Hepatic fibrosis markers analysis of Timp2, Collal, Mmp2, and Acta2 mRNAs
levels. (H) Representative hepatic picrosirius red staining for HFD and WA treated HFD livers,
Scale bar 100 um. (I) Hepatic endoplasmic reticulum stress signaling markers analysis of Hspa5
and Didt3 mRNA levels (J) Spticl, Sptic2, Smpd2, Smpd3, Acerl, Acer2, Sgmsl, Sgms2, Cers2,
Cers4 and Cers6 mRNA levels. Data were presented as means = SD. NV, mice fed the HFD-
induced NASH diet (N) and treated with vehicle (V) for 12 weeks; N+ WAS, mice fed the HFD
diet and treated with 5 mg/kg of WA mice fed the HFD-induced NASH diet (N) and treated with
WA for the last four weeks; n=5 mice for the HFD-fed vehicle groups and n=8 for WA treated
HFD-fed ob/ob mice. *P<0.05, **P<0.01 and ***P<0.005 compared with HFD group. Statistical

differences were determined by the two-tailed t test.
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Fig. 13: Summary of major findings and proposed mechanism. In the current study, withaferin
A (WA) was found to have both preventive and therapeutic effects in treating NASH as assessed
by using two NASH models. MCD diet feeding, on the other hand, induced weight loss and thus
was called the “Lean NASH” model, while the HFD-induced obesity was referred to as the “Obese
NASH” model. HFD feeding induced oxidative stress and oxidative stress could contribute to the
increase in serum ceramide accumulation that was known to promote the progression of NASH.
In the HFD-induced obese NASH model, WA alleviated HFD-induced oxidative stress as revealed
by the decreased H,O, and increased glutathione and superoxide dismutase levels. WA also
significantly alleviated HFD-induced ceramides accumulation in serum. However, other factors
could also contribute to ceramide accumulation in the HFD-induced NASH model and how WA
affects them still requires further study. Abbreviations used: MCD, methionine and choline

deficient; HFD, high-fat diet; NASH, non-alcoholic steatohepatitis.
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