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RESUMO

O déficit entre a necessidade de figados para transplante e a disponibilidade de érgéos criou
caminho para novas alternativas. A descelularizacdo e a recelularizacéo de arcabouco hepaticos
surgem como uma técnica promissora e alternativa para transplante de figados. Contudo, o
figado é um 6rgdo que pode ser acometido por doengas que afetem a estrutura e a composicao
da matriz extracelular (MEC) como por exemplo em decorréncia de dietas ricas em carboidratos
refinados (HC), as quais afetam diretamente o figado. Esse trabalho discute o efeito da dieta
HC de 12 semanas na MEC hepatica. O figado foi descelularizado e avaliada a descelularizacao
utilizado andlise histologica e de DNA. Também foi utilizado imuno-histoquimica para avaliar
glicoproteinas como laminina e fibronectina. A ultraestrutura das fibras da MEC foi avaliada
por microscopia de varredura e as possiveis alteracbes conformacionais do colageno foram
avaliadas por FTIR. Chow e HC tiveram os figados completamente descelularizados avaliados
por histologia e com niveis abaixo de 50ng/mg de DNA. O grupo HC apresentou aumento de
colageno no figado, caracteristico de DHGNA, perda de laminina e fibronectina, na MEC, bem
como alteracdes na ultraestrutura do arcabouco. Ambos os grupos HC e Chow apresentaram na
analise de FTIR picos da banda amida |, caracteristico do colageno, e reducdo apds
deconvolucdo da estrutura secundaria alfa-hélice. Desse modo, tanto os figados de animais
tratados com dieta HC portadores de DHGNA quanto os figados de animais do grupo Chow
apresentaram eficiéncia no processo de descelularizacdo, contudo o grupo HC demonstrou
aumento de colageno e alteracdo na malha das fibras do arcabouco, perda de laminina e
fibronectina e reducdo da estrutura secundaria do colageno alfa-hélice. Os efeitos dessas
mudangas podem orientar futuros trabalhos de recelularizagéo.

Palavras-chave: Dieta Rica em Carboidrato Refinado, DHGNA, Descelularizacao



ABSTRACT

The gap between the need for livers for transplantation and the availability of organs paved the
way for new alternatives. Decellularization and recellularization of liver scaffold appear as a
promising and alternative technique for liver transplantation. However, the liver is an organ that
can be affected by pathologies that affect the structure and composition of the extracellular
matrix (ECM) as a result high refined carbohydrate-containing diet (HC), which directly affect
the liver. This paper discusses the effect of 12-week HC diet on liver ECM. The liver was
decellularized and the histological and DNA analysis was used. Immunohistochemistry was
also used to evaluate glycoproteins such as laminine and fibronectin. The ultrastructure of the
ECM fibers was evaluated by scanning electron microscopy (SEM) and possible
conformational changes of collagen were evaluated by FTIR. Chow and HC had the livers
completely decellularized evaluated by histology and with levels below 50ng/mg of DNA. The
HC group presented increased collagen in the liver, characteristic of NAFLD, loss of laminine
and fibronectin, in ECM, as well as changes in the ultrastructure of the scaffold. Both HC and
Chow groups presented in the FTIR analysis peaks of amide band I, characteristic of collagen,
and reduction after deconvolution of the secondary alpha-helix structure. Thus, both the livers
of animals treated with HC diet, carrier NAFLD of and the livers of animals in the Chow group
showed efficiency in the decellularization process, however the HC group showed increased
collagen and altered scaffold fiber mesh, loss of laminine and fibronectin and reduction of
secondary collagen alpha-helix structure. The effects of these changes may guide future

recellularization works.

Keywords: Refined Carbohydrate Rich Diet, DHGNA, De-cellularization
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ESTRUTURA DA QUALIFICACAO DE TESE

Para melhor compreensdo dos resultados deste trabalho, optamos por estruturar esse
documento em formato de artigo, seguindo as normas da Rede Nordeste de
Biotecnologia: Introducdo, Objetivos, Revisdo de Literatura, Artigo Submetido,

Conclusao

Artigo | - Effect of the High-refined carbohydrate diet on the hepatic extracellular matrix

applied to tissue bioengineering
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1 INTRODUCAO

A bioengenharia de tecidos e 6rgdos é uma area emergente, associada a biologia estrutural
e a biomimética. Essa area retine conhecimentos de grandes areas como a biologia celular
e tecidual, biologia do desenvolvimento e da forma, e dos sistemas integradores dos
organismos superiores (OLIVEIRA et al., 2010).

A grande importancia dessa area € devido ao aumento progressivo da idade média das
populagdes humanas, e em particular das populacdes urbanas, onde percebe-se a
necessidade de garantir cada vez mais a qualidade de vida compativel com custo e carga
social aceitaveis. Por outro lado, a faixa etaria jovem vive em aglomeracGes de alta

densidade e estdo mais expostos a doencas.

Segundo a Associagio Brasileira de Transplante de Org&os, até junho de 2016 existiam
1.353 pacientes ativos aguardando transplante de figado em todo o Brasil, sendo este o
terceiro 6érgdo mais procurado para transplante. Somente no primeiro semestre de 2016
1.579 pacientes ingressaram na lista de espera, entretanto 429 vieram a 6bito durante o
primeiro semestre. O sexto grupo de mortalidade mais importante € o de doencas do
aparelho digestivo. As doencas hepaticas representam quase metade das causas de morte
deste grupo e nos homens atinge 57% dos ébitos (TEIXEIRA et al., 2012). Dados da
Secretaria de Salde do Estado de Sdo Paulo evidenciam que o consumo de alcool pelo

sexo masculino provoca a longo prazo doencas hepaticas, como a cirrose.

Como alternativa para aumentar o nimero de 6rgdos disponiveis e consequentemente
reduzir o nimero de 6bitos decorrentes das demoradas filas de espera para se conseguir
um doador, as técnicas de bioengenharia tecidual estdo se desenvolvendo cada vez mais
com o intuito de obter 6rgdos bioartificiais. Uma das novas promessas para o tratamento
doencas hepaticas é a utilizacdo da técnica de engenharia tecidual para formagdo de
estruturas organicas, que consiste basicamente na descelularizacdo do figado com a
manutencdo do arcabouco preservando os constituintes da matriz extracelular (MEC), o
qual posteriormente é recelularizado utilizando células tronco - um tipo especial de célula
capaz de se diferenciar em células de varios tecidos e regenera-los (OLIVEIRA et al.,
2010). Este processo tornaria suscetivel a criacdo de Orgdos e consequentemente

diminuiria o tempo de espera na fila de transplantes.
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Estudos recentes tém demonstrado a obtencgéo de figado bioartificial funcional através da
descelularizacdo e recelularizagdo de um 6rgdo cadavérico (CRAPO; GILBERT;
BADYLAK, 2011; GEERTS et al., 2016; GILBERT; SELLARO; BADYLAK, 2006;
SELLARO et al., 2010; SHUPE et al., 2010).

Um dos problemas oriundos do transplante de 6rgdos é que além da necessidade de
compatibilidade sanguinea entre o doador e o receptor, ha também o uso de medicamentos
imunossupressores apos a cirurgia, o que pode levar ao aparecimento de outros agravos a
salde do paciente. Neste cenario um beneficio da descelularizacéo ¢ a reducéo do uso de
medicamentos e/ou moléculas imunologicamente ativas, 0 que permite a minimizagéo
das taxas de rejeicao de transplante (HREBIKOVA; DIAZ; MOKRY, 2015).

Atualmente, a recelularizacdo do 6rgdo com células tronco do préprio paciente também
poderia solucionar a questdo da resposta imunoldgica. Assim, através da mimetizacao do
procedimento de descelularizacdo de um o6rgdo retirado de um animal e subsequente
recelularizacdo (repopulacdo) da matriz extracelular com células do proprio animal, um
6rgdo bioartificial funcional pode ser obtido. Contudo, quando se pensa na populacdo
humana, nem todos os possiveis doadores de 6rgdos para descelularizacdo serdo
individuos saudaveis. Levando em consideracdo que grande parte da populacdo mundial
apresenta disturbios hepaticos e parte significativa dessas doencas sdo ocasionadas por
acumulos de lipidio no parénquima hepatico, e dentro desse conjunto de doencas existe a
doencas hepaticas gordurosas nao alcodlicas (DGHNA), que acometem em média 25%
da populacdo mundial (GOLABI et al., 2019)

Por isso se faz necessaria a investigacdo das possiveis alteragdes da MEC de individuos
expostos a diferentes condi¢des e com possiveis doencas, assim como da resposta do

0rgéo dessas pessoas ao processo de descelularizacao e posterior recelularizacéo.
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2 OBJETIVOS
2.1 OBJETIVOS GERAIS:

e Caracterizar a matriz extracelular hepatica descelularizada de camundongos

portadores de DHGNA induzido por dieta rica em carboidrato refinado.
2.2 OBJETIVOS ESPECIFICOS:

e Determinar e padronizar parametros Otimos para descelularizacdo hepética
camundongos portadores de DHGNA,;

e Realizar analise comparativa sobre a morfologia da matriz extracelular hepética
descelularizada;

e Obter arcabouco viavel para o processo de recelularizagcdo com hepatécitos;
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3 REVISAO DE LITERATURA
3.1 BIOENGENHARIA TECIDUAL

A bioengenharia de tecidos de 6rgdos é uma area emergente, associada a biologia
estrutural e a biomimeética, definida como um campo interdisciplinar que aplica principios
da ciéncia da vida e engenharia para o desenvolvimento de substitutos bioldgicos para
restaurar, manter ou melhorar as funcées biologicas de um tecido ou érgéo inteiro, através
do conhecimento do crescimento e funcionalidade destes (LANGER, 1993). A
engenharia tecidual tem intuito de reparar e substituir tecidos e drgéos (ZHAO; Ml
TURNG, 2017). A faléncia de tecidos e 6rgaos devido a lesdes e doencas € considerada
um grande desafio na area da salde, desse modo a necessidade de suprir 6rgdos que
perderam a atividade e entraram em faléncia é uma busca continua. O campo da
engenharia tecidual vem fornecendo pesquisas representativas tanto na area académica
quanto na area da biotecnologia industrial (KHAN; TANAKA, 2018). O
desenvolvimento de biomateriais em estrutura tridimensional capaz de mimetizar 6rgaos
e gerar caracteristicas intrinsecas pode ser considerado um dos maiores progressos da
bioengenharia tecidual. A finalidade dessas técnicas € aumentar o nimero de 6rgdos para
transplantes (SHAFIEE; ATALA, 2017).

Biomateriais com interesse na medicina regenerativa devem ser capazes de fornecer
suporte mecanico e sinais bioquimicos para estimular a ligacdo celular e manter sua
funcionalidade (HUSSEY; DZIKI; BADYLAK, 2018). Um exemplo de modelo natural
de biomaterial é a matriz extracelular. A matriz extracelular (MEC) é uma rede complexa
composta em sua maior parte de macromoléculas organizadas de maneira especificas, a
fim de formar tecidos e 6rgdos com estabilidade estrutural (YUE, 2014). A matriz
extracelular também participa da proliferacdo, adeséo, migracéo e diferenciacdo celular,

aumentando assim sua importancia na estruturagdo de um 6rgédo (LU et al., 2011)
3.2 MATRIZ EXTRACELULAR

Os 6rgdos e tecidos sdo formados por células e uma estrutura altamente organizada
chamada matriz extracelular (MEC). A matriz participa de suporte e estruturacdo dos
orgdos, ultrapassando uma mera estrutura fisica. A matriz também tem carater de

comunicagdo quimica com as células, mantendo uma intera¢do com as células do tecido,
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promovendo migracéo e diferenciacdo celular (FRANTZ; STEWART; WEAVER, 2010;
THEOCHARIS et al., 2016). As células presentes na MEC sofrem influéncia do proprio
microambiente da matriz (BADYLAK et al., 2012). Essa influéncia da matriz sobre as
células promove sintese de proteinas especificas. As MECs sdo sintetizadas por um
conjunto de genes, que ultrapassam 1000 genes. Eles sintetizam proteinas reguladoras da
MEC, fatores secretam glicoproteinas, coldgeno e proteinoglicanos (NABA et al., 2016).
As variedades de proteinas encontradas na MEC acompanharam evolutivamente 0s
vertebrados junto com sistema circulatorio fechado, formacéo da crista neural, dentes,
cartilagem e ossos (HYNES, 2012).

A MEC pode ser classificada em dois tipos, os quais se diferem pela mudanca na sua
composicao e estrutura: intersticial e pericelular. As matrizes intersticiais preenchem todo
0 entorno das células, e as matrizes pericelulares localizam-se proximas as células
(THEOCHARIS et al., 2016). Contudo, a constituicdo da MEC ¢é de &gua, proteinas e
polissacarideos, mas cada tecido tem em sua MEC uma composicao especifica que sdo
geradas durante o desenvolvimento do tecido (FRANTZ; STEWART; WEAVER, 2010).
As proteinas estruturais como colageno, fibrina e elastina, proteinas especializadas
(glicoproteinas) e PGs constituem a matriz (DALEY; PETERS; LARSEN, 2008). PGs
tem caréter estrutural (SCHAEFER; SCHAEFER, 2010).

Os colagenos séo considerados a proteina mais abundante dos mamiferos (cerca de 30%
da massa total) e na pele representam trés quartos de sua massa, sendo uma proteina que
se estrutura para formar fibras insolUveis com grande capacidade de resisténcia e
elasticidade. O colageno € composto por trés polipepitideos de cadeia alfa que forma uma
estrutura em tripla hélice. Nos vertebrados 46 tipos diferentes de cadeias de colageno se
estruturam para formar 28 tipos de colagenos (YUE, 2014). Além desse fato, muitas
proteinas apresentam ligacéo para o colageno, os quais sao subdivididos em colageno tipo
I, I, 111 e V. Cabe ressaltar que o colageno tipo IV esta associado em redes e constitui a

lamina basal.
3.3 DESCELULARIZACAO

As técnicas de descelularizacdo tém como finalidade a remocé&o total das células de um
0rgédo e tecidos de modo que resulte na obtencdo de uma MEC com sua estrutura e
composicao preservadas. A manutencao das caracteristicas especificas da MEC tem como

objetivo a capacidade de reintroducéo de células compativeis com receptor. A finalidade
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de tal processo é a criacdo de um arcabouco com reducdo maxima da imunogenicidade
causada pelas células, mas sem perder as caracteristicas da matriz extracelular (MOSER
& OTT, 2014; TAPIAS & OTT, 2014; HUDSON et al., 2004). Assim, o
desenvolvimento da técnica de descelularizacdo que permite gerar tecidos e 0rgaos
utilizando uma MEC nativa é considerado um grande avan¢o na medicina regenerativa.
Para conseguir um arcabouco viével existem varios protocolos, 0s quais podem envolver
métodos fisicos e quimicos, mas a utilizacdo de surfactantes como os detergentes pode
ser considerada um dos métodos mais usados no processo de descelularizacdo (CRAPO;
GILBERT; BADYLAK, 2011). A caracteristica da sua remocéo celular é devido a lise da
membrana celular, eliminando as células do arcabou¢o (GILBERT; SELLARO;
BADYLAK, 2006). E importante que a eliminagéo celular reduza significativamente a
concentracdo de DNA na matriz extracelular. Detergentes como Triton X-100 (ndo-
ibnicos) obstruem a ligacdo DNA-proteina, enguanto os detergentes idnicos, dodecil
sulfato de sédio (SDS) tém a capacidade de solubilizar componentes da membrana celular
e nucleicas. Tais processos ocorrem por perfusdo através da vasculatura do 6rgéo onde os
detergentes percorrem integralmente os 6rgaos (PLENICEANU; HARARISTEINBERG;
DEKEL, 2010). Assim, o processo de descelularizacdo de um 6rgdo usando detergentes
produz arcaboucos inteiros, capazes de receberem células indiferenciadas do individuo
com alguma doenca hepatica, de maneira que um novo 6rgdo seja formado pela MEC
descelularizada. Neste processo, utilizam-se células do proprio paciente, reduzindo assim
chances de rejeicdo e sintese de um 6rgao (GILPIN; YANG, 2017; HUSSEY; DZIKI;
BADYLAK, 2018).

3.4 FIGADO

O figado é o maior 6rgédo solido do corpo humano, sendo a maior glandula e um dos
Orgdos mais vitais que funciona como um centro de metabolismo de nutrientes e excre¢do
de metabolitos (ABDEL-MISIH; BLOOMSTON, 2010). O figado possui diversas
fungdes, das quais a sua principal é controlar o fluxo e a nocividade de substancias
absorvidas pelo sistema digestivo antes da distribuicdo dessas substancias ao sistema
circulatorio sisttmico (ABDEL-MISIH; BLOOMSTON, 2010).

O figado pesa aproximadamente 1500g e contabiliza aproximadamente 2,5% do peso
corporal do adulto (ABDEL-MISIH; BLOOMSTON, 2010). A superficie do figado é lisa

e em forma de cupula, e esta relacionada com a concavidade da superficie inferior do
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diafragma (Figura 1). O figado encontra-se principalmente no quadrante superior direito
do abddémen, onde esta protegido pela caixa torécica e diafragma. O figado normal
encontra-se entre as costelas 7 - 11 do lado direito e cruza a linha média em direcdo ao
mamilo esquerdo (ABDEL-MISIH; BLOOMSTON, 2010). O figado é dividido em 4
lobos: direito, esquerdo, caudado e quadratico. Adjacente ao lobo caudado esta o sulco
da veia cava inferior. Logo abaixo do lobo caudado esta a fissura transversa, onde a artéria
hepética e a veia porta hepéatica entram no figado. A veia porta transporta sangue
carregado de nutrientes do sistema digestivo. Inferior a fissura transversa estd o ducto
biliar que leva a vesicula biliar. A veia hepatica, onde 0 sangue po6s-processado sai do
figado, encontra-se inferior e adjacente ao sulco da veia cava inferior (ABDEL-MISIH;
BLOOMSTON, 2010).

FACE ANTERIOR

VEIA CAVA INFERIOR FACE POSTERIOR

B LIGAMENTO LIGANMENTO LOBO
FALCIFORME IRIANGLULAR CALUDADO
ESQUERDO \

LICAMENT
~ CORONARI

7 O
VEIAN
HEPATICAS

T

LIGAMENTO
PROCESSO  TRIANGULAR
CATDADO DIREITO

ESPACO
PORTA

FISSTURAS PARA
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DONDO ‘ VELA l‘
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ARTERIA
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| IS 5 (T s (SN
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Lono
QUADRADO

VESICULA BILIAR

Figura 1 - Visdo anatbmica dos lobos do figado.1 Adaptado da Encyclopedia Britannica
Inc (2003)

A unidade funcional basica do figado ¢ o Iébulo do figado. Um Unico l6bulo tem
aproximadamente o tamanho de uma semente de gergelim e tem uma forma
aproximadamente hexagonal (SAXENA; THEISE; CRAWFORD, 1999). As estruturas

primarias encontradas em um I6bulo hepatico incluem:

e Placas de hepatdcitos que constituem o maior volume do lébulo;
e Triades portais em cada canto do hexagono;

e Veia central;

1 Visdo anatdmica dos lobos do figado. Disponivel em:
<https://healthlifemedia.com/healthy/pt/anatomia-do-f%C3%ADgado/.> Acesso em: 20 de Agosto de
2020.
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¢ Sinusoides do figado que correm da veia central para as triades portais;

e Macrofagos hepaticos (células de Kupffer);

e Canaliculos biliares (“canais pequenos”) — formados entre paredes de hepatdcitos
adjacentes;

e Espaco de Disse - um pequeno espacgo entre os sinusoides e 0s hepatocitos.

As triades portais consistem em trés vasos: uma arteriola hepatica, uma vénula hepatica

e um ducto biliar.

O figado é composto por varios tipos de células de diferentes origens embrioldgicas,
incluindo hepatdcitos, células epiteliais das vias biliares (colangidcitos), células
estreladas, células de Kupffer e células endoteliais do figado. Cada um desses tipos de
células possui funcBes Unicas que regulam cooperativamente a fungdo hepéatica em
maultiplos niveis (TREFTS; GANNON; WASSERMAN, 2017). Os hepatdcitos sdo a
principal populacdo de células epiteliais do figado. Eles compdem a maior parte do
volume do figado e realizam muitas das fungdes atribuidas a este 6rgdo. Os colangiocitos
sdo a segunda maior populacdo epitelial do figado e tém uma funcdo epitelial mais
tradicional como as células que revestem o Iumen dos ductos biliares. As células
estreladas representam uma populacdo de células dindmicas que podem existir em um
estado quiescente ou ativado. No estado quiescente as células estreladas armazenam
vitamina A em goticulas lipidicas; no entanto, outras fun¢des nesse estado quiescente
permanecem obscuras. Danos ao figado levam a ativacdo de células estreladas, as quais,
apos a ativacdo, proliferam e perdem progressivamente os estoques de vitamina A. As
células estreladas também sdo responsaveis pela deposicao e organizagdo do colageno no
figado lesionado. Este processo contribui para a cicatrizacdo do figado, que pode
progredir para cirrose - uma patologia critica que contribui para a doenca hepatica
terminal. Em resposta ao dano de diversas lesdes hepaticas, o figado apresenta
macrofagos denominados células de Kupffer que séo células fagociticas especializadas
(TREFTS; GANNON; WASSERMAN, 2017).

O figado € o principal 6rgdo hematopoiético durante certas fases do desenvolvimento
fetal e continua a ser um 6rgdo hematopoiético mesmo apos o nascimento. Pode produzir
todas as linhagens de leucdcitos a partir de células-tronco hematopoiéticas residentes
(ABO et al., 1994; TANIGUCHI et al., 1996). O trato portal do figado contém muitas
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células diferentes de origem hematopoiética, bem como células tronco hematopoéticas
(GRISHAM, 1983). Além disso, o figado contém células envolvidas nos processos

imunes adaptativos e inatos.

A MEC é um compartimento muito limitado dentro do figado normal: compreende menos
de 3% da &rea relativa em uma secéao de figado normal (LIN et al., 1998). MEC refere-se
ao arranjo de varias macromoléculas que compdem o arcabouco do figado. Além da
capsula de Glisson, a MEC é restrita, no figado normal, aos tratos portais, paredes
sinusoides e veias centrais. Em qualquer local, a MEC faz parte da fronteira entre o fluxo
sanguineo e o parénquima. Tal situacdo estratégica é responsavel pelas consequéncias
deletérias imediatas e maltiplas de qualquer modificacdo do MEC, seja qualitativa ou
guantitativa (BEDOSSA; PARADIS, 2003).

As proteinas mais frequentemente encontradas na MEC do figado sdo colagenos, sendo
0s mais abundantes colagenos tipo I, 11, IV e V, embora outras isoformas, incluindo o
recentemente descrito tipo XVIII, o precursor da endostatina, estejam presentes
(ROJKIND; GIAMBRONE; BIEMPICA, 1979; SCHUPPAN et al., 1998). Cada isotipo
difere em sua localizacdo e funcdo fisica dentro do figado. Enquanto os tipos I, Il e V,
0s principais constituintes do colageno fibrilar, estdo confinados principalmente ao trato
portal e parede central da veia, colageno tipo IV, em associacdo com laminina e entactina-
nidogénio, participam da formacdo de um material semelhante a membrana basal de baixa
densidade ao longo da parede sinusoidal (MARTINEZ-HERNANDEZ, 1984). Nesta
posicdo, uma membrana basal com densidade de elétrons geralmente estd ausente,
embora a maioria dos componentes possa ser detectada individualmente (MARTINEZ-
HERNANDEZ, 1985). A baixa densidade dessa estrutura semelhante a da membrana
basal € fundamental para permitir a facil difuséo entre as células do sangue e do figado e
para manter a funcao diferenciada das células vizinhas do figado, como os hepatocitos e
as varias células sinusoidais (BISSELL et al., 1990). Outros componentes importantes da
MEC do figado sdo glicoproteinas, como laminina, fibronectina, tenascina entre outras
(SCHUPPAN, 1990). Os proteoglicanos incluem heparano, dermatano, sulfato de
condroitina, perlecan, acido hialurdnico, biglicano e decorina (GRESSNER, 1983). A
principal funcdo da MEC continua sendo a coeréncia mecénica e a resisténcia do figado,
mas a MEC do figado também tem um papel em vérias fun¢des bioldgicas importantes,

como proliferacdo, migracéo, diferenciacao e expressao génica.
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3.5 MODELOS DE DIETAS

Com o aumento do numero de pessoas acometidas por diferentes doencas metabolicas
surge a demanda por estudos que investiguem suas patogéneses. Um fator de grande
relevancia para esse contexto é a forma de alimentacdo adotada pela populacéo,
principalmente baseada no alto consumo de calorias e carboidratos (BUETTNER;
SCHOLMERICH; BOLLHEIMER, 2007; FRIEDMAN, 2009; GROSS et al., 2004).
Dessa forma modelos animais que simulem esse padrédo tém sido desenvolvidos nos
ultimos anos a fim de auxiliar na investigagdo dessas doencas (NG et al., 2010; SAMPEY
etal., 2011).

Cada modelo animal possui sua particularidade e procura simular uma caracteristica
especifica da dieta humana (JACOBS et al., 2016). Além disso, o uso de diferentes dietas
busca induzir sinais e sintomas nos animais que sejam semelhantes aos encontrados em
humanos para auxiliar no estudo do desenvolvimento dessas doencgas e/ou na possivel
prevencdo ou tratamento delas (VAN HERCK; VONGHIA; FRANCQUE, 2017). Assim

surgem diferentes dietas utilizadas em diferentes linhagens animais.

Algumas dietas tém objetivo de induzir doencas metabolicas por meio da auséncia de
alguns nutrientes, por exemplo a dieta com caréncia de colina e metionina, que séo
compostos essenciais para a produgdo de VLDL e para o processo de f-oxidagcdo no
figado (FAN; QIAOQ, 2009). Contudo, devido a alimentacdo moderna ser baseada no
excesso de nutrientes, o uso de dietas ricas em gorduras, carboidratos ou calorias € bem
frequente simulando as chamadas dieta ocidental, dieta de cafeteria, entre outras, que se
baseiam no consumo de alimentos com alto teor calorico, e elevadas quantidades de
gordura e carboidratos (BUETTNER; SCHOLMERICH; BOLLHEIMER, 2007; GROSS
etal., 2004; OLIVEIRA et al., 2013).

As dietas ricas em carboidratos, sendo 0os mais comuns a frutose e a sacarose (que é
formada por frutose), sdo de grande valia na investigagdo pré-clinica dos efeitos do
consumo de dieta de cafeteria em humanos (BLACHIER et al., 2013; GROSS et al.,
2004). O uso de carboidratos na dieta aumentou nos ultimos 30 anos, e esse aumento esta
associado a maior prevaléncia do numero de casos de pessoas com doengas metabolicas

(LIM et al., 2010). Recentemente o efeito dos carboidratos, em especial a frutose, nas
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dietas tem se tornado mais conhecido. Diversos estudos tém reportado que dietas ricas
em frutose promovem lipogénese, obesidade, hipertensdo, hipertrigliceridemia,
resisténcia a insulina, respostas pro-inflamatorias e a formacgdo de espécies reativas de
oxigénio. Dentre os efeitos causados pela dieta rica em carboidratos se apresentam as
alteracdes hepaticas, as quais sd@o as mais pronunciadas (CRESCENZO et al., 2014;
KELLEY; ALLAN; AZHAR, 2004; LIM et al., 2010). portanto, essas dietas
reconhecidas como bons modelos de doencas metabdlicas.

3.6 DOENCAS HEPATICAS GORDUROSAS NAO ALCOOLICA (DHGNA)

As doencas hepaticas gordurosas ndo alcodlicas (DGHNA ou NAFLD, do inglés
nonalcoholic fatty liver disease) caracteriza pelo acimulo de lipidios nos hepatocitos em
mais de 5% dos hepatdcitos e ndo relacionadas ao consumo significativo de alcool de
alcool (CHALASANI et al., 2012). DGHNA esta associados a fatores de riscos como
obesidade, diabetes mellitus tipo 2 e a resisténcia a insulina (LEITE et al, 2014), onde a
lipotoxicidade no processo da esteatose hepatica oriunda doo acimulo de lipidios nos
tecidos levam a resisténcia a insulina (CHACKO; REINUS, 2016). A DHGNA pode ser
assintomatica nos primeiros estadios da patologia, suas classificacdes variam pelo nivel
de depdsito de gordura e o dano ao hepatocito podendo ser classificada por meio
histoldgico do tecido hepatico, e sua variacao vai desde esteatose a cirrose. Os primeiros
estagios da doenca sao divididos em esteatose simples e esteato-hepatite ndo alcodlica
EHNA, abas apresentam acimulo de lipidio nos hepatécitos, mas a EHNA apresenta
lesbes hepaticas com grande risco de desenvolvimento de cirrose como de carcinoma
hepatocelular (SUK; KIM, 2019). A EHNA tem origina a partir de esteatose onde ocorre
ndo soO processo inflamatdrio com liberacdes de citocinas pro inflamatorias, mas também
pelo estresse oxidativo no tecido hepatico. Essas alteracdes podem ser assintomaticas
mesmo em um grau representativo da doenca (SILVA; ESCANHOELA, 2012).

A DHGNA apresenta uma grande prevaléncia em média um quarto da populacdo, mas
podendo acometer proximo aos 50% da populacdo dependendo da populagdo e dos
métodos de diagndsticos (COTRIM et al., 2011; GOULART et al., 2015)

Em niveis mais elevados de DHGNA podemos ser observado grandes niveis de fibrose
hepatica onde a matriz extracelular (MEC) aumenta seu acumulo no tecido hepético apos

lesBes e cicatrizagdes do tecido. Desse modo se o processo inflamatorio acometer o tecido
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hepatico de maneira crénica o acumulo da MEC é progressivo, ocorrendo substitui¢do do
parénquima hepatico por tecido cicatrizado, podendo caracterizar cirrose
(HERNANDEZ-GEA; FRIEDMAN, 2011).
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Effect of the High-refined carbohydrate diet on the hepatic extracellular matrix applied

to tissue bioengineering
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Abstract

The lack of livers for transplantation and organ rejection led the area of tissue bioengineering
to obtain solutions. Decellularization and recellularization of hepatic scaffold appear as a
promising alternative for liver transplantation. Several liver diseases affect the structure and
composition of the extracellular matrix (ECM), for example due to the high-refined
carbohydrate (HC) diet. We aim to evaluate the effect of nonalcoholic fatty liver disease
(NAFLD) on the ECM of decellularized livers. Swiss mice were fed the HC diet for 12 weeks
and developed the NAFLD. The livers were perfused with detergent sodium dodecyl sulfate
(SDS, 1%) for decellularization. Decellularization in both groups was confirmed by histological
analysis and quantification of residual scaffold DNA. Analysis of collagen by Picrosirius and
hydroxyproline showed an increase in animals with NAFLD. Immunohistochemical analysis
revealed a decrease in laminin and fibronectin in livers from animals with NAFLD. The
ultrastructure of the MEC fibers was evaluated by scanning microscopy and the possible
conformational changes in the collagen were evaluated by FTIR. In conclusion, the liver
decellularization process was not affected by NAFLD, however there was a drastic change in

the components of the ECM, which can affect the recellularization process.
Keywords

Liver transplant, Decellularization, NAFLD, High refined carbohydrate.
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Introduction

Liver transplantation is the gold standard treatment for patients with liver failure, but the
demand for organs for transplantation is greater than the supply. In addition, within 10 years
after transplantation 40% of transplant recipients rejects the organ (KAWAI et al., 2008;
VALENZUELA et al., 2017). Because of this, alternatives for liver replacement are emerging,
such as the bioengineering of synthetic scalffolds or the reconstruction of the liver from its
decellularization (CRAPO et al., 2011; GARRETA et al., 2017). Decellularization consists of
removing cells from a tissue for restocking the remaining extracellular matrix (ECM) with stem
cells in order to obtain a new functional organ (WANG et al., 2014). The use of the patient's
own stem cells for recelularization can mitigate rejection due to lack of immunocompatibility
(BAPTISTA et al., 2009) For a new organ to be reconstructed, some characteristics must be
maintained in the matrix, from the capacity of cell proliferation, to maintaining your vascular
network and maintaining important ECM molecules (STRUECKER et al., 2017). It is desirable
that such decellularized biomaterials should maintain as much as possible their physical and

biochemical characteristics of ECM for their reconstruction (SHUPE et al., 2010).

Currently, most of the organs available for transplantation and use in tissue bioengineering are
from died patients (EVERWIEN et al., 2019). But it is important to note that these individuals
did not necessarily have all healthy organs, especially the liver, the which is an organ that can
be affected by various diseases. Among these, we have the Non-Alcoholic Fatty Liver Disease
(NAFLD) characterized by hepatic steatosis, with accumulation of triglycerides
(ANDRONESCU et al., 2018), comprising a spectrum of diseases from steatosis to carcinoma
(YEH; BRUNT, 2007), being the prevalence around 25% of the world population (BEDOGNI
et al., 2005). Food is an important factor for the development of NAFLD (MIRMIRAN et al.,
2017), with the dietary pattern based on the consumption of excess fats and/or carbohydrates
being one of the main causes (BENEDICT et al., 2017). The refined carbohydrate (HC) diet is
an example of this eating pattern, which has already been shown to be able to cause triglyceride
accumulation in the liver (OLIVEIRA et al., 2015). Considering that the world population has
a representative number of people with NAFLD and a population in which the consumption of
HC diets are frequent, the probability that the liver donated for use in tissue bioengineering will
be donated with individuals with NAFLD.

Although the process of NAFLD in the liver is well described, the relationship between the
effect of liver disease on liver ECM and its use in tissue bioengineering has been little discussed.

Thus, we pursue to understand whether the damage caused by liver disease is harmful to the
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ECM of the liver, to the point of preventing its use in tissue bioengineering. For that, we used
Swiss mice that were fed with HC for 12 weeks and had their livers evaluated for the presence
of NAFLD, its effect on the ECM and the decellularization process.

Methods
Animals

All amimal experiments were carried out in accordance with the guidelines for biomedical
research in accordance with the rules of the Brazilian Society for Experimental Biology and
with approval by the Ethics Committee on the use of animals at the Federal University of
Espirito Santo (CEUA-UFES n° 57/2019). For the study, healthy Swiss mice, six weeks old,
who had access to water and food, with 12-hour light / dark cycle control, as well as temperature
(22+2°C) and humidity (65%) were used. of the environment. To analyze the effect of high
refined carbohydrate containing-diet (HC) on the hepatic extracellular matrix, the animals were
fed standard chow feed for the laboratory Chow Socil® Control - (Chow, n = 18) or HC diet (n
= 18) previously described by (OLIVEIRA et al., 2013). The treatment had a period of 12

weeks, where the animals had their weights and food consumption measured every 3 days.

Decellularization

The animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and
heparinized with 1000 units intraperitoneally. After cannulation of the portal vein with cannula
(Micro-Renathane - 0.040 mm OD X 0.025 mm ID; Braintree) the liver was removed.
Subsequently, the liver was perfused with a sodium phosphate buffer solution (PBS, pH 7.4)
with heparin (100 Units / mL) for 30 minutes with the aid of a peristaltic pump (Gilson ®) at
an infusion rate of 1,5 ml / min. Subsequently, the organ was perfused with sodium dodecyl
sulfate detergent (SDS) 1% for 5 hours and Triton X-100 1% for 30 minutes, always diluted in
distilled water (H>Od). After decellularization, the organ was perfused with distilled water for
30 min. The infusion pressure of all detergents and solutions in the organ was around 100

mmHg (+ 10 mmHg), being verified throughout the processing.

Serum analysis

25



ON OCUT B W =

A aa o
WN —mO

NN NN NS A a aa
AW N—= OOV NGO UIA

U It U nuubh A ADNKN At ABD A AW WW WW W WWWW NNN NN
VOO NN UTh WIN=O0OV cONO U0 WN = OV N OOUTh WN 20O voo N U

o
o

94
95
96
97
98
99

100
101

102

103
104

105

106
107

108

109
110
111
112

113
114

115

116

117
118

119

120
121
122
123

124
125

AUTHORSUBMITTED MANUSCRIPT - draft

The serum concentration of triglycerides, total cholesterol and glucose was performed
using a colorimetric enzyme kit (Bioclin, Belo Horizonte, Minas Gerais, Brazil) and the
concentration of the ALT and AST transaminases was performed with a colorimetric kit

(Bioclin, Belo Horizonte, Minas Gerais , Brazil), evaluated by spectrophotometry.

Quantification of hepatic triglycerides
The liver tissue samples were homogenized in 1: 4 (g/mL) saline and the triglyceride
content was determined by colorimetry (Bioclin, Belo Horizonte, Minas Gerais, Brazil)

according to the study by CHARLES et al., 2019.

Histological analysis

26
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The livers were fixed in a 4% paraformaldehyde solution buffered with PBS and incorporated

into Historesin (Leica Historesin Embedding Kit, Germany). The polymerization took place

over a period of 1-2 hours at room temperature and the fixed tissue was cut with the aid of a

microtome (Leica RM 2125, Germany) in sections of 5 pum (for histological analysis) and 3 pm

(immunohistochemistry) of thickness. For histological analysis, the samples were stained with

hematoxylin and eosin (to check for the presence / absence of nuclei), picrosirius (for collagen)

and Schiff's periodic acid (PAS) (for glycoproteins).

For immunohistochemistry analysis, the following protocol for removing the resin and
better penetration of the antibodies: toluene PA (30 min); xylene PA (30 min.); acetone
PA (30 min); rehydration in decreasing series of ethanol (95%, 70%, 50%, 30%), placed
in distilled water. The antigenic recovery was performed with pH 6.0 citrate buffer
(Spring Bioscience® Germany) and the slides were incubated with primary antibody
overnight at 4°C. The antibodies used were anti-fibronectin (1: 100) and anti-laminin (1:
100) (Abcam, Cambridge, UK). After this process, the samples were incubated at 37°C
for 30 min. with secondary antibody, revealed with substrate, contrasted with
hematoxylin and mounted. All images were obtained using an optical microscope (AX70,
Olympus Corporation, Japan) coupled with a video camera (AxioCam ERc5s, Carl Zeiss,

Germany).

Determination of residual DNA content
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The DNA quantification of the samples was done after saline extraction (BRUFORD et al.,
1992). The samples Native Chow diet (n = 6), native HC diet (n = 6), decellularized Chow diet
(n = 6), decellularized HC diet (n = 6) were lyophilized and fractionated into small fragments
isolated with extraction buffer ( tris 1M, pH = 8; NaCl 5M; EDTA 0.5M, pH = 8) and analysis
buffer (extraction buffer, 10% SDS and proteinase K). After digesting the tissue, the DNA was
precipitated with NaCl, the protein precipitate was discarded, and the remaining DNA was
diluted in 100 pL of distilled water. The quantification of the samples is done using the
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA).

Collagen quantification

To assess the amount of collagen present in the samples Native chow diet (n = 6), native HC
diet (n = 6), decellularized chow diet (n = 6), decellularized HC diet (n = 6), indirect
quantification of the amino acid 4-hydroxyproline (main structural component of collagen). For
the standard curve, a hydroxyproline standard (Sigma Aldrich, USA) was used and for the
production of the curve, a serial dilution was made with distilled water in the proportion of 1:
1 from 2,600 pg/mL of hydroxyproline. The fragments of the lyophilized livers from the four
groups were deposited in 50 pL of 7 N sodium hydroxide so that alkaline hydrolysis would
occur. The test blank was a solution without tissue sample and the samples were autoclaved at
120 ° C (p = 98.1 kPa) for 40 minutes. Then, 50 pL of 3.5 M sulfuric acid was added to acidify
the hydrolyzate. Of this sample, 50 pL were transferred and a volume of 450 pL of Chloramine
T 0.0025M was added. Then, 500 uL of 0.5 M Erlich reagent was added and heated in a water
bath for 15 minutes at 60 °C. 96 well plates were used to read the absorbances, which were read
at a wavelength of 560 nm in a reader. The absorbance values obtained were used to calculate

the concentration and the reading was performed with 50 pL for each test.

Ultrastructural analysis

The samples for scanning electron microscopy (SEM) were fixed in Kamovsky. The
samples Native Chow diet (n = 6), native HC diet (n = 6), decellularized Chow diet (n =
6), decellularized HC diet (n = 6). Subsequently, cryoprotectant (30% glycerol and0.1M
cacodylate buffer) was added and the samples were taken to a -80 freezer for freezing and
later cryogenesis in liquid nitrogen. Then, the steps of dehydration in ethanol (30%, 50%,
70%, 90% and 100%), drying in the critical point of CO2 (Autosandri-815, Tousimis),
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coating with 10 nm of pure gold in a vacuum sprinkler (Desk V, Denton Vacuum) and

analysis in direct mode using a scanning electron microscope (Jeol, JEM-6610 LV).

Infrared spectroscopy (SR-FTIR) analysis

Liver samples were lyophilized and analyzed using spectroscope (FT-MIR FTLA 2000
Bomem) Native chow diet (n = 6), native HC diet (n = 6), decellularized chow diet (n = 6),
decellularized HC diet (n = 6). The spectra were analyzed in the range of 500 to 4500 cm-1 to
acquire transmittance at a rate of 4 cm-1, with 50 scans for each sample. In the 1600-1700 cm-
1 range, the analyzed spectra were used to determine the secondary tissue structure of all four
groups (Yang et al., 2015). The peak deconvolution technique was used and the relative areas
were subsequently quantified. The analyzes were made in the Origin Pro 8.5 program (Origin
Lab Corporation, Northampton, MA, USA) where the infrared spectra were normalized and
later calculated using the second derivative spectrum, followed by smoothing by the Savitsky-
Golay method with the different conformations determined by the integration of Gaussian

profiles.

Statistical analysis

The analyzes were performed using the Prisma software (Prism 6, GraphPad Software, Inc.,
San Diego, CA, USA). Statistical analysis was performed using Student's t-test for independent
samples and one-way and two-way ANOVA. The differences were considered significant when

p <0.05 and the data were expressed as mean = standard error of the mean.

Results

Effect of the HC diet on Body Weight, Body Weight Gain, food intake, liver lipid profile and

serum, and blood glucose.

Body weight (Figure 1a), food intake (Figure 1b) and body weight gain (Figure 1c) were
similar in both the Chow and HC diet for 12 weeks. Despite the fact that the body weight and
food intake did not change, the animals treated with HC diet showed an increase in triglycerides

in the liver when compared to the control diet (Chow 2.1 + 0.04 mmol/g vs HC 3.8 + 0.21
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189  mmol/g, p <0.05) (Figure 1d). The HC group also showed an increase in serum triglycerides,
190 total cholesterol, glucose and AIT after a 12-week treatment (Table 1).
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34 192 Figure 1 - Time-course evaluation of body weight, body weight gain, food intake. (a) body weight
193  and, (b) food intake (c) body weight of chow and HC mice received a diet for 12 weeks. The data
37 194  represents means = SEM of 6 animals per group. *p < 0.05 vs. chow diet.
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2 Table 1- Serum lipids, glucose, Alt and AST levels in chow and HC diet mice

44 Chow Diet HC Diet
45 Total Cholesterol (mg/dL) 79.0 +4.7 118.8+54*
46 Triglycerides (mg/dL) 108.5+1.5 1543 + 11.7*
47 Glucose (mg/dL) 2.1+0.0 1433 £7.6*
ALT (ULL) 215£22 46.8 +9 4%
50 AST (UIL) 857 +43 12854223

52 The data of serum parameters representes means + SEM of 6 animals per group. *P<0,05
53 vs.Chow Diet
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Decellularization of liver, histological and DNA analysis

Both groups were decellularized after 6 hours without macroscopic morphological differences
between them. Samples stained with HE demonstrates the normal morphological pattern ofthe
native Chow group (Figure 2a). While in the HC native group we observed hepatic
morphological changes, lipid droplets with microvesicle pattern characteristic of steatosis in
NAFLD (Figure 2b). Both the Chow group and the HC decellularized, cuts stained with HE, it
was possible to notice the absence of cells or cellular and nucellar traces (Figure 2¢ and d).
These findings corroborate the concentration of residual DNA shown in the graph in Figure 2e,
where both the Chow and HC groups showed a significant reduction in DNA in the
decellularized groups, maintaining below 50ng/mg of tissue. The non-decellularized Chow

group, on the other hand, showed a significant difference in DNA when compared to HC groups.

e) *

DNA/ Total Dry weight

G ‘ o 50 um

Figure 2 — DNA analysis. Representative image of liver stained with HE demonstrates the presence of
cells in native groups and the absence of cells and nuclei in decellularized groups, Chow native, Chow
decellularized, HC native and HC decellularized (a-b-c-d). The graphic (e) shows the difference of the
residual DNA of the scaffold of the Chow native, Chow decellularized, HC native and HC
decellularized. CV: centrilobular vein.
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Effect of diet and decellularization on collagen and glycoproteins

Both the effect of the HC diet and the maintenance of collagen after decellularization were
evaluated by staining with Picro-sirius red, where it was possible to observe an increase in the
amount of collagen fibers in the native HC group (Figure 3 ¢ and d). The indirect quantification
of the hydroxyproline amino acid (Figure 3e) also demonstrated a significant increase in
collagen both in the native HC group compared to the native Chow group (418.7 = 35.9 vs
540.9 £ 32.8) and in the decellularized HC group compared to the decellularized Chow group (
364.4 +31.6 vs 521.1 + 44.1). Maintenance of nonspecific glycoproteins was assessed with
PAS staining. Figure 4¢ and d shows the maintenance of glycoproteins from the decellularized
tissue Chow and in the decellularized HC, although noticing a small reduction in the
decellularized HC group. The immunomarking of fibronectin on the MEC of decellularized
Chow and decellularized HC tissues demonstrated a reduction of this glycoprotein in the HC
group (Figure 4g and h). In the Figure 4k and 1, it is observed that laminin also showed a

reduction in the decellularized HC group in relation to the decellularized Chow group.

Chow diet HC diet

Picrosirius

Figure 3 — Collagen analysis. Images of Chow native, Chow decellularized, HC native and HC
decellularized stained with picro-sirius red demonstrating the presence of collagen in the tissues before
and after decellularization (a-b-c-d). The graphic e) shows the difference between liver collagen from
Chow native, Chow decellularized, HC native and HC decellularized groups. The values are represented
with mean + SEM, * p <0.05. Scale bar: 50 pm
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Fibronectin

Laminin

Figure 4 — Glycoproteins analysis. Image of Chow native, Chow decellularized, HC native and HC
decellularized with PAS stained scaffold, demonstrating the presence of glycoproteins before and after
decellularization (a-b-c-d). Inmmunohistochemical analysis of laminine glycoprotein in Chow native,
Chow decellularized, HC native and HC decellularized groups before and after decellularization (e-f-g-
h). Immunohistochemical analysis of fibronectin glycoprotein in Chow native, Chow decellularized,
HC native and HC decellularized groups before and after decellularization (i-j-k-I).
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Ultrastructural characterization

SEM analysis was used to assess the effect of diet on the liver and ECM, as well as the effect
of decellularization on ECM. In this way, the native group HC presented a change in the
microarchitecture of the scaffold, visible disorganization of the fibers of the MEC characteristic
of DHGNA. It is possible to observe microvesicles of lipids accumulated in the liver tissue,
characteristic of steatosis, as well as morphological changes in the vascular structure (Figure 5
b). In the decellularized Chow group, it was possible to perceive the integrity of the ECM and
the preservation of vascular integrity, as well as the absence of liver cells (Figure Sb). The
decellularized HC group, in turn, showed absence of liver cells, but there was a structural
change in the collagen fiber network in the area of the hepatic parenchyma of the MEC, from
positioning to the three-dimensional structure of the scaffold mesh.

Chow diet HC diet

Decell

Figure 5 — Ultrastructural analysis of the liver native and scaffold. Scanning electron microscopy
demonstrated the morphology of the hepatic parenchyma of Chow native and HC native group (a—b).
The absence of cells and cellular debri as to the scaffold morphology was demonstrated (c-d). Scale
bars: a-b-c-d: 50 um. CV: centrilobular vein.
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Characterization of the extracellular matrix by infrared (SR-FTIR)

The infrared spectra representative of the native and decellularized liver tissue of the four
groups were evaluated by SR-FTIR. Peaks of amide I (1600 - 1700), characteristic of collagen,
were present in all groups (Figure 6a). The deconvolution of the amide I band spectra was
observed in (Figure 6b) in order to determine the conformation of the collagen secondary
structure. Both in the native Chow group and in the native HC, the largest peak between (1650
cm-1) was observed, which is related to the a-helix structure (STUART, 2004); around the main
peak it was possible to perceive several minor peaks in all groups, characteristic of the
intermolecular beta structure, intramolecular beta structure, random coil, "3 - helix turned, beta
sheet turned (Figure 6b). After quantifying the percentages related to fractions related to the
amide I band, it was possible to observe a reduction in the average percentage of the alpha-helix
area in the HC Native groups (60.0 + 1.3) compared to decellularized HC (48.7 + 6.1) (Figure
6¢).

~ Amide |

Nativa Chow
—— Nativo HC
Descell Chow
——— descell HC

Transmission
l& 2
=

e W0 0 X 20 W %00 q *
Wavenumber (cr-t)

= Naivo Chow
—— == NativoHC
ses Descall Chow

8

I w3 descel HC

&

Amide (Area %)

§
;

3
v \;" ;ﬁ‘
,,,,, v

W e s er | e r e wn | we | e | wa | oo

Intermolecular B-sheet

s [ntramolecular B-sheet

Random coil

— O - hélice

— antiparallel B-sheet

Figure 6 — Infrared analysis of the native and decellularized liver. All spectra were evaluated in
wavelengths from 500 to 4500 cm-1, with 50 readings in each sample, with a rate of 4 cm-1, with 50
scans. The analysis of the spectrum range of 1600-1700 cm-1 was used to determine the secondary
structure of tissue proteins. Comparison of the wave spectra between the groups Chow native (black
line), Chow decellularized (green line), native HC (purple line) and HC decellularized (blue line),
demonstrating the difference between the transmittance of each tissue (a). The representative
deconvolution of each fabric showing different conformation of the secondary structure of the Amia I
band of each group (b-c-d-e). The relative area of each spectrum calculated using the second derivative
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spectrum followed by smoothing by the Savitsky-Golay method with the different conformations
determined by the Gaussian profiles.

Discussion

Our study provides evidence that chronic consumption of a high refined carbohydrate (HC) diet
for 12 weeks is responsible for metabolic and morphological changes in the liver, specifically
the ECM. Other studies have also evaluated the effect of the HC diet on metabolism and on the
liver (OLIVEIRA et al., 2015), however our study sought to evaluate the effects on the liver
ECM and its application to tissue bioengineering. Thus, the characteristics of MEC may guide
future processes of decellularization and recellularization of organs donated by individuals

affected by NAFLD with possible food source.

Studies used the HC diet for different periods in order to evaluate this effect in different organs
and consequent physiological responses. NINO et al. (2020), demonstrated a small increase in
weight gain in female rats treated with HC diet for 15 days. However, male BALB / ¢ mice fed
with HC for 12 weeks showed no increase in weight gain (OLIVEIRA et al., 2013). Such data
corroborate with our results in that the animals were treated with the HC diet for 12 weeks.
Food consumption and body weight also had no difference between groups in our study.
However, there was a significant increase in serum glucose, total cholesterol, and ALT levels.
Studies have shown that diets high in carbohydrates interfere with lipid metabolism by reducing
oxidation of acids, increasing hepatic secretion of triglycerides and cholesterol (CHEN et al.,
2011) increase in ALT is characteristic of individuals with NAFLD (CHEN et al., 2008). We
also evidence that the HC diet favored an increase in triglyceride in the liver tissue, as

demonstrated by (OLIVEIRA et al., 2015).

Histological and ultrastructural analysis by scanning microscopy showed fat microvesicles,
specific to microsteatosis, such vesicles are classified as irreversible (TANDRA et al., 2011)
characteristic of advanced phase NAFLD. In fact, both histological and ultrastructural
morphological analysis are consistent with an increase in hepatic triglycerides found. Such
results corroborate with other studies using HC diet in a chronic way in which the treated
animals presented NAFLD (OLIVEIRA et al., 2015).

The livers of animals treated with HC and Chow diets were decellularized and this process was

effective in removing cells and genetic material with DNA levels below 50ng / mg. Regarding
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the decellularization time, both groups showed similarity, with 5 hours decellularization was
effective. DNA quantification also demonstrated a reduction in DNA in the native HC group, a
reduction that may be due to the increase in fibrosis and hepatocyte apoptosis characteristic of
NAFLD (KANDA et al., 2018). In addition, fibrosis did not hinder the decellularization

process.

After histological analysis of staining with Picro-sirius red and in the analysis of
hydroxyproline, we observed an increase in collagen in the liver of individuals treated with HC
diet, a result also found by Oliveira et al, 2015. The increase was also observed in the
decellularized HC groups, demonstrating that the decellularization process did not regress the

deposited collagen after treatment with HC diet.

Immunohistochemical analysis for fibronectin and laminin demonstrated that such
glycoproteins are lost in individuals treated with the HC diet, and both glycoproteins are
essential for cell signaling and cell recognition in the processes of recellularization (GILPIN;
YANG, 2017). Laminins are synthesized by hepatocytes and sinusoid cells, considered one of
the most important glycoproteins in hepatic ECM (AUMAILLEY; SMYTH, 1993).
Fibronectin, also an ECM glycoprotein, participates as the laminin in the scaffold cell
interaction (SCARRITT et al., 2015). The results of the present study suggest a reduction in
laminin and fibronectin in animals treated with HC diet, but the loss of these two important
glycoproteins was contrary to findings from SALIM et al., 2019, in which Swiss albino rats
induced by carbon tetrachloride (CCl4) , in order to generate liver fibrosis, had an increase in
the level of laminin and fibronectin. However, studies like the one by KLAAS et al., 2016,
evaluate the hepatic ECM of CBA / J mice treated with CCl4 and DDC evaluating the
interaction of the two xenobiotics in the generation of induced fibrosis, it was noticed that an
increase in fibronectin and downregulation of laminins a3, a5, y2, and when CCl4 and DDC

were used and reduction of laminin 2.

In the ultrastructural analysis, it was possible to notice changes in the extracellular matrix
morphology of the decellularized HC group. Collagen is synthesized and secreted in individuals
who suffer liver damage, including injuries that lead to cell apoptosis (PELLICORO et al.,
2012). The fibers of the ECM of individuals treated with HC diet lost the three-dimensional
structure of the scaffold mesh, and studies of liver fibrosis also demonstrated similar changes
in the ECM, as well as dysregulation of collagen synthesis and change in stiffness and density

(BAIOCCHINTI et al., 2016). It is noteworthy that the extracellular matrix morphology is
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essential for the formation of recelularized liver tissue so that they can maintain the

morphophysiology of this liver (KLAAS et al., 2016).

The secondary structure of the collagen was used to demonstrate maintenance and possible
changes after the deconvolution of the Amida I band by SR-FTIR in regions of wavelength
1600-1700 cm™. (KLAAS et al., 2016). The evaluation carried out after deconvolution and
quantification by peak area suggests that decellularized treated individuals regressed the area
of the specific region to alpha-helix, a characteristic factor of changes in the constitution of
collagen. The use of the alpha-helix region to characterize the quality of MEC was also used in

the work of (NARA et al., 2015).

Conclusion

This study demonstrates that the consumption of HC diet induces accumulation of
triglycerides in the liver without gaining body weight. In addition to the increase in serum
levels of glucose, total cholesterol, triglycerides and ALT. The liver decellularization
process was not affected by the HC diet, despite the increase in collagen and the alteration
of its alpha-helix structure by FTIR analysis. Reduction of hepatic laminin and fibronectin
has also been observed in individuals with NAFLD. These changes in ECM can alter the
recellularization and functionalization process of the liver, which would make the use of
donor livers with NAFLD unfeasible. Therefore, the screening of healthy organs for tissue

bioengineering becomes a necessity.
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CONCLUSAO

Esse estudo demonstra que o consumo de dieta HC induz acdmulo de triglicerideos no
figado, aumento de colageno na MEC, e também o aumento de glicose, colesterol total,
triglicerideos e ALT niveis séricos. No processo de descelularizacdo do figado de animais
tratados com dieta HC e animais Chow, ambos apresentaram total descelularizacéo,
caracterizando eficiéncia do processo. Apesar disso, animais que receberam dieta HC
apresentaram aumento de colageno na MEC, apresentando alteracGes na estrutura da
malha e a conformacdo das estruturas das fibras. Glicoproteinas, como laminina e
fibronectina foram perdidas nos grupos HC e, ao avaliar a estrutura secundaria do
coladgeno na banda amida I, ambos 0s grupos apresentaram picos representativos nesses
espectros. Porém, apos a deconvolucgdo do pico representativo da Amida I, constatamos
a reducdo da area relativa ao pico caracteristica da conformacao alfa-hélice do colageno
do grupo tratado com a dieta HC. Os efeitos dessas mudancgas podem orientar novos
trabalhos de recelularizagdo em individuos com DHGNA
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ANEXO Il - PATENTE REFERENTE A SISTEMA DE MONTAGEM IN SITU DE
FIBRONECTINA EM SCAFFOLDS DESCELULARIZADOS

Dados do Pedido

Natureza Patente: 10 - Patente de Invengéao (Pl)

Titulo da Invengéio ou Modelo de SISTEMA DE MONTAGEM IN SITU DE FIBRONECTINA EM
Utilidade (54): SCAFFOLDS DESCELULARIZADOS
Resumo: Trata-se de um processo de montagem in situ de fibronectina
humana em scaffolds descelularizados, capaz de conferir & matriz
extracelular ganho funcional através da recomposigao da mesma,
que normalmente é removida durante o processo de
descelularizacdo. A fibronectina caracteriza-se pela sua polivaléncia,
atuando na intermedia¢ao de processos exclusivamente celulares,
como sinalizacao, migragao, proliferacao e diferenciagao, além de
possuir um carater estrutural imprescindivel para a matnz
extracelular, por tais motivos, a recomposicao da mesma &, de fato,
de extrema importéncia para a reconstrucio de érgéos e tecidos
através da engenharia tecidual. O processo de montagem da
molécula fibronectina desenvoivido e relatado aqui é de baixo custo,
baixa complexidade, atéxico @ ndo imunogénico. Além disso, devido
a flexibilidade da molécula fibronecting, o processo pode ser
adaptado para diferentes érgéos descelularizados, sejam eles
complexos ou ndo. Nao obstante, ressalta-se também que, o sistema
de montagem pode ser adaptado para pequenos fragmentos
teciduais descelularizados,
Figura a publicar: todas



