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“A vida ndo é um corredor reto e tranquilo que nés percorremos livre e sem
empecilhos, mas um labirinto de passagens, pelas quais ndés devemos procurar
nosso caminho, perdidos e confusos, de vez em quando presos em um beco sem

saida.

Porém, se tivermos fé, uma porta sempre sera aberta para nés, nao talvez aquela
sobre a qual n6s mesmos nunca pensamos, mas aquela que definitivamente se

revelara boa para nés.”

A. J. Cronin
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RESUMO

Introducdo: A doenca hepética gordurosa nao-alcodlica (DHGNA) é uma
doenca hepatica progressiva que € considerada um fator de risco para o
desenvolvimento de doenca cardiovascular (DCV). Transtornos do eixo figado-
intestino, incluindo a disbiose intestinal, tém sido associados a DHGNA e DCV.
Objetivos: Desenvolver um modelo experimental de DHGNA de origem metabdlica
que permita avaliar, na sequéncia, fatores relacionados a DCV, como indices
aterogénicos, inflamacédo hepética e sistémica e disfuncdo endotelial, bem como a
associacao entre a composicéo e a diversidade da microbiota intestinal e sua relacao
com o risco de desenvolvimento de DVC. Métodos: Ratos Sprague Dawley, adultos
e machos, foram randomizados em dois grupos (n=10): controle, alimentado com dieta
padrdo, e intervencdo, que recebeu dieta hiperlipidica deficiente em colina. O
experimento teve duracédo de 16 semanas e apos os animais foram eutanasiados. Os
materiais bioldgicos foram coletados e armazenados até a realizacdo das avaliacfes
bioquimicas, inflamatérias, histologicas e da microbiota fecal. Resultados: Os animais
do grupo intervencgéo apresentaram significativo aumento no delta de indice de Lee (p
=0,017), circunferéncia abdominal (p < 0,001), acimulo de tecido adiposo abdominal
(p < 0,001), bem como elevacédo dos niveis séricos de alanina aminotransferase (p =
0,010), glicemia (p = 0,013), colesterol total (p = 0,033), lipoproteina de baixa
densidade (p = 0,011) e triglicerideos (p = 0,011) e diminuicdo dos niveis séricos de
lipoproteina de alta densidade (p = 0,006), similares as observadas na DHGNA em
humanos. Todos os animais do grupo intervencao desenvolveram DHGNA, com ou

sem a presenca de esteato-hepatite, enquanto no grupo controle ndo houve qualquer



alteracdo histologica. Houve aumento significativo no grupo intervencéao dos indices
aterogénicos, coeficiente aterogénico (p < 0,001), indice de risco Castelli-1 (p < 0,001)
e indice de risco Castelli-1l (p <0,001), além de aumento significativo na concentracao
dos marcadores de inflamacéo e disfuncédo endotelial sistémica, interleucina (IL)-1B (p
< 0,001), proteina quimiotatica de mondcitos-1 (p < 0,001), inibidor tecidual de
metaloproteinases-1 (p < 0,001) e inibidor do ativador de plasminogénio-1 (p < 0,019).
Houve um aumento na expressao génica hepatica do receptor toll like (TLR)-4 (p =
0,041), TLR-9 (p = 0,033), fator de diferenciacdo mieldide-88 (p = 0,001), receptor do
tipo NOD-proteina-3 (p = 0,019), capase-1 (p < 0,001), fator de necrose tumoral-a (p
=0,028), IL-6 (p = 0,013) e IL-18 (p = 0,007), além da diminuicdo das expresséo do
receptor ativado por proliferadores de peroxissoma-a (p = 0,008) em relacédo ao grupo
controle. Observamos aumento significativo de miR-122 (p = 0,041) e miR-33a (p =
0,001) no grupo intervencéo, e o inverso foi observado para miR-145 (p = 0,010) e
miR-126 (p < 0,001). O grupo intervencao, apresentou diminuicdo significativa da
diversidade bacteriana fecal e menor abundancia relativa do filo Firmicutes (p = 0,040),
0 que se correlacionou com a gravidade histolégica da DHGNA. Concluséao: O grupo
intervencdo apresentou alteracfes bioquimicas, inflamatérias e histopatoldgicas
similares aquelas observadas na DHGNA em humanos. Houve neste grupo, um
aumento da obesidade visceral, dislipidemia, hiperglicemia, inflamacdo hepatica e
sistémica, disfuncdo endotelial e um maior risco de desenvolvimento de DCV. Este
modelo experimental, poderia ser utilizado no entendimento da fisiopatologia da
DHGNA e sua evolucao, bem como para estudos terapéuticos pré-clinicos que visem
a cardioprotecdo na DHGNA, um desfecho habitualmente ndo avaliado em ensaios

clinicos em humanos.



Palavras-chave: Doenca hepatica gordurosa nao-alcodlica; Dieta hiperlipidica

deficiente em colina; Microbiota intestinal; Risco cardiovascular.



ABSTRACT

Introduction: Non-alcoholic fatty liver disease (NAFLD) is a progressive liver
disease that is considered a risk factor for the development of cardiovascular disease
(CVD). Liver-gut axis disorders, including intestinal dysbiosis, have been associated
with NAFLD and CVD. Objective: To develop an experimental model of NAFLD of
metabolic origin that would allow to evaluate, in the sequence, factors related to CVD,
such as atherogenic indices, hepatic and systemic inflammation and endothelial
dysfunction, as well as the association between the composition and diversity of the
gut microbiota and its relationship with the risk of developing CVD. Methods: Adult
male Sprague Dawley rats were randomized into two groups (n = 10): control group
that was fed standard diet and intervention group that received a high-fat and choline-
deficient (HFCD) diet. The experiment had duration of 16 weeks and after the animals
were euthanized. Biological materials were collected and stored until the biochemical,
inflammatory, histological and fecal microbiota evaluations were performed. Results:
The animals in the intervention group, showed a significantly greater delta Lee index
(p = 0.017), abdominal circumference (p < 0.001), abdominal adipose tissue
accumulation (p < 0.001), as well as elevation of serum levels of alanine
aminotransferase (p = 0.010), glycemic (p = 0.013), total cholesterol (p = 0.033), low-
density lipoprotein (p = 0.011), triglycerides (p = 0.011) and decreased serum levels of
high-density lipoprotein (p = 0.006), corresponding to those observed in NAFLD in
humans. All animals in the intervention group developed NAFLD, with or without the
presence of steatohepatitis, while no histological changes were found in the control
group. There was a significant increase in the intervention group, of atherogenic
indices, atherogenic coefficient (p < 0.001), Castelli-I risk index (p < 0.001) and
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Castelli-ll risk index (p < 0.001), increased markers of systemic inflammation and
endothelial dysfunction, interleukin (IL)-18 (p < 0.001), monocyte chemotactic protein-
1 (p < 0.001), tissue inhibitor of metalloproteinases-1 (p < 0.001) and inhibitor of
plasminogen activator-1 (p <0.019). There was an increase in hepatic gene expression
of toll-like receptor (TLR)-4 (p = 0.041), TLR-9 (p = 0.033), myeloid differentiation
primary response-88 (p = 0.001), nod-like receptor protein-3 (p = 0.019) caspase-1 (p
< 0.001), tumor necrosis factor-a (p = 0.028), IL-6 (p = 0.013) and IL-18 (p = 0.007),
besides the diminution of the expression of peroxisome proliferator activated receptor-
a (p = 0.008) in relation to the control group. We observed a significant increase of
miR-122 (p = 0.041) and miR-33a (p = 0.001) in the intervention group, and the inverse
was observed for miR-145 (p = 0.010) and miR-126 (p < 0.001). The intervention group
showed a significant decrease in the fecal bacterial diversity and lower relative
abundance of the Firmicutes phylum (p = 0.040), which correlated with the histological
severity of NAFLD. Conclusion: The intervention group presented biochemical,
inflammatory and histopathological alterations, similar to those observed in NAFLD in
humans. There were in this group, an increase in visceral obesity, dyslipidemia,
hyperglycemia, systemic and hepatic inflammation, endothelial dysfunction and an
increased risk of developing CVD. This experimental model could be used to
understand the pathophysiology of NAFLD and its evolution, as well as for preclinical
therapeutic studies that aim at cardioprotection in NAFLD, an outcome not usually

evaluated in clinical trials in humans.

Keywords: Non-alcoholic fatty liver disease; Choline-deficient, high-fat diet; Gut

microbiota; Cardiovascular risk.
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1. INTRODUCAO

Durante muito tempo o abuso de alcool e as hepatites virais cronicas foram as
principais causas de morbimortalidade por doencas hepaticas em todo o mundo,
entretanto, nas ultimas décadas, em decorréncia do aumento da prevaléncia de
obesidade, a doenca hepatica gordurosa nao-alcodlica (DHGNA) tem sido
reconhecida como uma das formas mais comuns de doencas hepaticas crénicas,
particularmente nos paises industrializados (1, 2). A DHGNA abrange um amplo
espectro de doencas hepaticas em individuos que ndo consomem alcool em
guantidades consideradas danosas ao figado, ou seja, inferior a 20g de etanol/dia
para mulheres e 30g/dia para os homens (1, 2). A histéria natural da DHGNA envolve
desde a simples deposicdo de gordura no figado, a esteatose hepatica, podendo
progredir para esteato-hepatite nao alcodlica (EHNA), cirrose e carcinoma
hepatocelular (CHC) (2-4). Segundo Schuppan et al. 10-25% dos casos de esteatose
hepatica evoluem para EHNA, sendo que destes 2-3% dos casos progridem para o

CHC (5).

Por sua vez, as doencas cardiovasculares (DCV) incluem um vasto grupo de
condicdes clinicas que afetam o coracdo e 0s grandes vasos. As causas que
aumentam a probabilidade de desenvolver essas doengas s&o denominadas de
fatores de risco cardiovascular (RCV). A sindrome metabdlica (SM), definida pela
presenca de obesidade central, acompanhada de hipertenséo arterial sistémica
(HAS), glicemia de jejum alterada ou diabetes melito tipo-2 (DM-2) e dislipidemia, tem
importante associacdo com a inflamacéo sistémica e o aparecimento de DCV (6, 7).

Além disto, a SM e a resisténcia insulinica séo os principais fatores causais da EHNA
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(6-8). Desta forma, ndo causa estranheza a associacdo entre a DHGNA e o

aparecimento de DCV, posto que os fatores de risco para ambas sdo comuns (7).

O eixo figado-intestino desempenha papel importante na homeostase e na
doenca. Estudos tém demonstrado que a disbiose intestinal, além de estar relacionada
ao desencadeamento da DHGNA e sua progressao para EHNA, pode estar associada
ao aparecimento de DCV (8-10). Os avancos recentes, possibilitam a realizacéo de
estudos mais aprofundados para a avaliagcdo da microbiota intestinal e sua associacéo
com a DHGNA e/ou DCV. Neste sentido, os modelos animais desempenham um papel
vital na elucidacdo dos mecanismos fisiopatolégicos envolvidos em ambas as

condicdes clinicas.
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2. REVISAO BIBLIOGRAFICA

2.1 Doenca Hepatica Gordurosa Nao-alcodlica

Atualmente, a DHGNA é considerada uma das formas mais comuns de
hepatopatia e reconhecida como importante causa para o aumento das taxas de
morbimortalidade relacionada ao figado (8, 9, 11, 12). A esteatose hepatica €&
caracterizada pela deposicdo de gordura em mais de 5% de hepatdcitos, e pode
progredir para EHNA, cirrose e CHC (1, 2, 6, 13, 14) (Figura 1). Os estadios iniciais
da doenca podem ocasionar inflamacao crénica e reparacdo compensatoéria do tecido,
posteriormente ocorre 0 acumulo de colageno e cicatriz (fibrose e/ou cirrose) (6, 15,
16). A cirrose esta associada a perda progressiva da funcdo organica e constitui a
base para o desenvolvimento do CHC, embora o tumor possa ocorrer em figado néo-
cirrético (15, 17, 18). A DHGNA é assintomatica até o surgimento de complicacdes em
seu estadio final, podendo as alteracdes tornarem-se irreversiveis, quando o
transplante hepatico passa a ser a Unica opcao terapéutica (3, 15, 19, 20). Assim, a
identificacdo dos fatores de risco, diagndstico precoce e intervengfes sao

fundamentais para o manejo clinico da doenca (2, 20).
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a: Figado normal b: Esteatose simples c: EHNA d: Cirrose

Figura 1: Espectro da doenca hepética gordurosa ndo-alcodlica. As lesBes iniciam-se
geralmente com um quadro de esteatose hepatica (b), podendo progredir para esteato-hepatite nao
alcodlica (EHNA), com infiltrado inflamatério e balonizacéo (setas pretas na imagem), com presenca
ou nédo de fibrose (c), cirrose com deposicdo das fibras de coldgeno nos espacos entre as células
hepéticas (setas brancas na imagem) (d) e carcinoma hepatocelular (CHC). A doenga pode progredir
ou regredir conforme a ilustragéo das setas no painel. Fonte: Arab et al. (2018) (2).

A DHGNA tem distribuicdo mundial com prevaléncia variada, dependendo da
populacdo estudada e do método diagndstico empregado (1, 16). Ela ocorre em
individuos de todas as idades, entretanto, € mais comum nos adultos e tende a
aumentar com a idade (1, 21). Estima-se que a prevaléncia da DHGNA seja algo em
torno de 20-30% na populacéo ocidental e 5-18% no Oriente (14). Sua prevaléncia na
América do Sul tem sido estimada em 30% (22). Ademais, Goulart et al. relataram
uma frequéncia de 34,4% de DHGNA em 195 sujeitos de pesquisa avaliados por
ultrassonografia no Estudo Longitudinal de Saude do Adulto (ELSA)-Brasil (23).

Atualmente, a DHGNA é a segunda causa de transplante hepatico nos Estados
14



Unidos (24), e é notavel que seja ainda a causa que mais cresce nos ultimos anos,
naquele pais (25, 26). Estimativas recentes dao conta que nos proOximos anos a
DHGNA vai se tornar mais frequente e mais grave, ndo so nos Estados Unidos, mas
em todo o mundo (11, 12). De fato, até 2030 estima-se um incremento no numero de
casos de cirrose descompensada em 168%, de CHC em 137% e de 178% nos casos

de morte hepatica relacionados a DHGNA (12).

Em individuos com peso normal, a prevaléncia de DHGNA é de
aproximadamente 16%, aumentando para 43 a 60% em pacientes com DM-2 e 91%
em pacientes obesos submetidos a cirurgia bariatrica (1). Devido a alta prevaléncia
na populagdo obesa, a DHGNA tem sido considerada uma manifestacao hepatica da
SM, além de ser considerada um fator de risco independente para o desenvolvimento
de DCV (3, 7, 8, 27). Do ponto de vista etiologico, obesidade, resisténcia insulinica,
DM-2 e dislipidemia sdo as causas primarias para o desenvolvimento dessa doenca
(1, 6, 14). J4 o aparecimento secundario, inclui a exposicao a xenobidticos, nutricao
parenteral prolongada e algumas intervencdes cirirgicas, como transplante hepatico

e derivacao jejunoileal (7, 14, 21).

Embora se conhecam os fatores predisponentes, 0s mecanismos que
contribuem para a progressao da doenca ainda ndo estdo completamente elucidados
(6, 27, 28). Algumas hipoteses tém sido levantadas na fisiopatologia da DHGNA e em
sua evolucéo para EHNA, destacando a teoria dos multiplos golpes proposta por Day
& James (29, 30). A resisténcia a insulina seria a condi¢ao inicial para o acumulo de
acidos graxos nos hepatdcitos, uma vez que favorece a lipogénese e inibe a lipélise,
aumentando significativamente o aporte de acidos graxos a esse Orgao (primeiro

golpe), enquanto que o acumulo progressivo de gordura atua como um sinalizador
15



para o estresse oxidativo, disfuncdo mitocondrial, processo inflamatério e
endotoxemia cronica (segundo golpe), mecanismos fundamentais para a progressao

da doenca hepatica (29, 30).

Para a caracterizacdo da DHGNA séo necessarios dois aspectos: a presenca de
esteatose hepatica documentada por analise histolégica ou exames de imagem e a
auséncia de causas secundarias para o acumulo de gordura hepatica, tais como
consumo excessivo de alcool, uso de medicamentos esteatogénicos e/ou diagndstico
de doencas hereditarias — entre outras, a doenca de Wilson (21, 22). A presenca de
mais de 5% de hepatoécitos esteatoticos, num corte de figado € atualmente aceito
como o critério minimo para o diagnéstico histolégico da esteatose hepatica, ja a
EHNA é caracterizada pela presenca de esteatose hepética, infiltrado inflamatério e

lesdo hepatocelular (balonizacdo), com ou sem fibrose (2, 21).

O tratamento da DHGNA permanece controverso. Estd bem estabelecido,
entretanto, que a mudanca no estilo de vida para um comportamento mais saudavel,
com perda de peso, controle dietético e atividade fisica, € um passo essencial no
controle da DHGNA (1, 6). Apesar da complexidade dessa doenca, a grande maioria
dos casos de esteatose hepatica podem ser reversiveis se o seu fator causal for
eliminado. Vilar-Gomez et al. avaliaram prospectivamente um grupo de pacientes com
diagnéstico de EHNA, submetidos a dieta hipocaldrica combinada com exercicio
fisico. Estes autores reportam, mudancas significativas nas caracteristicas
histologicas, relacionadas a doenca, apos 12 meses de estudo. Resolucdo da EHNA,
com regressao de fibrose ocorreu de forma mais significativa em pacientes que
tiveram maior perda de peso (= 10%) (31). Medidas farmacoldgicas adotadas no

tratamento da DHGNA tém focado os seus mecanismos alvo, utilizando farmacos que
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promovam a sensibilizacdo a insulina, reducdo de dislipidemia, inflamacéo e/ou
estresse oxidativo (1, 32-35). Estudos clinicos de fase Il estdo sendo conduzidos para
a avaliacdo de novas condutas terapéuticas para a DHGNA. Armstrong et al.
demonstraram que o tratamento com liraglutida, agonista do peptideo semelhante a
glucagon-1 (GLP-1, do inglés glucagon-like peptide-1) promoveu a resolucdo da
EHNA, sem agravamento da fibrose em 39% dos pacientes em comparacdo com 0sS
9% do grupo placebo (35). Ratziu et al. demonstraram que pacientes com EHNA,
tratados com elafibranor (um agonista do receptor ativado por proliferador de
peroxissoma - PPAR alfa e delta) apresentaram resolucéo da doenca com melhora da
fibrose, niveis de enzimas hepéaticas, glicose, perfil lipidico, marcadores de inflamacéo
e perfil de risco cardiometabdlico em comparacédo ao grupo placebo (33). Friedman et
al. conduziram um estudo clinico com o objetivo de avaliar o cenicriviroc, um
antagonista duplo dos receptores de quimiocinas C-C tipos 2 e 5, para o tratamento
da EHNA com fibrose hepéatica. Neste estudo, foi demonstrado que apés 1 ano de
tratamento, o dobro de individuos alcancaram a melhora da fibrose, ndo ocorrendo o

seu agravamento em comparagao ao grupo placebo (34).

2.2 Doenca Hepética Gordurosa N&o-alcodlica e Risco Cardiovascular

A DHGNA tornou-se uma das principais causas de doenca hepatica crénica em
virtude do sedentarismo e dieta inadequada, principalmente pelo elevado consumo de
alimentos industrializados (2, 19). Embora a conscientizagdo entre os médicos tenha
aumentado e a importancia da doenga tenha sido reconhecida, a realizagdo de
exames de triagem e o encaminhamento dos casos com suspeita a médicos

hepatologistas € baixa, principalmente nas unidades de atengdo priméaria a saude.
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Como resultado, a DHGNA ¢ ainda subdiagnosticada. A DHGNA néo esta associada
apenas ao aumento das taxas de morbimortalidade relacionada ao figado, mas
também esta atrelada a maior mortalidade por DCV (8, 22). Mais especificamente, as
evidéncias apontam que a DHGNA deve ser considerada um fator de risco

independente e significativo para o aparecimento das DCV (3, 8).

Dentre os fatores associados ao RCV, incluem-se a idade, a presenca de SM, o
sedentarismo e o tabagismo, e dados recentes sugerem que muitos desses fatores
estdo relacionados a DHGNA, sendo o denominador comum para ambas as

condicdes clinicas a SM (1, 7, 8, 36) (Figura 2).

Fatores de Risco

Figura 2: Confluéncia dos fatores de risco para DHGNA e DCV. Diagrama de Venn,
demonstrando a inter-rela¢@o dos fatores de risco. Abreviatura: DM-2: diabetes melito tipo-2. Fonte:
adaptado de Azzam et al. (2015) (7).

A SM ocorre quando trés dos cinco critérios descritos no Quadro 1 estdo

presentes (7). Aproximadamente 90% dos pacientes com EHNA apresentam pelo
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menos uma das caracteristicas da SM (37). Segundo estimativas, as DCV sao
responsaveis por 19-42% dos casos de mortalidade na DHGNA (38). Targher et al.
relataram um aumento da prevaléncia de doencas coronarianas, cerebrovasculares e
vasculares periféricas em pacientes com DHGNA e DM-2 em comparacdo com
individuos sem essas alteracfes patoldgicas (39). Akin et al. demonstraram que
criancas e adolescentes obesas com DHGNA podem desenvolver alteracdes
ateroscleroticas precoces (40). Zhou et al. em uma metanalise, relatam estreita
ligacdo entre a DHGNA e aterosclerose subclinica, orientando a realizacdo de triagem
e vigilancia para que seja possivel a avaliacdo precoce do quadro clinico,
estratificacdo de risco e intervencao apropriada a longo prazo (41). No entanto, alguns
trabalhos ndo confirmaram essa associacéo, incluindo dois grandes estudos de coorte
com seguimento em longo prazo (42, 43). Stepanova et al. analisaram um banco de
dados da América do Norte com informacdes coletadas entre os anos de 1988-1994.
Nesse estudo foi demonstrada uma maior prevaléncia dos componentes da SM e DCV
em pacientes com esteatose hepéatica em comparagao ao grupo controle, no entanto
nao houve um aumento da taxa de mortalidade por DCV em pacientes com DHGNA
ao longo dos 14 anos do estudo (42). Embora a relacédo entre a DHGNA e o aumento
da prevaléncia das DCV parece ser robusta e consistente, por ter sido replicada em
populacdo de diferentes etnias, a contribuicio da DHGNA para o aumento da

incidéncia dessas doencas é controverso (8, 44).
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Quadro 1: Critérios para a sindrome metabdlica.

Critérios Definicao

Glicemia de _ o o
. = 100 mg/dL ou diagnéstico prévio de DM.
jejum alterada

Triglicerideos > 150 mg/dL ou tratamento especifico para essa anormalidade.

< 40 mg/dL para homens/ < 50 mg/dL para mulheres ou

HDL

tratamento especifico para essa anormalidade.
Hipertensao Presséo arterial sistélica 2 130 mmHg, pressao arterial diastdlica 2
arterial 85 mmHg ou tratamento prévio para diagnostico de hipertenséao.
Obesidade _ o ]

Circunferéncia dependente da etnia.
central

Abreviaturas: DM: diabetes melito, HDL: lipoproteina de alta densidade. Fonte: adaptado de
Azzam et al. (2015) (7).

Os mecanismos fisiopatologicos da relacdo entre DHGNA e RCV ndo estédo
elucidados, sendo ainda debatido o que vem antes, se a DCV ocorre pela SM ou pela
DHGNA (1, 8, 45). Em outras palavras, a DHGNA seria um fator de risco direto para
o desenvolvimento da DCV? Nao é facil tentar discriminar estes fatores, uma vez que
elementos confundidores estédo envolvidos (7, 8). Assim, é recomendado a realizacao
de exames de rastreamento de DCV em pacientes com DHGNA — e o inverso

também se aplica.

Testes bioquimicos empregados na rotina clinica, podem ser utilizados na
triagem destas condi¢des clinicas, entre eles aspartato aminotransferase (AST),
alanina aminotransferase (ALT) e gama-glutamil transferase (GGT), além da
determinacdo do perfil lipidico (4, 46). Em aproximadamente, 70% dos casos de
DHGNA os niveis séricos das transaminases sdo normais (4). A elevagédo nos niveis
séricos de GGT tem sido considerada um fator de risco independente e preditor em

longo prazo de DCV (4, 46).
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Alteracbes no perfil lipidico sérico correlacionam-se significativamente com a
gravidade da DHGNA, além de serem um fator de risco para o aparecimento das DCV.
A elevacao dos niveis séricos de triglicerideos (TGs), colesterol total e lipoproteina de
baixa densidade (LDL, do inglés low density lipoprotein) e com diminuicdo dos niveis
de lipoproteina de alta densidade (HDL, do inglés high density lipoprotein) séo fatores
de risco para DHGNA e DCV (4, 8). Com a finalidade de otimizar a capacidade
preditiva do perfil lipidico os indices aterogénicos tém sido avaliados, em particular,

as relacdes colesterol total/HDL, LDL/HDL, etc. (47-49).

Outros métodos que podem ser aplicados sdo os escores de risco de
Framingham e ASCVD (do inglés, atherosclerotic cardiovascular disease), além de
alteracdes nos niveis de proteina C reativa (PCR). A PCR, sintetizada nos hepatdcitos
sob estimulo primério de interleucina (IL)-6, € um marcador de fase aguda inflamatoria
e de disfuncéo endotelial (50). Induz a instabilizacdo da camada fibrosa do ateroma,
diminui a fibrindlise e promove a sintese do inibidor do ativador do plasminogénio-1
(PAI-1, do inglés plasminogen activator inhibitor-1) (50). O PAI-1 é sintetizado pelas
células endoteliais, adipdcitos, cardiomiocitos, fibroblastos e macrofagos. Niveis
elevados de PAI-1 foram relatados como fator de risco para trombose e eventos
cardiovasculares, seus niveis aumentam em decorréncia de diversos estimulos
metabolicos, tais como resisténcia insulinica, inflamacgéo sistémica e dislipidemia (45).
Notavelmente, o PAI-1 também desempenha um papel importante na fibrose hepatica
atraves das metaloproteinases de matriz (MMPs, do inglés matrix metalloproteinases),
promovendo a degradacao da matriz extracelular (45). Quando ativado o PAI-1 reduz
a clivagem do plasminogénio em plasmina, ocasionando a diminuigdo da ativacao das

MMPs, que sdo um grupo de enzimas dependentes de plasmina, promovendo o
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aumento da deposicao de matriz extracelular no tecido hepatico e iniciando o processo
de fibrogénese (45) (Figura 3). Similar a funcdo do PAI-1, o inibidor tecidual das
metaloproteinases-1 (TIMP-1, do inglés tissue inhibitor of metalloproteinases-1)
também atua na inibicdo das MMPs, promovendo maior deposicdo da matriz
extracelular (51). O fibrinogénio também pode ser utilizado como um método de

predicdo de eventos cardiovasculares (37, 38, 45, 52).
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Figura 3: Doenca hepética gordurosa néo-alcodlica e doenca cardiovascular. A DHGNA
esta associada a resisténcia insulinica, inflamacgéo sistémica, dislipidemia e mais recentemente a um
estado pré-trombético. A associacdo destes fatores aumenta a disfuncdo endotelial, aterogénese,
ruptura da placa, trombose e oclus@o dos vasos. A inflamacgédo hepéatica na DHGNA ativa as células
estreladas com deposicdo da matriz extracelular e lipoapoptose dos hepatdcitos, ocasionando
amplificacdo da resisténcia insulinica, inflamacédo sistémica, dislipidemia e estado pré-trombotico.
Niveis aumentados de PAI-1 estdo independentemente associados a gravidade histol6gica da DHGNA
e ao estado pré-trombdtico, através da redugdo da ativacdo da plasmina mediada por tPA e uPA.
Abreviaturas: DHGNA: doenca hepética gordurosa ndo-alcodlica, MEC: matriz extracelular, MMPs:
metaloproteinases de matriz, PAI-1: inibidor do ativador de plasminogénio-1, tPA: ativador de
plasminogénio tecidual e uPA: ativador de plasminogénio uroquinase. Fonte: Barrera et al. (2014) (45).

O endotélio apresenta papel fundamental no inicio e na perpetuacédo do processo
inflamatorio crénico vascular, principalmente através de sua capacidade de secretar
citocinas e moléculas de adeséao (38). O endotélio normal ndo permite a aderéncia de
leucdcitos, porém, nas fases precoces da aterosclerose, as células endoteliais
expressam moléculas de adeséo, em funcao de estimulos inflamatorios. As selectinas,
moléculas de adesao intercelular-1 e moléculas de adesao das células vasculares-1
(VCAM-1, do inglés vascular cell adhesion molecule-1) tém sido identificadas na
circulacdo sanguinea e servem como marcadores de RCV (8, 38). Em um estudo

executado pelo grupo, com 44 pacientes ambulatoriais que realizaram transplante
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hepatico, comparados a controles saudaveis e pacientes com EHNA, foi demonstrado
que apos o periodo de seguimento estd populacdo apresentou um alto risco de
desenvolver aterosclerose, observado através dos parametros endoteliais e
inflamatorios analisados, tais como PAI-1, VCAM-1, mieloperoxidase, e-selectina,
interferon-y, etc. (38). Além disso, podem ser utilizados exames de imagem, como a

espessura da intima carotidea e o escore de calcio coronariano (53).

2.3 microRNAs: DHGNA e Risco Cardiovascular

Nos ultimos anos diversos estudos, estdo sendo realizado para avaliar o papel
dos microRNAs em diversas comorbidades (54-60). Os microRNAs sdo moléculas de
cadeia simples, de aproximadamente 18-24 nucleotideos ndo codificantes (54, 55,
57). Grande parte dos microRNAs sdo gerados pela RNA polimerase Il, em transcritos
primarios longos (pri-microRNA) que formam uma estrutura de forquilha (61). No
ndcleo das células a RNAse lll, também conhecida como complexo Drosha, processa
este pri-microRNA em pré-microRNA que € a estrutura precursora dos microRNAs
(61). Os pré-microRNA séo exportados para o citoplasma através da exportina-5. No
citoplasma o pré-microRNA é clivado pela enzima Dicer, também conhecida como
RNAse Il, formando um microRNA maduro de dupla fita que sera separado, por uma
helicase de RNA (61). Este microRNA maduro sera incorporado ao complexo de
silenciamento induzido por RNA (RISC, do inglés RNA-induced silencing complex), o
gual vai reconhecer e interagir com o0 mRNA alvo, ocasionando a repressao da
expressdo génica ou seja, estd interacdo entre o microRNA maduro e o0 mRNA
impossibilita que os ribossomos consigam traduzir a informagao contida no mMRNA,

ocasionando a interrupgao do processo inicial de traducédo e/ou a indugcao de sua
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clivagem. A outra fita complementar é degradada. A escolha de qual fita sera o
microRNA maduro e qual serd degradada € de acordo com a estabilidade
termodinamica, dando-se preferéncia para a degradacgéao da fita cuja a extremidade 5’
possui menor estabilidade (Figura 4) (61). Esses processos podem acontecer devido
ao reconhecimento e ligacao deste microRNA as regifes especificas do mRNA alvo,

tais como as extremidades 3’'UTR e 5’UTR ou diretamente ao DNA.

W Nucleo , Citoplasma
polimerase |l ul

pri-microRNA
l. Drosha/DGCR8

pré-microRNA

complexo Dicer

‘ helicase ——— =3 degradada
exportina-5 ——— p—
microRNA
pré-microRNA intermediario —_— microRNA maduro
dupla-fita 'L
% complexo RISC

repressdo da expressdo génica

Figura 4: Biogénese dos microRNAs. O microRNA é transcrito primario em pri-microRNA pela
RNA polimerase Il, ap6s é clivado pelo complexo Drosha a pré-microRNA no nucleo. O pré-microRNA
€ exportado para o citoplasma através da proteina exportina-5. No citoplasma o complexo Dicer, cliva
o pré-microRNA em um microRNA maduro de dupla fita, as quais serdo separadas por uma helicase
de RNA, sendo uma das fitas degradada. A fita de microRNA madura €é incorporada ao complexo RISC
e ird interagir com mRNA alvo, tornando-se apto a regular a expressdo do mesmo. Abreviaturas: RISC:
complexo de silenciamento induzido por RNA. Fonte: Samir et al. (2016) (62).

O crescente entusiasmo no uso dos microRNAs circulantes na pratica clinica

explicado pela sua capacidade de refletir com precisdo o estado fisioldgico e/ou
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patolégico do tecido em que sao derivados (57). Assim, os microRNAs circulantes
podem ser considerados impressdes digitais presentes no sangue que refletem a
condicdo do tecido afetado, sendo ferramentas poderosas para a compreensao da
fisiologia da doenca (57). Até o momento, ndo esta elucidado o papel dos microRNAs
na biologia da DHGNA e ndo ha um biomarcador ndo invasivo que seja confiavel para
distinguir os diferentes estadios da evolucdo da doenca (57). Nos ultimos anos,
surgiram evidéncias de que os microRNAs estdo envolvidos na regulacdo do
colesterol e no metabolismo dos lipideos, podendo estar associado ao
desenvolvimento dos distirbios metabdlicos e DCV (55). Assim, os microRNAs
circulantes podem ser utilizados como novos biomarcadores para complementar o
diagnéstico da DHGNA e das DCV, auxiliando na decisdo clinica e na abordagem

terapéutica (63).

O miR-122 é o mais prevalente no tecido hepatico dentre todos 0s microRNAS,
e sua expressao € aumentada em ratos e em humanos durante o desenvolvimento
embrionario (64). Ele desempenha importante papel na diferenciagcdo e
desenvolvimento dos hepatécitos (64). Foi demonstrado que o aumento da expressao
do miR-122 circulante esta associado a infeccdo pelo virus da hepatite C e CHC (55,
57). E considerado um regulador positivo chave da lipogénese de novo, o que
representa cerca de um quarto do depésito de gordura hepatica nos pacientes com
DHGNA e produz espécies lipidicas que conferem alto risco de desenvolvimento das
DCV (55). Sua inibicdo promove a reducao dos niveis séricos de colesterol e atenua

a sintese hepatica dos lipideos (56).

Pirola et al. demonstraram que entre 84 microRNAs analisados em 47 pacientes

com EHNA, 30 individuos com esteatose simples e 19 controles saudaveis a
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expressdo sérica dos miR-122, miR-192, miR-125b e miR-375 foram regulados
positivamente em pacientes com EHNA e esteatose simples, sendo associada a
gravidade histologica da doenca (57). No entanto, apenas 0s nhiveis circulantes de
miR-122 foram significativamente associados aos escores de fibrose, sendo que sua
expressao no tecido hepatico ndo se correlacionou com o estadiamento da doenca.
Estes autores, sugerem que a determinacdo da expressdo génica do miR-122
circulante pode ser utilizada como biomarcador no monitoramento da progresséo da
doenca (57). Li et al. identificaram maior expressdo do miR-122 circulante, no estagio
inicial da sindrome coronariana aguda em pacientes (58). Ha relato da associacao
entre a expressdao do miR-122 circulante com a presenca e gravidade da doenca

arterial coronariana (DAC) em pacientes (65).

O miR-33a e 0 miR-33b s&o codificados em introns dos genes que codificam as
proteinas de ligacao do elemento de regulacdo do esterol (SREBP, do inglés sterol
regulatory element-binding proteins)-1 e SREBP-2 (55). Este microRNA é considerado
um regulador chave da sintese, transporte e secrecao do colesterol, atua na repressao
do gene transportador ATP-cassete de ligacdo-Al (ABCAL, do inglés ATP-binding
cassette transporter-Al), receptor que participa de maneira critica na sintese de HDL
e no transporte reverso de colesterol (55, 66). O miR-33 também é responséavel pelo
aumento dos niveis intracelulares dos lipideos, visando a oxidacao dos acidos graxos
e a ativacao de vias de sinalizacao insulinica (66). O silenciamento do miR-33 € uma
estratégia terapéutica atrativa contra algumas condi¢cdes patoldgicas, tais como
hipercolesterolemia e dislipidemia (66). No entanto, existe relato que o seu
silenciamento prolongado em modelo experimental de dieta rica em gordura pode

ocasionar esteatose hepéatica e hipertrigliceridemia (67).
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No endotélio vascular, microRNAs estdo presentes e controlam a resposta
endotelial e estimulos moduladores da resposta angiogénica (68). Em particular, o
miR-126 regula a migracdo de células inflamatorias, formacdo da rede capilar e a
sobrevivéncia celular (68). Harris et al. demonstraram que a inibicdo do miR-126
promove a expressao do fator de necrose tumoral-a (TNF-a, do inglés tumor necrosis
factor-a) que ativa o fator nuclear kappa B (NF-kB, do inglés nuclear factor kappa B)
e consequentemente aumenta a expressao de VCAM-1 e a adesao de leucocitos as
células endoteliais, processo importante no desenvolvimento da aterosclerose (69). A
expressdo reduzida de miR-126 em particular, pode ser detectada anos antes do
aparecimento de DM-2, correlacionando-se com a manifestacdo de doenca arterial

periférica (68).

O miR-143 e miR-145 estdo associados a regulacao da contratilidade das células
musculares lisas vasculares (VSMCs, do inglés vascular smooth muscle cells),
modulando a dindmica do citoesqueleto e possibilitando a resposta das VSMCs a
lesdo vascular (60, 70). Achados clinicos recentes demonstram que niveis elevados
de miR-143 e miR-145 no plasma estdo associados a hipertensdo, DAC e infarto
agudo do miocardio, portanto podem ser utilizados como biomarcadores de DCV (70).
Mehta et al. realizaram um estudo com o objetivo de explorar a expresséo de alguns
microRNAs circulantes em pacientes que possuiam DHGNA associada ou ndo a DAC,
sendo demonstrada a maior expressédo do miR-143 em pacientes com DHGNA e DAC
gquando comparado ao grupo de sujeitos com DHGNA sem DAC (60). O miR-145
também atua na limitacdo do desenvolvimento de fibrose hepatica, bloqueando a

ativacao e a proliferacao de células estreladas hepaticas. A expressédo do miR-145 no
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tecido hepatico em modelo experimental de fibrose hepatica demonstrou exercer um

papel protetor contra a fibrogénese, através da via do NF-kB (59).

Em um estudo realizado por Wu et al. 327 individuos com dislipidemia foram
estratificados em alto (nh= 175), intermediario (n=40) e baixo (n=112) risco de
apresentar DCV, além de serem recrutados 103 sujeitos controles (63). Neste estudo,
foi demonstrado, maior expressao génica de miR-186, miR-208b, miR-499 e miR-146a
circulante em individuos com dislipidemia, nas diferentes categorias de RCV em
comparacao ao grupo controle. Os autores sugerem que os microRNAs podem ser

utilizados como biomarcadores para o RCV (63).

O genoma humano contém centenas de microRNAs, porém suas funcdes
fisiol6gicas e patoldgicas ndo estdo completamente elucidadas (54, 68). Descobertas
recentes possibilitam a utilizagdo dos microRNAs em inimeros setores, pois sao
considerados bons biomarcadores ndo-invasivos no diagndstico precoce das doencas
(57). Embora os avangos possuam grandes perspectivas na area da saude, sao
necessarias mais pesquisas a fim de encontrar biomarcadores mais sensiveis e

especificos.

2.4 Microbiota Intestinal e o Eixo Figado-Intestino

Recentemente, evidéncias ligam a microbiota intestinal e as fun¢des da barreira
intestinal, indicando que as interacdes que ocorrem entre 0 eixo figado-intestino
podem desempenhar um papel critico no inicio e na progressdo das doencas
hepaticas crbénicas (71, 72). A microbiota do trato gastrointestinal intestinal humano

contém aproximadamente 10'* unidades formadoras de colénia (UFC) de bactérias (6,
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73, 74). A distribuicdo das bactérias dentro do trato gastrointestinal depende de fatores
relacionados a espécie e as condi¢cdes de colonizacado, tais como motilidade, pH,
pressdo de oxigénio, disponibilidade de nutriente e secrecbes do hospedeiro (sais
biliares, enzimas) (75). Os aspirados de colon podem revelar concentracbes de até
10 12 UFC/mL, enquanto que os aspirados de jejuno apresentam concentracdo menor,
em torno de 103 - 10 4 UFC/mL (75). O intestino delgado abriga significativamente
menos bactérias do que o colon devido ao constante movimento peristaltico e a
presenca de acido gastrico (75). Alteracbes na composicao da microbiota intestinal,
processo denominado de disbiose pode ser influenciado pela dieta, idade, peso

corporal, medicamentos, doencas hepaticas, etc. (6, 73, 74).

O intestino e o figado sdo os 6rgdos chave na absor¢cdo e metabolismo de
nutrientes, sendo que os &cidos biliares, drogas e toxinas sofrem extensa circulagéo
éntero-hepética (76). Existem varios mecanismos pelos quais a disbiose intestinal foi
comprovada ou sugerida como contribuidor para a deposi¢cdo de gordura no figado,
inflamacéo e fibrose, tais como a regulagéo da permeabilidade intestinal, inflamacao
de baixo grau e o equilibrio imunol6gico, além de poder modular o metabolismo de
acidos biliares, melhorar o rendimento energético e aumentar a producao endégena
de etanol por bactérias (6, 9, 77). Como decorréncia de sua posicdo anatbmica, o
figado recebe aproximadamente 70% de seu fornecimento sanguineo a partir do
intestino, através da veia porta, por isso € considerado a primeira linha de defesa
contra antigenos derivados do intestino, tais como bactérias e subprodutos
bacterianos (6, 9). A translocacao bacteriana ocorre fisiologicamente e desempenha

importante papel na patogénese e progressado das doencas hepaticas cronicas (75,
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76). O individuo saudavel € capaz de eliminar as bactérias translocadas, através da

resposta do sistema imunoldgico (75).

Na presenca da disbiose intestinal e na ruptura da barreira intestinal acontece o
aumento da translocagcdo de bactérias e subprodutos bacterianos, interrompendo a
tolerdncia imunoldgica e estimulando as células hepaticas a desencadear uma
resposta imune através dos receptores toll like (TLRs, do inglés toll like receptors) que
atuam na eliminacéo destes antigenos (1, 2, 9, 19). O reconhecimento dos antigenos
acontece por intermédio dos receptores de reconhecimento de padrées (PRRs, do
inglés patterns recognition receptors), dentre eles destacam-se os TLRs e o0s
receptores do tipo NOD (NLRs, do inglés NOD-like receptors), responsaveis pela
ativacdo de vias que induzem a transcricao de genes envolvidos na resposta imune

inata (15, 71) (Figura 5).
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Figura 5: Eixo figado-intestino na progressdo da DHGNA. A obesidade estd associada a
disbiose intestinal e ao aumento da permeabilidade intestinal. Portanto, os produtos microbianos podem
ser translocados através da circulacdo portal para o figado. Os padrdes moleculares associados a
patégenos (PAMPs) e padrBes moleculares associados a danos (DAMPs) sédo reconhecidos pelos
receptores de reconhecimento de padrées (PRRs), que promovem a sintese de citocinas pro-
inflamatérias, recrutamento de células imunoldgicas, fiborogénese e estresse metabdlico. Abreviaturas:
DHGNA: doenca hepética gordurosa nao-alcodlica, NLRs: receptores do tipo NOD, TLRs: receptores
toll like. Fonte: Bieghs et al. (2014) (15).

Os TLRs reconhecem as moléculas microbianas altamente conservadas,
chamadas de padrées moleculares associados a patdgenos (PAMPs, do inglés
pathogen-associated molecular patterns) e padrées moleculares associados a danos
(DAMPs, do inglés damage-associated molecular pattern molecules) (71). Atualmente,
cerca de 13 membros dos TLRs sdo conhecidos em mamiferos e todos eles
apresentam pequenas diferengas nas cadeias de aminoacidos que compde as
proteinas que os formam (15, 78). Por causa destas diferencgas, cada TLR é capaz de

reconhecer classes diferentes de moléculas biol6gicas, presentes em diversos

microrganismos, por exemplo o TLR4 é capaz de reconhecer lipopolissacarideos
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(LPS) de bactérias gram-negativas, o TLR2 detecta bactérias gram-positivas através
do reconhecimento dos componentes da membrana celular e o TLR9 é ativado pelos
ligantes citidina-fosfato-guanosina (CpG, do inglés cytidine-phosphate-guanosine)
presente no DNA das bactérias derivas do intestino (15, 16, 78). A patogénese da
DHGNA esta associada a sinalizacdo dos TLR4, TLR2 e TLR9 (15, 78). ApGs a
estimulacdo com os ligantes correspondentes, os TLRs transmitem sinais através do
fator de diferenciacédo mieldide-88 (MyD-88, do inglés, myeloid differentiation primary
response 88) uma molécula adaptadora comum a todos os membros de TLRs, exceto
TLR-3 (71, 79). Essa transducéo de sinal induz a ativacdo do NF- kB e c-jun N-terminal
quinase (JNKs, do inglés c-Jun N-terminal kinase), promovendo a sintese de
mediadores pro-inflamatdrios, tais como proteina quimiotatica de mondcitos (MPC-1,

do inglés monocyte chemotactic protein-1), TNF-a, IL-6, IL-8 e IL-12 (2, 71, 79).

Os NLRs também séo capazes de reconhecer os PAMPs e DAMPs, expressos
principalmente em células apresentadoras de antigenos e células epiteliais, sédo
proteinas sollveis que encontram-se no citoplasma das células (16, 32, 78). A
ativacdo dos NLRs leva a montagem do inflamassoma. Varios membros dos NLRs,
tais como NLRP-1, NLRP-3, NLRP-6, NLRC-4, etc. s&o capazes de formar o complexo
inflamassoma e controlar a atividade da caspase-1 (16). O inflamassoma é um
complexo multiprotéico, composto pela proteina NLR, o adaptador da proteina speck-
like associada a apoptose com dominio de recrutamento de caspase (ASC, do inglés
apoptosis-associated speck-like protein containing a CARD) e a enzima caspase-1
(15, 32, 78, 80). Este complexo controla a sintese de algumas citocinas pro-
inflamatorias. A montagem do complexo inflamassoma € composto por um processo

de duas etapas (78). O primeiro passo € impulsionado pela sinalizacédo gerada pelos
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receptores: TLRs, TNFR ou IL-1R, que através do MyD-88 ativam o NF-kB,
promovendo a expressao dos componentes do inflamassoma, tais como NLRs, ASC,
pré-caspase-1, pro-IL-18 e/ou pro-IL-18 (78). O segundo sinal de ativacao,
proporcionado pela sinalizacdo mediada pelos DAMPs, PAMPs, cristais de colesterol,
etc. resulta na montagem do complexo inflamassoma, promovendo a clivagem da pro-
caspase-1 em sua forma ativa a caspase-1 (78, 81). Uma vez ativada, essa enzima
promove a maturacdo proteolitica e a ativacdo da IL-1B e IL-18, desencadeando o
processo inflamatorio (78, 81) (Figura 6). A IL-1B ativa, também pode estimular o seu
receptor (IL-1R), levando a amplificacdo da sinalizacédo do inflamassoma (78). Estas
ILs estdo intimamente relacionadas ao dano induzido pela resposta inflamatéria e

desempenham papel central na progressdo da DHGNA (15, 80).
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Figura 6: Ativacdo do complexo inflamassoma nas doencas hepaticas crdnicas. A
estimulacao do inflamassoma é um processo de duas etapas em que a primeira resulta na regulacéo
da expresséo dos componentes do inflamassoma e a segunda desencadeia a sua ativagédo funcional.
Abreviaturas: ASC: proteina speck-like associada a apoptose com dominio de recrutamento de
caspase, IL: interleucina, LPS: lipopolissacarideos, MyD-88: fator de diferenciacdo mieldide-88, NF-kB:
fator nuclear kappa B, NLRP3: receptor do tipo NOD-3, TLRs: receptores toll like, TNFR: receptor do
fator de necrose tumoral. Fonte: Farrell et al. (2018) (81).

Wree et al. identificaram um dos componentes do inflamassoma, o NLRP-3 (NLR
com um dominio efetor de pirina (PYD) e uma proteina-3) como um contribuinte
essencial dos danos hepaticos durante a EHNA (80). Conforme relatado,
camundongos deficientes de NLRP-3 estédo protegidos da EHNA induzida por dieta
hiperlipidica (81). Esses achados tém implicacdes importantes para a compreensao
da patogénese da DHGNA e pode levar a novas estratégias terapéuticas destinadas
a interromper a progressao da esteatose hepdtica (80, 81). Outros estudos, relatam o

papel do NLRP3 relacionado ao aparecimento das DCV, obesidade e DM-2 (82, 83).
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2.4.1 Composicao da Microbiota Intestinal

A DHGNA é uma doenca multifatorial, em que fatores genéticos, inflamatorios e
ambientais podem contribuir para sua patogénese (2, 84). Dentre os fatores
ambientais, destaca-se a dieta, a qual exerce importante funcdo na modulacdo da
microbiota intestinal (2, 84). O interesse em investigar o papel da disbiose intestinal
como um determinante de saude e doenc¢a ganhou maior impulso na ultima década.
De fato, a alteracdo da microbiota intestinal exerce um papel fundamental na
patogénese e progressao das doencas hepaticas crbnicas, aqui representada pela
DHGNA, por promover a desregulacdo da imunidade inata em resposta a atividade
pré-inflamatéria persistente (3, 9, 85). O papel da microbiota intestinal é polimorfo,
funcionando como uma ferramenta imunoldgica, metabdlica e protetora para a saude
do hospedeiro. Na presenca de uma disbiose intestinal, a salde do hospedeiro fica
comprometida, pois a microbiota € incapaz de manter o controle da homeostase local,
aumentando a permeabilidade intestinal (85). O rompimento da homeostase epitelial
intestinal ocasiona maior exposicdo hepatica a antigenos exdégenos e endégenos que

impulsionam os danos através da interface do eixo figado-intestino (6, 85) (Figura 7).
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Figura 7: Interac&o entre a microbiota intestinal e a imunidade inata na patogénese das
doencas hepaticas cronicas. Abreviaturas: LPS: lipopolissacarideos, TLRs: receptores toll like. Fonte:
Bibbo et al. (2018) (85).

A composicdo e a diversidade da microbiota podem ser avaliadas através da
analise metagenémica, utilizando, por exemplo, o sequenciamento do gene 16S rRNA
(84, 86, 87). Apesar da extensa variedade de bactérias, quatro filos principais estao
presentes no intestino, Firmicutes, Bacteroidetes, Actinobacteria e Proteobacteria,
sendo que até 90% destas bactérias pertencerem aos filos Firmicutes e Bacteroidetes
(6). A disbiose intestinal estd sendo documentadas na DHGNA, tanto em pacientes

como em modelos experimentais (6, 84, 86, 88).

Bactérias especificas tém sido associadas aos fenétipos da DHGNA (6). A
primeira caracterizagdo metagenomica da microbiota intestinal em pacientes com
EHNA foi relatada por Mouzaki et al. no qual demonstraram menor percentagem de
Bacteroidetes e aumento de Clostridium coccoides em pacientes com EHNA em
comparacao aos casos com esteatose simples e controles saudaveis (88). Boursier et
al. confirmaram parcialmente estes dados, neste estudo os pacientes com EHNA
possuiam uma quantidade maior de Bacteroidese uma menor quantidade
de Prevotella, em comparacdo com individuos sem EHNA (86). Um estudo
transversal prospectivo, comparando individuos magros com DHGNA a controles sem

DHGNA, relatou significativamente maior e menor prevaléncia de bactérias gram-
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negativas e gram-positivas, respectivamente no grupo DHGNA. Também foi
reportado um aumento de 20% do filo Bacteroidetes e um decréscimo de 24%
em Firmicutes nos individuos magros com DHGNA em comparacdo ao grupo
controle. Curiosamente, entre as espécies pertencentes ao filo Firmicutes, foi relatado
a reducado significativa das familias Lachnospiraceae e Ruminococcaceae. Estas
bactérias sdo produtoras de acidos graxos de cadeia curta e a sua diminuicdo pode
resultar em deterioracdo da integridade intestinal e aumento da permeabilidade
intestinal, fatores que contribuem na progressdo da DHGNA (89). No entanto, outros
relatos na literatura sugerem o aumento do filo Firmicutes e a reducédo do filo

Bacteroidetes, na DHGNA (90, 91).

A disbiose intestinal, além de estar relacionada a etiologia da DHGNA e a sua
progressao para EHNA, pode estar associada ao aparecimento de DCV, tais como
aterosclerose, infarto do miocérdio e insuficiéncia cardiaca (8). Estudos tém
demonstrado que ha deplec¢édo ou enriquecimento de certos grupos bacterianos em
pacientes com DCV quando comparados a individuos saudaveis (87). A dishiose
intestinal pode influenciar o aparecimentos de DCV através do metabolismo da colina
(10). Esse composto é considerado prejudicial, por alterar a maneira de como o
colesterol e os esteréides sdo metabolizados e inibir o transporte reverso do

colesterol, ocasionando o acimulo de gordura nas paredes internas das artérias (10).

Entretanto, ainda n&o estd elucidado se a dishiose esta associada
especificamente a DHGNA ou, mais geralmente, aos disturbios metabdlicos que
podem ocorrer em paralelo, ocasionando a DCV. A hipétese mais consistente € que

uma dieta desequilibrada é diretamente responsavel pelo acimulo de gordura no
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figado e contribui para a disbiose intestinal, intensificando a progressdo da DHGNA e

aumento do risco de desenvolvimento de eventos cardiovasculares.

2.5 Modelos Experimentais

Os modelos experimentais sdo Uteis para o entendimento da doenca e na
avaliacao de possiveis alvos terapéuticos, em estudos pré-clinicos (92, 93). Diversos
mamiferos, podem ser utilizados no desenvolvimento de modelos experimentais para
o estudo da doenca, mas 0s camundongos e ratos sao utilizados com maior frequéncia
(27). Os camundongos (C57BL/6J) e ratos Wistar e Sprague Dawley sdo geralmente
0s mais utilizados devido a sua predilecao intrinseca em desenvolver obesidade, DM-
2 e DHGNA (27). Em relacéo aos ratos, os Sprague Dawley sdo mais suscetiveis ao
desenvolvimento de EHNA quando alimentados com dieta rica em gordura (94). A
raca Sprague Dawley, foi originada a partir de uma estirpe albina hibrida. Estes
animais conseguem manter uma resposta imune similar aos animais das linhagens
que lhe derem origem e possuem baixa incidéncia de desenvolvimento de tumor

espontaneo. Além de serem calmos, doceis e de facil manutencao.

Recentemente, Oseini et al. descreveram que o modelo experimental ideal para
reproduzir a DHGNA em humanos seria aquele: (a) que n&do requeresse animais
geneticamente modificados, pois na DHGNA em humanos n&o ocorrem essas
deficiéncias especificas de gene, (b) que a obesidade fosse induzida por dieta, (c) que
a dieta do animal contivesse ao menos um macronutriente similar aqueles consumidos
pelos humanos, (d) que no modelo fosse induzida a adiposidade, resisténcia insulinica

e dislipidemia, (e) que levasse a obesidade visceral e a inflamacgao sistémica, (f) que
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ativasse sinais celulares relevantes para a progressao e concordancia histolégica com
a doenca em humanos, (g) bem como gerasse uniformidade na avaliacdo de

lipidbmica e transcriptdémica (92).

Vérios modelos experimentais estdo descritos na literatura, para a avaliagdo da
DHGNA em seus diferentes estadios evolutivos, sendo eles nutricionais, genéticos
e/ou farmacolégicos, porém a grande maioria apresenta limitacdo na replicacdo dos
fendtipos da doengca em humanos (3, 27, 92, 93, 95-98). Portanto, a extrapolacéo dos
dados obtidos dos modelos animais para a doenga humana pode ser limitada pela

dificuldade em reproduzir as mesmas condic¢des clinicas e morfoldgicas (92, 93).

Os modelos genéticos de DHGNA utilizam animais que possuem alguma
mutacdo espontanea para promover a doenca (27, 28, 99, 100). Existem diversas
intervencdes que podem ser realizadas em diferentes genes com o objetivo
semelhante, ou seja, gerar desequilibrio na homeostasia dos lipideos, para ocasionar
a esteatose hepatica (99). Uma das principais modificacdes genéticas utilizadas
nestes modelos é a ativacdo de genes envolvidos na sintese de &cidos graxos e
colesterol, promovendo a lipogénese e a deposicado de gordura no figado, no entanto
estes modelos induzem quase que exclusivamente a alteracfes bioquimicas da
DHGNA e a adicao de dietas modificadas € frequentemente necesséria para a inducao
das alterac6es morfoldgicas encontradas na doenca em humanos (96, 99). Tratam-

se, porém, de modelos onerosos.

A inducédo da DHGNA também é possivel em modelos experimentais, através de
manipulacéo da dieta, de forma a promover a deposicéo de lipideos no tecido hepatico

(3). Os modelos que utilizam dietas deficientes em aminoacidos essenciais, tais como
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metionina e colina sdo amplamente descritos na literatura (101-104). Até
recentemente, ndo se sabia que a deficiéncia de colina poderia ocorrer sob condi¢cdes
fisiopatoldgicas. Schnabl & Brenner, relatam que a dieta rica gordura, faz com que a
microbiota intestinal converta a colina proveniente da alimentacdo em metilaminas,
reduzindo consequentemente o0s niveis plasmaticos de fosfatidilcolina. Este
fosfolipidio € um constituinte importante da membrana celular das lipoproteinas de
muito baixa densidade (VLDL, do inglés very low density lipoprotein), sem a sua
presenca os TGs ndo conseguem se acoplar a esta lipoproteina e passam a se
acumular no tecido hepatico ocasionando a DHGNA (105). Em paralelo, ocorre o
aumento dos niveis plasmaticos de trimetilamina e o seu metabolismo hepatico em
trimetilamina-N-6xido, tem sido associado ao aparecimento de DCV, pois este
composto é considerado prejudicial, por alterar a maneira de como o colesterol e 0s
esteroides sdo metabolizados e inibir o transporte reverso do colesterol, ocasionando

0 acumulo de gordura nas paredes internas das artérias (10, 106).

Os modelos experimentais que utilizam a dieta deficiente em metionina e colina
(DDMC), também séo utilizados para o estudo da doenca, geralmente ocorre extensa
inflamacé@o e fibrose hepética precoce (2-6 semanas), alteracbes morfoldgicas
observadas na EHNA, no entanto os animais n&do exibem quaisquer outras
caracteristicas metabdlicas, incluindo obesidade, resisténcia insulinica e dislipidemia
(28, 95, 104, 107, 108). Pelo contrario, os animais apresentam acentuada perda de
peso (atée 40% em 10 semanas) e diminuicdo da resisténcia insulinica (28, 95, 104,
107). Veteldinen et al. desenvolveram um estudo com o0 objetivo de avaliar os
disturbios metabdlicos e patologicos em ratos alimentados com dieta deficiente em

colina (DDC) e DDMC. Estes autores demonstraram que a utilizacdo da DDC por sete
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semanas foi capaz de induzir a esteatose sem complicacdo com caracteristicas de
SM. No entanto, os animais alimentados com DDMC apresentaram inflamacéo e
fibrogénese (95). Os modelos de DDC e DDCM, séo diferentes ndo somente pelos
seus achados morfolégicos, mas também pelas caracteristicas metabdlicas, tais como

resisténcia insulinica, resposta inflamatoéria e estresse oxidativo (95).

Devido a associacdo entre a DHGNA e a SM, os animais estdo sendo
submetidos a dieta ocidental, visando induzir obesidade, resisténcia insulinica e dano
hepético, semelhante ao fenétipo observado em humanos (28, 99). Nestes modelos,
0S animais séo alimentados com uma dieta rica em gordura, sendo que 45-75% da
ingestdo caldrica é derivada de gordura e/ou variagdes contendo gordura trans ou
colesterol (28). Na maioria destes modelos, o grau de lesdo hepatica ndo é grave
guando comparado aos modelos de DDMC (99). No entanto, a alimentacao rica em
gordura pode representar os habitos alimentares prejudiciais da dieta ocidental e

reproduzir a etiologia da DHGNA.

Um exemplo classico de modelo que utiliza dieta rica em gordura para a
avaliacdo da DHGNA e SM foi proposto por Lieber et al., baseia-se em uma dieta
liquida contendo gorduras (71%), carboidratos (11%) e proteinas (18%). Os animais
alimentados com esta dieta, apresentaram alteracdes bioquimicas semelhantes ao
perfil de EHNA em seres humanos. No entanto, os resultados histolégicos hepaticos,
demonstram sinais discretos de inflamacéo, esteatose leve e auséncia de progressao

da fibrose (109).

Asgharpour et al. desenvolveram um modelo experimental para o estudo da

DHGNA, em seus diferentes estadios evolutivos (93). Foi realizado o cruzamento de
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duas linhagens isogénicas de camundongos (C57BL/6J e 129S1/SvimJ), apds o0s
animais foram alimentados ad libitum com dieta rica em gordura e carboidratos e
receberam agua enriquecida com frutose, sendo observada a presenca de esteatose
hepatica apds 8 semanas de experimento, EHNA entre 16-24 semanas de inducéo e
CHC apos 52 semanas (93). Conforme relatado, este modelo imita todos os
parametros fisiologicos, metabolicos, histolégicos, transcriptbmicos e terminais
clinicos da EHNA humana e pode ser utilizado nos estudos pré-clinico de alvos
terapéuticos para EHNA (93). No entanto, trata-se de um modelo oneroso devido a

necessidade de aquisicdo desta linhagem especifica de camundongos isogénicos.

Os modelos experimentais existentes de DHGNA, baseados em dieta rica em
gordura podem resultar no surgimento espontaneo do CHC dirigido pela EHNA, apés
um longo periodo de alimentagéo (aproximadamente um ano) (3). O uso combinado
de alimentacdo com aplicacdo de toxinas / carcin6genos podem acelerar
significativamente o desenvolvimento de cancer de figado experimental (3). Lima et
al. desenvolveram um modelo para o estudo da EHNA, cirrose e CHC em ratos
Sprague Dawley, através da oferta de dieta hiperlipidica deficiente em colina (DHDC,
35% de gordura total, enriquecida com 54% de acidos graxos trans) associada a
administracdo de dietil-nitrosamina na agua (97). Estes autores demonstraram a
presenca de inflamacao, balonizacédo, fiborose e CHC no tecido hepético, analisado

apos 16 semanas de experimento (97).

O aumento progressivo na prevaléncia e incidéncia das DCV representa um
problema de saude publica de interesse crescente, desta forma estudos pré-clinicos
tém sido realizados com a finalidade avaliar estratégias interventivas que vao desde

procedimentos experimentais para testar novos implantes e/ou dispositivos, até
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estudos mais especificos para analise dos mecanismos fisiopatolégicos de
determinadas DCV (110). Existem varios modelos para tratar complicacbes
cardiovasculares, como aterosclerose e outras doencas cardiacas, onde patologias
semelhantes foram recriadas em diferentes espécies, incluindo animais de grande
porte ou pequeno (111, 112). O uso atual de pequenos roedores como o principal
modelo de doencas humanas € generalizado, e eles sdo uma escolha popular de
espécies por serem relativamente rentaveis, de facil manutencdo e podem fornecer
grandes ninhadas (111). A capacidade de modificar geneticamente camundongos
através da repressdo ou superexpressdo de genes de interesse tornou-os

indispensaveis para desmembrar os mecanismos subjacentes as DCV (111).

A aterosclerose é um distarbio inflamatério crénico, sendo a causa subjacente
da maioria das DCV (112, 113). As células da parede do vaso e do sistema imune
participam da aterogénese (112, 113). Um modelo experimental ideal para o estudo
da aterosclerose ndo apenas compartiha o0s aspectos relacionados ao
desenvolvimento da doenca com os seres humanos, mas também a topografia das
lesdes (113). Além disso, os animais devem preferencialmente desenvolver a doenca
de maneira espontanea, apdés o consumo de uma dieta semelhante & dos seres
humanos (113). Embora varios animais desenvolvam placas ateroscleréticas apos
uma dieta rica em colesterol, a topografia das lesdes nem sempre € semelhante (113).
Getz et al. relatam que nenhum modelo experimental é ideal para o estudo da
aterosclerose, pois cada um tem suas proprias vantagens e limitacbes no que diz
respeito & manipulacio do processo aterogénico e a modelagem da doenca (112). E
importante ressaltar que a maioria dos modelos experimentais de aterosclerose, nao

desenvolvem espontaneamente as complicacbes observadas em humanos, como
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ruptura da placa, infarto do miocardio, acidente vascular cerebral e morte subita (113).
Modelos aterosclerdticos dependem da geracdo de hipercolesterolemia, sendo
ocasionado principalmente pela deficiéncia genética dos receptores de LDL ou
apolipoproteina E (apoE) (111-113). Embora a deficiéncia de apoE em humanos seja
rara, a auséncia dos receptores LDL funcional em humanos, resulta em
hipercolesterolemia familiar, o que esta relacionado ao aumento do risco de

desenvolvimento de DCV (112, 113).

Conforme ja discutido, evidéncias demonstram que a DHGNA néo € apenas uma
doencga hepatica progressiva, mas também é responsavel por ocasionar diversas
complicagdes sistémicas, dentre eles eventos cardiovasculares (2, 8, 34). Atualmente,
ndo ha medicamentos aprovados pelas agéncias reguladoras para o tratamento da
EHNA, embora existam estudos clinicos de fase Il sendo conduzidos, que
provavelmente ainda néo trardo medidas definitivas, uma vez que a combinacao de
drogas parece ser o futuro no controle da doenca, e essas ainda estao em fase Il (32,
34, 35). Portanto, permanece a necessidade de desenvolvimento de modelos
experimentais pré-clinicos que reproduzam a DHGNA em humanos para a
compreensao dos mecanismos moleculares envolvidos neste processo, bem como
para estudos terapéuticos pré-clinicos que visam a cardioprotecdo na DHGNA, um

desfecho habitualmente ndo avaliado em ensaios clinicos.
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3. JUSTIFICATIVA

A DHGNA é uma doenca hepéatica progressiva que pode evoluir para cirrose e CHC,
além de ser capaz de afetar varios orgdos extra-hepaticos, incluindo coracdo e
sistema vascular. Os mecanismos fisiopatolégicos putativos que ligam a DHGNA a
DCV sao complexos e nado estdo completamente elucidados. Estudos tém
demonstrado que a disbiose intestinal esta associada ao desenvolvimento de ambas
as condi¢des clinicas. De fato, a melhor compreensao das interacfes hospedeiro-
microbiota intestinal certamente auxiliara no entendimento de como essa relacdo pode
desvirtuar e contribuir para uma gama de transtornos imunolégicos, inflamatérios e

metabdlicos, além de poder elucidar os mecanismos fisiopatolégicos subjacentes.

Considerando o carater polimorfo da DHGNA e da DCV, os modelos animais
podem ser bastante Uteis na exploracdo destes mecanismos envolvidos. Portanto, a
realizacdo deste estudo justifica-se pela necessidade de modelos experimentais
nutricionais que reproduzam os maus habitos alimentares da populagéo, culminando
com o desenvolvimento de alteragBes bioquimicas, inflamatérias e histoldgicas
observadas em humanos que permitissem avaliar, na sequéncia, a relacdo da
microbiota intestinal, DHGNA e aumento do RCV, buscando uma maior compreensao

dos mecanismos envolvidos neste processo.
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4. QUESTOES DE PESQUISA

1 — O modelo experimental nutricional de DHGNA, induzido por DHDC é capaz de
ocasionar alteracdes bioquimicas, inflamatérias e histologicas, similares as

observadas em humanos?

2 - A alteracdo da composicao da microbiota intestinal e a diminuicdo da
diversidade bacteriana estdo relacionadas com o aumento do RCV em um modelo de

DHGNA induzida por DHDC em ratos?
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5. HIPOTESES

1 — A utilizacdo da DHDC é capaz de induzir alteracdes bioquimicas, inflamatérias

e histolégicas similares aquelas observadas na DHGNA em humanos.

2 - Os animais com DHGNA devem apresentar disbiose da microbiota, com
alteracdo em sua composicao, bem como diminuicdo da diversidade bacteriana e um

maior risco de desenvolvimento de DCV.
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6. OBJETIVOS

6.1 Objetivo Geral

Desenvolver um modelo experimental nutricional de DHGNA capaz de induzir a
alteracdes bioquimicas, inflamatdrias e histologicas similares as observadas em
humanos. Na sequéncia, avaliar fatores de RCV relacionados a DHGNA e
correlacionar os dados com a composicdo da microbiota intestinal, em ratos

submetidos a DHDC.

6.2 Objetivos Especificos

1. Desenvolver um modelo de DHGNA em ratos através da DHDC.

2. Avaliar os niveis séricos de glicose, AST, ALT, albumina e o perfil lipidico,
para a caracterizacdo do modelo experimental.

3. Analisar a concentracdo proteica no tecido hepatico das citocinas
inflamatorias: TNF-a, IL-18, IL-6, IL-10 e os indices inflamatérios, para a
caracterizacdo do modelo experimental.

4. Analisar a arquitetura hepatica e a deposicdo das fibras de colageno nos
grupos em estudo.

5. Avaliar os indices aterogénicos e analisar a concentracdo sérica dos
marcadores inflamatorios e disfuncdo endotelial: TNF-a, IL-13, IL-6, IL-10,
PAI-1, MCP-1 e TIMP-1 nos animais em estudo para a avaliacdo do RCV e

processo inflamatorio relacionado a DHGNA.
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6. Determinar a expressdo génica no tecido hepatico dos componentes
inflamatorios e da via do inflamassoma: TIr2, Tir4, TIr9, Myd88, ll1b, Tnfa,
1118, 116, 1110, NIrp3, Caspl e Ppara, nos animais em estudo.

7. Determinar a expressao génica dos microRNAs circulantes: miR-186, miR-
208b, miR-499, miR-146a, miR-33a, miR-122, miR-126, miR-143 e miR-145,
relacionados ao RCV e/ou DHGNA nos animais em estudo.

8. Avaliar a composicdo e a diversidade bacteriana fecal dos animais em

estudo.
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Title: Pre-clinical model of non-alcoholic fatty liver disease, mimicking the
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score, NASH: non-alcoholic steatohepatitis, SAF: steatosis-activity-fibrosis, TNF:

tumor necrosis factor, VLDL: very low-density lipoprotein.
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Abstract

Introduction: Non-alcoholic fatty liver disease (NAFLD) comprises a spectrum
of liver conditions ranging from hepatic steatosis to steatohepatitis, cirrhosis and
hepatocellular carcinoma. The pathophysiology of the disease is not clear, which calls
for the use of animal models. However, models that mimic the metabolic changes that
occur in humans are lacking. Objective: To develop an experimental dietary model of

metabolic origin that causes obesity and glucose and lipid disorders and leads to
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NAFLD. Methods: Adult male Sprague Dawley rats were randomized into two groups
(n = 10): control group that was fed standard diet and intervention group that received
a high-fat and choline-deficient (HFCD) diet for 16 weeks. At the end of the experiment,
the rats were killed, and blood and tissues were collected for biochemical, inflammatory
and histological evaluations. Results: The animals in the intervention group showed a
significantly greater delta Lee index, abdominal circumference, abdominal adipose
tissue accumulation and fresh liver weight compared to the control group. There were
significant changes in serum levels of alanine aminotransferase, glucose and lipid
profile and liver inflammation index in the intervention group. All animals in the
intervention group developed histological lesions of NAFLD, steatosis or
steatohepatitis. No histological changes were found in the control group. Conclusion:
Animals given free access to HFCD diet for 16 weeks exhibited biochemical,
inflammatory and histological alterations, corresponding to those observed in NAFLD
in humans. Some characteristics of metabolic syndrome, such as increased visceral
obesity, dyslipidemia and hyperglycemia were observed. Thus, this experimental
model may contribute to the development of further studies aimed at understanding
the pathophysiology of NAFLD and its development and of preclinical therapeutic

studies as well.

Keywords: Animal model; Fatty liver; High-fat and choline-deficient; Non-

alcoholic fatty liver disease.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common form of chronic

liver disease in the world, with an estimated prevalence of 20% in the general
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population and up to 95% among individuals with obesity (1, 2). It is characterized by
abnormal accumulation of triglycerides in hepatocytes in subjects at risk (2, 3). The
presence of hepatic steatosis, lobular inflammation and hepatocyte ballooning defines
non-alcoholic steatohepatitis (NASH), which can evolve through the different stages of
fibrosis to cirrhosis and hepatocellular carcinoma (HCC) (2, 4, 5). In fact, NAFLD
represents a major cause of terminal liver disease and HCC and is currently the second
leading cause of liver transplantation in the United States (6). It is notable that NAFLD
is the fastest growing cause in the last years (7, 8). Recent estimates suggest that the
problem will become even more common and more serious not only in the United
States but in the whole world (9, 10). With increased prevalence of NAFLD, it is
expected that by 2030, there will be an increase in the number of cases of
decompensated cirrhosis (168%), HCC (137%) and hepatic death (178%) secondary

to the disease (9).

NAFLD is a hepatic manifestation of metabolic syndrome, associated with
hyperinsulinemia or type 2 diabetes mellitus, hypertension, hyperglycemia and
dyslipidemia and obesity and it is an independent risk factor for the development of
cardiovascular diseases (2, 3, 11, 12). Excessive consumption of high-fat foods and
beverages with high fructose concentrations and a sedentary lifestyle contribute to the
onset of the disease (3). Despite its complexity, most cases of hepatic steatosis are
reversible if the causative factor is eliminated (1, 13). To date, there is no specific
therapy approved for NASH and the mechanisms that contribute to its progression are

not yet fully elucidated (2, 5, 11, 14).

Accordingly, experimental models could be very useful in understanding the

disease and in developing more effective therapeutic strategies. Various models of
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NAFLD have been described, be they nutritional, genetic or pharmacological, but most
show limitations in the replication of the disease phenotypes seen in humans (1,2,5,14,
15). Genetic models induce almost exclusively biochemical changes, and the addition
of modified diets is often necessary to induce the morphological changes found in the
disease in humans (3,14). Dietary models are widely used, but the animals do not
always display the clinical, laboratory and histological characteristics of NAFLD in
humans, including weight loss and decreased insulin resistance in some models (2, 3,
11, 14, 16, 17). Thus, the objective of this study was to develop an experimental dietary
model of metabolic origin that reproduces the poor eating habits of the human

population, culminating in the development of obesity and NAFLD.

Methods

Animals

In this study, we used 20 adult male Sprague Dawley rats weighing 280-350 g.
The rats were randomized according to their weight and housed two animals per
polypropylene cage, being kept in a controlled-temperature environment (22 + 2°C)

with a 12-hour light/dark cycle.

All experimental procedures were approved by the Ethics Committee for the Use
of Animals (protocol GPPG-HCPA No. 17-0021) in accordance with current Brazilian
law (Law No. 11,794), using the minimum number of animals required to obtain reliable

scientific data.

Experimental Design

54



The animals were acclimatized to the environment prior to the start of the
experiment and were divided into two experimental groups: control group (n = 10) that
received standard diet and intervention group (n = 10) that received high-fat and

choline-deficient (HFCD) diet. Both groups were euthanized after 16 weeks.

Experimental Diets

The animals in the control group received a standard diet (Nuvilab CR-1, Quimtia
S.A., Brazil) with an energy value of 2.93 kcal/g (information provided by the
manufacturer). This diet consisted of 55.0% carbohydrates, 22.0% protein, 4.5% fat
and 18.5% other constituents (fiber and vitamins). The animals in the intervention
group received a HFCD diet (RH19576 - RHOSTER, Brazil) with an energy value of
4.3 kcal/g (information provided by the manufacturer). This product consisted of 54.5%
carbohydrates, 14.0% protein and 31.5% fat (enriched with 54.0% trans fatty acids).
The diet of the intervention group was chosen because it recapitulates many of the
phenotypes observed in humans with NAFLD, including the accumulation of
triglycerides in liver tissue. The diet offered to the animals of the control and
intervention groups was replaced every two days. Both groups had water and feed

supplied ad libitum during the experiment period.

Weight and Length Parameters

The animals were weighed (g) weekly for 16 weeks. Naso-anal length (cm) was
measured in the initial and final week of the study for determination of delta Lee index.
This index is calculated as the ratio between the cube root of body weight and the
naso-anal length of animals multiplied by 10 (g/cm) (18). The abdominal circumference

(cm) was measured when the animals were euthanized.
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Collection of Blood, Liver Tissue and Abdominal Adipose Tissue

Prior to euthanasia, the animals were fasted for eight hours and then
anesthetized with 5% isoflurane (Instituto BioChimico, Industria Farmacéutica Ltda.).
The animals were killed by cardiac exsanguination. Samples of blood were collected
in BD Vacutainer SST-Il Advance tubes and centrifuged at 15,000 g for 10 minutes at
room temperature. The serum obtained was stored in a -80°C freezer until the

biochemical analysis was performed.

The animals' liver was completely removed and weighed (g). Subsequently,
fragments of the right and left lateral lobes were stored in a -80°C freezer or fixed in
10% formalin for the proposed analyses. We collected and weighed (g) abdominal

adipose tissue.

Biochemical Analysis

Serum levels of aspartate aminotransferase (AST), alanine aminotransferase
(ALT), glucose, albumin, total cholesterol, low-density lipoprotein (LDL) cholesterol,
high-density lipoprotein (HDL) cholesterol and triglycerides were determined using

Labmax 560 equipment.

Evaluation of Inflammatory Mediators

ELISA was used to evaluate hepatic concentrations of inflammatory mediators,
interleukin (IL)-1B (Thermo Scientific, USA), tumor necrosis factor (TNF)-a (Invitrogen,
USA), IL-6 (Invitrogen, USA) and IL-10 (Invitrogen, USA). Liver tissue samples were
homogenized in phosphate-buffered saline with protease inhibitor (Sigma, USA) on

ice. All analyses were done in duplicate and according to the manufacturer's
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instructions. Absorbance was measured in a spectrophotometer at 450 nm (Zenyth
200 rt). Cytokine concentrations were determined using a standard curve. The data
obtained were used to calculate the balance between pro-inflammatory and anti-
inflammatory cytokines, an inflammatory index. The results were expressed in pg/mg

protein.

Quantitative Analysis of Liver Fat Deposition

Liver fat deposition was determined using the modified protocol of Gomez-
Lechon et al. (19). In brief, liver tissue fragments were homogenized in phosphate
buffer (20 mg tissue/mL) and incubated with 1 ul of Nile Red solution (1 mg/mL in
acetone) at 37°C for 15 minutes. Fluorescence was measured at 488 nm excitation
and 550 nm emission (SpectraMax M3). The values obtained were normalized to total
protein present in the homogenate (20). The results were expressed as

fluorescence/ug protein.

Histological Analysis

Formalin-fixed liver tissue samples were embedded in paraffin and subjected to
hematoxylin and eosin (H&E) and picrosirius staining. Histopathological lesions were
evaluated by steatosis-activity-fibrosis (SAF) algorithm, which were used for the
diagnosis of NAFLD (21). The analysis was performed by an experienced pathologist,

blinded to the experimental groups.

Fibrosis was quantified by morphometric analysis after picrosirius staining. Ten
randomly selected field images were obtained per animal, using the Olympus BX51

microscope, and the QCapture X64 program with 200X magnification was used for
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determination of staining intensity. This evaluation was performed using the ImageJ

program (version 1.51p).

Statistical Analysis

The symmetry of the data was tested using the Shapiro-Wilk test. The Student t,
Mann-Whitney U and chi-square tests complemented by adjusted residual analysis
were performed. Longitudinal data analysis was carried out using the generalized
estimating equations (GEE) method and multiple comparisons done with Fisher's least
significant difference (LSD) procedure. Quantitative variables were expressed as mean
+ standard deviation or median and minimum and maximum values. p < 0.05 was
considered statistically significant. Data were analyzed in the Statistical Package for

Social Sciences 18.0 (SPSS Inc., USA).

Results

General Characteristics of the Dietary Model

Baseline weight of the animals in two groups was similar (p = 0.962),
demonstrating homogeneity. From the first week after the introduction of HFCD,
animals in the intervention group showed a gradual increase in body weight, and a
significant difference between the groups became evident starting on the 6th week of
the experiment (Figure 1A). The animals in the intervention group showed significantly
greater (p = 0.017) delta Lee index (Figure 1B), abdominal circumference (p < 0.001)
(Figure 2A) and abdominal adipose tissue accumulation (p < 0.001) (Figure 2B) in
relation to the control group. There were no alterations in the macroscopic appearance

of the liver in the control animals, whereas in the intervention group, the liver had a
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yellowish and greasy appearance, characteristic of steatosis (Figure 2C-D). Fresh liver
weight (Figure 2E) and liver weight/body weight ratio (Figure 2F) were significantly

higher (both p < 0.001) in intervention animals compared to the control group.

Biochemical Parameters

In the evaluation of liver function, the intervention group showed significantly
higher serum levels of ALT, glucose and lipids compared to the control group (Table
1). No significant difference was observed between the groups for serum levels of AST

and albumin.

Liver Inflammatory Parameters

Hepatic concentrations of the pro-inflammatory cytokines IL-183 (p = 0.001) and
TNF-a (p = 0.008) were significantly higher in the intervention group compared to the
control group. No significant difference was observed between the groups for IL-6
concentration (p = 0.736). The intervention group showed a significantly lower
concentration of the anti-inflammatory cytokine IL-10 in relation to the control group (p
< 0.001). The proportion of pro-inflammatory cytokines in relation to the anti-
inflammatory cytokine in liver was significantly higher in the intervention group than in

the control group for the three variables analyzed (Table 2).

Analysis of Fat Deposition in Liver Tissue

In the quantitative analysis of fat deposition, the animals in the intervention group
(83.7 £ 24.5 fluorescence/ug protein) showed a significantly greater (p < 0.001)
accumulation of fat in liver tissue (approximately 18 times), compared to the control

group (563.8 + 178.3 fluorescence/ug protein).
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Histological Analysis

No abnormalities were seen in the liver tissue of the control group animals (Figure
3A-B), whereas the animals in the intervention group had predominantly microvesicular
steatosis along with macrovesicular steatosis of moderate intensity, with little
inflammatory activity and mild degree of fibrosis in some cases (Figure 3C-D). The
quantification of collagen, using picrosirius staining, showed a significantly greater
amount of connective tissue fibers in the intervention group in relation to the control
group (p < 0.001) (Figure 3E). According to the SAF algorithm, four cases of NASH
and six cases of NAFLD were detected in the intervention group. No histological

changes were demonstrated in the control group for either classification (Table 3).

Discussion

We showed here that when animals were given free access to HFCD diet for 16
weeks, biochemical, inflammatory and histological alterations were induced, similar to
those observed in NAFLD in humans. According to Oseini et al., the ideal experimental
model for recapitulating NAFLD in humans would not require genetically modified
animals, where obesity would be induced by diet instead, in which the diet would have
at least one macronutrient like that consumed by humans (15). Furthermore, the model
would induce adiposity, insulin resistance and dyslipidemia, leading to visceral obesity
and systemic inflammation; in addition, the model should activate cell signals relevant
to disease progression and show histological concordance with the disease in humans
and uniformity in lipidomic and transcriptomic profiles. Except for the last two, which
were not evaluated in this study, the described model meets the requirements related

to the other aspects.
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In the literature, there are various experimental models described for the study of
NAFLD (2-5, 22, 23). However, the extrapolation of data obtained from animal models
for human disease can be limited by the difficulty in reproducing the same clinical and
morphological conditions. The genetic models of NAFLD use animals that have some
spontaneous mutation that causes the disease (2, 3, 11, 24). There are several
interventions that can be performed in different genes with a similar objective, that is,
to generate an imbalance in lipid homeostasis, so that hepatic steatosis develops (3).
One of the main genetic modifications used in these models is the activation of genes
involved in the synthesis of fatty acids and cholesterol, promoting lipogenesis and the
deposition of fat in the liver; however, the introduction of modified diets is often
necessary for the induction of morphological alterations found in human disease (3).

Moreover, genetic models are costly.

The induction of NAFLD is also possible in experimental models through the
manipulation of diet, to promote the deposition of fat in liver tissue. Models that use
diets deficient in essential amino acids, such as methionine and choline, are widely
described in the literature (25-28). Depriving animals of these nutrients impairs hepatic
secretion of very low-density lipoproteins (VLDL), resulting in accumulation of hepatic
fat, oxidative stress and cell death, causing mild hepatic inflammation and fibrosis (1,
2, 28). A methionine- and choline-deficient (MCD) diet exacerbates the damage,
causing extensive inflammation and early liver fibrosis (2-6 weeks), characteristics of
NASH, but the animals do not exhibit any other metabolic characteristics that are
observed in NAFLD, including obesity, insulin resistance and dyslipidemia (1, 11, 16,
29, 30). On the contrary, the animals show significant weight loss and decreased

insulin resistance (1, 11, 29, 30). Due to the association between NAFLD and
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metabolic syndrome, animals can be subjected to a Western-style diet, which causes
obesity, insulin resistance and liver damage (3, 11). In these models, animals are fed
a high-fat diet (HFD) in which 45-75% of the caloric intake is derived from fat and/or
variations containing trans-fat or cholesterol (11). In most HFD models, the degree of
liver damage is not severe compared to the MCD model (3). However, HFD may reflect
the harmful eating habits of the Western diet and reproduce the etiology of NAFLD. In
our study, a HFCD diet resulted in increased fat deposition in the liver and the

phenotypes observed were similar as in NAFLD in humans.

Visceral obesity, hyperglycemia, dyslipidemia, changes in liver function tests,
systemic and histological inflammation are required for NAFLD and it is questionable
whether the results of an experimental model that do not fully meet these conditions
can be extrapolated to humans (15, 25). The changes described in this study in relation
to body weight, fresh liver weight, delta Lee index, abdominal circumference and the
amount of abdominal adipose tissue in the intervention group rats reinforce its
usefulness. Raubenheimer et al. reported that a choline-deficient (CD) diet did not
influence body weight gain or fat deposition but was able to increase liver triglyceride
content (30). Wu et al. demonstrated that CD decreased body weight gain and fat mass
(31). The difference between the results obtained in these studies is probably due to
discrepancies in animal models and feeding protocols. In our study, we used Sprague
Dawley rats, which have an intrinsic propensity for the development of obesity and

NAFLD, when on a HFCD diet continuously for 16 weeks.

Biochemical changes and altered glucose and lipid profile were also found in the
intervention group in relation to the control. Veteléinen et al. demonstrated that Wistar

rats receiving CD diet for seven weeks showed changes in serum levels of triglycerides
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and cholesterol, whereas animals fed MCD diet had serum levels below the limit of
detection (1). According to Wu et al., in addition to affecting the body weight of the
animal, CD also decreases fasting plasma glucose, a finding that is not in line with the

results obtained in the present study (31).

Under physiological conditions, hepatic cytokine production is absent or minimal.
However, pathological stimuli induce hepatic cells to produce inflammatory molecules
that play a key role in the progression of NAFLD (32). In this study, hepatic
concentrations of IL-18, TNF-a and IL-6 were higher in the intervention group
compared to control. Bortolin et al., when testing different obesogenic diets for 18
weeks did not observe a significant difference in the inflammatory index of TNF-a (17).
Vetelainen et al. demonstrated an increase in the hepatic concentration of TNF-a in
animals fed CD and MCD diet after one week. However, after seven weeks, the
concentration of this inflammatory mediator increased about tenfold in animals fed
MCD and remained unchanged in those fed CD diet (1). Kishida et al., demonstrated
that mice fed HFCD (58.0% fat) had serum TNF-a changes at weeks 4 and 8 of the
experiment compared to the control group. However, serum IL-6 changes were

observed only by the 16th week (28).

The animals fed HFCD showed, after 16 weeks, steatosis of moderate intensity,
with little inflammatory activity and a mild degree of fibrosis. It is well described in the
literature that the dietary model of MCD diet is often used for the histological study of
NASH in animals due to rapid progression to fibrosis (11, 26, 29, 32). A classic example
of a model that uses HFD for the evaluation of NAFLD and metabolic syndrome was
proposed by Lieber et al. and is based on a liquid diet containing fat (71%),

carbohydrates (11%) and protein (18%). Animals fed this diet showed similar
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biochemical changes as the NAFLD profile in humans, and histopathological
evaluation showed discrete signs of inflammation and mild steatosis and absence of
fibrosis progression (33). Asgharpour et al., developed a model through the crossing
of two isogenic lines of mice (C57BL/6J and 129S1/SvimJ), and after the animals were
fed ad libitum a high fat and carbohydrate diet and received water with a high fructose-
glucose. These authors report the development of hepatic steatosis occurred after 8
weeks, NASH after 16-24 weeks, and HCC after 52 weeks (5). This model reproduces
all the physiological, metabolic, histological and transcriptomic parameters of the
human disease and can be used in preclinical studies of therapeutic targets (5). In
agreement with our findings, Cortez-Pinto et al. reported that mice fed a HFCD (35%
total fat, 54% trans-fatty acid enriched) diet for 16 weeks developed histological lesions
compatible with NASH and a significantly higher percentage of liver fibrosis compared
to the control group (4). Marinho et al. reported that the induction of NAFLD in mice
through HFD for 16 weeks caused altered liver function tests, increased expression of
inflammatory cytokines and steatosis, as in the present study (34). In this study, the
animals did not develop advanced liver disease or HCC. Dietary models of HFD or
HFCD require a relatively long period - usually about 1 year - to produce HCC and are

not recommended because of the high maintenance cost (28).

In conclusion, the dietary model of NAFLD of metabolic origin described in this
study is easy to establish and perform, in addition to being able to recapitulate the
disease characteristics in humans. In this model, characteristics of metabolic
syndrome, such as obesity, dyslipidemia and hyperglycemia, were observed.

Therefore, the use of this experimental model may contribute to the development of

64



further studies aimed at diagnosis at the molecular level and the identification of

possible therapeutic targets of NAFLD.
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Figure Legends

Figure 1: (A) Determination of weight parameters (p <0.001): a significant
difference between groups is observed starting on the sixth week according to the LSD
multiple comparisons test. (B) Delta Lee index, *significant effect of the high-fat and

choline-deficient diet (p = 0.017). Data expressed as mean + standard deviation.

Figure 2: (A) Abdominal circumference, (B) visceral adipose tissue mass, (C)
macroscopic appearance of liver in the control group, (D) macroscopic appearance of
liver in the intervention group, (E) liver weight and (F) liver weight/body weight ratio of
the animal. *significant effect of the high-fat and choline-deficient diet (p < 0.001). Data

expressed as mean * standard deviation, Student t-test.

Figure 3: Liver histological evaluation. Image referring to the control (A) and
intervention (C) groups, H&E staining and both at 40X magnification. Picrosirius
staining in the control (B) and intervention (D) groups, both at 10X magnification. (E)
Quantification of collagen fibers. Data expressed as median (25th-75th percentile),
Mann-Whitney U test. *significant effect of the high-fat and choline-deficient (p <

0.001).
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Table 1: Biochemical parameters

Variable # Control (n=10) Intervention (n=10) p*
ALT (U/L) 27.5 (£ 9.0) 48.0 (£ 20.7) 0.010
AST (U/L) 76.1 (+ 18.9) 73.4 (+ 17.8) 0.745
Albumin (g/dL) 2.2 (x0.21) 2.1 (£0.33) 0.532
Glucose (mg/dL) 278.2 (+ 56.8) 353.4 (x 64.3) 0.013
Total cholesterol (mg/dL) 78.7 (x 11.7) 101.8 (= 27.5) 0.033
LDL cholesterol (mg/dL) 16.7 (£ 2.7) 23.4 (£ 6.63) 0.011
HDL cholesterol (mg/dL) 62.7 (= 31.3) 31.3(x6.6) 0.006
Triglycerides (mg/dL) 79.3 (x 14.7) 105.6 (x 23.7) 0.011

# Variables described as mean = standard deviation or median (25th-75th percentile). * Student t-test or Mann-
Whitney U test, p < 0.05 considered significant. Abbreviations: (ALT) alanine aminotransferase, (AST) aspartate
aminotransferase, (LDL) low-density lipoprotein and (HDL) high-density lipoprotein.
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Table 2: Liver concentrations of pro-

experimental model of NAFLD

and anti-inflammatory cytokines in an

Variable # Control (n=10) Intervention (n=10) p*
IL-1B (pg/mg) 2186.0 (+ 302.9) 2934.3 (+ 456.0) 0.001
TNF-a (pg/mg)  9720.3 (£ 3048.0)  13904.3 (+ 3231.5) 0.008
IL-6 (pg/mg) 50378.5 (+ 8347.8)  49175.3 (+ 7329.2) 0.736
IL-10 (pg/mg) 7116.8 (+ 1158.4) 5125.9 (+ 781.0) <0.001
IL-1B/IL-10 ratio 0.3(x0.1) 0.6 (x0.1) <0.001
TNF-o/ IL-10 1.4 (+ 0.6) 2.8 (+ 1.0) 0.001
ratio
IL-6/IL-10 ratio 7.2 (+1.3) 9.7 (+1.7) 0.002

# Variables described as mean + standard deviation; * Student t-test, p < 0.05 considered significant.
Abbreviations: (NAFLD) non-alcoholic fatty liver disease, (IL) interleukin and (TNF) tumor necrosis

factor.
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Table 3: Distribution of histopathological findings according to the SAF algorithm

Control Intervention
Variable # (n=10) (n=10) p
n (%) n (%)
SAF algorithm <0.001
No NAFLD 10 (100)* 0 (0.0)
NAFLD 0 (0.0) 6 (60)*
NASH 0 (0.0) 4 (40)*

#Variables described as frequency (%). *Statistically significant association according to
adjusted residual test at 5% significance. Abbreviations: (NAFLD) non-alcoholic fatty liver
disease, (NASH) non-alcoholic steatohepatitis and (SAF) steatosis- activity-fibrosis.
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7.2 Artigo |l

Title: Gut dysbiosis is related to high cardiovascular risk in an experimental model

of non-alcoholic fatty liver disease

List of abbreviations: AC: atherogenic coefficient, BMP: Brazilian Microbiome
Project, Casp-1: caspase-1, CRI: Castelli’'s Risk Index, CVD: cardiovascular disease,
H&E: hematoxylin and eosin, HDLc: high density lipoprotein- cholesterol, HFD: high-
fat diet, HFCD: high-fat and choline-deficient, IL: interleukin, LDLc: low density
lipoprotein-cholesterol, MCP-1: monocyte chemoattractant protein-1, Myd-88: myeloid
differentiation primary response-88, NAFLD: non-alcoholic fatty liver disease, NASH:
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plasminogen activator inhibitor-1, PCoA: principal coordinates analysis, PPAR-a:
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Abstract

Introduction: Non-alcoholic fatty liver disease (NAFLD) is a progressive liver
disease and is considered a risk factor for cardiovascular disease (CVD). The role of
the microbiota has been assessed under these clinical conditions. Objective: To

assess the intestinal microbiota, NAFLD and CVD risk in an experimental nutritional
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model. Methods: Sprague Dawley rats were randomized into two groups (n=10):
standard diet (SD) and high-fat and choline-deficient diet (HFCD). They were fed ad
libitum for 16 weeks and euthanized afterwards. The biological materials were used in
the biochemical, inflammatory, histological and microbiota assessments. Results: This
HFCD diet model was able to induce a significant increase in the delta Lee index,
abdominal circumference and visceral fat, in addition to causing biochemical and
histological alterations consistent with those observed for NAFLD in humans. The
HFCD group had a significant increase in atherogenic indices, mediators and liver
inflammatory receptors, in addition to reporting inflammation and systemic endothelial
dysfunction, represented by interleucina-13, monocyte chemoattractant protein-1,
tissue inhibitor of metalloproteinase-1 and plasminogen activator inhibitor-1, which are
markers correlated with NAFLD severity and CVD risk. We observed a significant
increase in miR-122 and miR-33a in the HFCD group, with the inverse observed for
miR-145 and miR-126, related to NAFLD and CVD risk. The HFCD group showed a
significant decrease in fecal bacterial diversity and lower relative abundance of the
Firmicutes phylum, correlated with NAFLD severity. Conclusion: Animals from the
HFCD group developed NAFLD with changes in metabolic profile, obesity,
inflammation, fibrogenesis, endothelial dysfunction and increased risk of developing
CVD. Therefore, this model can be used in the development of studies on

cardioprotection in NAFLD.

Keywords: Animal model, Cardiovascular disease; Gut microbiota; Non-

alcoholic fatty liver disease.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a progressive liver disease that can
progress into cirrhosis and hepatocellular carcinoma, and affect several extrahepatic
organs including the heart and vascular system (1, 2). NAFLD is considered a liver
manifestation of the metabolic syndrome and an independent risk factor for the

development of cardiovascular disease (CVD) (3-5).

In fact, CVD has been reported as the leading cause of death in patients with
NAFLD, which reinforces the importance of studies that assess this connection (1).
However, the putative pathophysiological mechanisms that connect NAFLD and CVD
are complex and not completely explained, but gut dysbiosis, with consequent
decrease in bacterial diversity, and the presence of inflamed fat tissues, are related to
the production of atherogenic lipids and lipoproteins, pro-inflammatory factors, and
vasoactive and thrombogenic molecules related to CVD (1, 2). Recently, paracrine
signaling mechanisms mediated by microRNAs have also been connected to NAFLD

and CVD (3, 6).

Considering the polymorphic character of metabolic syndrome, NAFLD and CVD,
which involve factors related to lifestyle and genetic susceptibility, animal models can
be very useful in assessing the pathophysiological mechanisms involved. Thus, the
purpose of this study was to assess the relationship between gut microbiota, NAFLD
and increased cardiovascular risk in a NAFLD experimental nutritional model that

mimics the metabolic alterations found in humans.

Methods
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Animals and Experimental model

Twenty adult male Sprague Dawley rats weighing 280 - 350 g were used. The
animals were kept in groups inside two polypropylene boxes, kept in a controlled
temperature environment (22 + 2°C) and a 12-hour light/dark cycle. All experimental
procedures were approved by the Ethics Committee for the Use of Animals (protocol
GPPG-HCPA No. 17-0501 and 17-0531) in accordance with the legislation in force in

Brazil (Law No. 11,794).

After acclimatization to the environment, the animals were randomized into two
experimental groups according to their weight (n=10): a group that received high-fat
and choline-deficient diet (HFCD) for NAFLD induction, consisting of 31.5% total fat,
enriched with 54.0% trans fatty acids (Rhoster Ltda., Brazil), and a standard diet group
(SD, Nuvilab CR-1, Quimtia S.A., Brazil). Both groups received water and food ad
libitum during the experiment. All animals were euthanized after 16 weeks of

experiment.

Blood collection and Euthanasia

After 16 weeks of the experiment and prior to euthanized, the animals were fasted
for eight hours. The rats were anesthetized with isoflurane and euthanized by cardiac
exsanguination. Blood samples were collected and centrifuged at 15,000 g for 10
minutes. The obtained serum was maintained at -80°C until the analyses were
performed. After that, fragments of liver tissue were stored at -80°C or fixed in 10%
formaldehyde for the analysis of inflammatory and histological mediators, respectively.
The feces present in the intestine were collected aseptically and kept at -80°C until

analysis of the gut microbiota.
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Lipid Profile, Atherogenic Ratios, Inflammation and Endothelial Dysfunction

Serum levels of total cholesterol (TC), low density lipoprotein-cholesterol (LDLc),
high density lipoprotein-cholesterol (HDLc) and triglycerides were determined using
Labmax 560. The atherogenic ratios, calculated from the results of the lipid profile have
been used as a tool for the prediction of cardiovascular risk. The atherogenic ratios
were calculated as follows: Castelli’s Risk Index (CRI)-I = TC/HDL, CRI-lI= LDL/HDL

and atherogenic coefficient (AC) = (TC— HDL)/HDL (7).

To detect serum changes in the inflammation markers and endothelial
dysfunction, we analyzed interleukin (IL)-6, tumor necrosis factor (TNF)-a, monocyte
chemoattractant protein (MCP)-1, tissue inhibitor of metalloproteinase (TIMP)-1 and
plasminogen activator inhibitor (PAI)-1, using a Luminex platform multiplex test
(Millipore, Germany), according to the manufacturer's instructions. The results were
expressed in ng/mL. With the ELISA technique, the serum IL-13 (Thermo Scientific,
USA) and IL-10 (Invitrogen, USA), according to the manufacturer’s instructions. The
absorbance was measured in a spectrophotometer at the wavelength of 450 nm
(Zenyth 200 rt) and the results were expressed in pg/mL. All analyses were performed

in duplicate.

Gene Expression of the Mediators and Receptors Inflammatory

The collected hepatic tissue was used to extract the RNA using the RNeasy mini
kit (Qiagen, USA). The cDNA conversion, from 2 pg of the extracted RNA, was
performed using the high-capacity cDNA reverse transcription kit (Applied Biosystems,
USA). RT-gPCR with TagMan probes (Applied Biosystems, USA) was used to assess

the gene expression of Tnfa, Il1b, 116, 1110, 1118, Myd88, TIr4, TIr2, TIr9, Ppara, Caspl
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and NIrp3. The Actb gene was used as a normalizer. The probe identification is

described in Supplementary Table 1. Values were calculated with the formula 2 “AAC,
Analysis of the Circulating microRNAs

From the collected serum, total RNA extraction was performed using the
miRNeasy serum/plasma kit (Qiagen, USA) to analyze the circulating microRNAs.
Then, cel-miR-39 (1.6x108 copies) spike in control (Qiagen, USA) was added to
provide an internal reference for normalization of technical variations between samples
according to the manufacturer's instructions. cDNA conversion was performed from 10
ng of total RNA using the TagMan microRNA reverse transcription kit (Applied
Biosystems, USA), following the manufacturer's instructions. Analysis of the gene
expression of miR-122, miR-33a, miR-126, miR-143, miR-145, miR-146a, miR-499,
miR-186 and miR-208b, together with the cell-miR-39 normalizer, was performed by
RT-gPCR using TagMan probes (Applied Biosystems, USA). The codes of the
assessed microRNAs are described in Supplementary Table 1. Values were calculated

by formula 2 (AACH,
Amplification and Next-Generation Sequencing and bioinformatic analysis

The bacterial DNA was isolated from the fecal samples using the QIAamp fast
DNA stool mini kit (Qiagen, USA), following the manufacturer's instructions. Was
amplified by PCR the hypervariable V4 region from rRNA gene using the following
primer pair: 515F (5-GTGCCAGCMGCCGCGGTAA-3) and 806R (5-
GGACTACHVGGGTWTCTAAT-3'). To pool different samples in the same reaction,
we used the primer-fusion method and each sample had a distinct barcode attached

on the corresponding PCR product. The purified products were subjected to emulsion
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PCR using lon PGM™ Hi-Q™ view OT2 kit (Thermo Fisher Scientific, USA). After, the
resulting enriched beads were sequenced in an NGS machine (lon Torrent PGM, Life
Technologies) using lon PGM™ Hi-Q™ view sequencing kit (Thermo Fisher Scientific,
USA). All raw data was exported as a unique FastQ file and submitted to Brazilian
Microbiome Project (BMP) analysis pipeline encompass different scripts and
software’s such as QIIME and UPARSE to evaluate the 16S rRNA phylogenetic
profiling (8). Briefly, OTU mapping was performed using the USEARH quality filter
pipeline 20, to remove putatively erroneous reads (chimeras). The most abundant
sequence in each OTU were selected to assign a taxonomic classification based on
the Green Genes database using the rdp classifier, clustering the sequences at 97%
similarity with a 0.80 confidence threshold. QIIME was also used to calculate. The data
was processed in the QIIME software and a SPF file was generated and assessed in

STAMP software.

Histological Analysis

Formalin-fixed liver tissue samples were embedded in paraffin and subjected to
hematoxylin and eosin (H&E) and picrosirius staining. Histopathological lesions were
evaluated by steatosis-activity-fibrosis (SAF) score (9). The analysis was performed
by an experienced pathologist, blinded to the experimental groups. Fibrosis was
quantified by morphometric analysis after picrosirius staining. Ten randomly selected
field images were obtained per animal, using the Olympus BX51 microscope, and the
QCapture X64 program with 200X magnification was used for determination of staining

intensity. This evaluation was performed using the ImageJ program (version 1.51p).

Statistical Analysis
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The symmetry of the data was tested using the Shapiro-Wilk test. The Student's
t, Mann-Whitney U test and Spearman correlation were performed. The levels of
moderate (0.3 <r < 0.6), strong (0.6 <r < 0.9) or very strong (0.9 <r < 1.0) correlation
were adopted. Quantitative variables were expressed as mean + standard deviation or
median and 25th - 75th percentiles. p < 0.05 was considered statistically significant.
The data were analyzed in the Statistical Package for the Social Sciences 18.0 (SPSS

Inc, USA).

Results

The animals in the HFCD group had a significant increase in the delta Lee index
(p = 0.017), bigger abdominal circumference (p < 0.001) and visceral fat (p < 0.001)
than the animals in the SD group, as well as significant elevation of serum levels of
alanine aminotransferase (p = 0.010) and glycemia (p = 0.013). In addition, all animals
in this group developed NAFLD (with or without non-alcoholic steatohepatitis, NASH)
and showed a significant increase (p < 0.001) in collagen fibers deposition (Longo et

al., submitted).

Lipid Profile, Atherogenic Indices, Inflammation and Endothelial Dysfunction to

Assess Cardiovascular Risk

The results obtained for the parameters of the lipid profile and atherogenic indices
are described in Table 1. We observed significant alterations in the serum levels of the
lipid profile and atherogenic indices in the HFCD group in relation to the SD group.
There was a significant increase in the serum concentration of IL-1p (p = 0.001), MCP-

1 (p = 0.004), TIMP-1 (p < 0.001) and PAI-1 (p = 0.019) in the HFCD group when
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compared to the SD group (Fig. 1A-D). Serum levels of IL-6, IL-10 and TNF-a were not

analyzed as the results were below the detection limit of the test.

Expression of Genes Involved in NAFLD Pathogenesis

The results obtained from the gene expression of the inflammatory mediators and
receptors related to the pathogenesis of NAFLD are reported in Table 2. There was a
significant increase in the gene expression in the liver tissue of TIr4 and TIr9 in the
HFCD group compared to the SD group. We found no significant difference between
the groups for TIr2. There was a significant increase in the expression of Myd88, Nirp3,
Caspl, Tnfa, 116 and 1118 in the HFCD group when compared to the SD group. We
found no significant difference between the groups in the expression of Il1b and 1110.
The HFCD group showed a significant decrease in the gene expression of Ppara in

relation to the SD group.

Gene Expression of the Circulating microRNAs

The results obtained from the gene expression of the circulating microRNAs are
described in Table 3. There was a significant increase in the gene expression of miR-
122 and miR-33a in the HFCD group compared to the SD group. We observed a
significant decrease in the expression of miR-145 and miR-126 in the HFCD group.
There was no difference between groups in the expression of miR-499, miR-186, miR-

143 and miR-146a. The circulating miR-208b did not amplified.

Composition of the Fecal Microbiota

The analysis revealed a highly diversified microbiota in a total of 10,000 unique

readings. The alpha diversity rarefaction curves of the species reached a saturation
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phase of approximately 144 and 257 OTUs for the HFCD and SD group, respectively,
indicating that adequate coverage of the sequence was obtained to reliably describe
bacterial diversity (Fig. 2A). At the bacterial branch distance, we demonstrated a
significantly lower alpha diversity in the HFCD group compared to the SD group (p =

0.045).

In order to assess relationships among samples based on differences in
phylogenetic diversity, three-dimensional principal coordinate analysis (PCoA) plots
were analyzed from weighted UniFrac (Fig. 2B) distances, for the evaluation of the
community composition metrics were used for the estimation of the dissimilarity among
samples. In the PCoA graph there is a clear separation of the bacterial communities
between the HFCD and SD groups. In general, bacterial communities in both groups
were dominated by phyla Bacteroidetes (54.4%) and Firmicutes (43.4%). In a small
proportion, in both groups, the phyla Proteobacteria (1.1%), Verrucomicrobia (0.7%),
Cyanobacteria (0.2%) and Tenericutes (0.1%) were identified. The distinguishable
separation of the bacterial communities found in PCoA was accompanied by
differences in the composition of the fecal microbiota. There was a greater relative
abundance of Bacteroidetes in the HFCD group, but there was no significant difference
compared to the SD group (p = 0.077) (Fig. 2C). There was a significant decrease (p
= 0.047) in the relative abundance of the Firmicutes phylum (Fig. 2C) in the HFCD
group. We did not observe a significant difference between groups for
Firmicutes/Bacteroidetes ratio (p = 0.077). At the class level, we observed a
dominance of Bacteroidia (54.4%) and Clostridia (40.5%) in both groups (Fig. 2D).
Among the Firmicutes phylum, we found a lower (p = 0.040) and higher (p < 0.001)

relative abundance of the Clostridia and Erysipelotrichi class, respectively in the HFCD
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group compared to the SD group. At the family level, we observed a significant
increase in the relative abundance of Ruminococcaceae (p = 0.040), belonging to the

Clostridia class in the HFCD group.

Correlations Between the NAFLD, Risk Factor for CVD and Gut Microbiota

The values obtained from the correlation between NAFLD, CVD risk factors and
microbiota composition are described in Table 4. For this analysis we selected SAF,
TIMP-1 and miR-145 scores as markers of severity and progression of NAFLD. For
assessing the inflammatory response triggered by NAFLD, we selected the NOD-like
receptor protein (NLRP)-3, myeloid differentiation primary response (Myd)-88, MCP-1,
IL-18 and IL-18. For the analysis of CVD risk factors and metabolism of lipids, we
selected miR-33a, miR-126, PAI-1, peroxisome proliferator-activated receptor (PPAR)-
a, CRI-l and CRI-II. For the analysis of the fecal microbiota we selected the Firmicutes

phylum.

Discussion

This experimental model was able to induce biochemical, inflammatory and
histological alterations, corresponding to those observed in NAFLD in humans and can
be used to assess the relationship between the disease and the risk of CVD and gut
microbiota. In fact, in this study the animals of the HFCD group developed NAFLD,
with inflammation and systemic endothelial dysfunction, increasing the risk of
developing CVD, as demonstrated by the markers. In addition, a significant decrease
in fecal bacterial diversity and in the relative abundance of the Firmicutes phylum was

observed.
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Among the risk factors associated with the development of CVD in NAFLD, the
presence of dyslipidemia is an important predictor (3, 10). In this study, we observed
that the HFCD group presented significant alterations in the lipid profile and in the
atherogenic indices analyzed, when compared to the SD group. Studies corroborate
our data and report that more atherogenic lipid rates correlate significantly with NAFLD

severity (3, 11).

The liver is an important and sometimes exclusive source in the synthesis of pro
and anticoagulant factors, so changes in the production of these factors may in part
explain the prothrombotic state in obesity and the correlation of NAFLD with increased
risk of CVD (3, 12). PAI-1 plays a key role in fibrinolysis, coagulation, inflammation and
fibrogenesis (12, 13). In this study, we observed a significant increase in the serum
levels of PAI-1, TIMP-1 and MCP-1 in the HFCD group, with a positive correlation for
histological lesion severity. Corroborating with our data, Jin et al. correlate the increase
in plasma levels of PAI-1 with the histological severity of NAFLD and alterations in the
lipid profile, promoting a more atherogenic phenotype (13). PAI-1 also plays a vital role
in hepatic fibrosis through matrix metalloproteinases, promoting the increase of
extracellular matrix deposition in the hepatic tissue and initiating the fibrogenesis

process, in which TIMP-1 performs a similar function (12).

The translocation of bacteria and bacterial byproducts occurs in gut dysbiosis,
stimulating liver cells to trigger an immune response (14-16). In this study, we observed
a significant increase in toll-like receptors (TLR)-4 and TLR-9 in the HFCD group, which
activated Myd-88, triggering an inflammatory response, by inducing the expression of
inflammatory cytokines and chemokine. In parallel, activation of the NLRP-3 complex

occurred in the HFCD group, correlating with some inflammatory markers and hepatic
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fibrogenesis. Corroborating with our data, Sui et al. reported that hepatic steatosis
induced by high-fat diet (HFD) in mice directly stimulated the TLRs to activate the
NLRP3 complex, triggering an inflammatory response with worsening liver lesions (16).
However, the contribution of NLRP3 activation in the development of NAFLD remains
uncertain. Inhibition of one of the components of this pathway has been shown to
protect animals against insulin resistance and NASH and may be a therapeutic target
(17, 18). Another study demonstrated that knockouts of NLRP3 inflammasome
components and associated proteins show a modest increase in steatosis and
inflammation in the liver. Interestingly, this phenotype was transmissible to wildtype
mice co-housed with knockouts, suggesting that NLRP3 inflammasome deficiency may
result in an altered communicable gut microbiota that, in turn, may drive the early
changes associated with NAFLD (19). Activation of NLRP3 is also related to the onset
of CVD (20, 21). In our study, we observed that NLRP3 expression correlates positively
with PAI-1 and CRI-II, both markers of CVD risk. The accumulation of fats and the
inflammatory infiltration present in the atherosclerotic plaques, activate NLRP3,
aggravating the lesion (20, 21). In an experimental model of atherosclerosis, it was
demonstrated that mice deficient in NLPR3, showed protection against the

development of the disease (21).

A healthy liver does not accumulate fat and PPAR-a is involved in several aspects
of its metabolism, including fatty acid degradation, synthesis, transport, storage and
metabolism of lipoproteins (5, 22, 23). In this study, there was a significant decrease
in PPAR-a in the HFCD group, in addition to a negative correlation with histological
lesion severity and atherogenic markers. Preclinical and clinical studies emphasize

that PPAR-a influences the development and progression of NAFLD and CVD,
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corroborating our data (4, 5, 22, 23). In patients with atherogenic dyslipidemia,
synthetic PPAR-a agonists are useful in the treatment of NAFLD and its complications,

such as CVD (5).

Assessment of microRNAs is being used for early-detection of diseases or to
monitor their progression (24). In this study we observed a significant increase of miR-
122 and miR-33a in the HFCD group in relation to the SD group. The reverse was
observed for miR-145 and miR-126. Pirola et al. demonstrated that, among 84
analyzed microRNAs, the expression of miR-122, miR-192, miR-125b and miR-375
was positively regulated in NASH patients, however, only miR-122 was associated with
histological progression of the disease, which does not corroborate with our data, since
we did not observe a correlation between miR-122 expression and lesion severity (24).
The miR-145 plays a role in limiting the development of liver fibrosis by markedly
blocking the activation and proliferation of hepatic stellate cells (25). In this study, there
was an inverse correlation between miR-145 and serum levels of TIMP-1 and SAF
score. Consistent with our results, the expression of miR-145 in liver tissue in an
experimental model of liver fibrosis negatively regulated fibrogenesis and favored
apoptosis (25). The miR-33a inhibits genes involved in HDL synthesis and the reverse
transport of cholesterol (6, 26). Thus, miR-33a expression correlates negatively with
HLD serum levels and positively with liver injury severity and atherogenic indices.
Silencing miR-33 is a therapeutic strategy in the prevention of CVD (6). However, it
has been reported that prolonged silencing of miR-33 in an experimental model of HFD
caused hepatic steatosis and hypertriglyceridemia (27). The miR-126 is highly
expressed by endothelial cells and regulates the migration of inflammatory cells,

formation of the capillary network and cell survival (28). In this study, there was an
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inverse correlation between miR-126 and atherogenic indices, endothelial dysfunction,
inflammatory and fibrogenesis markers, and severity of liver injury. Harris et al.
demonstrated that blocking miR-126 expression triggers an inflammatory response
and increases the adhesion of leukocytes to endothelial cells, an important process in

the development of atherosclerosis (29).

It is believed that gut dysbiosis is directly associated with the development and
progression of NAFLD and cardiovascular outcomes. In our study, we reported a
significant decrease in fecal bacterial diversity, but we did not observe a significant
difference in the Firmicutes/Bacteroidetes ratio. There was a significant decrease in
the relative abundance of the Firmicutes phylum in the HFCD group, correlating
inversely with the presence of inflammation and severity of the histological lesion. The
human and rodent gut microbiota is dominated by bacteria belonging to Firmicutes and
Bacteroidetes; however, Proteobacteria, Verrucomicrobia, Actinobacteria and
Cyanobacteria are present in lower proportions (30). Although the characterization of
a "healthy" microbiota is in its early stages, evidence associates a change in the ratio
between the Firmicutes and Bacteroidetes phyla and a decrease in bacterial diversity
with the development of obesity and CVD (30, 31). In agreement with our data, studies
report that in gut dysbiosis there is a reduction in the relative abundance of
autochthonous bacteria of the Firmicutes phylum and an increase in Bacteroidetes (32,
33), but the reverse has also been reported (34, 35). Bacteria from the Firmicutes
phylum are essential for synthesizing short-chain fatty acids. When they are reduced,
there are changes in the permeability of the gut barrier, associated with liver
inflammation and endotoxemia (32). The typical Western diet, in addition to being high

in fat, provides low fiber intake, reducing the synthesis of short-chain fatty acids and
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contributing to the progression of NAFLD (32). Currently it is difficult to identify which
microbiota differences are causal and which are coincidental in the development of
NAFLD. Currently it is difficult to identify which microbiota differences are causal and
which are coincidental in the development of NAFLD. Although there have been
several findings on the composition of the gut microbiota, its causal part in the
development of chronic diseases remains limited. The identification of gut microbial
metabolites has been considered more important than describing the microbial

composition, since it enables a detailed description of its functional properties (36).

In summary, our data found that HFCD animals developed NAFLD with changes
in metabolic profile, obesity, inflammation, fibrogenesis, endothelial dysfunction and a
higher risk of developing CVD than the animals in the SD group. In addition, there was
a decrease in the fecal bacterial diversity in this group, which is related to gut dysbiosis,
and could explain our findings, at least in part. The use of this model may contribute to
the development of studies aimed at cardioprotection in NAFLD, an outcome that is
not usually assessed in clinical trials. Subsequent studies assessing metabolomic
approaches may aid in elucidating gut microbial function with the development of

metabolic disorders related to NAFLD.
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Figure Legends

Figure 1: serum concentrations of the inflammatory and endothelial dysfunction
markers. (A) IL-1B (p = 0.001), (B) MCP-1 (p = 0.004), (C) TIMP-1 (p < 0.001), (D) PAI-
1 (p = 0.019). Data expressed as mean * standard deviation, Student's t-test. *
significant difference observed between groups. Abbreviations: HFCD: high-fat and
choline-deficient, IL: interleukin, MCP-1: monocyte chemoattractant protein-1, PAI-1:
plasminogen activator inhibitor-1, SD: standard diet, TIMP-1: tissue inhibitor of

metalloproteinase-1.

Figure 2: Fecal microbiota analysis. (A) Alpha rarefaction plot of observed
species, (B) Principal coordinates analysis (PCoA) plots using weighted UniFrac
distances, (C) Relative abundance of readings assigned to Bacteroidetes and
Firmicutes phylum, (D) Stacked bar chart representing the relative abundance of
bacterial phylum and classes. p < 0.05 were considered significant. * significant

difference observed between groups.
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Figure 1: Aand D
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Rarefaction Measure: observed_otus

Figure 2: Aand D
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Table 1. Lipid profile and atherogenic indices

Variables # SD (n=10) HFCD (n=10) p*
TC (mg/dL) 78.7 (+ 11.7) 101.8 (+ 27.5) 0.033
LDL — cholesterol (mg/dL) 16.7 (x 2.7) 23.4 (£ 6.6) 0.011
HDL — cholesterol (mg/dL) 62.7 (£ 31.3) 31.3 (£ 6.6) 0.006
Triglycerides (mg/dL) 79.3 (£ 14.7) 105.6 (x 23.7) 0.011
AC 0.6 (0.2 —0.9) 2.5 (1.5 - 3.4) < 0.001
CRI-I 1.6 (+ 0.4) 3.5 (+1.1) <0.001
CRI-II 0.3 (+0.1) 0.8 (+0.2) <0.001

# Variables described as mean * standard deviation or median (25™ - 75™ percentiles) *p < 0.05 was
considered as statistically significant. Abbreviations: AC: atherogenic coefficient, CRI: Castelli Risk Index,
HDL: high density lipoprotein; HFCD: high-fat and choline-deficient, LDL: low density lipoprotein, SD:
standard diet, TC: total cholesterol.
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Table 2. Expression of genes involved in NAFLD pathogenesis

Variables # SD (n=10) HFCD (n=10) p*
Tir4 17.3 (0.2 -9.0) 50.5 (2.2 — 40.7) 0.041
TIr9 0.3 (0.3-0.5) 3.2 (0.3 -3.8) 0.033
TIr2 1.3 (0.5 - 2.0) 1.0 (0.1 — 1.8) 0.364

Myd88 1.6 (0.4 — 2.4) 5.1 (2.9-7.7) 0.001
Nirp3 3.9 (1.4-4.2) 13.8 (3.8 — 20.5) 0.019
Caspl 2.1(0.2-3.1) 82.3 (10.1 — 148.0) <0.001
Tnfa 17.3(0.3-1.6)  111.4 (1.0 -193.2) 0.028

116 1.2 (0.6 — 1.7) 9.8 (1.3-6.2) 0.013
118 2.2(0.4-3.2) 14.9 (2.0 — 25.0) 0.007
ll1b 1.2 (0.7 -1.7) 2.5(1.1-3.9) 0.082
1120 1.3 (0.6 -1.7) 1.4 (0.6 - 2.1) 0.940
Ppara 1.4(0.5-2.2) 0.4 (0.1-0.4) 0.008

# Variables described as median (25™ - 75t percentiles) *p < 0.05 was considered as statistically significant.
Abbreviations: Casp-1: caspase-1, HFCD: high-fat and choline-deficient, IL: interleukin, MyD-88: myeloid
differentiation primary response-88, NAFLD: non-alcoholic fatty liver disease, NLRP-3: Nod-like receptor
protein-3, PPAR: peroxisome proliferator activated receptor, SD: standard diet, TLR: toll-like receptor, TNF:

tumor necrosis factor.
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Table 3. Assessment of the gene expression of circulating microRNAs

Variables # SD (n=10) HFCD (n=10) p*
miR-122 1.4 (0.4-2.2) 5.6 (1.3—10.1) 0.041
miR-33a 2.6 (0.3 - 4.0) 47.9 (6.0 — 71.8) 0.001
miR-145 1.5 (0.5 -1.9) 0.4 (0.1 — 0.5) 0.010
miR-126 1.1 (0.7 - 1.2) 0.3(0.1-0.5) < 0.001
miR-499 1.4 (0.5 - 2.3) 0.7 (0.3 - 1.0) 0.171
miR-186 1.1 (0.7 — 1.4) 0.8(0.2-1.2) 0.151
miR-143 2.0 (0.4 — 4.5) 0.8 (0.2 - 1.3) 0.199

miR-146a 1.8 (0.4 — 3.3) 2.8 (1.2-4.7) 0.151

#Variables described as median (25" - 75" percentiles) *p < 0.05 was considered as statistically significant.
Abbreviations: HFCD: high-fat and choline-deficient and SD: standard diet.
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Table 4. Correlations Between the NAFLD, Risk Factor for CVD and Gut Microbiota

Variables*  TIMP-1 miR-145 NLRP3  Myd-88 MCP-1 IL-1B IL-18 miR-33a miR-126 PAI-1 PPAR-a CRI-| CRI-II Firmicutes
SAF 0.810*  -0.642* 0.439 0.621* 0.624* 0.724* 0.546* 0.603* -0.814* 0.529* -0.639* 0.792* 0.835* -0.516*
TIMP-1 - -0.522*  0.492* 0.614* 0.803* 0.726* 0.451* 0.728* -0.812* 0.535* -0.549* 0.691* 0.747* -0.613*
miR-145 - -0.298 -0.498* -0.507* -0.361 -0.468* -0.302 0.519* -0.288 0.472* -0.393  -0.530* 0.444
NLRP3 - 0.779* 0.215 0.535* 0.824* 0.523* -0.552* 0.582* -0.499* 0.302 0.498* -0.040
Myd-88 - 0.287 0.619* 0.884* 0.682* -0.738* 0.564* -0.663* 0.567* 0.663* -0.139
MCP-1 - 0.567* 0.120 0.492*  -0.623* 0.336 -0.209 0.549* 0.561* -0.729*
IL-1B - 0.604* 0.809* -0.668* 0.544* -0.546* 0.645* 0.688* -0.293
IL-18 - 0.476* -0.608* 0.520* -0.573* 0.444 0.546* -0.072
miR-33a - -0.655* 0.363 -0.610*  0.529* 0.603* -0.230
miR-126 - -0.634* 0.442 -0.712* -0.730* 0.508*
PAI-1 - -0.531* 0.487* 0.671* -0.032
PPAR-a - -0.523* -0.688* 0.152
CRI-I - 0.863* -0.358
CRI-II - -0.351

# Variables was represented for r the Pearson’s *p < 0.05 was considered as statistically significant. Moderate (0.3 < r < 0.6), strong (0.6 < r < 0.9) or very strong (0.9 <r <1.0) correlation
of Pearson’s r. Abbreviation: CRI: Castelli’s Risk Index, CVD: cardiovascular disease, IL: interleukin, MCP-1: monocyte chemoattractant protein-1, Myd-88: myeloid differentiation primary
response-88, NAFLD: non-alcoholic fatty liver disease, NLRP3: nod-like receptor protein-3, PAl-1: plasminogen activator inhibitor-1, PPAR-a: peroxisome proliferator-activated receptor-
o, SAF: steatosis-activity-fibrosis, TIMP-1: tissue inhibitor of metalloproteinase-1.
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Supplementary Table 1: Probes identification

Catalogue number

Assay Name Assay ID

(Life Technologies Ltd)

rno-miR-122-5p 002245 4427975

hsa-miR-33a-5p 002135 4427975

hsa-miR-126-3p 002228 4427975

mmu-miR-143-5p 463509_mat 4427975

hsa-miR-145-5p 002278 4427975

hsa-miR-146a-5p 000468 4427975

mmu-miR-499-5p 001352 4427975

hsa-miR-186-5p 002285 4427975

rno-miR-208b-5p 461846_mat 4440885

cel-miR-39-3p 000200 4427975

6 Rn01410330_m1* 4331182

110 Rn00563409_m1* 4331182

Tnfa Rn00562055_m1 4331182

1118 Rn01422083_m1l 4448892

I11b Rn00580432_m1 4453320

Myd88 Rn01640049_m1 4331182

Tir4 Rn00569848 m1* 4331182

Tlr2 Rn02133647_s1 4453320

Tir9 Rn01640054_m1 4448892

Ppara Rn00566193_m1 4453320

Caspl Rn00562724 m1l 4453320

Nirp3 Rn04244620_m1 4448892

Actb Rn00667869_m1 4448484
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8. CONCLUSOES

Com base nos objetivos propostos em relacdo a avaliacdo da composicao da
microbiota intestinal e sua relacdo com o aumento do RCV em um modelo
experimental de DHGNA, induzida por DHDC em ratos, os resultados obtidos nos
estudos realizados para esta tese (n° GPPG/ HCPA 17-0021, 17-0621, 17-0501 e 17-

0531) nos permitem concluir, respondendo aos objetivos especificos:

1. Desenvolvemos um modelo experimental nutricional hibrido de DHGNA, a
partir da associagcédo da DDC e dieta rica em gordura, fornecida aos animais
por 16 semanas ad libitum. O modelo de DDC, promove o acumulo de TGs
no tecido hepatico, pelo fato destes ndo conseguirem se acoplar as
particulas de VLDL para serem exportados e armazenados nos adipécitos.
Vale ressaltar, que a deficiéncia em colina pode ocorrer sob condi¢cdes
fisiopatoldgicas, principalmente quando associado a dieta rica em gordura,
acentuando o acumulo de TGs nos hepatdcitos. Nos animais com DHGNA,
observamos um aumento significativo no delta de indice de Lee,
circunferéncia abdominal, acumulo de tecido adiposo abdominal, peso do
figado fresco e relacdo peso figado / peso corp6reo em comparacdo ao
grupo controle.

2. Nos animais com DHGNA, houve aumento significativo nos niveis séricos de
ALT, glicose, colesterol total, LDL e triglicerideos, além da diminuicdo dos
niveis de HDL em relacdo ao grupo controle. Nao observamos diferenca
significativa entre os grupos nos niveis séricos de AST e albumina.

3. Houve aumento significativo na concentracdo hepatica das citocinas proé-

inflamatorias, IL-18 e TNF-a no grupo intervencdo. Nao observamos
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diferenca significativa entre os grupos na concentracdo de IL-6. Relatamos
diminuicdo significativa no grupo intervencdo na concentracdo da citocina
anti-inflamatéria IL-10. Houve aumento significativo no grupo intervencao
nos indices inflamatorios, IL-1p/IL-10, TNF-a/IL-10 e IL-6/IL-10, em relacéo
ao grupo controle.

Todos os animais do grupo intervencdo desenvolveram DHGNA, com ou
sem a presenca de esteato-hepatite, enquanto no grupo controle ndo houve
gualquer alteracéo histolégica. Nos animais com DHGNA, relatamos um
aumento significativo na deposicéo das fibras de colageno no tecido hepatico
em relacao ao grupo controle.

Houve aumento significativo no grupo intervencdo dos seguintes indices
aterogénicos: coeficiente aterogénico, indice de risco Castelli-I e indice de
risco Castelli-ll em relacdo ao grupo controle. Observamos aumento
significativo no grupo intervencdo na concentracao sérica de IL-13, MCP-1,
TIMP-1 e PAI-1, marcadores de inflamacéo e disfuncéo endotelial. Os dados
obtidos para as dosagens de TNF-q, IL-6 e IL-10, ndo foram analisados, pois
os resultados ficaram a baixo do limite de detencéo do teste.

Houve aumento significativo no grupo intervencéo na expressao génica no
tecido hepatico de TLR-4, TLR-9, MyD-88, TNF-a, IL-6, IL18, NLRP-3 e
caspase-1, além da diminuicdo significativa na expressao de PPAR-a em
relacdo ao grupo controle. Ndo observamos diferencga significativa entre os
grupos na expressao génica de TLR-2, IL-1B e IL-10.

Houve aumento significativo nos animais com DHGNA na expressao génica

dos microRNAs circulantes miR-33a e miR-122, o inverso foi observado para
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a expressdo de miR-145 e miR-126, em relacdo ao grupo controle. Nao
observamos diferenca significativa entre 0s grupos na expressao génica dos
microRNAs circulantes miR-186, miR-499, miR-146a e miR-143. O gene
miR-208b ndo amplificou em ambos os grupos.

8. Observamos uma diminuicdo significativa na diversidade bacteriana, nos
animais do grupo intervencdo em relacao ao grupo controle. Na composicao
da microbiota fecal, houve dominancia na abundancia relativa dos filos
Bacteroidetes (54,4%) e Firmicutes (43,4%), em ambos 0s grupos. Os
animais com DHGNA apresentaram diminui¢édo significativa na abundancia
relativa do filo Firmicutes, em relacdo ao grupo controle. A nivel de classe,
relatamos uma diminuicdo significativa na abundancia relativa de
Erysipelotrichi nos animais do grupo intervencéo, o inverso foi relatado para

a classe Clostridia.

Em resumo, nossos dados demonstram que o modelo nutricional de DHDC é de
facil estabelecimento e execucao, e parece conseguir mimetizar as alteracbes da
DHGNA em humanos, o que € muito significativo quando avaliamos os modelos
experimentais disponiveis na literatura. Observamos um maior risco de
desenvolvimento de DCV nos animais com DHGNA, e isso foi relacionado a disbiose
da microbiota fecal. A utilizacdo deste modelo experimental pode vir a contribuir no
desenvolvimento de estudos adicionais voltados para o diagnéstico a nivel molecular,

cardioprotecao e identificacdo de possiveis alvos terapéuticos na DHGNA.
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9. PERSPECTIVAS FUTURAS

Esta tese ndo se esgota aqui. De fato, no momento, ja estamos executando a
avaliacdo de marcadores relacionados a permeabilidade intestinal, através da
expressao génica de claudina-1, claudina-2, claudina-4, ocludina, zona ocludente-1 e
molécula de adeséo juncional-1 (JAM-1, do inglés junctional adhesion molecule-1), no
tecido delgado dos animais em estudo. A analise da integridade intestinal esta sendo
realizada, em laminas de H&E, por uma patologista experiente e cegada em relacéo
aos grupos experimentais. Apos a obtencéo dos resultados, iremos correlacionar os
dados com os marcadores inflamatorios e de gravidade da DHGNA, RCV e microbiota
fecal. Adicionalmente, estamos realizando avaliacdes histoldgicas do tecido cardiaco
destes animais, através do programa Image-Pro Plus 6.0, para a analise do formato
das fibras, presenca de inflamacédo e espessamento da intima-média. Além disso,
iremos realizar a analise da expressao génica de miR-186, miR-208b, miR-499, miR-
146a, miR-33a, miR-122, miR-126, miR-143 e miR-145, no tecido cardiaco e hepéatico
e assim correlacionar com os dados previamente obtidos para os microRNAs
circulantes, marcadores da DHGNA, RCV e microbiota fecal. Futuramente,
pretendemos utilizar este modelo experimental para a realizacdo de estudos

terapéuticos pré-clinicos relacionados especificamente a cardioprotecdo na DHGNA.
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