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RESUMO

O Telmisartan ¢ um anti-hipertensivo amplamente utilizado no tratamento da hipertensao leve
a moderada, com excelente perfil de seguranga. Nos ultimos anos, evidéncias tém
demosntrado efeitos promissores do Telmisartan no tratamento da doenca gordurosa hepatica
ndo alcodlica (DGHNA), condigdo amplamente diagnosticada em humanos através de
métodos de imagem ndo invasivos como a ultrassonografia (US). O objetivo do presente
estudo foi investigar o papel do Telmisartan no tratamento da DGHNA em camundongos
alimentados com uma dieta hiperlipidica através de pardmetros metabolicos e ecograficos.
Camundongos machos FVB/N foram divididos em quatro grupos e alimentados por 60 dias
com dieta normolipidica e hiperlipidica e em seguida foi associado ou ndo o tratamento com
Telmisartan por gavagem por 28 dias. Durante o tratamento, foram mensurados o peso
corporal e o consumo alimentar. Ao fim do tratamento, os animais foram submetidos aos
testes de tolerancia a glicose e de sensibilidade a insulina e ao exame ultrassonografico do
figado e da gordura epididimal, com mesuragdo da ecogenicidade e do tamanho do figado
(eixo longitudinal) e da espessura do coxim adiposo epididimal. Apds sacrificio por
decapitacdo, os Orgdos de interesse (figado e gorduras epididimal e mesentérica) foram
retirados e pesados. Amostras de sangue foram utilizadas para dosagens sérica e plasmatica de
colesterol total, colesterol HDL, triglicerideos, alanina transaminase e aspartato
aminotransferase. Andlises histologicas do figado também foram realizadas. Os resultados
demonstram que o Telmisartan reduziu significativamente o peso do figado e a infiltracao
histologica de gordura nos hepatocitos dos animais alimentados com dieta hiperlipidica, e
esses achados puderam ser observados in vivo de maneira ndo invasiva através da medida das
dimensdes e da ecogenicidade do figado pela US. Além disso, a medida do peso e da
espessura do coxim de gordura epididimal pela US foi significativamente menor nos animais
alimentados com dieta hiperlipidica e tratados com Telmisartan, evidenciando efeito benéfico
da droga também neste parametro. O Telmisartan também reduziu o peso corporal, o peso do
tecido adiposo mesentérico, a adiposidade, os niveis séricos da alanina aminotrasferase e
melhorou o teste de tolerancia a glicose e os niveis de colesterol HDL. Conclui-se que o
tratamento oral com Telmisartan melhorou o metabolismo e a esteatose hepatica em
camundongos alimentados com dieta hiperlipidica, e que parametros ecograficos como a
ecogenicidade hepatica, a medida do eixo longitudinal do figado e da espessura do coxim
adiposo epididimal sdo eficazes como estimativas do peso do figado e da gordura epididimal e
do grau de infiltragdo gordurosa do figado. Esses resultados refor¢gam o potencial do
Telmisartan no tratamento da DGHNA e estimulam o uso da US em modelos murinos de
esteatose hepdtica como ferramenta ndo invasiva para diagnostico e acompanhamento
longitudinal dos animais em detrimento de técnicas mais invasivas.

Palavras-chave: figado gorduroso, ultrassom, terapéutica, camundongos



ABSTRACT

Telmisartan is an antihypertensive widely used in the treatment of mild to moderate
hypertension, with an excellent safety profile. In recent years, evidence has shown promising
effects of Telmisartan in the treatment of non-alcoholic fatty liver disease (NAFLD), a
condition widely diagnosed in humans through non-invasive imaging methods such as
ultrasonography (US). The aim of the present study was to investigate the role of Telmisartan
in the treatment of NAFLD in mice fed with a high fat diet through metabolic and ultrasound
parameters. Male FVB / N mice were divided into four groups and fed for 60 days with a
normolipid and hyperlipidic diet, followed by treatment with Telmisartan by gavage for 28
days. During the treatment period, body weight and food consumption were measured. At the
end of the treatment, the animals were submitted to glucose tolerance and insulin sensitivity
tests and ultrasound examination of the liver and epididymal fat pad, with measurement of
liver echogenicity and size (longitudinal axis) and of epididymal fat pad thickness. After
sacrifice by decapitation, the organs of interest (liver, epididimal and mesenteric fats) were
removed and weighed. Blood samples were used for serum and plasma levels of total
cholesterol, HDL cholesterol, triglycerides, alanine transaminase and aspartate
aminotransferase. Histological analyzes of the liver were also performed. The results
demonstrate that Telmisartan significantly reduced liver weight and histological fat
infiltration in hepatocytes of animals fed with a high fat diet, and these findings could be
estimated in vivo noninvasively by measuring the size and echogenicity of the liver by US. In
addition, the weight and the thickness of epididymal fat pad acessed by US was significantly
lower in animals fed with a high fat diet and treated with Telmisartan, showing a beneficial
effect of the drug in this parameter. Telmisartan also reduced body weight, mesenteric adipose
tissue weight, adiposity, serum alanine aminotransferase levels, and improved glucose
tolerance and HDL cholesterol. In conclusion, oral treatment with Telmisartan improved
metabolism and hepatic steatosis in mice fed with a high fat diet, and echographic parameters
such as liver echogenicity, liver longitudinal axis and epididymal fat pad thickness are
effective in estimating liver and epididymal fat weight and the degree of fatty infiltration in
the liver. These results reinforce the potential of Telmisartan in the treatment of NAFLD and
stimulate the use of US in murine models of hepatic steatosis as a noninvasive tool for

diagnosis and longitudinal monitoring of animals rather than more invasive techniques.

Keywords: fatty liver, ultrasonics, therapeutics, mice
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1 INTRODUCAO

Modificacdes na dieta e no estilo de vida levaram a aumentos globais na prevaléncia da
Sindrome Metabolica (SMet), condi¢do complexa que associa obesidade, intolerancia a
glicose, resisténcia a insulina, dislipidemia e hipertensdo arterial [1-3]. A doen¢a gordurosa
hepatica ndo alcodlica (DGHNA) ¢ atualmente considerada uma manifestagdo hepatica da
SMet, devido a intima associagdo entre as duas condi¢des, que compartilham os mesmos
fatores de risco [3-6], sendo uma das principais causas de doengas hepaticas cronicas,

sobretudo em paises ocidentais [7,8].

Um diagnostico preciso da DGHNA requer técnicas de imagem ou histoldgicas [5,9], uma vez
que a maioria dos pacientes ¢ assintomatica até os estagios tardios da doenca [10] e os
marcadores séricos, como as aminotransferases, sdo relativamente insensiveis e inespecificos
[11,12]. A ultrassonografia (US) ¢ atualmente o teste mais utilizado para detec¢do da
esteatose hepatica, com as vantagens de ser seguro, ndo invasivo, sem radiagdo ionizante,

amplamente disponivel e de baixo custo [6,13-17].

O Telmisartan (TEL) ¢ um bloqueador dos receptores tipo I da angiotensina (BRA) que ¢
amplamente utilizado no tratamento da hipertensdo arterial [18], sendo considerado uma
droga de primeira linha no tratamento da hipertensdo leve a moderada, com excelente perfil
de seguranca [19]. Nos ultimos anos, o interesse nos efeitos metabolicos do TEL aumentou
substancialmente, uma vez que acdes benéficas no controle da SMet e do diabetes foram
demonstradas [20-25]. No figado, evidéncias também apontam beneficios do TEL, com

efeitos promissores contra o acimulo de lipidios e a inflama¢do em estudos animais [26-28].
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2 OBJETIVOS

2.1 Objetivo geral

Analisar os efeitos do tratamento oral com Telmisartan em camundongos alimentados com
dietas normolipidica e hiperlipidica sobre a doenga gordurosa hepdtica ndo alcoolica através

de pardmetros metabdlicos e ecograficos.

2.2 Objetivos especificos

Avaliar o peso corporal, a ingestdo alimentar € o consumo energético entre 0s grupos
em estudo;

Analisar os efeitos do tratamento oral com Telmisartan sobre as dimensdes e a
ecogenicidade do figado através de exame ultrassonografico dos animais;

Analisar os efeitos do tratamento oral com Telmisartan sobre a espessura do coxim de
gorgura epididimal através de exame ultrassonografico dos animais;

Analisar os efeitos do tratamento oral com Telmisartan sobre o perfil glicémico, por
meio dos testes de sensibilidade insulinica e tolerancia a glucose;

Analisar os efeitos do tratamento oral com Telmisartan sobre o perfil lipidico, por
meio da dosagem sérica do colesterol total, HDL e triglicerideos;

Analisar os efeitos do tratamento oral com Telmisartan sobre o peso do figado e dos
tecidos adiposos mesentérico e epididimal;

Analisar os efeitos do tratamento oral com Telmisartan sobre marcadores séricos de

dano hepatocelular através das transaminases e sobre a histologia hepatica.
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3 REVISAO DE LITERATURA

3.1 Doenca gordurosa hepatica niio alcoolica

3.1.1 Aspectos gerais

A DGHNA ¢ hoje a patologia hepatica mais comum no mundo [9,29,30], com previsdo de ser
a principal indicagdo de transplante hepatico até o ano de 2030 [4]. Estimativas de sua
prevaléncia global variam de 6,3% a 33,0% na populag¢do geral, com média de 20%, sendo
mais elevada em paises desenvolvidos [8,30,9]. A DGHNA ¢ definida como um deposito
lipidico nos hepatdcitos correspondendo a mais de 5-10% do peso total do figado, que ndo ¢
resultado de uso abusivo de alcool (mulheres <20 g/d, homens <30 g/d). Para um diagndstico
acurado, técnicas de imagem ou histologicas sdo necessarias, e causas secundarias de
esteatose hepatica devem ser excluidas, como drogas, virus da hepatite C, procedimentos

cirargicos, nutricao parenteral total e erros inatos do metabolismo [5,9].

DGHNA ¢ um termo que engloba todo o espectro da doenga, que vai da esteatose simples a
esteatohapatite ndo alcoolica (EHNA), que em sua forma mais severa pode levar a cirrose
hepdtica e ao carcinoma hepatocelular, potencialmente fatais [4,6,9,31]. Histologicamente, a
EHNA ¢ caracterizada por esteatose hepdtica e sinais de inflamagdo intralobular, com
degeneracdo e baloneamento dos hepatdcitos. A prevaléncia estimada da EHNA ¢ bem
menor, variando de 3% a 5% [8,9]. Vinte por cento dos pacientes com EHNA desenvolvem

cirrose, € 30%-40% desses pacientes morrem por causas relacionadas ao figado [32].

3.1.2 Patogénese da doenca gordurosa hepatica nio alcodlica

Apesar da patogénese da DGHNA e sua progressdo para EHNA ndo ser completamente
elucidada, a resisténcia insulinica (RI), com ou sem todo o espectro da SMet, ¢
sistematicamente apontada como o mecanismo central da esteatose hepatica em pacientes com
DGHNA. Ainda, desequilibrios entre mecanismos pro- e anti-oxidantes e entre citocinas pro-
e anti-inflamatorias sd3o componentes importantes na patogénese da DGHNA e em sua
progressdao para EHNA e cirrose. O papel de polimorfismos genéticos na predisposi¢do ao
desenvolvimento da esteatose, afetando varios passos do metabolismo normal de gordura e de

carbohidratos, também esta sob investigacao [1,5,33].
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3.1.2.1 Resisténcia a Insulina

Normalmente, a insulina age no musculo esquelético, nos adipdcitos e no figado para manter
a homeostase da glicose e dos lipidios. No tecido adiposo, a insulina aumenta a captagdo de
acidos graxos livres (AGL), a sua conversdo em triglicéridos e o seu armazenamento,
juntamente com uma diminui¢do da lipolise. No musculo esquelético, estimula a captacdo de
glicose. No figado, promove o armazenamento de glicose como glicogénio, com inibi¢do da
glicogendlise e da gliconeogénese, além de reduzir a oxidagao de 4cidos graxos. O resultado
final de todas essas agdes ¢ no sentido de se utilizar a glicose, reduzir a lipolise de AGL e

promover o armazenamento de gordura na forma de triglicerideos no tecido adiposo [5].

A resisténcia a insulina tem sido tradicionalmente definida como uma condi¢cdo em que as
células ndo respondem as acdes normais da insulina. O corpo produz insulina, porém as
células do tecido adiposo, musculo e figado tornam-se resistentes e sao incapazes de usa-la de
maneira eficaz. No musculo esquelético, a RI provoca a redu¢do da captacdo de glicose
levando a hiperglicemia. No tecido adiposo, a RI compromete a agdo anti-lipolitica da

insulina, levando a uma libera¢do aumentada de AGL [5,34].

O defeito basico no desenvolvimento da esteatose hepatica ¢ o desequilibrio entre a
importagdo e a exportacdo de gordura para o figado secundaria a RI [5]. A RI e a consequente
hiperinsulinemia parecem ser os principais fatores por tras das alteracdes nas vias hepaticas de
captacdo, sintese, degradagdo e secrecdo de AGL, o que acaba por levar ao acimulo de lipidos
nos hepatdcitos [35,36]. Concentragdes plasmaticas elevadas de insulina, glicose e acidos
graxos promovem a capta¢cdo hepatica de acidos graxos e de triglicéridos, a sintese lipidica
de-novo e prejudicam a b-oxidagdo dos acidos graxos por feedback negativo. O resultado ¢
um deslocamento inapropriado de AGL para tecidos ndo adiposos como o figado, o que,
juntamente com citocinas inflamatdrias e adipocinas especificas associadas a disfuncao
mitocondrial, inicia um circulo vicioso que contribui para o comprometimento da sinalizacao

insulinica e RI hepaticas [5,37-39].
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3.1.2.2 Teorias dos “dois insultos” e dos “multiplos insultos paralelos”

Tradicionalmente, a teoria dos “dois insultos” foi desenvolvida para explicar a patogénese da
DGHNA [40]: o insulto inicial ocorreria com o acumulo de lipidios nos hepatdcitos,
promovendo RI, o que parece tornar o figado mais suscetivel a um segundo insulto,
resultando em uma resposta inflamatdria e progressdo do dano hepatico. O segundo golpe
ocorreria, entdo, devido ao aumento do estresse oxidativo hepdtico, que por sua vez esta
associado ao aumento do metabolismo dos AGL, a reducao da atividade antioxidante, ao
aumento de citocinas pré-inflamatoérias como o fator de necrose tumoral alfa (TNF-a) e dos
niveis de endotoxinas e, especialmente, a disfuncdo mitocondrial e/ou ao estresse do reticulo

endoplasmatico no figado [35,36].

No entanto, a teoria dos "dois insultos" tem sido desafiada pelo reconhecimento de que
numerosas vias sdo responsaveis pela patogénese da EHNA e sua progressdo para fibrose,
levando a uma coorte heterogénea de pacientes com diversas apresentagdes clinicas [41]. Com
esta percep¢do, um novo modelo, mais realista, foi proposto: a teoria dos "multiplos insultos
paralelos" [41]. O principal conceito dessa teoria ¢ que os diferentes eventos que determinam
o dano hepético ocorrem de maneira paralela, ndo consecutivamente. Podemos considerar os
seguintes elementos como os principais protagonistas patologicos: RI, estresse oxidativo,
toxicidade dos tecidos adiposo e pancredtico, metabolismo lipidico alterado, 4cidos biliares,
microbiota intestinal, endotoxinas bacterianas, sobrecarga sérica e hepatica de ferro,
imunidade inata e adaptativa e, finalmente, polimorfismos de genes envolvidos no
armazenamento de lipidos, estresse oxidativo e fibrose hepatica [5,33,42,43]. E importante
ressaltar que todos os mecanismos de dano que estdo envolvidos na patogénese da DGHNA
aumentam duas condigdes que sdo centrais na progressdo para EHNA: RI e inflamacgdo

cronica sistémica [44].

3.1.3 Diagnéstico da doenca gordurosa hepatica nio alcodlica

A DGHNA ¢ geralmente subdiagnosticada, uma vez que a maioria dos pacientes permanece
assintomatica até estagios tardios da doenga [10] e que marcadores séricos de hepatopatia,
como as transaminases, sdo relativamente insensiveis e inespecificos [11,12]. Desse modo, a
bidpsia hepatica ¢ atualmente o padrao-ouro para o diagndstico e o estadiamento da DGHNA,

e o unico método confidvel para diferenciar a EHNA da esteatose simples [16,45-49]. No
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entanto, a biopsia ¢ um procedimento invasivo e, portanto, inadequado para rastrear grande
nimero de individuos ou para acompanhar o tratamento. Além disso, apresenta vdrias
limitacdes, como potencial erro de amostragem, baixa reprodutibilidade, dificuldades em
repetir o procedimento devido a preocupagdes éEticas e a complicagdes como dor,

sangramento, infec¢do e, em raros casos, a morte [17,46,47,50-52].

Por essas razdes, varios métodos de imagem tém sido utilizados para avaliar pacientes com
DGHNA, como a ultrassonografia (US), a tomografia computadorizada (TC) e a ressonancia
magnética (RM) [6,7,16,53], este ultimo considerado o exame ndo invasivo de referéncia para
avalia¢do da esteatose hepatica [6,16,17,54,55]. No entanto, a RM ¢ um método demorado e,
assim como a TC, de alto custo. Além disso, a TC tem baixa sensibilidade para a deteccio de
esteatose leve e envolve exposi¢do a radiacdo ionizante, o que torna essas ferramentas
inadequadas para rastreamento em grande escala e para o seguimento longitudinal da doenca
[6,13,16,48]. Desse modo, a US representa atualmente uma excelente modalidade para
avaliacdo da DGHNA, por ser um método seguro, ndo invasivo, amplamente disponivel,
acessivel e que pode ser realizado repetidamente sem riscos para o paciente, sendo atualmente

o teste mais utilizado para deteccdo da esteatose hepatica [6,13-17].

O diagnostico ecografico da esteatose ¢ geralmente qualitativo, através da avaliacdo dos
seguintes parametros: ecogenicidade hepatica, contraste hepato-renal, penetragdo do eco nas
por¢des profundas do figado e definicdo dos vasos sanguineos no parénquima hepatico
[13,15,16,48,56,57]. A esteatose aparece no US como um aumento difuso da ecogenicidade
hepatica, ou "figado brilhante", devido ao aumento da reflexdo dos ecos a partir do
parénquima hepético, causado pelo actimulo intracelular de vactolos gordurosos [16]. Os
orgdos circundantes, como o baco e o rim, podem ser usados como referéncia para detectar
esse aumento da ecogenicidade do figado [14], uma vez que o figado gorduroso apresenta
ecogenicidade maior que a do cortex renal e a do parénquima esplénico [6,16,58] (Figura 1).
A medida que a infiltragdo gordurosa aumenta, a atenuagio posterior do eco se torna mais
significativa, prejudicando a visibilizagdo das porgdes profundas do o6rgdo e do diafragma.
Observa-se, ainda, menor defini¢do das paredes dos vasos intra-hepaticos, tanto pela menor
penetracdo das ondas sonoras quanto pela pressdo fisica exercida em pequenos vasos
sangiliineos pelo baloneamento dos hepatdcitos com goticulas de gordura [13,14]. Quando a
esteatose ¢ histologicamente superior a 20% e na auséncia de doenga hepatica associada, essas
caracteristicas ultrassonograficas sdo capazes de diagnosticar a DGHNA com sensibilidade

que varia de 81,8% a 100,0% e especificidade de até 98% [15,53,59,60], tendo boa correlacao
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com a RM [13,17]. De modo geral, a ecogenicidade do figado aumenta com a gravidade da
esteatose, 0 que permite que uma avaliacdo semiquantitativa do grau de infiltracdo gordurosa

como se segue [6,14,48,53,59] (Figura 2):
- Normal: figado apresentando ecogenicidade usual

- Leve (grau 1; Figura 2A): leve aumento difuso da ecogenicidade do figado,

visualizacdo clara do diafragma e das paredes dos vasos intra-hepaticos;

- Moderado (grau 2; Figura 2B): moderado aumento difuso da ecogenicidade do

figado, obscurecendo as paredes dos vasos intra-hepaticos e o diafragma;

- Grave (grau 3; Figura 2C): aumento proeminente da ecogenicidade do figado, com

dificuldade de visualizag¢do dos vasos hepéaticos e do diafragma.

Figura 1. Avaliagdo ecografica da esteatose hepatica. A: US de um figado normal, mostrando que a
ecogenicidade do parénquima hepatico (L) é similar a do cortex renal (K). B: US de um figado
esteatdtico, mostrando ecogenicidade aumentada no parénquima hepatico (L), que é claramente mais
brilhante que o cortex renal (K). Adaptado de Lee & Park [16].
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Figura 2. Graduag@o da esteatose hepdtica pelo US. A: Grau 1: infiltragdo gordurosa leve; B:
Grau 2: infiltragdo gordurosa moderada; C: Grau 3: infiltracdo gordurosa acentuada. Adaptado de
Koplay et al. [6].

No entanto, algumas limitagdes do método merecem ser descritas. E bem conhecido que a
precisdo diagnostica da US diminui quando a infiltracdo gordurosa do figado ¢ inferior a 20-
30% [6,13,15,58] e no contexto de doencas hepaticas cronicas, como a hepatite C [15,21,48].
Isso ocorre porque a fibrose hepatica também pode aumentar a ecogenicidade do figado [61],
dificultando a distinsdo entre esteatose e outros graus de DGHNA [48,53,62,63], limitacdo
que também pode ser encontrada em outros métodos de imagem, como a TC e a RM [64].
Além disso, como a avaliacdo da ecogenicidade do figado ¢ subjetiva e qualitativa, o
desempenho diagndstico da US se torna altamente dependente das habilidades de leitura do
operador [6,13-15,17] e pouco preciso para deteccdo de pequenas alteracdes na quantidade de
gordura do figado [14,16]. Fatores do paciente, como obesidade e meteorismo intestinal

também podem interferir na qualidade da imagem [6].

Em modelos experimentais de doenca hepatica em roedores, a US ¢ um método viavel,
eficiente e de facil realizagdo, exigindo apenas leve sedacdo e depilacdo abdominal, sem
necessidade de imobilizagdo total ou de apneia para obtencdo das imagens, consistindo
portanto em um procedimento de baixo risco [56,65-67]. Modelos murinos de doenga
hepatica difusa podem ser avaliados com precisdo pela US tanto para fins diagndsticos como
para acompanhamento longitudinal, alguns deles com correlacdo estatistica dos achados
ecograficos com a histologia [56,68,69]. Lessa et al. [56] demonstraram que a andlise
ecografica qualitativa ¢ sensivel e especifica o suficiente para diagnosticar doenca hepatica
gordurosa em ratos e Fernandez-Dominguez ef al. [57] concluiram que a esteatose difusa foi

facilmente diagnosticada em modelos de camundongos através da US.
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Além da esteatose hepatica, outros parametros presentes no contexto da sindrome metabdlica
podem ser avaliados pela US, como a medida da espessura do coxim de gordura epididimal.
Liao et al. [70] utilizaram com sucesso a medida ecografica da espessura do coxim de gordura
epididimal para acessar a quantidade desse deposito de tecido adiposo, reforcando a utilidade
do método. Sabe-se que o aumento da gordura visceral esta relacionado a hipertensao arterial,
a dislipidemia e a um padrdo metabolico prejudicado, mas também serve como um preditor

independente de mortalidade em humanos [71].

3.1.4 Tratamento da doenca gordurosa hepatica nao alcodlica

Embora muito progresso tenha sido feito na elucidacdo da epidemiologia, da historia natural e
da patogénese da DGHNA, opg¢des limitadas de diretrizes clinicas baseadas em evidéncias
estdo disponiveis para o manejo dos pacientes. O tratamento farmacologico da DGHNA ainda
estd em evolucdo, sem terapia Unica que seja comprovadamente eficaz, especialmente em

relagdo a modificacao favoravel do curso da doenca [5,33,36,39,44,72].

Uma vez que os fatores de risco cardiovascular e metabdlico sdo altamente prevalentes entre
os pacientes com DGHNA, o regime terapéutico ainda se baseia em intervengdes gerais do
estilo de vida, incluindo mudangas na dieta e aumento da atividade fisica, que devem ser
recomendados em todos os casos [1,5,33,36,39]. No entanto, a maioria dos pacientes tem
problemas em relacdo a adesdo a longo prazo as intervencdes de estilo de vida, de modo que a

farmacoterapia se torna indispensavel neste contexto [36,39,44].

A prioridade da farmacoterapia da DGHNA ¢ prevenir a transformagdo da esteatose simples
em esteatohepatite, além de melhorar a fisiopatologia da doencga [9]. Dessa forma, em teoria, a
resisténcia a insulina deveria ser o principal alvo terapéutico, juntamente com agentes com
acdo antioxidante, antiinflamatdria e antifibrotica. Atualmente, a abordagem farmacoldgica de
primeira linha para a DGHNA inclui um antioxidante (vitamina E) e uma droga que
proporciona sensibilizagdo a insulina (pioglitazona), uma vez que s3o0 o0s UNicos
medicamentos com grau suficiente de evidéncia em termos de eficicia, ambos apresentando
um efeito positivo nas transaminases, no acumulo de gordura e na inflama¢do. No entanto, a
vitamina E ndo possui efeito comprovado sobre a fibrose e tdopouco sobre a

morbimortalidade a longo prazo da doenga, e a pioglitazona tem um impacto negativo sobre o
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peso do paciente. Além disso, a seguranca desses medicamentos continua incerta, uma vez
que dados sobre sua utilizagdo a longo prazo ndo estdo disponiveis [5,33,39,44]. Outras
drogas foram estudadas, como metformina, 4cido ursodeoxicolico, estatinas, pentoxipilina e
orlistat com resultados apenas parcialmente positivos. Entre os tratamentos emergentes, o
Telmisartan ¢ particularmente interessante, pois parece ter um impacto na resisténcia a
insulina, na esteatose hepatica, na inflamacdo e na fibrose, de acordo com estudos

preliminares [33,39.,44].

3.2 Sistema renina angiotensina

3.2.1 A visdo atual do sistema renina angiotensina

Para uma melhor compreensdao do papel do Telmisartan no tratamento da DGHNA, uma
breve revisdo sobre a importdncia do sistema renina-angiotensina (SRA) na sindrome
metabodlica e particularmente na DGHNA deve ser apresentada. O SRA ¢ classicamente
concebido como uma cascata hormonal uUnica responsavel pelo controle de fungdes
cardiovasculares, renais e adrenais [73]. E iniciado principalmente pela expressio do
Angiotensinogénio (AGT) em diferentes tecidos, uma proteina que ¢ produzida por varios
tipos de células, incluindo hepatdcitos, adipdcitos e células renais. No entanto, o figado ¢
considerado a principal fonte de AGT circulante na fisiologia normal [74,75]. A renina
derivada do rim converte o AGT em angiotensina I (Ang I), um peptideo biologicamente
inativo que ¢ rapidamente hidrolisado pela enzima conversora da angiotensina (ECA) no
octapeptideo angiotensina II (Ang II) [76]. A Ang Il media as respostas biologicas através de
dois receptores acoplados a proteina G, o receptor tipo 1 (AT1) e o receptor tipo 2 (AT2); no
entanto, os principais efeitos da Angll sdo mediados pelo receptor AT1 [77,78]. O receptor
ATI esta presente em abundancia nos tecidos adultos, enquanto o receptor AT2 ¢é expresso
principalmente durante o desenvolvimento fetal e tem sua expressao estimulada em condi¢des
patologicas. A ativagao da via ECA/Angll/AT1 usualmente desencadeia respostas fisioldgicas
nocivas, como reabsor¢ao renal excessiva de sodio, contracdo anormal de células musculares
lisas vasculares, secrecdo desproporcionalmente elevada de aldosterona e respostas
cardiovasculares inapropriadas. Além disso, varias vias pro-inflamatoérias, pro-oxidantes, pro-

trombdticas e profibréticas sdo estimuladas pela ativagdo do receptor ATI1 [79,80]. Aos
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receptores AT2 geralmente sdo atribuidos efeitos opostos aos dos receptores AT1, de modo a

contrabalancea-los, tanto in vitro quanto in vivo [18].

Avangos recentes na biologia celular e molecular geraram mudangas substanciais na
compreensdo do SRA [73], que agora ¢ encarado de maneira muito mais complexa. O
conceito moderno do SRA inclui, além dos componentes classicos, novas enzimas, péptidos,
receptores e agdes biologicas. Além disso, o SRA tecidual foi caracterizado em diferentes
orgdos e sistemas, com interagdes significativas entre receptores, mediadores e vias

metabolicas [38,73,81,82].

Uma das mudangas conceituais mais significativas foi a caracterizacdo da Ang-(1-7), que
através do receptor acoplado a proteina G Mas, tem ac¢des opostas a da Ang II [38,83]. Varias
vias enzimaticas podem estar envolvidas na formagdo da Ang-(1-7), mas ela ¢ formada
sobretudo diretamente da Ang II por uma nova enzima, homoéloga a ECA, chamada ECA2
[38,73,76,84,85]. O eixo ECA2/Ang-(1-7)/Mas produz vasodilatacio, bem como efeitos
antiarritmicos, antiproliferativos, anti-inflamatorios, antifibréticos e antitrombdticos

[72,83,86-90].

Levando-se em consideracdo o papel oposto dos dois principais mediadores do SRA, Ang Il e
Ang-(1-7), uma nova visdo do SRA foi proposta, acrescentando uma contra-regulagcdo ao
sistema. Neste modelo, o SRA pode ser concebido como um sistema de dupla fun¢do em que
as acdes vasoconstritoras/ proliferativas ou vasodilatadoras/ antiproliferativas sdo conduzidas
principalmente pelo equilibrio entre os dois bragos do sistema, ECA/Angll/ATI e
ECA2/Ang-(1-7)/Mas [38,75,83-85,91-95] (Figura 3).
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Figura 3. Visdo atual do Sistema Renina Angiotensina. Atualmente compreende-se que o eixo
ACE2/Ang-(1-7)/Mas ¢ capaz de contrabalancear a maioria das acdes deletérias do eixo ACE/Ang
II/ATI, sobretudo em situagdes patologicas. ECA: Enzima Conversora do Angiotensinogénio; AT1:
receptor tipo 1 da Angiotensina II; AT2: receptor tipo 2 da Angiotensina II; Mas: receptor Mas.
Adaptado de Santos & Andrade [95].

3.2.2 O sistema renina-angiotensina e a doenca gordurosa hepatica nao alcodlica

Diante de evidéncias do envolvimento do SRA no metabolismo de lipidios e de glicidios
[83,89,93-96], seu papel na homeostase metabodlica e na regulacio da doenga pode ser
esperado [81,97,98]. Estudos recentes ressaltaram a importancia do equilibrio local entre os
eixos ECA/Ang-II/AT1 e ECA2/Ang-(1-7)/Mas na prote¢do contra doengas metabodlicas
hepaticas (Macedo et al, 2014), com evidéncias de que a obesidade ativa o eixo
ECA/Angll/AT1 do sistema [89,99,100]. Desse modo, a Ang II tem sido apontada como um
dos principais atores na alteragdo do metabolismo hepatico observada na DGHNA [101],
influenciando negativamente a sinalizacao intracelular de insulina, com piora da RI. A Ang II
também induz a geracdo de espécies reativas de oxigénio, iniciando e propagando a producao

de mediadores pro-inflamatorios, incluindo TNF-a, interleucina-6 (IL-6) e inibidor do
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ativador de Plasminogénio-1 (PAI-1), resultando em inflamacdo e comprometimento

adicional da sinalizagdo insulinica [20,81,102,103].

Por outro lado, efeitos benéficos do eixo ECA2/Ang-(1-7)/Mas sobre disturbios metabdlicos
também foram demonstrados, com importante papel antiobesidade, melhorando a
sensibilidade a insulina, a tolerancia a glicose e a diabetes tipo 2, reduzindo a gordura
corporal, aumentando a produgdo de adiponectina e revertendo a hiperleptinemia
[75,83,89,90,94,104]. Feltenberger et al. [101] avaliaram pela primeira vez os efeitos da
administracdo oral de Ang-(1-7) na esteatose hepatica induzida por dieta hiperlipidica, e
observaram uma redu¢do importante na massa gorda, no peso do figado e na sua infiltracao
por gordura; além de diminui¢do do colesterol total circulante, dos triglicerideos e de enzimas
hepéticas; melhora do metabolismo lipidico e reducdo na expressdo de citoquinas pro-
inflamatorias. Estes efeitos foram associados a regulacdo benéfica da expressdo dos genes do
SRA. Outros estudos indicam um papel importante do eixo ECA2/Ang-(1-7)/Mas no figado,
sugerindo que o tratamento oral com Ang-(1-7) induz melhora da esteatohepatite, além de

reduzir marcadores relacionados a adipogénese [38,96,101,105].

A consolidagdo do SRA sistémico e local na patogénese da DGHNA criou consideravel
interesse nos efeitos metabolicos dos inibidores do SRA, uma vez que sdo drogas amplamente
utilizadas, razoavelmente baratas e com excelente perfil de seguranga [72]. Os inibidores da
ECA (iIECA) e os bloqueadores dos receptores da angiotensina (BRA) sdo utilizados para
inibir o brago ACE/Angll/AT1 e estimular a atividade do eixo ACE2/Ang- (1-7)/Mas
[20,106-108]. Ambos os medicamentos foram amplamente utilizados na insuficiéncia
cardiaca congestiva, hipertensdo, proteiniria e doenga renal cronica [109] e também
apresentam efeitos significativos na melhora do metabolismo de lipidios e de glicose
[89,94,95,101,110]. Uma vez que o receptor ATl tem um papel bem estabelecido na
mediagdo da maioria das acdes deletérias da Ang II no figado, o antagonismo ATl ¢
considerado mais especifico do que a inibi¢do da ECA [75,111], com melhores resultados na
sensibilidade a insulina. Uma possivel explicacdo seria a acdo inibitdria dos iIECA nos
receptores AT1 e AT2, resultando na supressdo dos efeitos contrarregulatérios do receptor

AT2 nas acdes do receptor AT1 [72].

Evidéncias apontam que os BRAs podem restaurar a sinalizacdo de insulina intracelular e
promover a redistribuicdo do excesso de gordura de sitios ectopicos para adipocitos maduros

[3]. Além disso, os BRAs podem melhorar as transaminases, a esteatose hepatica e a
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inflamagao preesntes na DGHNA [36,72]. No entanto, os diferentes tipos de BRAs parecem
exercer efeitos disitintos em relagdo a seletividade do receptor, modo de ligacdo e
metabolismo [3]. Neste contexto, 0 BRA Telmisartan tem um papel de destaque no tratamento

e na prevengdo da DGHNA.

3.3 Telmisartan: o mais promissor dos BRAs

Estudos recentes indicam que o TEL tem ag¢des benéficas que limitam o desenvolvimento da
sindrome metabdlica e do diabetes, melhorando a resisténcia a insulina e protegendo contra o
aparecimento e desenvolvimento de diabetes tipo 2 em pacientes hipertensos e com
resisténcia insulinica [20-25]. De fato, pardmetros metabdlicos, como peso corporal,
deposicdo de gordura, tamanho das células adiposas e a resisténcia a insulina foram
significativamente melhorados com o tratamento com TEL em estudos animais
[3,20,24,26,28,112-115], freqlientemente com desempenho superior do TEL quando
comparado a outros BRAs ou a outros bloqueadores do SRA [28,113,115].

Kudo et al. [27] demostraram pela primeira vez que o TEL diminui o tamanho dos adipdcitos
e aumenta a secrecdo de adiponectina sem afetar a ingestdo de alimentos em um modelo
murino de DGHNA, reduzindo o acimulo de gordura visceral. Além disso, o TEL, mas ndo o
BRA Valsartan, aumentou a expressdo de genes relacionados ao metabolismo energético
mitocondrial no musculo esquelético. Assim, além de um efeito de classe dos BRAs na
modula¢do do tamanho de adipdcitos, esses achados aumentam a possibilidade de que certas
moléculas, como o TEL, possam ter um impacto particularmente forte no volume das células
de gordura e no acumumulo de gordura, além de efeitos especificos no metabolismo

energético, com efeitos protetores sobre a obesidade visceral induzida pela dieta [113].

No figado, o TEL apresentou efeitos anti-oxidantes e melhorou marcadores de fibrose
hepatica em diferentes contextos patoldgicos [104], como em modelos de colangite
esclerosante primaria [22], de ligacdo de ducto biliar [116] e de fibrose induzida por

estreptozotocina [117] ou por dieta de metionina e colina [118].

Como mencionado anteriormente, as alteragdes patologicas da DGHNA podem ao menos em

parte resultar da ativagdo do braco inflamatério do SRA [28], sobretudo na vigéncia da
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resisténcia a insulina. Uma vez que o TEL ndo apenas bloqueia o SRA mas também reduz a
resisténcia a insulina [20-25], seus efeitos na histologia do figado devem ser esperados. De
fato, evidéncias morfologicas de melhora da esteatohepatite ndo alcodlica foram encontradas
em estudos animais com TEL [26-28,119], reduzindo a inflamagdo e a fibrose através da
supressao da infiltragdo de macrofagos no figado [27,28]. O tratamento com TEL atenuou a
esteatose, com reducdo dos triglicerideos hepaticos, além de atenuar a fibrogénese, com
reducdo da expressdo de coldgeno tipo I [27]. Enjoji et al. [3] demonstraram que o TEL
melhorou significativamente a resisténcia a insulina e a lesdo hepatica em pacientes com
DGHNA e com hepatite C crdnica, efeito mais evidente do que com outros BRAs, sugerindo

que esse medicamento pode ser usado como agente protetor do figado nestas condigdes.

Apesar de todas as evidéncias acima, atualmente o tratamento de pacientes com DGHNA com
Telmisartan e com outros BRAs s6 ¢ formalmente recomendado em pacientes com indica¢ao

bem estabelecida de terapia anti-hipertensiva [36,44].
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ABSTRACT

Non-alcoholic fatty liver disease is currently being considered an important component of the
metabolic syndrome (MetS). This condition spectrum includes from simple hepatic steatosis
to non-alcoholic steatohepatitis, being correlated to liver-related deaths and predicted to be the
most frequent indication for liver transplantation by 2030. Insulin resistance is directly
correlated to the central mechanisms of hepatic steatosis in NAFLD patients, which is
strongly correlated to the unbalance of the renin-angiotensin system that is involved in lipid
and glucose metabolism. Among the emerging treatment approaches for NAFLD, the
antihypertensive telmisartan, seems a potential candidate, as it has positive effects on liver,
lipid and glycemic metabolism, especially through its action on the renin-angiotensin system,
by blocking the ACE/Angll/AT1 axis and increasing ACE2/Ang(1-7)/MAS axis activation.
However, treatment with this drug is only recommended for patients with established
indication of anti-hypertensive therapy. Thus, increasing the need for large-randomized
controlled trials aimed to elucidate the telmisartan effects on liver disease, especially NAFLD.
In this perspective, the present review aims to provide a brief examination of the
NAFLD/NASH pathogenesis news and the role of Telmisartan on preventing liver disorders,
improving the discussion on potential therapies.

Key-words: Non-alcoholic fatty liver disease; Obesity; Renin-angiotensin system; Insulin
resistance; Telmisartan.
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INTRODUCTION

Diet and lifestyle changes have led to worldwide increases in the prevalence of metabolic
syndrome, a complex disorder where obesity, glucose intolerance, insulin resistance,
dyslipidemia, and hypertension are associated (1-3). Non-alcoholic fatty liver disease
(NAFLD) is now considered a hepatic component of the metabolic syndrome (MetS) because

of the close association between the two conditions that share the same risk factors (3-6).

NAFLD is currently the most common liver disorder (7-9), with a prediction to be the most
frequent indication for liver transplantation by 2030 (4). The global estimated prevalence of
NAFLD ranges from 6.3% to 33% in the general population with a median prevalence of
20%, being higher in developed countries (8-10). NAFLD is defined as a lipodystrophy with
lipid-deposit accumulation in the hepatocytes accounting for more than 5-10% of the total
hepatic weight, which is not due to excessive alcohol use (women <20 g/d, men <30 g/d). An
accurate diagnosis requires imaging or histological techniques, and secondary causes of
hepatic steatosis should be excluded such as drugs, hepatitis C virus, surgical procedures, total

parenteral nutrition, and various innate metabolism disorders (5, 9).

NAFLD is a term that encompasses the entire spectrum of this disease, ranging from simple
steatosis to nonalcoholic steatohepatitis (NASH), which in its most severe form which can
lead to life-threatening hepatic cirrhosis and hepatocellular carcinoma (4, 6, 9, 11).
Histologically, NASH is characterized by hepatic steatosis and signs of intralobular
inflammation, with ballooning degeneration of hepatocytes. The estimated prevalence of
NASH is much lower and ranges from 3% to 5% (9, 10). Twenty percent of NASH patients
are reported to develop cirrhosis, and 30%-40% of patients with NASH cirrhosis experience

liver-related death (12).
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Among the emerging treatments of NAFLD, the antihypertensive drug Telmisartan is of
particularly interest, as it seems to have positive hepatic and extra hepatic impacts, according

to preliminary studies (13-16).

In this perspective, the present review aims to provide a brief examination of the
NAFLD/NASH pathogenesis news and the role of Telmisartan on preventing liver disordes,

improving the discussion on potential therapies.

NAFLD pathogenesis and Insulin Resistance

Although the pathogenesis of NAFLD development and progression towards NASH is
somewhat unclear, insulin resistance (IR), with or without full-blown MetS, is reportedly
related as the central mechanism of hepatic steatosis in patients with NAFLD, which in turn
develops in the setting of an inappropriate diet, sedentary lifestyle, obesity, and advancing
age. Also, imbalances between pro- and antioxidant mechanisms and also pro- and anti-
inflammatory cytokines are important components for NAFLD pathogenesis. The role of
genetic variations in predisposing to the steatosisdevelopment by affecting various steps in the

normal fat and carbohydrates metabolism is also under investigation (1, 5, 14).

Normally, insulin acts on skeletal muscle, adipocytes, and liver for maintaining glucose and
lipid homeostasis. Insulin increases the uptake of free fatty acid (FFA), conversion to
triglycerides and storage along with a decreased lipolysis in the adipose tissue; stimulates
glucose uptake by skeletal muscles; storage of glucose as glycogen in the liver with inhibition
of glycogenolysis and gluconeogenesis and reduces oxidation of fatty acids in the liver. The
net result of all these actions is to utilize glucose, reduce lipolysis of FFA, and promote

storage of fats as triglycerides in the adipose tissue (5).

Insulin resistance has traditionally been defined as a condition in which cells fail to respond to
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the normal actions of insulin. The body produces insulin, but the cells in the adipose, muscle,
and liver become resistant and are unable to use it as effectively. In the skeletal muscle, IR
causes reduced glucose uptake leading to hyperglycemia. In the adipose tissue, IR impairs the

anti-lipolytic action of insulin leading to increased release of FFA (5, 17).

The basic defect in the development of hepatic steatosis is the fat imbalance between import
and export to and from the liver secondary to IR (5). Insulin resistance and subsequent
hyperinsulinemia seem to be the major factors behind the alterations in the hepatic pathways
of uptake, synthesis, degradation, and secretion of free fatty acids which ultimately leads to
accumulation of lipids in the hepatocytes (18, 19). Elevated plasma concentrations of insulin,
glucose, and fatty acids promote hepatic fatty acid and triglyceride uptake, de-novo lipid
synthesis and impair b-oxidation of fatty acids by negative feedback. The result is an
inappropriate shifting of FFA to nonadipose tissue, such as the liver, and this, together with
inflammatory cytokines and specific adipokines associated with mitochondrial dysfunction
initiates a vicious circle that contributes to impaired insulin signaling and hepatic IR (5, 15,

20, 21).

The “two-hit” and the “multiple parallel hits” hypothesis

Traditionally, the two-hit hypothesis was established to explain the pathogenesis of NAFLD
(22): the initial insult occurs with the accumulation of lipids in hepatocytes promoting IR.
These changes seem to make the liver susceptible to a second insult, resulting in an
inflammatory response and progression to liver damage. The second hit occurs due to
increased hepatic oxidative stress which is associated with increased free fatty acid
metabolism, diminished antioxidant activity, increased proinflammatory cytokines, such as
tumor necrosis factor-alpha (TNF-a) and endotoxin levels, and especially mitochondrial

dysfunction and/or endoplasmic reticulum stress in the liver (18, 19).
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The “two-hit” hypothesis has been challenged by the recognition that numerous complex
pathways are responsible for the pathogenesis of NASH and progression to fibrosis, leading to
a heterogeneous patient cohort with diverse clinical presentations (23). With this insight, a
new and more realistic model was proposed: the "multi-parallel hits" hypothesis (24). The
main concept of this theory is that different events occur that in turn determine liver damage,
but these events take place in parallel, not consecutively. We can consider the following
elements as the main pathological protagonists: IR, oxidative stress, adipose and pancreas
tissues toxicity, altered lipid metabolism, bile acids, gut microbiota, bacterial endotoxins,
serum and liver iron overload, innate and adaptive immunity, and finally the polymorphisms
of the genes involved in lipid accumulation, oxidative stress, and hepatic fibrosis (5, 14, 25-
27). It is important to underline that all the mechanisms of damage that are involved in the
pathogenesis of NAFLD enhance two conditions that are central in the progression of NASH:

IR and systemic chronic inflammation (13).

NAFLD treatment

While much progress has been made in elucidating the epidemiology, natural history, and
pathogenesis of NAFLD/NASH, there remains no effective therapy, with limited options of
evidence-based clinical guidelines for patient management. Pharmacological treatment of
patients with NAFLD is still evolving, with no single therapy that has clearly been proved

effective, especially, in modifying the course of the disease (5, 13-15, 19, 28).

Since cardiovascular and metabolic risk factors are highly prevalent among NAFLD/NASH
patients, the backbone of treatment regimens for these patients still comprises general lifestyle
interventions, including dietary changes and increased physical activity that should be
recommended in all patients (1, 5, 14-16, 19). However, most patients may experience

problems regarding long-term adherence to lifestyle interventions due to their attitudes or
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physical inability so that pharmacotherapy becomes indispensable in this context (13, 15, 19).

The priority for NAFLD pharmacotherapy is to prevent transformation of NAFLD into NASH
and to improve the pathophysiology of the disease (9). Therefore, in theory, insulin resistance
should be the main target, together with antioxidative, antiinflammatory, and antifibrotic
agents. Currently, the first-line pharmacological approaches for NASH are the antioxidant
vitamin E and the insulin sensitizer pioglitazone, as they are the unique drugs that have
provided a sufficient degree of evidence in terms of efficacy, both showing a positive effect
on transaminases, fat accumulation, and inflammation. However, vitamin E has no proven
effect on fibrosis and on long-term morbidity and mortality and pioglitazone has a negative
impact on weight. In addition, the safety of this drugs remains uncertain as data about its
long-term use are not available (5, 13-16). Other drugs have been studied such as metformin,
ursodeoxycholic acid, statins, pentoxifylline, and orlistat, but with only partially positive
results. Among the emerging treatments, Telmisartan is particularly interesting, as it seems to
have an impact on insulin resistance, liver steatosis, inflammation, and fibrosis, according to
preliminary studies (13-16). However, the lack of large randomized clinical trials precludes
the use of this drug as a consolidated option treatment, being formally recommended only in

NALFD patients with an established indication of anti-hypertensive therapy (13, 19).

In the present review, we have focused on available data of the antihypertensive drug

Telmisartan on treating and preventing fatty liver disease.

Renin-angiotensin system: the current view

Telmisartan is an angiotensin (Ang) type I receptor blocker (ARB) that has been widely used
for the treatment of hypertension and hypertension-related cardiovascular end-organ damage
(29), being considered a first-line drug in mild to moderate hypertension, with an excellent

safety profile (30). Among the ARBs, Telmisartan is emerging as the most promising drug for
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the treatment of NAFLD in terms of both safety and efficacy (13). The importance of renin—
angiotensin system (RAS) in metabolic syndrome and particularly in NAFLD should be
presented for a better comprehension of the role of Telmisartan in the treatment of this

condition.

The renin—angiotensin system is classically conceived as a single hormonal cascade
responsible for controlling cardiovascular, renal and adrenal functions (31). It is primarily
initiated by the expression of Angiotensinogen (AGT) at different tissues, a protein that is
produced by several cell types, including hepatocytes, adipocytes and kidney cells. However,
the liver is considered the primary source of circulating AGT in normal physiology (32, 33).
Kidney-derived renin converts angiotensinogen into angiotensin I (Ang I), a biologically
inactive peptide that is rapidly hydrolyzed by angiotensin-converting enzyme (ACE) to the
octapeptide angiotensin II (Ang IT) (34). Ang II mediates biological responses through two G-
protein-coupled receptors, the Ang II receptor type 1 (AT1R) and Ang II receptor type 2
(AT2R); however, the main described effects are ATIR mediated (35, 36). ATIR is in
abundance in adult tissues whereas AT2R is mainly expressed during fetal development and
is up-regulated in pathologic conditions. The activation of ACE-Ang II-ATIR frequently
contributes to physiopathological changes such as excessive renal sodium reabsorption,
abnormal vascular smooth muscle cell contraction, disproportionately high aldosterone
secretion and inappropriate cardiovascular responses. In addition, several proinflammatory,
pro-oxidant, prothrombotic and profibrotic pathways are stimulated by AT1R activation (37,
38). AT2R is generally reported to mediate effects opposing and counterbalancing those

mediated by AT1R in vitro as well as in vivo(29).

Advances in cellular and molecular biology, as well as physiological and pharmacological
approaches, have generated a substantial change in our understanding of the RAS (31). It is

now clear that the circulating and tissue RAS are far more complex than previously
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anticipated. The modern concept of the RAS includes, in addition to the classical components,
novel enzymes, peptides, receptors and biological actions. Additionally, tissue RAS has been
characterized in different organs and systems, in which significant interactions between

receptors, mediators, and metabolic pathways have been discovered (21, 31, 39, 40).

One of the most significant conceptual changes of this hormonal system is the
characterization of Ang-(1-7), that through the G protein-coupled receptor Mas, has opposing
actions to Ang II (41, 42). Several enzymatic routes may be involved in Ang-(1-7) formation,
but it is mainly formed directly from Ang II by a new enzyme, homolog to the ACE, called
ACE2 (31, 34, 43-46). The ACE2-angiotensin-(1-7)-Mas axis can produce NO-dependent
vasodilation as well as antiarrhythmic, antiproliferative, anti-inflammatory, antifibrotic and

antithrombotic effects (28, 41, 42, 47-50).

Taking into account the opposite role of the two main mediators of RAS, Ang II and Ang-(1—
7), a number of research groups have proposed a new view of the RAS, adding a counter-
regulation in the system. In this model, the RAS can be envisioned as a dual function system
in which the vasoconstrictor/proliferative or vasodilator/antiproliferative actions are primarily
driven by the balance between both arms of the RAS, ACE-Ang II-AT1R and ACE2-Ang-(1-
7)- Mas. Thus, it is now accepted that the ACE2/Ang-(1-7)/Mas axis is able to counteract
most of the deleterious actions of the ACE/Ang II/ATIR axis, especially in pathological

conditions (32, 42-44, 46, 51-54).

Renin-angiotensin system and NAFLD

The function of the RAS in metabolic homeostasis and disease regulation has been the subject
of considerable interest in the last decade (39, 55, 56). There is an increasing body of
evidence showing the RAS involvement in metabolic regulation, playing an important role in

lipid and glucose metabolism (42, 49, 53, 57, 58). Recent studies have pointed out the local
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balance importance between ACE/Ang-II/ATIR and ACE2/Ang-(1-7)/Mas arms to avoid

liver metabolic diseases (59).

Results from experimental animals and humans suggest that obesity activates the RAS arm
composed of ACE/Ang II/ATIR (49, 60, 61) (Figure 1). Ang II has been implicated as a
major player in the altered hepatic lipid metabolism observed in NAFLD (62), influencing
intracellular insulin signaling by several mechanisms which may result in worsening insulin
resistance, the main pathophysiological element of NAFLD (39, 63-65). Ang II also induces
the generation of reactive oxygen species (ROS), initiating and propagating the production of
pro-inflammatory mediators, including TNF-q, interleukin-6 (IL-6) and plasminogen activator
inhibitor-1 (PAI-1), resulting in inflammation and additional impairment of insulin signaling.
Kanno et al and Wei et al showed that an increased expression of Ang II induces non-
alcoholic fatty liver disease and modulates inflammatory cell recruitment into the liver during
liver injury(66, 67). Accordingly, liver injuries in ATI1-knockout mice present reduced
inflammation and fibrosis (68, 69). Paizis et al demonstrated that ATIR genes are up-
regulated in areas of active hepatic fibrogenesis, meaning that chronic injury up-regulates
RAS in local tissues, which seems to contribute to the vicious cycle of steatosis-

necroinflammation-fibrosis (13, 70).

On the other hand, increasing evidence has also shown the beneficial effects of the Ang-(1-
7)/Mas axis on liver pathology and on metabolic disorders, exerting an important anti-obesity
roleby improving insulin sensitivity, glucose tolerance and type 2 diabetes, reducing body fat,
increasing adiponectin production and reverting hyperleptinemia(32, 42, 49, 50, 57, 59).
Feltenberger et al evaluated for the first time the effects of a mouse model of oral Ang-(1-7)
administration in high-fat-induced steatosis, liver metabolism, and inflammation and

observed an important reduction in fat mass, liver weight, and hepatic steatosis associated
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with decreased circulating total cholesterol, triglyceride, and alaninetransaminase enzyme;
improved lipid metabolism; and decreased expression of proinflammatory cytokines(62).
These effects were associated with beneficial regulation of the RAS genes expression. Other
reports indicated an important role of the ACE2/Ang-(1-7)/Mas axis in the liver, suggesting
that oral treatment with Ang-(1-7) improves the status of steatohepatitis, as well as reduces
adipogenesis-related markers (46, 58, 62). Lastly, in humans with liver disease, both ACE2
gene expression and plasma Ang-(1-7) are increased when compared with healthy livers,
confirming that the key regulator of Ang-(1-7) production in the alternative axis of the RAS is
up-regulated in response to hepatic injury (71). All these observations confirmed the
protective role of ACE2/Ang(1-7)/MAS axis activation and might represent a promising

strategy for treatment targeting hepatic disorders (59).

NAFLD and RAS blockers

The established role of both circulating and local RAS in the pathogenesis of NAFLD and
NASH produced considerable interest on the effect of RAS inhibitors since they are widely
used, reasonably inexpensive, and with excellent safety profile (28). ACE inhibitors (ACEi)
and angiotensin receptor blockers (ARBs), are used to inhibit the ACE/Ang II/AT1 arm and
stimulate the activity of the ACE2/Ang- (1-7)/Mas axis (64, 72). Both medications have been
broadly used in congestive heart failure, hypertension, proteinuria and chronic kidney disease
(73, 74) and also present significant effects on improving lipid and glucose metabolism (21,
49, 57, 62, 75). Since the ATIR has a well-established role in mediating most of the
deleterious actions of Ang II in the liver, the AT1R antagonism is considered more specific
than ACE inhibition (32, 76). Evidence indicates that treatment with ARBs results in greater
improvement in insulin sensitivity and a larger reduction in the risk of new onset diabetes
mellitus. One possible explanation could be the inhibitory action of ACE-I on both ATIR and

AT2R, resulting in suppression of the counterbalancing effects of AT2R on the actions of
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ATIR (28).

Also, there is substantial evidence to suggest that Ang-(1-7) is involved in the beneficial
actions of RAS inhibitors (77). It is important to mention that after chronic administration of
ATIR blockers, Ang-(1-7) levels increases several times (78, 79), suggesting that this

heptapeptide may contribute to RAS blockade metabolic effects (31, 64, 72).

The evidence is accumulating to show that ARBs can restore impaired intracellular insulin
signaling and promote redistribution of excess fat from those ectopic sites to mature
adipocytes, resulting in improved insulin sensitivity (3). Also, ARBs may improve
transaminases, hepatic steatosis and inflammation in the NAFLD setting (19, 28). The effect
of ARBs on hepatic fibrosis in different animal models is also well described in the literature.
ARBs inhibit stellate cell activity in obese mice, leading to decreased hepatic fibrosis (59, 80).
The evidence in humans shows that subjects with NAFLD submitted to ARB treatment
commonly have decreased liver fibrosis markers (69, 81). These results suggest that liver
fibrosis is mediated via the renin-angiotensin system ACE/Ang II/ATIR axis, and

demonstrate a beneficial role of angiotensin receptor blockers (59).

The benefits for each type of ARB deservers further evaluation, since it appears that not all
ARB types have the same effects concerning receptor selectivity, binding mode, and
metabolism (3). In this context, the ARB Telmisartan has a prominent role in treating and

preventing NAFLD.

Telmisartan: the most promising ARB

New evidences indicate that Telmisartan has beneficial actions limiting MS development and
improving diabetes, insulin resistance and protecting patients with hypertension (64, 82-86).

Indeed, metabolic parameters such as body weight, fat accumulation, fat cell size and insulin
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resistance have been consistently ameliorated with Telmisartan treatment in animal studies (3,
64, 85, 87-92), frequently with a superior performance of Telmisartan when compared to

other ARBs or to other RAS blockers (88, 91, 93, 94).

Kudo et al showed for the first time that Telmisartan decreases the adipocyte size and
upregulates the adiponectin secretion without affecting food intake in a murine NASH model,
reducing the accumulation of visceral fat (95). Moreover, Telmisartan, but not the ARB
valsartan, increased the expression of both nuclear-encoded and mitochondrial-encoded genes
in skeletal muscle known to play important roles in mitochondrial energy metabolism. Thus,
in addition to a class effect of ARBs in modulating adipocyte size, these findings raise the
possibility that certain molecules, like Telmisartan, may have a particularly strong impact on
fat cell volume and fat accumulation, as well as distinctive effects on energy metabolism,
which may help to protect against dietary-induced visceral obesity and weight gain (88). The
efficacy of TEL in reducing visceral fat mass may be relevant for patients since an increase in
visceral fat is related to hypertension, dyslipidemia and an impaired metabolic pattern, but

also serves as an independent predictor of mortality in men (96).

In the liver, Telmisartan has been proved to positively affect hepatic fibrosis markers in
different pathological contexts (59). The anti-oxidative effects of Telmisartan have been
studied (97), and its beneficial effects on hepatocytes can be partially based on the drug’s anti
oxidative properties (59). Telmisartan reduces hepatic injuries resulting from type I diabetes
mellitus (83); and when associated with Propranolol, reduces several liver fibrosis signals,
such as hydroxyproline, bile duct proliferation procollagen-al, endothelin-1 and
metalloproteinases on a Primary Sclerosing Cholangitis (PSC)-like mouse model (98).
Telmisartan also prevented liver fibrosis in a rat bile duct ligation model (99). In mice on a
high-fat diet that had received a low dose of streptozotocin (STZ) 2 days after birth, treatment

with Telmisartan reduced hepatic inflammation and fibrosis (100). Similarly, Telmisartan
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reduced liver fibrosis that had been induced in rats by a short- or long- term methionine- and
choline-deficient diet (101), and also prevented the occurrence of hepatocellular carcinoma

(102).

As mentioned earlier in this article, pathological changes in NAFLD may at least partly result
from activation of the inflammatory arm of RAS (92), especially in the context of insulin
resistance. Once Telmisartan not only blocks RAS, but also has been consistently proven to
reduce insulin resistance (64, 82-86), its effects on liver histology should be expected.
Indeed, morphological evidence of amelioration of non-alcoholic steatohepatitis was found in
several animal studies with Telmisartan(89, 92, 95, 103), reducing inflammation and fibrosis
by suppressing macrophage infiltration into the liver (92, 95). Telmisartan treatment
attenuated liver steatosis with decreased hepatic triglycerides, besides attenuating liver
fibrogenesis, with decreased type I collagen and transforming growth factor-p1 (TGF-p1)
mRNA expressions (95). Enjojiet al. demonstrated that Telmisartan significantly improved
insulin resistance and attenuated liver injury in NAFLD and in chronic hepatitis C patients, an
effect that was more evident than with other ARBs, suggesting that this drug may be used as a
liver-protecting agent in these conditions(3). In a recent 1-year randomized control trial, Alam
et al observed that Telmisartan significantly improved the overall histology of NASH
patients, reducing inflammation and fibrosis markers, independent of weight reduction(30).
Also, Telmisartan was similarly effective in hypertensive and non-hypertensive NASH

patients and had very minimum side effects during this period of treatment.

Given the superiority of Telmisartan in treating and reversing metabolic and hepatic
parameters of Mets, the possibility that its effects may go beyond just blockade of the type 1
angiotensin II receptor has been raised (88). To test this theory, Rong et al demonstrated for
the first time that Telmisartan ameliorated diet-induced obesity, insulin resistance and fatty

liver in AT1R knock-out mice on a high-fat diet, suggesting that this drug may exert
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additional AT1R-independent beneficial effects on metabolism(85).

Concerning AT1R-independent effects, it is important to emphasize the relationship between
Telmisartan and peroxisome proliferator-activated receptor gamma (PPAR-y) activation.
Telmisartan works as a partial agonist of PPAR-y(59, 85, 89, 95, 104), a property that does
not appear to be shared by other ARBs (92, 105). Nuclear PPARY receptor is a transcription
factor regulating many genes related to adipogenesis, lipid metabolism and insulin sensitivity
(89). Telmisartan influences the expression of PPAR-y target genes involved in carbohydrate
and lipid metabolism; reducing glucose, insulin, and triglyceride levels in rats fed a high-fat,
high-carbohydrate diet (87). PPAR-y increases insulin sensitivity, high-density lipoprotein
levels, and decreases inflammation, oxidative stress, cell proliferation, migration and fatty
acid and triglyceride levels, but without causing the fluid collection associated with full
agonists of PPAR-y, such as pioglitazone or rosiglitazone (35, 59, 104, 106, 107). Figure 2

illustrates these two Telmisartanaction mechanisms in the treatment of NAFLD.

The concept of an agent with dual PPAR-y agonist and AT1 receptor antagonist actions is
indeed promising, particularly from the standpoint of synergistic metabolic actions. However,
some limitations should be noted (108). PPAR-y effects are elicited only by micromolar
concentrations of Telmisartan, whereas low nanomolar concentrations are sufficient to block
ATI receptors (109). Thus, Telmisartan is >1000-fold more potent as an AT1 receptor
antagonist than as a PPAR-y agonist (108). According to this, most of the effect of
Telmisartan on metabolism is likely to be mediated by blockade of AT1 receptors, together
with compensatory overstimulation of AT2 receptors and activation of ECA2/Ang (1-7)/Mas

axis, as angiotensin II levels rise during chronic AT1 blockade.

Furthermore, structural differences between ARBs result in differences in their

pharmacological and pharmacokinetic properties and subsequently in their binding affinity to
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the Ang II receptor. The effectiveness of Telmisartan might be adequately explained by its
greatest affinity for the AT1R among the ARBs, longer half-life and greater lipophilicity,
resulting in greater in vivo blockade of the ATIR by Telmisartan(13, 28, 88, 108). However,
the synergy between PPAR-y activation and angiotensin receptor blockade is clear from

preclinical data (108).

As another possible PPAR-y-independent mechanism, Miesel et al investigated HPA axis
activity after AT1R blockade(91). HPA hyper-reactivity has been verified in rats and patients
with diabetes (110) and ATIR identified as regulators of stress reactions (111). Moreover, the
Angll-stimulated hyper-reactivity in the HPA axis was found to account for the reduction in
glucose utilization in obese Zucker rats (112), revealing a functionally relevant crosstalk
between Angll, the HPA axis, and metabolic functions. They demonstrated that HPA
reactivity was reduced after AT1R blockade in rats with diet-induced metabolic syndrome.
The simultaneous decrease in ACTH indicates a pituitary mechanism, requiring that
peripherally administered TEL penetrate the blood—brain barrier. This was verified by
measuring TEL concentrations in the cerebrospinal fluid and indirectly by the ability of TEL
to antagonize the central effects of Angll(113). All these mechanisms could explain the
differences between ARBs on the effects on insulin resistance, transaminase levels and liver
histology and the superiority of Telmisartan in treating NAFLD and in preventing it’s

progression to hepatic cirrhosis.

Conclusion

In conclusion, blocking RAS in order to inhibit the ACE/Ang II/ATIR axis and increasing
ACE2/Ang(1-7)/MAS axis activation is an important strategy to treat NAFLD. Between RAS
blockers, Telmisartan is the most promising drug, not only for its favorable pharmacokinetic

proprieties and safety but also because it seems to exert additional AT1-independent benefits



42

on metabolism, related to a partial PPAR-y agonism and/or to a positive central action on
HPA axis. However, large multicenter randomized-controlled trials are needed to consolidate
these findings. Currently, treatment with Telmisartan and with other RAS blockers can only
be formally recommended in NALFD patients with an established indication of anti-

hypertensive therapy.
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FIGURES
Figure 1.

Fig. 1. Ang II as a major player in NAFLD. Ang II impairs intracellular insulin
signaling, resulting in worsening of insulin resistance, the main
pathophysiological element of NAFLD. Ang II also induces generation of
reactive oxygen species (ROS), initiating and propagating the production of pro-
inflammatory mediators, including tumor necrosis factor-o (TNF-a),
interleukin-6 (IL-6) and plasminogen activator inhibitor-1 (PAI-1), resulting in
inflammation, additional impairment of insulin signaling and up-regulation of
ATIR genes, contributing to a vicious cycle of steatosis-necroinflammation-
fibrosis.
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Figure 2.
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Fig. 2. Liver-protecting actions of Telmisartan in NAFLD.Telmisartan blocks
ATIR, inhibiting the ACE/Ang II/ATIR axis and stimulates the Ang-(1-7)/Mas
axis of RAS, improving insulin sensitivity, lipid metabolism and decreasing
expression of proinflammatory cytokines, with suppression of macrophage
infiltration into the liver. The result is morphological improvement in hepatic
steatosis and in fibrogenic markers. Telmisartan also has anti oxidative
properties and works as a partial agonist of the nuclear receptor PPAR-y,
anaction that contributes toincrease insulin sensitivity and decrease
inflammation, oxidative stress, cell proliferation, and fatty acid/triglyceride
levels.
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Abstract: Objective: Telmisartan (TEL) is an angiotensin type I receptor blocker (ARB)

widely used as an antihypertensive drug. In the last years, increasing evidence of its metabolic
benefits appointed this drug as the most promising ARB for treatment of nonalcoholic fatty
liver disease (NAFLD), a condition widely diagnosed in humans with ultrasound imaging
(US) tests. The aim of the present study was to investigate the role of Telmisartan in treating
NAFLD in mice fed with a high-fat diet and to access this result through the non-invasive
technique of US. Methods and procedures: Twenty-four male mice were divided into four
groups and fed for 60 d with a standard diet (ST), standard diet plus TEL (ST + TEL 5
mg/kg/d by gavage for 4 weeks), high-fat diet (HFD) or high-fat diet plus TEL (HFD + TEL 5
mg/kg/d by gavage for 4 weeks). Body weight, food intake, and serum total cholesterol,
triacylglycerol, insulin, alanine transaminase, and aspartate aminotransferase were evaluated.
Liver histology was analyzed. US imaging was performed to access liver echogenicity and
size and epididymal fat pad thickness. Results: The major finding of the present study was
that TEL reduced hepatic steatosis in the HFD + TEL group, and that this result was
demonstrated non-invasively through US measurements of liver longitudinal axis and
echogenicity. Also, US measurement of epididymal fat pad thickness showed that TEL
reduced the amount of this adipose tissue, outcome confirmed by its weight. TEL also
reduced body weight, mesenteric adipose tissue, transaminases, and improved glucose
tolerance test and HDL cholesterol. Conclusions: We observed that treatment with
Telmisartan improved metabolism and decreased NAFLD in mice with obesity-inducible diet,
and that these results can be demonstrated non-invasively by ultrasound analysis. These data
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reinforce Telmisartan’s potential as a therapeutic candidate of NAFLD and stimulate the use
of US in hepatic steatosis murine experimental models.

Introduction

Diet and lifestyle changes have led to worldwide increases in the prevalence of metabolic
syndrome, a complex disorder where obesity, glucose intolerance, insulin resistance,
dyslipidemia, and hypertension are associated [1-3]. Non-alcoholic fatty liver disease
(NAFLD) is now considered a hepatic component of metabolic syndrome because of the close
association between the two conditions, that share the same risk factors [3-6].

NAFLD is one of the most common causes of chronic liver diseases in Western countries,
occurring in approximately 30% of the general population [7-8]. NAFLD is defined as a lipid-
deposit accumulation in the hepatocytes, which is not due to excessive alcohol use (women
<20 g/d, men <30 g/d). Accumulation of fat within hepatocytes causes oxidative stress, which
can lead to liver injury, inflammation, and fibrosis. The aggressive subset of NAFLD,
nonalcoholic steatohepatitis (NASH), accounts for a large and increasing number of patients
who have cirrhosis, liver failure, and even hepatocellular carcinoma [9].

An accurate diagnosis requires imaging or histological techniques [5,10], once most patients
are asymptomatic until late stages of disease [11], and serum markers such as
aminotransferases are relatively insensitive and nonspecific [12,13]. Ultrasound (US) is
currently the most widely used test for detecting hepatic steatosis, with the advantages of
being safe, non-invasive, non-radiation, widely available and cost effective [9,14-18].

Telmisartan (TEL) is an angiotensin type I receptor blocker (ARB) that has been widely used
for the treatment of hypertension and hypertension-related cardiovascular end-organ damage
[19], being considered a first-line drug in mild to moderate hypertension, with an excellent
safety profile [20]. In the last years, interest in metabolic effects of TEL has substantially
increased, once beneficial effects in limiting the development of metabolic syndrome and
diabetes has been demonstrated [21-26]. In the liver, evidence also shows metabolic benefits
of this ARB, with promising protective effects against lipid accumulation and inflammation in
animal studies [27-29].

Thus in this study we aimed to investigate whether Telmisartan treatment could improve
NAFLD in high-fat fed mice, and we explored the non-invasive technique of US to diagnose
this disease. Positive results would reinforce Telmisartan’s potential as a therapeutic
candidate of NAFLD and stimulate the use of US in hepatic steatosis murine experimental
models.

Materials and methods

Animals
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The experiment was conducted with 24 male FVB/N mice (4 wk old), which were randomly
divided into four groups (n = 6) and fed with the following respective experimental diets for
60 d: Standard diet (ST); Standard diet plus Telmisartan (ST + TEL 5 mg/kg/d by gavage for
4 weeks); high-fat diet (HFD); high-fat diet plus Telmisartan (HFD + TEL 5 mg/kg/d by
gavage for 4 weeks). Metabolic effects of TEL have been demonstrated especially when it
was given at doses > 5 mg-kgp, ' -day” [30-37]. According to previous studies, the FVB/N
strain is considered a preferable model for evaluation of metabolic disorders [38,39].

Diets

The standard diet (Labina, Purina, St. Louis, MO, USA) used for regular maintenance of the
mice is composed of 50.30% carbohydrate, 41.90% protein, and 7.80% fat, with a total of
2.18 kcal per 1 g of diet. The high-fat diet was composed 24.55% of carbohydrate, 14.47% of
protein, and 60.98% of fat, presenting a total of 5.28 kcal per 1 g of diet. All the high-fat diet
components were purchased from Rhoster LTDA (Sao Paulo, Brazil).

Measurements of body weight, food intake, and tissue collection

The mice were individually housed and the food intake was measured twice per week during
treatment to determine food efficiency (food intake/body weight). Overnight-fasted mice were
sacrificed with ketamine (130 mg/kg) and xylazine (0.3 mg/kg) after anesthesia; sample
tissues were collected, weighted, and immediately frozen in liquid nitrogen and stored at — 80
°C for posterior analysis.

Ultrasound Imaging

Animals were studied in supine position, in the day before sacrifice, by the same trained
radiologist, using a Medison® ultrasound equipment (Seoul, South Korea), with a
multifrequency linear transducer (7.0 to 12 MHz). All imaging were performed in
fundamental brightness mode (B-mode), with optimization of the gain and the time gain
compensation settings, which were kept constant throughout the experiment. The acoustic
focus was placed in the center of the target organs (liver and epididymal fat pad), with
measurement of liver echogenicity, size (longitudinal axis) and epididymal fat pad thickness
[40-42]. Liver echogenicity was analyzed using the public domain Java image processing
program Image-J (Wayne Rasband, Research Services Branch, National Institute of Mental
Health, Bethesda, Maryland, USA). A region of interest (ROI) was determined arbitrarily in
the constant area of ultrasound images of the liver parenchyma, covering a wide area and
excluding large vessels as far as possible. The average intensity in the ROI was measured and
relative values were compared [14,43].

Determination of blood measurements

Serum was obtained after centrifugation (3200 rpm for 10 min at 4 C). Total serum
cholesterol, high-density lipoprotein (HDL), triacylglycerol, insulin, and aspartate and alanine
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transaminases (AST and ALT) were assayed using enzymatic kits (Wiener Laboratories,
Rosario, Argentina).

Hematoxylin and eosin staining

Liver samples were fixed in formaldehyde solution (10%) and embedded in paraffin serially
sectioned at 5 mm, stained with hematoxylin and eosin (HE), and evaluated under a
conventional light microscope using an Olympus BX50 microscope (Tokyo, Japan).

Statistical analysis

All data were transferred to GraphPad Prism software (Version 5.0, GraphPad Software Inc.,
San Diego, CA, USA) and analyzed with confidence 95% (P < 0.05). Data are expressed as
the mean + SD. The statistical significance of differences in mean values among mice groups
was assessed by one-way ANOVA followed by Bonferroni post-test.

Results

Mice fed with HFD had a higher energy intake than those fed with STD diet, and treatment
with Telmisartan did not reduce their energy intake (ST: 2,69 = 0.07; ST + TEL: 2,40 + 0.05;
HFD: 3,20 + 0.13; HFD + TEL: 3,25 £+ 0.15) (Fig. 1A,B). ST animals had lower body weight
when comparing with HFD animals during all the experiment, and treatment with Telmisartan
significantly decreased body weight in the HFD group but not in the ST group (ST: 281.4 +
5.51; ST + TEL: 317.5 £ 11.25; HFD: 373.6 + 11.25; HFD + TEL: 326.6 + 15.12) (Fig.
1C,D).

Epididymal fat pad weight was higher in HFD group when comparing with ST group, and
treatment with Telmisartan significantly reduced this weight in the HFD + TEL group (ST:
0,007 = 0.001; ST + TEL: 0.01 + 0.0006; HFD: 0.02 + 0.002; HFD + TEL: 0.013 + 0.001)
(Fig. 2C). US measurements of epididymal fat pad thickness shows the same results, with
higher measures in HFD animals than in ST animals, and with a significant reduction in
epididymal fat pad thickness in the HFD + TEL group in relation to the HFD group (ST:
0.667 £ 0.0667; ST + TEL: 0.733 £ 0.066; HFD: 0.967 + 0.033; HFD + TEL: 0.600 + 0.058)
(Fig. 2A.B).

Mesenteric adipose tissue also had significantly reduced weight in HFD + TEL group when
comparing with the HFD group (ST: 0.004 + 0.001; ST + TEL: 0.005 + 0.0004; HFD: 0.08 +
0.02; HFD + TEL: 0.004 + 0.0004) (Fig 2D). Total adiposity was higher in HFD group in
comparison with ST groups and was significantly reduced in HFD + TEL group when
comparing with the HFD group (ST: 0.013 + 0.001; ST + TEL: 0.016 + 0.001; HFD: 0.031 +
0.002; HFD + TEL: 0.018 + 0.001 (Fig 2E).
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A low glucose tolerance was observed in HFD mice when compared with STD animals, and
this parameter was significantly improved in HFD + TEL group (ST: 27314 + 3393; ST +
TEL: 32355 + 1214; HFD: 49454 + 2439; HFD + TEL: 39802 + 1401) (Fig. 3A). Although
insulin sensitivity test showed this same tendency, no statistical significance was observed
(Fig. 3B).

The HFD + TEL group had higher concentrations of HDL cholesterol than ST and HFD
groups (ST: 64.08 = 4.40; ST + TEL: 56.20 + 4.02; HFD: 65.98 + 2.94; HFD + TEL: 83.33 +
3.44) (Fig. 4B,C). Triacylglycerols did not significantly differ between the groups (ST: 111.8
+ 6.29; ST + TEL: 125.7 + 10.49; HFD: 128.3 £+ 9.304; HFD + TEL: 142.0 + 13.53) (Fig.
4A). Regarding parameters related to liver damage, values of ALT (ST: 33.0 + 2.1; ST +
TEL: 38.67 = 2.40; HFD: 42 + 1.79; HFD + TEL: 20.75 + 3.35; P = 46.56) were significantly
reduced in the HFD + TEL group (Fig. 4D,E).

In addition, analysis indicated that the HFD group had a substantial increase in total liver
weight in relation to ST mice, and that HFD + TEL significantly reduced this weight (ST:
1.833 £ 0.105; ST + TEL: 1.889 + 0.07; HFD: 2.233 + 0.012; HFD + TEL: 1.405 £+ 0.065)
(Fig. 5D). US examination of liver size demonstrated higher measurements of liver
longitudinal axis in HFD when comparing with ST animals, with a substantial decrease in
HFD + TEL group in relation to HFD group (ST: 1.467 + 0.088; ST + TEL: 2.000 + 0.200;
HFD: 2.233 + 0.088; HFD + TEL: 1.467 + 0.120) (Fig. 5A.B). US analysis of liver
ecogenicity showed elevated mean gray values in HFD group, with a significant reduction of
this parameter after Telmisartan treatment in the HFD + TEL group when comparing with
HFD animals (ST: 78.68 + 3.894; ST + TEL: 97.1 £ 5.556; HFD: 130.9 £ 0.012; HFD + TEL.:
94.27 + 9.199) (Fig. 5A,C). This result was subjectively observed by the radiologist during
the exam by an increase in the brightness of the hepatic parenchyma in the HFD group, and a
decrease in this parameter in the HFD + TEL group (Fig. 5A). The liver histologic
examinations in mice fed the HFD indicated prominent steatosis (Fig. 5F). Hence, we
performed a histologic analysis to examine the effect of Telmisartan on the development of
fatty liver. Large hepatic lipid droplets were diffusely present in the livers of the HFD group
mice compared with the ST group, and a significantly decrease in this aspect was observed in
the HFD + TEL group (ST: 0.159 + 0.049; ST + TEL: 1.253 £+ 0.388; HFD: 2.080 + 0.659;
HFD + TEL: 0.642 + 0.050) (Fig. 5E,F).

Discussion

To our knowledge, this is the first study that analyses the efficacy of the ARB Telmisartan in
the treatment of NAFLD in high-fat fed mice by using the non-invasive and cost-effective
technique of ultrasound imaging. While much progress has been made in elucidating the
epidemiology, natural history, and pathogenesis of NAFLD/NASH, there remains no effective
therapy, with limited options of evidence-based clinical guidelines for patient management.
Pharmacological treatment of patients with NAFLD is still evolving, with no single therapy
that has clearly been proved effective, especially, in favorably modifying the course of the
disease [5,44-48].
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In this study, we demonstrated that Telmisartan effectively protects against NAFLD and
ameliorates several metabolic parameters in high-fat-fed mice. This is in coherence with
previous studies that appoint this drug as the most promising ARB for treatment of NAFLD in
terms of both safety and efficacy [46]. A central point to explain these results involves
pathological changes in NAFLD, that may at least in part result from activation of the
inflammatory arm of renin-angiotensin-system (RAS), especially in the context of insulin
resistance [29]. The basic defect in the development of hepatic steatosis is the imbalance
between import and export of fat to and from the liver secondary to insulin resistance
[5,45,49]. Also, imbalances between pro- and antioxidant mechanisms and between pro- and
anti-inflammatory cytokines are important components of NAFLD pathogenesis and disease
progression toward NASH and fibrosis [1,5,47]. Here we demonstrated that HFD mice had a
worse glucose profile when compared with STD animals, with a low glucose tolerance, and
that this parameter was significantly improved by Telmisartan treatment. Concerning insulin
profile, we observed the same tendency in the insulin sensitivity test, but no statistical
significance was observed, what might be explained by the relatively short duration of the
experiment.

The renin angiotensin system (RAS) is currently considered a dual function system with
opposite actions, so that the ACE2/Ang-(1-7)/Mas axis is able to counteract most of the
deleterious actions of the ACE/Ang II/ATIR axis, especially in pathological conditions
[38,50-56]. Evidence suggests that obesity activates the RAS arm composed of ACE/Ang
II/ATIR [57-59], and Angiotensin II (Ang II) has been implicated as a major player in the
altered hepatic lipid metabolism observed in NAFLD [39], influencing intracellular insulin
signaling by several mechanisms which may result in worsening of insulin resistance [21,60-
62]. Ang II also induces generation of reactive oxygen species (ROS), initiating and
propagating the production of pro-inflammatory mediators, including tumor necrosis factor-
alpha (TNF-a), interleukin-6 (IL-6) and plasminogen activator inhibitor-1 (PAI-1), resulting
in inflammation and additional impairment of insulin signaling [63-66] contributing to the
vicious cycle of steatosis-necroinflammation-fibrosis [46]. On the other hand, increasing
evidence has shown the beneficial effects of the ACE2/Ang-(1-7)/Mas axis on liver pathology
and on metabolic disorders, exerting an important anti-obesity role by improving insulin
sensitivity, glucose tolerance and type 2 diabetes, reducing body fat, increasing adiponectin
production and reverting hyperleptinemia [38,39,53,55,59,67-71].

Concerning AT1R-independent effects, it is important to emphasize the relationship between
Telmisartan and peroxisome proliferator-activated receptor gamma (PPAR-y) activation.
Telmisartan works as a partial agonist of PPAR- y [25,27,28,70,72], a property that does not
appear to be shared by other ARBs [29,73]. Nuclear PPARY receptor is a transcription factor
regulating many genes related to adipogenesis, lipid metabolism and insulin sensitivity [27].
Parcial agonists of PPAR- y like Telmisartan increases insulin sensitivity, high-density
lipoprotein levels, and decreases inflammation, oxidative stress, cell proliferation, migration
and fatty acid and triglyceride levels, but without causing the fluid collection associated with
full agonists of PPAR-y, such as pioglitazone or rosiglitazone [70,72,74-76].



59

Once Telmisartan not only modulates RAS in order to inhibit its deleterious arm and to
activate its protective one [21,77-80], but also works as a parcial agonists of PPAR- y
[25,27,28,70,72] and has been consistently proven to reduce insulin resistance [21-26], its
effects in liver histology should be expected. We demonstrated a significant improvement on
liver size and on hepatic lipid droplets infiltration in the HFD group treated with Telmisartan,
in concordance with previous studies [27-29]. These morphological findings were positively
correlated with the US exam of the liver the day before sacrifice. Ultrasound was effective in
demonstrating a higher liver size in HFD group and a substantial decrease in this parameter
when the HFD animals were treated with Telmisartan. Also, US analysis of liver echogenicity
showed elevated mean gray values in HFD group, with a significant reduction of this
parameter after Telmisartan treatment in HFD + TEL group. As in humans, hepatic steatosis
in rodents is classically described on US as a diffuse increase in hepatic echogenicity, or
“bright liver”, due to increased reflection of US from the liver parenchyma, which is caused
by intracellular accumulation of fat vacuoles [15,16,18,40]. Another parameters, such as
reduced visualization of the diaphragm and of small peripheral vessels, with no changes in
liver surface, can also be utilized [40].

Although liver biopsy is still considered the gold standard for diagnosing and staging of
NAFLD [16,81-85] it is an invasive procedure with some limitations and complications such
as potential sampling error, low reproducibility, pain, bleeding, infection and, in rare
instances, death [9,82,83,86-88]. For this reason, various imaging methods have been utilized
to evaluate NAFLD, such as US, computed tomography (CT), and magnetic resonance
imaging (MRI) [7,16,18,89], the latter considered the noninvasive standard of reference for
evaluation of hepatic steatosis [9,16,18,90,91]. However, MRI is expensive and time-
consuming and CT, besides being expensive and having low sensitivity for mild hepatic
steatosis, involves radiation exposure, making these tools inappropriate and not cost-effective
for large-scale NAFLD screening and for longitudinal follow-up [14,16,18,84]. From these
perspectives, US represents an excellent examination modality that is safe, non-invasive, non-
radiation, widely available, cost effective, and can be performed repeatedly with no biological
risk, being currently the most widely used test for detecting hepatic steatosis in humans [9,14-
16-18].

In experimental murine liver disease models, US is feasible, efficient, and easy to be done,
requiring only slight sedation and abdominal shaving, not demanding total immobility or
apnea while obtaining the images, therefore, consisting in a low risk procedure [40,92-94].
Murine models of diffuse liver disease can be accurately evaluated with US both for
diagnostic purposes and for follow-up, some of them with statistical correlation of US
findings with histology [40,95]. Lessa et al. [40] demonstrated that qualitative ultrasound
analysis is sensitive and specific enough to diagnose fatty liver disease in rats and Fernandez-
Dominguez et al. [41] concluded that diffuse steatosis was easily diagnosed in mice models
with US evaluation. The ability to accurately measure important features of liver disease in
rodents with noninvasive methods such as US is of tremendous value [9], once it can reliably
substitute histological diagnosis in NAFLD models in several circunstances, allowing the
reduction of the number of animals in research [40]. Also, it provides a non- invasive tool to
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long-term follow-up, which is usually needed in pre-clinical drug or cell-based therapy
[40,41].

However, it is well-recognized that the diagnostic accuracy of US diminishes with less than
20-30% of hepatic steatosis [14,17,18,89,96] and in the setting of chronic liver diseases, such
as chronic hepatitis C [18,82,84,97]. This happens because hepatic fibrosis may also increase
liver echogenicity [98] making it impossible for US to distinguish between NASH and other
degrees of NAFLD [14,84,89-100] limitation also shared by other imaging methods such as
CT and RMI. Also, evaluation of liver echogenicity is usually made in a subjective and
qualitative manner [9] what makes the diagnostic performance of US highly dependent on the
operator reading skills [14-16,17,18] and not accurate for detecting small changes in liver fat
content [15,16].

We also demonstrated that Telmisartan reduced the adiposity and the weights of mesenteric
and of epididymal adipose tissues in HFD + TEL group wen comparing to the HDF group.
Importantly, the amount of the epididymal adipose deposit was well demonstrated non-
invasively by US measurements of epidydymal fat pad thickness. Liao ef al. [42] have already
utilized echographic measurements of epididymal fat pad thickness to successfully access the
amount of this adipose tissue deposit, reinforcing that this technique can also be used to
estimate this morphological parameter. Kudo ef al. [28] showed for the first time that
Telmisartan decreases the adipocyte size and upregulates the adiponectin secretion without
affecting food intake in a murine NASH model, reducing the accumulation of visceral fat.
Moreover, Telmisartan, but not the ARB Valsartan, increased the expression of both nuclear-
encoded and mitochondrial-encoded genes in skeletal muscle known to play important roles
in mitochondrial energy metabolism. Thus, in addition to a class effect of ARBs in
modulating adipocyte size, these findings raise the possibility that certain molecules, like
Telmisartan, may have a particularly strong impact on fat cell volume and fat accumulation,
as well as distinctive effects on energy metabolism, which may help to protect against dietary-
induced visceral obesity and weight gain [32]. The efficacy of TEL in reducing visceral fat
mass may be relevant for patients since an increase in visceral fat is related to hypertension,
dyslipidemia and an impaired metabolic pattern, but also serves as an independent predictor
of mortality in men [101].

Conclusion

In conclusion, the present study indicates that oral treatment with Telmisartan offers a
protective effect against NAFLD and improves lipid and glucose metabolism in high-fat—fed
mice. We also demonstrated that ultrasound is a non-invasive tool that can be reliable used to
diagnose hepatic steatosis and to estimate the amount of visceral fat mass by measuring the
thickness of epididymal fat pad, contributing to the refinement of experimental technique in
murine studies against more invasive procedures. However, if the distinction between simple
steatosis and steatohepatitis or fibrosis is needed, or if small alterations in steatosis severity
are an important parameter, histologic analysis is still necessary.
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Figure 1. Food intake, energy intake and body weight in mice treated with Telmisartan
and fed with standard and high fat diet (ST, ST+TEL, HFD, HFD+TEL). Food intake
(A), energy intake (B) and body weight (C). Data are presented as mean + SEM; *
p<0.05, ** p<0,01; *** p<0,001 versus group indicated.
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Figure 2. Adiposity, epididymal and mesenteric adipose tissues in mice treated with
Telmisartan and fed with standard and high fat diet (ST, ST+TEL, HFD, HFD+TEL).
Epididymal US images (A), epididymal fat pad thickness acessed by US (B),
epididymal adipose tissue weight (C), mesenteric adipose tissue weight (D) and adipisity
(E). Arrows in A indicate the epididymal fat pad. Data are presented as mean + SEM; *
p<0.05, ** p<0,01; *** p<0,001 versus group indicated.
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Figure 3. Insulin sensitivity and glucose tolerance tests in mice treated with Telmisartan
and fed with standard and high fat diet (ST, ST+TEL, HFD, HFD+TEL). Glucose
tolerance test (A) and Insulin sensitivity test (B). Data are presented as mean + SEM; *
p<0.05, ** p<0,01, *** p<0,001 versus group indicated.
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Figure 4 — Lipid parameters and hepatics enzims in mice treated with Telmisartan and
fed with standard and high fat diet (ST, ST+TEL, HFD, HFD+TEL). Triglycerides
(A), Total Cholesterol (B), High-density lipoprotein (C), Aspartate aminotransferase
(D) and Alanine transferase (E). Data are presented as mean + SEM; * p<0.05, **
p<0,01, *** p<0,001 versus group indicated.
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Figure 5. Liver ultrassonography (US), weight and hematoxylin/eosin staining in mice
treated with Telmisartan and fed with standard and high fat diet (ST, ST+TEL, HFD,
HFD+TEL). Liver US images (A), longitudinal axis measured by US (B), ecogenicity
(C), weight (D), fat infiltration (E) and hematoxylin/eosin staining (F). Arrows in A
indicate the liver. Data are presented as mean £ SEM; * p<0.05, ** p<0,01; ***
p<0,001 versus group indicated.
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5 CONSIDERACOES FINAIS

Os resultados do presente estudo mostraram que o tratamento oral com o BRA Telmisartan
reduziu a infiltracdio gordurosa no figado de camundongos alimentados com dieta
hiperlipidica e melhorou pardmetros metabdlicos relacionados ao metabolismo de
carboidratos e de gorduras. Ainda, demonstramos que a US ¢ um método de imagem nao
invasivo que pode ser utilizado in vivo para deteccao de alteracdes morfologicas no figado de
modelos murinos de DGHNA, com detecgao inclusive de melhora de pardmetros ecograficos
apoOs o tratamento medicamentoso. Da mesma maneira, a US pdde estimar o aumento do
deposito de gordura epididimal nos camundongos alimentados com dieta hiperlipidica, e a

reducdo desse parametro apos o tratamento.

Dentre as principais limitacdes deste estudo destacamos que nem sempre os dados de estudos
metabolicos podem ser extrapolados entre espécies, limitacdo intrinseca a estudos
experimentais em animais. As razdes podem incluir uma fisiopatologia espécie-dependente de
determinadas condi¢des metabolicas, ou mesmo um resposta diferente ao tratamento
medicamentoso proposto em algumas espécies [28]. Exemplificando esta situacdo, ¢ sabido
que coelhos podem ser mais sensiveis aos efeitos hipotensivos dos BRAs que outras espécies,
uma vez que doses tipicamente usadas em ratos podem causar hipotensdo profunda ou até
mesmo a morte nestes animais [120]. Por outro lado, algumas espécies podem ser menos
responsivas a alguns BRAs uma vez que os receptors AT1 tém menor afinidade por essas

moléculas, como € o caso do uso de BRAs como losartan ou valsartan em cachorros [121].

Ainda como limitagdo do presente estudo destaca-se o fato de os exames ultrasonograficos
terem sido realizados em aparelhos ndo dedicados ao uso veterinario, com transdutores
lineares proprios para uso em humanos, e portanto com frequéncias de pulsacdo abaixo das
normalmente utilizadas para estudos experimentais em animais de pequeno porte [56,57], o

que reduz a resolucdo especial e a nitidez da imagem.

A capacidade de medir com precisdo caracteristicas morfolégicas do figado e do tecido
adiposo em roedores através de métodos ndo invasivos € em tempo real como a US ¢ de
enorme valor, uma vez que pode substituir de forma confidvel o diagndstico histoloégico em
modelos de DGHNA em varias circunstincias, contribuindo para o refinamento da técnica
experimental, permitindo inclusive a reducdo do nimero de animais em pesquisas. Além

disso, fornece uma ferramenta ndo invasiva para o acompanhamento a longo prazo da doenga
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e para o acompanhamento do tratamento nos diversos modelos experimentais, geralmente
necessarios em fases pré-clinicas de testes terapéuticos. Ressalta-se, no entanto, a limitagdo da
US na distin¢do entre esteatose simples, esteatohepatite e fibrose e na deteccdo de pequenas
alteracdes no grau de infiltracdo gordurosa do figado, situagdes nas quais a andlise histologica

¢ necessaria.

Esses resultados reforgam o potencial do Telmisartan no tratamento da DGHNA e estimulam
o uso da US em modelos murinos experimentais de tratamento de esteatose hepatica como
ferramenta ndo invasiva para diagnostico e acompanhamento longitudinal dos animais em

detrimento de técnicas mais invasivas.
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A sindrome metabdlice (SM) é um teaisiomo complexe representade por win conjunto de fatores de risco
curdiovasculares welacionados & deposigio centeal de gordura e & resisténcia 4 agio da issulina {5). Entre esses
futores de risco. inclucm-se u dislipidemia. a obesidade centripeta, o alteragdo na homeosisse glicémica e 2
hipertensan arterial sistémica A prevaléncia de SM na populagio em gesal € de aproximadamente 24% (6). chegiundn
8 mais de B0% enire o5 pacientes com Diabetes Melfitus (DM) tipo 2. A SM é um imporante fator de risco de
mortalidade precoce em individucs ndo-dizhétions e em pacientes com DM tino 2. Entretanro, o papel da SM come
entidade independente e asseciadu a um maior visca par o desenvolvimento de eventos cardiovasculares tem side
recentemente questicnada. A obesidade estd associada » uma resposta inflamatdsia crinicn, carscterizada pela
pmdugic anormal de adipacinas ¢ a ativagde de alguns vias de sinalizagho pro-infamalor s, resultando ra indugho
de virios marcadores de inflamatdrios. Diverscs camponentes, como o resverateal ¢ s inibidores do COX-2 tém
apresentado cftites positivos na resposta inflamatdcia e modelos de animais obesas, demonstrando-se vidveis na
madulogiio de eatidaces rataidyicns envolvidas na sindruine metubolica.

l!‘s“i!n

Serd avalizdo o perfil lipidico ¢ glicémica de camundongos da linkagem FVIIN submesides 4 dieta hiperlipicica e
tratudos com resveratral e inihidores da COX-2. Os resultados do presente projele permisinio conkecer o efeita da
administrugho do resveratrul e intbidores da COX-2 em modelos animzis de sindrome metabélica, sendo de
fundumental importdnzia comu testes pré-clinicos de avalincio de efcitos adverses abrimbo @ perspectiva de
desenvolyimento de novos medicamentos para combater ss duengas curdiometabSlicas que mais stomelem ¢ matam
a populacio mundial. A

Pacecer

A Comissio de Etica em Expesimentagin e Bem-Estar Animal da Unimontes analisou o aracessa 022 ¢ entende que
o mesmo estd completn ¢ dentro dits normas da Comissao e éas Resolugbes da Canselho Nacicaal ce Controle ¢
Fxparimertagds Animal. Sendo assim, somos pela APROVACAO do projen de pesquisa,
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