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RESUMO

A obesidade é hoje considerada um problema de saude publica. Essa
condicao é caracterizada pelo aumento do peso corporal, mais especificamente do
tecido adiposo branco.

A adipogénese (diferenciagdo do pré-adipdcito em adipécito) € um fenémeno
complexo e nao muito bem caracterizado. Recentes estudos mostraram que os pré-
adipocitos estdo localizadas nas paredes dos vasos que irrigam o tecido adiposo.
Estas células estdo presentes exclusivamente neste tecido e expressam alguns
marcadores, dentre eles o PDGFR}.

O PDGFRB é um receptor tirosina quinase cujo papel na migracao,
proliferacdo e diferenciacdo de diversos tipos celulares tem sido extensivamente
estudado.

O AG1296 (6,7- dimetoxi-2-fenil-quinoxalina) € um potente inibidor do receptor
PDGF, pertencente a classe da quinoxalinas.

Deste modo, levando-se em consideragdo o papel do receptor PDGF no
crescimento e proliferacao celulares e o fato de que as células PDGFRp positivas
provenientes do tecido adiposo possuem alto potencial adipogénico, neste estudo
investigamos o efeito do AG1296 na adipogénese de camundongos submetidos a
dieta hiperlipidica e a dieta padrdo. Nés também investigamos se essa inibicdo
afetaria a sensibilidade a insulina desses grupos estudados.

Para tanto, camundongos Swiss machos com seis semanas de vida foram
divididos em quatro grupos: o grupo Controle que recebeu dieta padrdo, o grupo
C+AG1296 que recebeu dieta padrao e tratamento com AG1296, o grupo DH que
recebeu dieta hiperlipidica somente e o grupo DH+AG1296 que recebeu dieta

hiperlipidica e tratamento com AG1296. Peso corpéreo e ingestdo alimentar foram
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medidos diariamente durante o tratamento (7 ou 15 dias). Através de Western blot,
foram quantificadas as principais proteinas pro-adipogénicas (SREBP-1c, C/EBPa e
PPARYy) e a fosforilagdo das principais proteinas da via da insulina (IR, IRS1 e AKT).

Nossos resultados indicaram que nos animais controle, apés 15 dias de
tratamento com AG1296, houve uma reducao nas trés fracdes de tecido adiposo,
associada a uma reducdo em algumas das proteinas adipogénicas, além de uma
melhora na sinalizacao insulinica em figado e musculo e uma reducao na glicemia
de jejum.

Além disso, nos animais submetidos a dieta hiperlipidica, apds 7 dias de
tratamento com AG1296, foi possivel observar uma reducdo nas proteinas
adipogénicas e uma reducgao na fragao epididimal do tecido adiposo. Houve também
uma melhora na sinalizag&o insulinica e na tolerancia a glicose.

Com isso, podemos sugerir que a inibicdo do PDGFRB pode ter um papel
importante na adipogénese e na sinalizag&o insulinica e pode ser um alvo potencial

para prevencao da obesidade e resisténcia a insulina.

Palavras-chave: Adipogenia, Receptor Tipo beta para Fator de Crescimento

Derivado de Plaquetas, Resisténcia a Insulina
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ABSTRACT

Obesity can be defined as a disease in which body fat is excessively
accumulated. Adipogenesis is a complex and not completely known phenomenon.

Recent studies showed that adipocyte progenitor cells are exclusively found in
adipose tissue and express some markers like PDGFRB (Platelet-derived growth
factor B).

AG1296 (6,7-dimethoxy-2-phenyl-quinoxaline) is a potent and selective
inhibitor of PDGF receptor kinase.

In this context, the main objective of this work was to investigate if the
inhibition of PDGF receptor through AG1296 would be able to affect white adipose
tissue generation in high-fat-diet-fed and standard-chow-fed mice. We also
investigated if this inhibition would have an effect on the insulin sensitivity in these
studied groups.

For this purpose, six-week-old male Swiss mice were divided into four groups
and assigned to receive the following diet and/or treatment: the control group (C)
received standard rodent diet, the second group (C + AG1296) received standard
rodent diet plus AG1296 (50 mg/Kg/day by gavage), the third group (HFD) received
high fat diet (55% calories from fat, 29% calories from carbohydrate and 16% from
protein) and the fourth group (HFD+AG1296) received high fat diet plus AG1296.
Body weight and food intake were measured during the treatment (7 and 15 days).
After that, tissues (epididymal, retroperitoneal and mesenteric adipose tissue, liver
and muscle) were extracted and processed.

Through Western blot analysis, we were able to quantify the main proteins
related to adipogenesis (SREBP-1c, C/EBPa e PPARYy) and the phosphorylation of

the main proteins from insulin pathway (IR, IRS1 and Akt).
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Our results indicated that on control mice, after 15 days of treatment with
AG1296, there was a reduction on adipose fat pad, associated with reduction in
some adipogenic proteins, an increase in insulin signaling in liver and muscle and a
reduction in fasting plasma glucose.

Futhermore, on mice fed a high fat diet, after 7 days of treatment with
AG1296, it was possible to observe a reduction on adipogenesis proteins and a
reduction in epididymal fat pad. Also, there was an improvement in insulin signaling
pathway and in glucose tolerance.

In conclusion, our results suggest that PDGFR inhibition might have an
important role in adipogenesis and in insulin signaling and could be a potential target

for preventing obesity and insulin resistance.

Key words: Adipogenesis; Receptor, Platelet- derived growth factor receptor beta;

Insulin resistance
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INTRODUCAO



1-INTRODUCAO

Obesidade

Atualmente, a obesidade tem atingido indices alarmantes no mundo todo, o
que nos leva a crer que estamos em meio a uma epidemia com consequéncias
devastadoras para a saude publica. Projecées da Organizagdo Mundial de Saude
(OMS) apontam que no ano de 2025, mais de 50% da populacao sera composta de
individuos obesos nos Estados Unidos e, no Brasil, esta sera de mais de 25% dos
individuos adultos (Kopelman, 2000).

Essa condi¢ado é definida cientificamente como um aumento do peso corporal,
especificamente do tecido adiposo, de tal magnitude, que causa sérios danos ao
organismo (Spiegelman and Flier, 2001).

A obesidade pode ser o fator determinante no desenvolvimento de algumas
doengas muito comuns na atualidade, como: diabetes tipo 2, dislipidemias, doencas
cardiovasculares, Doenga de Alzheimer, e até alguns tipos de cancer (Sunyer and
Xavier, 2002; Grundy, 2004).

Na obesidade, o aumento do tecido adiposo induz a secrecao de varios tipos
de horménios (como, por exemplo, leptina e adiponectina), citocinas (IL-6, TNFa,
dentre outras) e outras proteinas (como adipsina) que podem modular a homeostase
energética (Hotamisligil et al, 1993; Hotamisligil, 2003; Warne, 2003; Ahima RS and
Flier JS, 2000; Kershaw and Flier, 2004; Kern et al., 2003; Wisse, 2004). Algumas
dessas substancias possuem efeitos sistémicos e podem causar resisténcia a
insulina em varias células e tecidos responsivos a esse horménio (Bastard et al,
2006). O TNFa, por exemplo, age estimulando a fosforilagdo do IRS-1 em serina,

reduzindo sua fosforilagdo em tirosina em resposta a insulina e a habilidade deste de
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se associar ao receptor de insulina (IR), atenuando a cascata de sinalizagédo e agao
da insulina (Hotamisligil, 2003; Wellen and Hotamisligil, 2005).

Hoje se sabe que a obesidade é caracterizada por um estado inflamatério
cronico, sub-clinico, do tecido adiposo branco, resultado da ativacdo do sistema
imune inato, que pode subseqientemente levar a resisténcia a insulina, intolerancia
a glicose e diabetes tipo 2 (Xu et al, 2003). Essa condi¢do é caracterizada por uma
intensa infiltracdo de macréfagos no tecido adiposo branco. Esses macréfagos sao a
principal fonte de citocinas pré-inflamatérias TNFa e IL-6 que contribuem para o
desenvolvimento de resisténcia a insulina em érgdos como musculo e figado. Além
disso, na obesidade, ocorre um aumento dos niveis de leptina, que pode regular e
ativar a produgdo de TNFa pelos macréfagos. Ocorre também uma redugdo da
producéo de adiponectina pelos adipécitos. Essa adipocina tem o efeito de reduzir a
secrecao de TNFa pelos macréfagos, possuindo um efeito antiinflamatério (Figura 1)

(Hotamisligil, Arner et al. 1995, Bastard et al, 2006).

Tecido Adiposo

O numero de células do tecido adiposo apresenta um aumento significativo
durante a infancia (Prins and O’Rahilly, 1997) porém, esse numero se estabiliza na
idade adulta, embora essas células sofram uma constante renovagao (Spaldin et al,
2008). Individuos com obesidade na fase adulta apresentam aumento no tamanho
dos adip6citos, enquanto a obesidade apresentada na juventude é resultado de
ambos, hipertrofia (um aumento no tamanho dos adipécitos) e hiperplasia (um
aumento no numero de células) (Hirsch and Batchelor, 1976; Lane and Tang, 2005).

Esse conjunto de adipdcitos, que formam o tecido adiposo, € o principal

reservatorio energético do organismo. Os adip6citos sdo as Uunicas células
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especializadas no armazenamento de lipidios na forma de triacilglicerol (TAG) em
seu citoplasma, sem que isto seja nocivo para sua integridade funcional. Essas
células possuem todas as enzimas e proteinas reguladoras necessarias para
sintetizar acidos graxos (lipogénese) e estocar TAG em periodos em que a oferta de
energia € abundante, e para mobiliza-los pela lipélise quando ha déficit calérico
(Frayn et al, 2003).

Além dos adipdcitos, o tecido adiposo contém uma matriz de tecido conjuntivo
(fibras colagenas e reticulares), tecido nervoso, células do estroma vascular, nédulos
linfaticos, células imunoldgicas (leucdcitos, macréfagos), fibroblastos e pré-

adipécitos (células adiposas indiferenciadas) (Kershaw and Flier, 2004).

| Inflamacéo
Infiltragdo de Macrofagos
Resisténcia a Insulina
%" A—_—
Adipdcitos
A I'l,
| \
4 | Leptina,
..’I .-"E / Macrofagos
_ ol :
Inflamacdo I ."+ '* /
\ TNFa
I
.-""f-
'S
+
Figado Musculo
RI ' RI

Figura 1: Relacio entre Obesidade, Inflamacio e Resisténcia a Insulina. Adaptado de
Adaptado de Bastard JP et al, 2006.
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Adipogénese

A adipogénese inicia-se antes do nascimento. O tecido adiposo, assim como
o muscular e o dsseo, tem origem mesodérmica, a partir de células-tronco
mesenquimais (Konieczny and Emerson, 1984; Jiang Y et al, 2002; Otto and Lane;
2005).

Células troco mesenquimais sdo células indiferenciadas que podem dar
origem a diversos tipos de células como adipdcitos, osteoblastos, mioblastos e
tecido conectivo dependendo do estimulo a que sdo submetidas (Otto and Lane,
2005). Acredita-se que essas células originam um precursor (adipoblasto), que se
desenvolve em pré-adipécitos ja predestinados a produzirem adipécitos do tecido
branco ou marrom. A transicdo de pré-adipocito para adipécito envolve quatro
estagios: crescimento, expansao clonal, diferenciacdo prematura e diferenciagéo
terminal (Gesta et al, 2007).

A diferenciacdo do pré-adip6cito em adipécito € um processo altamente
controlado. Fatores de transcricdo adipogénicos, incluindo o PPARYy (receptor gama
ativado por proliferadores de peroxissomas), a SREBP-1c (proteina 1c ligadora do
elemento regulado por esterdis) e as C/EBP (proteinas ligantes ao amplificador
CCAAT) desempenham papel-chave na complexa cascata transcricional da
adipogénese. Sinais hormonais e nutricionais afetam a diferenciagédo do adipdcito
positiva ou negativamente, e componentes envolvidos na interagdo ceélula-célula ou
na matriz celular também sao importantes na regulacédo do processo (Gregoire et al,
1998). Muitos outros fatores pro-adipogénicos e anti-adipogénicos também estao
envolvidos nesta complexa cascata de eventos (dentre eles as wnt e

B—cateninas,KLFs e outras) assim como esta sendo elucidada a maneira como eles
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se inter-relacionam e afetam a formagédo do tecido adiposo (Lefterova and Lazar,
2009).

A familia C/EBP consiste em 5 diferente membros: C/EBPa, C/EBPS,
C/EBP%, C/EBPy e CHOP. Durante a adipogénese, ocorre a transcricdo sequencial
destes fatores, sendo que a transcricdo de C/EBPB e C/EBP& promovem a
expressao de C/EBPa e PPARYy (Farmer, 2006).

Estudos comprovaram que C/EBPa é necessaria para formacao do tecido
adiposo branco (Linhart et al, 2001). Apesar de ambos, C/EBPa e PPARy
controlarem a diferenciacdo dos adipécitos, PPARy parece ser dominante neste
processo. O receptor PPARy tem, portanto, um papel fundamental na adipogénese e
na manutancao do estado diferenciado do adipécito maduro. Estudos envolvendo
inducao de knockout dos receptores PPARYy nos adipécitos maduros in vivo levaram
a morte de ambos os tecidos adiposos branco e marrom (Gesta et al, 2007).

O PPARy pertence a uma superfamilia de receptores nucleares. E altamente
expresso no tecido adiposo e estimula a transcricdo de muitos genes especificos do
adipdcito, assim como 0s passos iniciais criticos da adipogénese (Tontonoz et al,
1995).

Existem duas isoformas de PPARy (PPARy-1 e -2) geradas por promotores
distintos e mecanismos alternativos de splicing. O PPARy-1 estd presente nos
adip6citos e em menor proporcdo em varias outras células (macrofagos,
pneumdocitos, epitélio do célon, etc.). O PPARy-2 é exclusivo do tecido adiposo
(Rosen and MacDougald, 2006). Além de sua funcao na adipogénese, esse receptor
parece ter grande importancia na sensibilidade a insulina em todos os tecidos

(Sharma and Staels, 2007, Camp et al, 2002).
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Os C/EBP pertencem a familia b-zip (dominio basico de ligagdo do DNA), que
contém um zipper de leucina necessario para a dimerizagdo. O C/EBPB também
induz adipogénese, possivelmente por estimular a expressdo do PPARYy, cujo gene
contém sitios para C/EBP na regido promotora. C/EBPa e PPARYy se ligam a regido
promotora e ativam genes especificos do tecido adiposo branco, levando a ativacéao
da cascata da adipogénese (Fonseca-Alaniz et al, 2007; Lane et al, 1999). Essa
inter-relacao entre C/EBPa e PPARYy parece ser de fundamental importancia para o
controle transcricional da adipogénese e também para a sensibilidade a insulina nos
adipocitos, ja que estudos comprovaram que fibroblastos provenientes de
camundongos knockout para C/EBPa produzem adipécitos defeituosos, que
acumulam menos lipidios e apresentam auséncia de transporte de glicose
estimulada por insulina e tem expressdao génica e fosforilacdo de IR e IRS-1
reduzidos ( Wu et al, 1999).

O fator de transcricdo SREBP-1c é altamente expresso no tecido adiposo e
tem papel fundamental na formacado dos adipécitos. Essa proteina € capaz de
induzir o PPARy e também um ligante enddgeno deste fator de transcrigéo, além da
expressdo de varios genes criticos na biossintese de lipidios. Estudos revelaram
que ele é regulado pelos fatores de transcricdo C/EBPB e C/EBPS inicialmente e
posteriormente pelo C/EBPa durante a adipogénese (Payne et al, 2009).

Em resumo, o controle transcricional da adipogénese envolve a ativacdo de
varias familias de fatores de transcricdo. Estas proteinas sdo expressas em uma
cadeia na qual C/EBPB e C/EBP®& sao detectados primeiro, seguidos pelo PPARYy,
que por sua vez ativa a proteina C/EBPa e um gama de outras proteinas envolvidas
na complexa cadeia da adipogénese. C/EBPa exerce um feedback positivo na

proteina PPARy, para manter o estado de diferenciacdo. SREBP-1c € regulada

22



pela insulina no tecido adiposo e pode ativar PPARYy pela indugéao da sua expressao
assim como pela expressdao de um ligante endogeno deste receptor. SREBP-1c
também é capaz de ativar muitos genes da lipogénese. Todos esses fatores
contribuem para a expressao de genes que vao caracterizar o fenétipo do adipdcito

maduro (Figura 2) (Spiegelman and Flier, 2001).

) INSULINA
CIEBPu ‘
’ \ Lipogénese

Ligantes
D
C/EBPS

\ RRR ADD1/SREBP1C

EXPRESSAO DE GENES ESPECIFICOS
DIFERENCIACAO
SENSIBILIDADE A INSULINA

CIEBPp

Figura 2: Controle Transcricional da Adipogénese. Adaptado de Spiegelman BM and Flier JS,
2001

Até ha pouco tempo, ndo se sabia muito a respeito da natureza e da
localizacao das células precursoras dos adipécitos. Neste contexto, dois estudos
comecgaram a responder a esses questionamentos (Rodeheffer et al, 2008; Tang et
al, 2008) . Utilizando as técnicas de citometria de fluxo em combinacdo com
transplante de células in vivo, identificaram-se as células precursoras dos adipécitos

no estroma vascular do tecido adiposo branco. Foram utilizados marcadores ja
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conhecidamente expressos em células precursoras de outros tecidos.
Primeiramente, utilizaram-se os marcadores CD29 e CD34. Mostrou-se que somente
as células CD29" e CD34" tinham potencial adipogénico. Posteriormente, utilizando-
se as mesmas técnicas e outros marcadores (Sca 1 e CD24") determinou-se que as
células CD29": CD34": Sca 1: CD24" (0,08% do total de células do estroma
vascular) eram adipogénicas e apds serem transplantadas, in vivo, em
camundongos lipodistroficos, formaram um tecido adiposo normal e funcional
(Rodeheffer et al, 2008).

Além disso, sabe-se, no momento, que as células progenitoras dos adipocitos
estado localizadas nas paredes dos vasos que irrigam o tecido adiposo. Utilizando
camundongos manipulados geneticamente, foi demonstrado que as células
progenitoras dos adipécitos sao pericitos (células que envolvem os capilares
sanguineos). Estas células estdo presentes exclusivamente no tecido adiposo e
expressam alguns marcadores, dentre eles o PDGFRB. As células PDGFRB*
provenientes do tecido adiposo branco tiveram maior potencial adipogénico do que
as células negativas para este receptor (Tang et al, 2008). Essa adipogénese foi
estimulada por tiazolidinedionas, que sao drogas antidiabéticas que ativam o
PPARy, muito utilizadas no tratamento do diabetes tipo 2 (Mundaliar and Henry,
2001). Em contraste, células PDGFRB" isoladas de outros 6rgdos ndo promoveram
adipogénese na mesma propor¢cdo que as provenientes do tecido adiposo e nao

foram responsivas as tiazolidinedionas (Tang et al, 2008).
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PDGFR e seus inibidores

PDGF (fatores de crescimento derivados de plaquetas) e seus receptores sao
bastante conhecidos por seu papel no crescimento celular e fisiopatologia de varios
tipos de cancer.

Esses receptores foram inicialmente identificados em fibroblastos células da
glia e células do musculo esquelético. Atualmente, sabe-se que muitos outros tipos
de células expressam esse receptor (Raines and Ross, 1993).

Existem dois tipos de receptores PDGF (a e B). O PDGFRB possui 1106
residuos de aminoacidos e um unico dominio transmembrana localizado no meio do
polipeptidio. Seu dominio extracelular pode ser dividido em cinco subdominios e a
porgao intracelular possui trés regides: o dominio justamembrana, o dominio tirosina
quinase e um dominio C-terminal (Claesson-Welsh, 1996).

Quando da ligagdo da molécula de PDGF, esse receptor sofre dimerizagao
(Heldin, 1995). Essa dimerizagdo do receptor tirosina quinase é seguida pela sua
autofosforilagdo que ocorre principalmente através da fosforilagdo de uma molécula
do receptor pela outra no dimero formado (Ullrich and Schlessinger, 1990).

A maior parte dos sitios de fosforilagdo dos receptores PDGF esta localizada
fora do dominio tirosina quinase. No receptor PDGF[3, um sitio de fosforilagcdo, o
Y857, foi identificado no dominio tirosina quinase e este parece regular sua atividade
(Cooper and Kazlauskas, 1993).

Drogas que interfiram diretamente na fosforilacdo deste receptor (inibidores
da PDGFR quinase) tém sido muito testadas ultimamente na terapia de varios tipos
de céncer e tém mostrado bons resultados (Pietras et al. 2003)

O AG 1296 (6,7- dimetoxi-2-fenil-quinoxalina) € um potente inibidor da

PDGFR quinase pertencente a classe da quinoxalinas (Figura 3) (Kovalenko et al,
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1994). Essa substancia nao interfere com a ligagao do PDGF ao seu receptor, nem
com a dimerizagao do mesmo, mas abole sua atividade tirosina quinase. Essa droga
se liga ao dominio quinase do receptor PDGF quando este esta ativado, em um sitio
diferente daquele ao qual se liga a molécula de ATP, inibindo a reagcdo catalitica
(Kovalenko et al, 1997). As quinoxalinas sao altamente seletivas para os receptores

PDGF, ja que estas se ligam a areas que sao exclusivas destes receptores (Levitzki,

/O ij/@
\O N

Figura 3: Estrutura Molecular do AG1296

2004).

Considerando-se que o receptor PDGFRB foi identificado como um dos
marcadores das células precursoras dos adipécitos, as drogas que agem,
especificamente, inibindo esse receptor podem ter uma funcdo importante na
inibicdo da adipogénese e nas doencas que decorrem da formacdo do tecido

adiposo, como é o0 caso da obesidade e das doencas associadas a ela.
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OBJETIVOS



2-OBJETIVOS

Objetivo Geral:
e Investigar o efeito de um inibidor do receptor PDGF na adipogénese, através
de estudos morfolégicos e da expressdo de proteinas em tecido adiposo
epididimal, mesentérico e retroperitoneal de camundongos submetidos a dieta

hiperlipidica.

Objetivos especificos:
Investigar o efeito de um inibidor do receptor PDGF:

e Na adipogénese in vitro através de cultura de 3T3-L1 pré-adipocitos.

e Na expressdo das proteinas ligadas a adipogénese (SREBP-1c, C/EBPa e
PPARYy) no tecido adiposo de camundongos tratados com dieta hiperlipidica e
dieta padrao.

¢ Na sinalizagdo insulinica (proteinas p-IR, p-IRS-1, p-AKT) em figado, musculo
e tecido adiposo de camundongos tratados com dieta hiperlipidica e dieta
padrao.

¢ Nos niveis séricos de TNFa, IL-6, adiponectina e leptina de camundongos
tratados com dieta hiperlipidica e dieta padrao.

e Na histologia do tecido adiposo de camundongos tratados com dieta

hiperlipidica e dieta padréo.
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ABSTRACT

Obesity can be defined as a disease in which body fat is excessively
accumulated. Adipogenesis is a complex and not completely known phenomenon.

Recent studies showed that adipocyte progenitor cells are exclusively found in
adipose tissue and express some markers like PDGFRB (Platelet-derived growth
factor B).

AG1296 (6,7-dimethoxy-2-phenyl-quinoxaline) is a potent and selective
inhibitor of PDGF receptor kinase.

In this context, the main objective of this work was to investigate if the
inhibition of PDGF receptor through AG1296 would be able to affect white adipose
tissue generation in high-fat-diet-fed and standard-chow-fed mice. We also
investigated if this inhibition would have an effect on the insulin sensitivity in these
studied groups.

For this purpose, six-week-old male Swiss mice were divided into four groups
and assigned to receive the following diet and/or treatment: the control group (C)
received standard rodent diet, the second group (C + AG1296) received standard
rodent diet plus AG1296 (50 mg/Kg/day by gavage), the third group (HFD) received
high fat diet (55% calories from fat, 29% calories from carbohydrate and 16% from
protein) and the fourth group (HFD+AG1296) received high fat diet plus AG1296.
Body weight and food intake were measured during the treatment (7 and 15 days).
After that, tissues (epididymal, retroperitoneal and mesenteric adipose tissue, liver

and muscle) were extracted and processed.
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Through Western blot analysis, we were able to quantify the main proteins
related to adipogenesis (SREBP-1c, C/EBPa e PPARYy) and the phosphorylation of
the main proteins from insulin pathway (IR, IRS1 and Akt).

Our results indicated that on control mice, after 15 days of treatment with
AG1296, there was a reduction on adipose fat pad, associated with reduction in
some adipogenic proteins, an increase in insulin signaling in liver and muscle and a
reduction in fasting plasma glucose.

Futhermore, on mice fed a high fat diet, after 7 days of treatment with
AG1296, it was possible to observe a reduction on adipogenesis proteins and a
reduction in epididymal fat pad. Also, there was an improvement in insulin signaling
pathway and in glucose tolerance.

In conclusion, our results suggest that PDGFR inhibition might have an
important role in adipogenesis and in insulin signaling and could be a potential target

for preventing obesity and insulin resistance.

Key words: Adipogenesis, AG1296, PDGFR, Insulin resistance
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INTRODUCTION

Obesity is considered nowadays an epidemic of dramatic proportions. The
WHO estimated that in 2008, 1.5 billion adults aged 20 years and older were
overweight and over 200 million men and 300 million women — approximately 10%
of adults — were obese. In 2010, about 43 million children under five years of age
were overweight (1).

This condition is characterized by an increase in body weight, specifically of
white adipose tissue, in such a way that can undergo serious health problems (2).
Among the obesity-related pathologies, the more important are type 2 diabetes,
cardiovascular diseases, dyslipidemia and some kinds of cancer (3).

Adipose tissue is thought to be derived from the embryonic mesoderm which
gives rise to mesenchymal stem cells that are the precursors of the adipoblasts.
These cells in their turn give rise to the preadipocytes and lately to the mature
adipocytes (4).

Adipogenesis (the process in which preadipocytes turn to mature adipocytes)
is a complex cascade of events that involves the activation of several families of
transcription factors (5). These proteins are expressed in a sequence where C/EBPJ
and C/EBPYy are the first to be detected, followed by PPARy which is the responsible
to activate C/EBPa. This protein exerts a positive feedback in PPARYy, to maintain its
activated state. Another protein that participates in this network is SREBP-1c that
activates PPARYy directly or through the induction of an endogenous ligand. All these

events are going to result in the mature adipocyte phenotype (6).
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PDGFRB is a tyrosine kinase receptor and binding of PDGF, its ligand, leads
to activation of the kinase and autophosphorylation. This receptor and its ligand are
known to induce migration, proliferation and differentiation of different cell types (7). It
has been reported that preadipocytes express PDGFR which seems to be important
for adipogenesis since PDGFRp negative cells have small adipogenic potential (8).

AG1296 (6,7-dimethoxy-2-phenyl-quinoxaline) is a potent and specific inhibitor
of platelet-derived growth factor receptor (9). This quinoxalin neither interferes with
the ligand (PDGF) binding with the receptor nor has any effect on receptor
dimerization but binds in areas outside the ATP binding domain in the PDGF receptor
inhibiting the catalytic reaction (10, 11).

Since PDGF receptor B has important role in adipogenesis, the aim of this
work was to investigate in vivo the effect of AG1296, a PDGFR [ tyrosine kinase
inhibitor, in adipogenesis and some aspects that are altered in an installed obesity

state.
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RESEARCH DESIGN AND METHODS

Materials

Male Swiss mice were obtained from University of Campinas, Sao Paulo. Mice
were bred under specific pathogen-free conditions at the Central Breeding Center of
University of Campinas (Brazil). All antibodies were from Santa Cruz Technology
(Santa Cruz, CA), except anti-Akt, anti-phospo-Akt and anti-a-tubulin which were
obtained from Cell Signaling Technology (Beverly, MA). Human recombinant insulin
was from Eli Lilly and Co. (Indianapolis, IN). Tyrphostin AG1296 was obtained from
Enzo Lifescience (Farmingdale, NY). Routine reagents were purchased from Sigma

Chemical Co. (St. Louis, MO) unless specified elsewhere.

3T3-L1 cell culture and differentiation

3T3-L1 mouse embryonic fibroblasts were grown to 100% confluence.
Adipogenesis was induced with a mixture of insulin (5 ug/ml), dexamethasone (0.25
MM), methylisobutylxanthine (0.5 mM) in Dulbecco’s modified Eagle’s (DMEM)
supplemented with 10% fetal bovine serum (FBS) at days 2, 4 and 6. AG1296 was
dissolved in dimethylsulfoxide and added to cell culture medium at concentrations of
0, 0.5, 1, 2 and 4 yM at the same days. From day 8 the induction medium was
removed and replaced by DMEM containing 10% FBS, changed every other day. At
all time, cells were maintained at 37°C in 5% of CO, atmosphere. All experiments,

unless otherwise indicated, were performed at least in triplicate.
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Oil Red O Staining

For Qil-Red O staining, cells were washed gently with PBS and fixed with 10%
formaldehyde for 30 minutes. After being washed twice with water, cells were stained
with Qil-Red O solution (60% isopropanol and 40% water) for at least 1 hour at room

temperature.

Real Time RT-PCR

Total RNA was obtained from cells at day 4 of differentiation using RNeasy Micro Kit
(Quiagen). Samples were submitted to DNase treatment to eliminate contamination.
After that, 1 pg of each sample was submitted to reverse transcription reaction
according to ThermoScript™ RT-PCR System (Invitrogen Life Technologies)
protocol. Twenty ng of each cDNA sample were used in the reaction with 300nM of
especific primers and 12,5ul de SYBR® Green Master Mix PCR (Aplied Biosystems).
The following primers were used for amplification: Mouse PPARy forward: 5'-
AGGCCGAGAAGGAGAAGCTGTTG-3, Mouse PPARy reverse: 5-
TGGCCACCTCTTTGCTCTGCTC-3’, Mouse C/EBPa forward: 5’-
CCTTGAGACCGAGAGACTTTCC-3, Mouse C/EBPa reverse: 5’-
AGGAGCGAGTTTTGAGTATCCA-3. Real-time detection of amplification was
performed in an ABI 5700 Sequence Detector System (Applied Biosystems). GAPDH
expression was used as endogenous control. A negative “No Template Control” was
also included. The dissociation protocol was performed at the end of each run to
check for non-specific amplification. Two replicas were run on the same plate for

each sample. Results were expressed as relative expression values.
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Animal characterization

All experiments were approved by the Ethics Committee of State University of
Campinas. Six-week-old male Swiss mice were maintained under specific pathogen-
free (SPF) conditions in a regimen of 12-h dark/light cycles and room temperature of
21°C. The animals were randomly divided into four groups with similar body weights
and assigned to receive the following diet or treatment: a standard rodent chow (C), a
standard rodent chow plus AG1296 (C+ AG1296), high fat diet (HFD), consisting of
55% calories from fat, 29% from carbohydrate and 16% from protein and high fat diet
plus AG1296 (HFD + AG1296). Food and water were ad libitum. Body weight and
food intake were measured daily. For the group that received high fat diet, it started
at same time of the treatment with AG1296 and they were maintained in this regimen

for 7 and 15 days.

AG1296 administration protocol
AG1296 was suspended in a mixture of DMSO (3%) and water to a final
concentration of 5 mg/ml. The dose utilized for the treatment was 50 mg/Kg. Drug
administration was performed by gavage (once a day) for 7 and 15 consecutive days.
The group that received only standard rodent chow (C) and high fat diet (HFD)

were given only a placebo solution constituted by DMSO + water.

Assays
Leptin and adiponectin concentrations were determined by enzyme-linked
immunosorbent assay (ELISA) (Linco). Serum concentrations of IL-6 and TNFa were

determined using mouse IL-6 ELISA and mouse TNFa ELISA (Pierce Endogen,
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Rockford, IL). Glucose values were measured from the tail venous blood of all

animals with a glucose monitor (Glucometer; Bayer).

Tissue extraction

Food was withdrawn 12—-14 hours before the tissue extraction. Mice were
anesthetized by intraperitoneal injection of sodium thiopental and opened 10-15 min
later, i.e., as soon as anesthesia was assured by the loss of pedal and corneal
reflexes. The abdominal cavity was opened, the portal vein exposed and 0.2 ml of
normal saline was injected with or without insulin (107° mol.I™"). Thirty seconds after
the insulin injection, liver was removed, and 90 seconds later, gastrocnemius muscle
epididymal, retroperitoneal and mesenteric adipose tissue were extracted. Tissues
were minced coarsely, and homogenized immediately in extraction buffer, as
described elsewhere (12). Extracts were then centrifuged at 15,000 rpm at 4°C for 40
min to remove insoluble material. The whole tissue extracts were subjected to SDS-

PAGE and immunoblotting, as previously described (13, 14).

Protein analysis by immunoblotting

The whole-tissue extracts were treated with Laemmli sample buffer (15)
containing 100 mmol of dithiothreitol and heated in a boiling water bath for 5 min,
after which they were subjected to SDS-PAGE in a Bio-Rad miniature slab gel
apparatus (Mini-Protean). Electro transference of proteins from the gel to
nitrocellulose membranes was performed for 120 min at 120 V in a Bio-Rad Mini-
Protean transfer apparatus (16). Nonspecific protein binding to the nitrocellulose was
reduced by preincubating the filter for 2 h in blocking buffer (5% nonfat dry milk, 10

mm Tris, 150 mm NaCl, 0.02% Tween 20). The nitrocellulose blot was incubated
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overnight at 4°C with specific antibodies. The results were visualized by
autoradiography with preflashed Kodak XAR film and band intensities were quantified
by optical densitometry (Hoefer Scientific Instruments, San Francisco, CA; model

GS300).

Morphometry

Five ym sections from epididymal, retroperitoneal and mesenteric adipose
tissue were observed with a Zeiss Axiophot light microscope using a x20 objective
and digital images were captured with a Canon PowerShot G5. The measurement of
adipocytes total area (average surface area of 30 randomly sorted adipocytes, per
animal) was assessed wusing an image analysis system, Image J

(http://rsbweb.nih.gov/ij/).

Statistical Analysis

Data are expressed as means + SEM and the number of independent
experiments is indicated. The results of blots are presented as direct comparisons of
bands or spots in autoradiographs and quantified by optical densitometry (UN-SCAN
IT gel). For statistical analysis, the groups were compared using a 2-way ANOVA
with the Bonferroni test for post hoc comparisons. The level of significance adopted

was p<0.05.
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RESULTS

Effect of different doses of AG1296 on adipogenesis of 3T3-L1 preadipocytes.
Following incubation of preadipocytes (3T3-L1) with AG1296, we examined
PPARy and C/EBPa mRNA expression, the main adipogenic transcription factors, at
day 4. As could be seen at Figure 1E, PPARy mRNA decreases with an increase in
AG1296 medium concentration. This downregulation in PPARy mRNA expression
was in a dose-dependent manner, showing the effect of AG1296 in the inhibition of
adipogenesis. The same occurred for C/EBPa mRNA (Figure 1 F). This inhibition
was evidenced in day 12 when less lipid droplets stained with Oil Red O staining
were noted with the increase of AG1296 medium concentration (Figure 1 A,B, C and
D). Also, it is noteworthy the reduction in cell density with the higher dose of AG1296

(Figure 1D), marked for an increase of blank spaces.

Effect of AG1296 administration in PDGFRB tyrosine phosphorylation in
retroperitoneal, mesenteric and epididymal adipose tissue .

Tyrphostin AG1296 was first described as a specific PDGFRp inhibitor by
Kovalenko at al in 1994 (9). This drug binds to the receptor and impairs its
autophosphorylation catalic reaction. To investigate the effect of AG1296 on
PDGFRpB tyrosine phosphorylation in retroperitoneal, mesenteric and epididymal
adipose tissue, we performed western blotting analysis of these tissues extracts. The
results showed that AG1296 was able to reduce PDGFR} tyrosine phosphorylation in
the three tissues studied, in both Control+AG1296 and HFD+AG1296 groups (Figure
2 A-C, upper panels). No changes in protein expression were observed among the

groups (Figure 2 A-C, lower panels).
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Effect of AG1296 on body weight and fat pads of high fat diet fed-mice and
standard chow fed-mice.

Six week-old Swiss mice were placed on HFD, or not, and submitted to
treatment with AG1296 for 7 and 15 days before the experiments.

Weight gain after 7 days of treatment was similar in all groups (fig. 3A) and
after 15 days of treatment it was higher in the groups that received high fat diet
although there was no significant difference between the group that received AG1296
(HFD+AG1296) and its control (HFD) (fig. 3B). Accumulated food intake was similar
among the groups that received the same diet after 7 days of treatment or 15 days of
treatment (fig. 3E and F). As expected, epididymal, retroperitoneal and mesenteric fat
pads were higher in HFD groups. After the AG1296 7-day treatment, there was a
slight reduction, especially in epididymal fat pad in HFD+AG1296 group (Fig 3C).
But, after the 15-day treatment, this reduction was not observed at HFD+ AG1296

group, but was notable at C+AG1296, when compared with the control (C) (Fig.3D).

Effect of AG1296 on metabolic parameters of high fat diet and standard chow
fed-mice.

Fasting plasma glucose was higher on HFD group and treatment with AG1296
was capable of reducing it after 7 days of treatment (Fig 4A). Also, after 15 days of
treatment , C+AG1296 mice exhibited lower plasma glucose levels when compared
with the control (Fig. 4B). During glucose tolerance test, plasma glucose was
significantly higher in HFD compared with the control and control plus AG1296, and
AG1296 administration, even for only 7 days, improved glucose tolerance (Fig 4C
and 4D) and after the 15-day treatment, the same occurred to the control plus

AG1296 when compared to the control, as could be seen throw the area under the
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curve (Fig 4D). Also, after 15 days receiving high fat diet, the group HFD presented
lower glucose disappearance rate compared to the control and the treatment with

AG1296 was capable of reversing this alteration (Fig. 4E).

Effect of AG1296 on C/EBPa, PPARy and SREBP-1c protein levels in
epididymal, retroperitoneal and mesenteric adipose tissue.

To investigate the effect of PDGFRp inhibition on adipogenesis, we assessed
the expression profile of the main proteins related to its activation by western blot.

After a 7-day treatment, there was a significant reduction in PPARy, SREBP-
1ic and C/EBPa protein levels in epididymal adipose tissue of HFD+AG1296
compared to HFD mice (Fig. 5C, F and I). The same was not observed for C and
C+AG1296 groups that showed no difference on the expression profile of these
proteins (Fig. 5C, F and I). Similar results were found in retroperitoneal adipose
tissue (Fig 5A, D and G). For mesenteric adipose tissue, PPARy and SREBP-1c
showed the same pattern (Fig 5B and E) but, surprisingly, C/EBPa protein
expression was very similar between the groups C, C+AG1296 and HFD, although it
was significantly reduced at HFD+AG1296 (Fig 5H). Next, we proceed with a 15-day
treatment with AG1296 and, for C+AG1296 group, we could notice a reduction in
PPARy and SREBP-1c in retroperitoneal and epididymal fat pads. No changes in

tissue protein levels were observed among the groups (Fig 5A-1 and 6A-I).
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Effect of AG1296 on insulin signaling in liver, muscle and epididymal adipose
tissue.

To assess whether the reduction in adipogenesis would have an effect on
insulin signaling, we analyzed the phosphorylation levels of the main proteins
involved in this signaling pathway.

In liver (Fig. 7A, D and G), epididymal adipose tissue (Fig 7C, F and I) and
muscle (Fig 7B, E and H), insulin-induced IR and IRS-1 tyrosine phosphorylation and
AKT serine phosphorylation were diminished in HFD group compared with the
control group. The 7 day-treatment with AG1296 was capable of improving insulin
signaling in HFD+AG1296 group and in some cases the phosphorylation returned to
the level of the control (Fig 7A-1). No changes in basal phosphorylation or tissue
protein levels were observed among the groups (Fig 7A - I).

We also evaluated insulin signaling pathway after a 15-day treatment with
AG1296 and in this case we could notice that C+AG1296 group presented an
increase in the phosphorylation levels of IR, IRS-1 and Akt, especially in liver and

muscle (Fig. 8A - I).

Effect of AG1296 in serum levels of pro-inflammatory cytokines (IL-6, TNFa),
leptin and adiponectin.

It is known that pro-inflammatory cytokines IL-6 and TNFa are increased in
mice fed a HFD (17). So, we evaluated whether serum levels of these cytokines
would be affected by AG1296 treatment.

In both, 7-day treatment and 15-day treatment, as was expected, levels of IL-6
(Fig. 9G and H) and TNFa (Fig 9E and F) were increased in the HFD groups, but

were not reversed in HFD+AG1296 groups. Similar results were obtained for leptin
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(Fig 9A and B), although it was detected a slight reduction on leptin levels for
HFD+AG1296 after 15 days of treatment (Fig. 9B). Adiponectin, in its turn, showed
no alterations in its serum levels between the groups after the 7-day treatment (Fig
9C) and after 15 days of treatment, its serum level was reduced in the groups HFD

and HFD+AG 1296 equally (Fig 9D).

Effect of AG1296 on epidydimal, retroperitoneal and mesenteric adipose tissue
morphology.

To access whether treatment with AG1296 would have any effect in adipocyte
morphology, we performed a histological analysis of the three fractions of adipose
tissues (epididymal, retroperitoneal and mesenteric).

Morphometric analysis revealed that adipocytes were larger in high-fat diet
mice when compared with the control group for all three adipose tissues (Fig 10A-D
and Fig 11A-D). The 7-day treatment with AG1296 was capable of reducing
adipocyte size of HFD+AG1296 group only in epididymal adipose tissue (Fig 10A-D).
On the other hand, after the 15-day treatment there was a reduction in adipocyte size
in HFD+AG 1296 group when compared with HFD, in all the three tissues studied (Fig

11A-D).
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DISCUSSION

The increased storage of triglycerides in the adipose cells can be
accomplished in two different ways: a) by expanding the available cells (hypertrophy)
or b) by recruiting new fat cells (hyperplasia). In adults, hypertrophy of the fat cells is
the most common form of accommodating the lipids, whereas hyperplasia
predominates in the prepuberal age. Hypertrophic obesity is also more strongly
associated with insulin resistance and the metabolic complications than hyperplastic
obesity. Recruitment of new fat cells is less common in adults.

A recent study has shown that there is also a continuous turnover of fat cells in
adult man of 10%/year (18). It is reasonable to assume that the new adipocytes are
formed from mesenchymal stem cells or other precursor cells that become committed
to preadipocytes (4). Recently, it was demonstrated that the adipocytes descend
from a pool of proliferating progenitors that are already committed, either prenatally
or early in postnatal life. These progenitors reside in the mural cell compartment of
the adipose vasculature. In addition, this previous study demonstrated that PDGFRJ
marks mural cells and is required for their development (8). In the present study, we
take advantage of these mural cells characteristics and investigated the effect of a
PDGFRp inhibitor on fat pad and adipocyte differentiation and cell morphology, and
also on insulin sensitivity and signaling in prepuberal mice on chow or high fat diet.

The results of the present study show that administration of AG1296 (PDGFRp
tyrosine kinase inhibitor) to control mice for 15 days reduce adipose fat pad, without
changes in adipocyte morphology, associated with a reduction in proteins of
differentiation (especially PPARy) and, interestingly, an increase in insulin signaling
in liver and muscle and a reduction in fasting plasma glucose.
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Previous data showed that PDGF is an important inducer of the proliferative
phase of preadipocyte differentiation, but its effect on adipogenesis is controversial.
PDGF has been reported to either inhibit (19), have no effect (20) or promote (21)
differentiation of preadipose cell lines. Our study was not designed to investigate the
proliferative phase, but our data showed that a PDGFR inhibitor was able to
modulate adipogenesis, although we cannot determine if the main effect of this drug
was in the proliferative phase.

The terminal differentiation of preadipocytes involves a highly regulated and
coordinated cascade of transcriptional factors. C/EBPa and PPARS are the best-
characterized transcriptional factors for adipogenesis (22, 23, 24), although SREBP-
1c was also demonstrated to have a role in this event (25). In the present study we
showed that use of a PDGFRJ inhibitor in control mice on regular chow, modulated
these transcriptional factors in adipose tissue, at least in retroperitoneal and
epididymal depots.

The reduction in adipose fat pad was accompanied by a reduction in fasting
plasma glucose and in an increase in insulin signaling in liver and muscle. Taken
together these data indicate that the reduction in adipose mass increased insulin-
induced Akt phosphorylation in liver and muscle. This improvement in insulin
signaling in liver may have a role in hepatic glucose production and can account for
the decrease in fasting plasma glucose. It is possible that some hormone or cytokine
produced in adipose tissue might have an influence on this process. However, the
main candidates that we expected to be reduced as IL-6 or TNFa did not show
differences in circulating levels. We cannot exclude the possibility that the method
that we used to determine these cytokines was not sensitive enough to detect small
differences. Moreover, an increase in adiponectin levels could also contribute to
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explain these results, but we also did not observe changes in the circulating levels of
this hormone.

In order to investigate the effect of PDGFR inhibitor in a situation of excess of
nutrients to adipose tissue, we used mice on HFD. Our data showed that the use of
this drug in mice on HFD reduced the adipogenic protein expression in fat pad
associated with changes in adipocyte morphology and improvement in insulin
signaling, insulin sensitivity and in glucose tolerance.

It is important to mention that this effect was observed early (7 days)
compared to mice on regular chow, associated with a more marked reduction in
adipogenic protein expression and a reduction in epididymal fat pad. These early
changes after 7 days of HFD and the use of an inhibitor of PDGFRB were
accompanied by an improvement in insulin signaling pathway and reduction in fasting
plasma glucose. There was a clear increase in insulin-induced insulin receptor and
IRS-1 tyrosine phosphorylation levels, and in insulin-induced Akt phosphorylation in
liver, muscle and adipose tissue.

However, after 15 days of HFD plus AG1296 some changes that were
observed at 7 days now were less evident or disappeared. No changes in
epididymal, mesenteric or retroperitoneal fat pads were observed, and the reductions
in transcription factors also were less evident. There was only a clear decrease in
PPARYy in adipose tissue. The improvement in insulin signaling in liver disappeared.
However, some relevant modifications were still present: there was a clear change in
the adipocyte area, and the improvement in insulin signaling in muscle was
maintained. It is now well established that an improvement in insulin action in muscle
may reduce insulin resistance and improve glucose metabolism (26, 27). The

improvement in insulin-induced IR and IRS-1 tyrosine phosphorylation levels and in
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Akt phosphorylation induced by AG1296 in muscle of mice on HFD was associated
with an increase in glucose disappearance rate determined during the insulin
tolerance test, indicating a clear reduction in insulin resistance.

In summary, our results showed that the use of AG1296 and the consequent
inhibition of PDGFRp, has an effect in adipogenesis, promoting the decrease of the
main adipogenic proteins and in parallel improves insulin signaling in liver, muscle
and epididymal adipose tissue. We, therefore, suggest that inhibition of PDGFR(
receptor by AG1296 may presents an interesting alternative in preventing obesity

and insulin resistance.
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FIGURE LEGENDS

Figure 1. Effect of different doses of AG1296 on adipogenesis of 3T3-L1
preadipocytes. Confluent 3T3-L1 preadipocytes were differentiated into adipocytes
in medium with different concentrations of AG1296 for 12 days. The fully
differentiated adipocytes were stained with Oil Red O stain (for the lipid droplets). A:
fully differentiated adipocytes without AG1296. B: fully differentiated adipocytes with
AG1296 0,5 uM C: fully differentiated adipocytes with AG1296 2 uM D: fully
differentiated adipocytes with AG1296 4 uM. Original magnification X 200. E: PPARy
mRNA levels in 3T3-L1 culture at day 4 of differentiation. F: C/EBPa mRNA levels in
3T3-L1 culture at day 4 of differentiation. Data are presented as means =+ SEM *P <

0.05 vs. Control group.

Figure 2. Effect of AG1296 administration in PDGFR tyrosine phosphorilation.
Representative blots show the tyrosine phosphorylation of PDGFRB of Control,
Control + AG1296, HFD and HFD + AG1296 mice in Retroperitoneal (A), Mesenteric
(B) and Epididymal (C) adipose tissues (upper panels). Total protein expression of
PDGFRB (A-C, lower panels). Data are presented as means + SEM from eight to ten
mice per group, *P < 0.05 vs. Control group and #P < 0.05 vs. HFD group. IB,

immunoblot.

Figure 3. Effect of AG1296 on body weight and fat pads of high fat diet fed-mice
and standard chow fed-mice. A: Body weight (7 days of treatment). B: Body weight
(15 days of treatment) C: Fat Mass (7 days of treatment). D: Fat Mass (15 days of

freatment) E: Energy intake (7 days of treatment). F: Energy intake (15 days of

53



treatment). Data are presented as means + SEM of five to eight mice per group. *P <

0.05 vs. Control group; # P < 0.05 vs. HFD group.

Figure 4. Effect of AG1296 on metabolic parameters. A: Fasting plasma glucose
after 7 days of treatment with AG1296. B: Fasting plasma glucose after 15 days of
treatment with AG1296. C: Glucose tolerance test after 7 days of treatment. D:
Glucose tolerance test after 15 days of treatment. E: Glucose disappearance rate
after 15 days of treatment. Data are presented as means + SEM of five to eight mice
per group. *P < 0.05 vs.Control group; #P < 0.05 vs. HFD group; **P < 0,001 vs.

HFD; § P < 0,01 vs.HFD.

Figure 5. Effect of AG1296 on adipogenic protein levels in epididymal,
retroperitoneal and mesenteric adipose tissue after the 7-day treatment.
Representative blots of PPARy (A-C), SREBP-1c (D-F) and C/EBPa (G-1) in
epididymal, retroperitoneal and mesenteric adipose tissue of Control,
Control+AG1296, HFD and HFD+AG1296 mice after 7 days of treatment with
AG1296 (upper panels). Total protein expression of B-actin (A-I, lower panels). Data
are presented as means = SEM from eight to ten mice per group, *P < 0.05 vs.

Control group and # P < 0.05 vs. HFD group. IB, immunoblot.

Figure 6. Effect of AG1296 on adipogenic protein levels in epididymal,
retroperitoneal and mesenteric adipose tissue after the 15-day treatment.
Representative blots of PPARy (A-C), SREBP-1c (D-F) and C/EBPa (G-1) in
epididymal, retroperitoneal and mesenteric adipose tissue of Control,

Control+AG1296, HFD and HFD+AG1296 mice after 15 days of treatment with
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AG1296 (upper panels). Total protein expression of B-actin (A-1, lower panels). Data
are presented as means + SEM from five mice per group, *P < 0.05 vs. Control group

and # P < 0.05 vs. HFD. IB, immunoblot.

Figure 7. Effects of AG1296 administration on insulin signaling in liver, muscle
and epididymal adipose tissue after the 7-day treatment. Representative blots
show tyrosine phosphorylation of IRB (A-C), IRS-1 (D-F) and serine phosphorylation
of Akt (G-1) of Control, Control+AG1296, HFD and HFD+AG1296 mice in liver,
muscle and epididymal adipose tissue after 7 days of treatment with AG1296 (upper
panels). Total protein expression of IRB (A-C), IRS-1 (D-F) and AKT (G-I) (lower
panels). Data are presented as means + SEM from eight to ten mice per group, *P <

0.05 vs. control group and #P < 0.05 vs. HFD group. IB, immunoblot.

Figure 8. . Effects of AG1296 administration on insulin signaling in liver,
muscle and epididymal adipose tissue after the 15-day treatment.
Representative blots show tyrosine phosphorylation of IRB (A-C), IRS-1 (D-F) and
serine phosphorylation of Akt (G-1) of Control, Control+AG1296, HFD and
HFD+AG1296 mice in liver, muscle and epididymal adipose tissue after 15 days of
treatment with AG1296 (upper panels). Total protein expression of IRB (A-C), IRS-1
(D-F) and AKT (G-l) (lower panels). Data are presented as means + SEM from five
mice per group, *P < 0.05 vs. Control group and #P < 0.05 vs. HFD group. IB,

immunoblot.

Figure 9. Effect of AG1296 in serum levels of pro-inflammatory cytokines (IL-6,

TNFa), leptin and adiponectin. Serum levels of Leptin (A and B), Adiponectin (C
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and D), TNFa (E and F) and IL-6 (G and H) after 7 and 15 days of treatment with
AG1296 were obtained using ELISA assay. Data are presented as means + SEM of

six to eight mice per group. *P < 0.05 vs. control group; #P < 0.05 vs. HFD group.

Figure 10. Morphologic characterization of epididymal, retroperitoneal and
mesenteric adipose tissue after the 7-day treatment with AG1296. A-C:
Hematoxylin & Eosin staining of 5 um histological sections of epididymal (A),
retroperitoneal (B) and mesenteric (C) fat pads from Control, Control + AG1296, HFD
and HFD+AG1296 mice after 7 days of treatment. 100um scale bar for all pictures.
D: Quantification of adipocytes area (square micrometers). About 30 cells were
measured in each group, and the average adipocyte area was calculated Data are
presented as means * SEM of eight to ten mice per group. *P < 0.05 vs. Control

group; #P < 0.05 vs. HFD group. Original magnification X 200.

Figure 11. Morphologic characterization of epididymal, retroperitoneal and
mesenteric adipose tissue after the 15-day treatment with AG1296. A-C:
Hematoxylin & Eosin staining of 5 um histological sections of epididymal (A),
retroperitoneal (B) and mesenteric (C) fat pads from Control, Control + AG1296, HFD
and HFD+AG1296 mice after 15 days of treatment. 100um scale bar for all pictures.
D: Quantification of adipocytes area (square micrometers). About 30 cells were
measured in each group, and the average adipocyte area was calculated Data are
presented as means + SEM of five mice per group. *P < 0.05 vs. Control group; #P <

0.05 vs. HFD group. Original magnification X 200.
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FIGURE 3
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FIGURE 4
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FIGURE 7
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FIGURE 8
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FIGURE 9
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FIGURE 10
A.

Epididymal Adipose Tissue - 7 days
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FIGURE 10

C . Mesenteric adipose t

issue- 7 days
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FIGURE 11
A.

Epididymal Ad

ipose Tissue - 15 days
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FIGURE 11

C_ Mesenteric adipose tissue- 15 days
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Discussdo



4-Discussao

O aumento no armazenamento de triglicerideos nas células adiposas pode
ser realizado de duas maneiras: a) pela expansao das células existentes (hipertrofia)
ou b) pelo recrutamento de novos adipdcitos (hiperplasia). Em adultos, a hipertrofia
dos adipécitos € a maneira mais comum de acomodar o excesso de lipideos,
enquanto a hiperplasia predomina na fase jovem do individuo. A obesidade
hipertrofica € também mais fortemente associada com resisténcia a insulina e
complicacbes metabdlicas do que a obesidade hiperplasica. O recrutamento de
novas células adiposas € menos comum em adultos.

Um estudo recente mostrou que existe uma renovagéo continua de adipécitos
em adultos numa taxa de aproximadamente 10% por ano (Spaldin et al, 2008).
Esses novos adipdcitos sdo formados a partir de células tronco mesenquimais ou
outros precursores comprometidos com a linhagem dos pré-adipécitos (Gesta et al,
2007). Recentemente, demonstrou-se que os adip6citos descendem de células
progenitoras ja comprometidas com sua linhagem, na fase pré-natal ou jovem.
Esses progenitores residem nas paredes dos vasos que irrigam o tecido adiposo.
Além disso, esse estudo demonstrou que essas células expressam PDGFR( e que
este receptor € necessario para seu desenvolvimento (Tang et al, 2008).

Neste estudo, levando-se em consideracao essas caracteristicas das células
precursoras dos adipdcitos, nds investigamos o efeito de um inibidor do receptor
PDGFB no tecido adiposo e na diferenciacdo do adipécito e sua morfologia e
também na sensibilidade a insulina e sinalizagao insulinica em camundongos jovens

submetidos a dieta padréo e também a dieta hiperlipidica.
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Existem muitas maneiras de relacionar dieta com adipogénese. Sabe-se que
a insulina (o principal hormoénio liberado apds alimentacdo) promove a agéo
adipogénica do PPARYy, j4 que a diferenciagdo das células que expressam esse
receptor aumenta (Hu et al). Outra ligacao entre adipogénese e insulina é a proteina
SREBP-1c, que é influenciada por esse horménio (Streicher et al, 1996). Juntos,
esses fatores podem explicar, pelo menos em parte, a conexao entre 0 aumento da
adipogénese e excessos alimentares.

Os resultados demonstraram que a administracao de AG1296 (um inibidor do
receptor tirosina quinase PDGFRB) a camundongos controle (submetidos a dieta
padréo) reduziu tecido adiposo, sem alteragbes na morfologia dos adipécitos,
associado a uma reducdo nas proteinas adipogénicas (principalmente PPARYy) e
surpreendentemente melhorou a sinalizagao insulinica no figado e no musculo, além
de causar uma redugao na glicemia de jejum desses animais.

Dados preliminares demonstraram que o PDGF € um importante indutor da
fase proliferativa da diferenciagdo do pré-adipocito, porém seu efeito sobre a
adipogénese € controverso. Estudos reportam que esse efeito pode ser inibitdrio
(Navre et al, 1998), nulo (Schimidt, W, 1990) ou promotor (Bachmeier,M, 1995) da
diferenciagcéo de linhagens de pré-adipécitos.

A diferenciacdo terminal dos pré-adipocitos em adipdcitos envolve uma
cascata de fatores de transcricao altamente regulada e coordenada. C/EBPa e
PPARy sado os fatores de transcricdo pré-adipogénicos melhores caracterizados
(Gregoire et al, 1998; Rosen and Spiegelman, 2001; Farmer, 2006), embora tenha
sido demonstrado que a proteina SREBP-1c também tenha um papel importante

neste evento (Payne et al, 2009). Nosso estudo demonstrou que o uso do inibidor do
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PDGFRB em camundongos controle sob dieta padrdo modulou esses fatores de
transcricao nas fragoes retroperitoneal e epididimal do tecido adiposo.

A reducao no tecido adiposo foi acompanhada pela redugédo na glicemia de
jejum e de uma melhora na sinalizagao insulinica no figado e masculo dos animais
controle. Juntos, esses dados indicam que a redugdao na massa adiposa aumentou a
fosforilagcdo da Akt, estimulada por insulina, no figado e musculo e essa melhora na
sinalizagao insulinica no figado pode ter um papel na produgéao de glicose hepatica,
o que pode ter contribuido para a reducdo da glicemia de jejum. E possivel que
algum horménio ou citocina produzida no tecido adiposo possa ter influenciado
nesse processo. Contudo, os principais candidatos, que esperdvamos estarem
reduzidos, como IL-6 ou TNFa, ndo mostraram diferengcas em seus niveis
circulantes. Nao podemos excluir a possibilidade de que os métodos utilizados para
determinacao dessas citocinas n&o tenham sido sensiveis o suficiente para detectar
pequenas alteracdes. Além disso, um aumento nos niveis de adiponectina poderiam
também explicar esses resultados, porém essas alteracées também nao foram
detectadas.

Para investigar o efeito sobre o tecido adiposo do inibidor do receptor PDGF(
em situagdo de excesso de nutrientes, foram utilizados camundongos em dieta
hiperlipidica. Nossos dados demonstraram que o uso desta droga nesses animais
reduziu a expressao das proteinas adipogénicas no tecido adiposo, associado a
mudancas na morfologia do adipécito e melhora na sinalizagcdo insulinica e na
sensiblidade a insulina e tolerancia a glicose.

Com 7 dias de dieta hiperlipidica, nao foi possivel detectar diferencas no peso
corpéreo entre os grupos estudados, devido ao curto periodo deste regime

alimentar. Porém, a distribuicdo da gordura corporal modificou-se. Como esperado,
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os animais em dieta hiperlipidica tiveram maiores quantidades de gordura que
aqueles alimentados com dieta padrdo. O mesmo resultado foi obtido foi obtido em
outros estudos utilizando o mesmo tipo de dieta (Prada et al, 2009; Jo et al, 2009).
Contudo, como pode ser visto no tecido adiposo epididimal ap6és 7 dias de
tratamento, este aumento nao foi observado no grupo em dieta hiperlipidica que
recebeu o0 AG1296, o que sugere que este inibidor teve um efeito sobre a formacao
dessa fragao de tecido adiposo. Nao houve diferenga entre a quantidade de energia
ingerida através da dieta entre o grupo que recebeu apenas dieta hiperlipidica e o
que recebeu também o tratamento com AG1296.

E importante mencionar que este efeito foi observado precocemente (7 dias)
se comparado com os camundongos em dieta padrdo, acompanhado a uma redugao
mais pronunciada na expressdo das proteinas adipogénicas e uma redugdo na
fracao epididimal do tecido adiposo. Essas alteragdes precoces apds 7 dias de dieta
hiperlipidica e uso do AG1296 foram acompanhadas por uma melhora na
sinalizac¢do insulinica. Houve um claro aumento na fosforilacdo do IR , IRS-1 e Akt
no figado, musculo e tecido adiposo.

Contudo, ap6s 15 dias de dieta hiperlipidica e tratamento com AG1296,
algumas dessas alteragdes, observadas aos 7 dias de tratamento, tornaram-se
menos evidentes ou desapareceram. Nenhuma alteracao nas fragbes epididimal,
mesentérica ou retroperitoneal foi observada e a reducao nos fatores de transcricao
pré-adipogénicos também tornaram-se menos evidentes.Houve somente uma clara
diminuicdo nos niveis de PPARy no tecido adiposo. A melhora na sinalizagdo
insulinica no figado desapareceu. Contudo, algumas modificacdes relevantes ainda
estavam presentes: houve uma clara redug¢do na area dos adipécitos e a melhora na

sinalizac¢do insulinica no musculo manteve-se.
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E bem estabelecido, atualmente, que uma melhora na sinalizagdo insulinica
no musculo pode reduzir a resisténcia a insulina e melhorar o metabolismo da
glicose (Ropelle et al, 2006; Smith and Muscat, 2005). A melhora na fosforilagao do
IR, IRS-1 e da Akt induzida por insulina produzida pelo tratamento com AG1296 no
musculo dos camundongos tratados com dieta hiperlipidica estava associada a um
aumento da taxa de desaparecimento da glicose determinada durante o teste de
teste de tolerancia a insulina (ITT), indicando uma clara redugdo na resisténcia a
insulina.

Em resumo, nossos resultados mostram que o uso do AG1296 e a
consequente inibicio do PDGFRB tiveram um efeito sobre a adipogénese,
promovendo a diminuicdo das principais proteinas adipogénicas em paralelo com
uma melhora na sinalizagdo insulinica em figado, musculo e tecido adiposo.
Portanto, sugerimos que a inibicdo do PDGFR pelo AG1296 pode representar uma

alternativa interessante na prevengdao da obesidade e resisténcia a insulina.
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Conclusao



5-Conclusoes

v As proteinas pré-adipogénicas foram afetadas pelo tratamento com AG1296.

v

O tratamento com AG1296 por 7 dias foi capaz de reduzir a expressao das
proteinas adipogénicas (PPARy, C/EBPa e SREBP-1c) nos tecidos adiposos

dos animais tratados com dieta hiperlipidica.

O tratamento com AG1296 por 7 dias melhorou a sinalizagdo insulinica nos
tecidos adiposo epididimal, figado e musculo dos animais tratados com dieta

hiperlipidica e também a toleréncia a glicose.

De forma geral, o tratamento com AG1296 ndo causou alteracao significativa

nos niveis séricos das adipocinas e citocinas pro-inflamatérias estudadas.

Apo6s tratamento por 15 dias com AG1296, os camundongos controle tiveram
tecido adiposo reduzido, sem alteragbes na morfologia dos adipdcitos,
associado a uma reducdo nas proteinas adipogénicas (principalmente
PPARYy) e melhora na sinalizag&o insulinica no figado e no musculo, além de

uma reducao na glicemia de jejum.
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v Conclusao Geral

O uso do AG1296 e a consequiente inibicdo do PDGFR[ tiveram um efeito sobre
a adipogénese, promovendo a diminuicao das principais proteinas adipogénicas em
paralelo com uma melhora na sinalizagdo insulinica em figado, musculo e tecido
adiposo e pode representar uma alternativa interessante na prevencao da obesidade

e resisténcia a insulina.
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