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RESUMO

Alteragdes no conteido de colesterol celular podem contribuir para o mau funcionamento das
células-beta pancredticas. Camundongos knockout para o receptor de LDL (LDLR™) possuem
maior teor de colesterol nas ilhotas pancredticas e secretam menos insulina em comparacao a
camundongos selvagens (WT). Neste estudo, investigamos a associacdo entre o conteido de
colesterol, a secre¢do de insulina e a movimentacdo de célcio citoplasmatico nessas ilhotas.
Além disso, analisamos o efeito da dieta rica em gordura (HFD) sobre a homeostasia
glicémica, secrecdo e acdo da insulina nesses camundongos. Os resultados mostraram que a
primeira e segunda fase de secre¢do de insulina assim como a movimentagio de Ca®*,
estimuladas por glicose, foram reduzidas nos LDLR”. Camundongos LDLR™ também
apresentaram menor conteido de proteinas envolvidas com a extrusao dos granulos de insulina
tais como: VAMP-2 e SNAP-25 (p<0,05). A remog¢do do excesso de colesterol pelo uso da
metil-beta-ciclodextrina (MBCD) normalizou a secre¢do de insulina, estimulada por glicose
(GSIS) ou tolbutamida, assim como a movimentacdo de calcio estimulada por glicose. A
remocao do colesterol das ilhotas WT com 0.1 e 1 mmol/L. de MBCD reduziu a secre¢do bem
como a movimentacdo de cdlcio. No entanto, ilhotas incubadas com 10 mmol/L. de MBCD
apresentaram aumento significativo na secre¢cdo de insulina, apesar da reducdo na
movimentacdo de cdlcio. A dieta hiperlipidica (H) promoveu maior ganho de peso e acimulo
de gordura visceral nos camundongos LDLR”H em relacdo aos WTH. A dieta aumentou a
glicemia tanto no jejum quanto alimentado, porém ndo houve alteracdes nas concentracdes
plasmaticas de insulina nos camundongos LDLR”H. J4 nos camundongos WTH, a dieta
causou aumento nas glicemias de jejum e alimentado bem como na insulinemia. A 4rea sob a
curva glicémica durante o oGTT foi 30% maior nos camundongos LDLR”'H. A GSIS nio foi
significativamente alterada pela dieta hiperlipidica em ambos os grupos. Camundongos
LDLR™ em dieta padriio apresentaram maior fosforilacdo do receptor de insulina (IRB) e da
AKT em figado e misculo. O conteudo da enzima que degrada a insulina (IDE) se mostrou
reduzido nos LDLR™. A dieta hiperlipidica reduziu a sinalizacio da insulina em figado,
musculo e tecido adiposo dos camundongos LDLR”H. Nos camundongos WTH essa dieta
promoveu apenas uma redugdo na fosforilacdo do IR no misculo. A andlise conjunta dos
resultados nos permitiu concluir que, tanto o aumento de colesterol verificado em ilhotas

LDLR™" quanto a diminui¢do excessiva do conteido de colesterol em ilhotas WT (tratadas



com MBCD) alteram a movimentacao de cdlcio e conseqiientemente a secrecao de insulina. A
reducdo do colesterol nas ilhotas dos camundongos LDLR™ corrigiu a reducdo da secrecdo de
insulina, apesar das concentra¢des reduzidas de VAMP-2 e SNAP-25. Camundongos LDLR™,
alimentados com dieta padrdo, sdo mais sensiveis a insulina, provavelmente como um
mecanismo adaptativo a menor secre¢ao de insulina. No entanto, estas adaptagdes nao sao
suficientes para manter a homeostase glicémica visto que estes animais s3o intolerantes a

glicose. Quando alimentados com dieta hiperlipidica, os LDLR™H se tornam resistentes 2

insulina provavelmente devido ao aumento do tecido adiposo visceral.
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ABSTRACT

Changes in cellular cholesterol levels may contribute to beta cell dysfunction. Islets from LDL
receptor knockout (LDLR™) possess higher cholesterol content and secrete less insulin than
wild type (WT) mice. Here, we investigated the association between cholesterol content,
insulin secretion and Ca** handling in these islets. In addition, we analyzed the effects of high-
fat-diet (HFD) on glucose homeostasis, insulin secretion and action in these mice. Both first
and second phase of glucose-stimulated insulin secretion (GSIS) were lower in LDLR™”
compared with WT islets. This lower secretion was paralleled by impairment in Ca”™ handling
in these islets. The contents of SNAP-25 and VAMP-2 proteins, which participate in the
extrusion of the insulin containing granules, were reduced in LDLR” compared with WT
islets. Removal of the excess of cholesterol from LDLR™ islets (Methyl-B-cyclodextrine,
MBCD) normalized glucose- and tolbutamide-induced insulin release. Glucose-stimulated
Ca” handling was also normalized in cholesterol-depleted LDLR™ islets. Cholesterol removal
from WT islets by 0.1 and 1.0 mmol/L MBCD impaired both GSIS and Ca®* handling.
However, 10 mmol/L. MBCD markedly increased insulin secretion induced by glucose or
tolbutamide in WT islets, despite a significant reduction in Ca** handling. The HFD promoted
higher body weight gain and visceral fat pad depot in LDLR”H than in WTH. LDLR”H mice
showed fasted and fed glucose levels significantly higher whereas no changes in fasted plasma
insulin levels were observed. WTH mice also showed an increase in fasted and fed glucose
levels, but a higher fasted plasma insulin level (p<0.05) was noticed. The area under the curve
of the oGTT in LDLR'/’H, but not in WTH, was increased (30%) by HFD. GSIS was not
significantly altered by HFD in both groups. LDLR” mice showed higher IR and AKT
phosphorylation in liver and skeletal muscle. Insulin degrading enzyme (IDE) protein content
was lower in liver of LDLR™. The HFD reduced insulin signaling in liver, skeletal muscle and
adipose tissue in LDLR”H. In WTH the HFD reduced only the IRP phosphorylation in
muscle. In conclusion, our results indicate that abnormal high (LDLR'/' islets) or low (WT
islets treated with MBCD) cholesterol contents alter both GSIS and Ca®* handling.
Normalization of islet cholesterol content improved Ca®* handling and insulin secretion in
LDLR™ islets, despite the lower expression of SNAP-25 and VAMP-2. LDLR” mice, fed a
chow diet, are more sensitive to insulin probably due adaptive mechanisms that compensate

the low insulin secretion. However, these changes are not sufficient to promote glucose



xii

homeostasis since these mice were glucose intolerants. When fed a high-fat diet, they became

also insulin resistant probably due to an increase in the mass of the visceral adipose tissue.
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INTRODUCAO

1. Secrecao e acao da insulina

A secrecdo de insulina pelas células B pancredticas € regulada por fatores metabdlicos,
neurais e enddcrinos. Os dois udltimos participam da potencializacdo ou da inibi¢do da
liberacdo de insulina atuando apenas quando a secrecdo ja foi iniciada. Os fatores metabdlicos
s@o os responsdveis por estimular a secre¢do da insulina. Dentre estes fatores a glicose é o
mais importante agente estimulador [1]. A glicose penetra nas células [ pancredticas através
do transportador GLUT-2, localizado na membrana destas células. Apds ser internalizada a
glicose € fosforilada pela glicoquinase e metabolizada na via glicolitica e no ciclo de Krebs o
que gera um aumento na concentracdo de ATP que altera a razdo ATP/ADP no interior da
célula [1, 2]. Este aumento na razio ATP/ADP induz o fechamento de canais de K sensiveis
ao ATP, diminuindo o efluxo deste ion, e promovendo, consequentemente, despolarizacdo da
membrana, abertura de canais de Ca®* voltagem dependentes (VDGC) e o influxo dos fons
Ca’* [3].

A metabolizacdo da glicose nas células B e o consequente aumento na concentragdo de
célcio intracelular leva a ativagdo de enzimas que produzem mensageiros intracelulares que
contribuem para a amplificacdo do sinal iniciado pela glicose [4]. Uma destas enzimas € a
adenilato ciclase, que ao clivar o ATP, produz adenosina monofosfato ciclico (AMPc) que, por
sua vez, estimula a proteina quinase A (PKA) [5, 6]. Além disso, a metabolizacdo da glicose
também estimula a hidrélise de fosfoinositideos através da ativacao da fosfolipase C (PLC)
resultando na formagdo do inositol-1,4,5-trifosfato (IP3) e diacilglicerol (DAG). O IP3 se
difunde pelo citoplasma e induz a liberagado de Ca® de estoques intracelulares aumentando sua
concentracao citoplasmatica, enquanto o DAG estimula a proteina quinase C (PKC) [4]. Todos
estes eventos induzidos pela metabolizacio da glicose (aumento citoplasmiético de Ca®* e
ativacdo da PKA, PLC e PKC) culminam com a exocitose dos granulos secretorios contendo
insulina [7, 8].

Além da glicose, nutrientes como 4cidos graxos e aminodcidos podem influenciar a
secrecdo de insulina [7, 9]. Com relacdo aos aminodcidos, sabe-se que os aminodcidos
essenciais em condi¢des que mimetizam as fisiologicas, aumentam a resposta secretoria da
célula B [10] e em concentragdes suprafisioldgicas aminodcidos individuais exercem diversas

acOes sobre o processo de sintese e secrecao de insulina [9]. J4 os 4dcidos graxos livres podem
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estimular ou inibir a secrecdo de insulina dependendo principalmente de concentragdo e tempo
de exposicdo das células beta a estes nutrientes.

Hormonios intestinais como GLP-1 (glucagon like peptide 1) e o peptideo gdstrico
insulinotrépico (GIP), liberados no periodo pds-alimentar potencializam a secre¢do de
insulina. Outros hormodnios, produzidos pelas ilhotas pancredticas como o glucagon e a
somatostatina exercem efeitos pardcrinos sobre a secrecdo de insulina [11]. Finalmente, o
sistema nervoso autondmico possui um papel importante na modulacdo da secrecao de
insulina. O sistema nervoso parassimpatico, através de receptores muscarinicos, potencializa a
secrecdo da insulina, enquanto o sistema nervoso simpdtico, agindo por meio de receptores a-
adrenérgicos, inibe a secrecdo de insulina [12, 13].

De modo geral, a insulina liberada estimula processos anabdlicos de armazenamento de
reservas energéticas, isto é, promove a sintese de glicogénio, lipidios e proteinas, agindo
principalmente nos musculos, no tecido adiposo e no figado. No figado, a insulina estimula a
sintese de glicogénio, através da ativagdao de enzimas principalmente a glicogénio sintetase, e
diminui a producdo de glicose por inibir a gliconeogénese e a glicogendlise. A insulina
também aumenta a captacdo de glicose, principalmente no musculo esquelético e no tecido
adiposo, bem como promove sintese e inibe a degradacdo de proteinas. No tecido adiposo a
insulina também € responsdvel estimular a lipogénese e inibir a lip6lise [14, 15].

As acdes da insulina nos tecidos alvo ocorrem por meio de sua ligacdo com a
subunidade a do receptor de insulina (IR), que apresenta atividade tirosina cinase intrinseca. O
resultado da interacao entre o hormonio e o IR é uma mudanga conformacional do mesmo, que
estimula a autofosforilagdo de varios residuos tirosina nas subunidades B do IR e a
fosforilagdo em tirosina dos substratos do IR (IRS), os quais ancoram proteinas que possuem
um sitio especifico para o acoplamento com outros sinalizadores intracelulares que apresentam
o dominio SH2 (assim denominados devido a homologia com o produto do oncogene src). A
ligacdo dos dominios SH2 da fosfatidilinositol-3-cinase aos residuos fosfotirosinas do IRS-1
ativa esta enzima, que produz fosfolipideos de fosfatidilinositol (PI), dentre eles o P1(3,4,5)-
trifosfato, que ativa a proteina cinase dependente de PI, e subseqiientemente a Akt. Esta
serina/treonina cinase fosforila varias proteinas, dentre as quais, proteinas relacionadas a
translocacdo de GLUT4 para a membrana plasmatica. Além disso, a AKT também fosforila e

inibe a enzima GSK3 (cinase da glicogénio-sintase-3) o que resulta no aumento na sintese de
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glicogénio. Em relacdo ao metabolismo lipidico, a AKT estimula a transcricdo de enzimas
relacionadas com a lipogénese e, em contrapartida, inibe a lip6lise por ativar fosfodiesterases,
inibindo a lipase hormdnio sensivel [16-19].

A perda da eficiéncia da insulina em promover seus efeitos fisioldgicos é denominada
resisténcia periférica a agdo da insulina [20]. Virias alteracdes moleculares e funcionais estdo
relacionadas ao desenvolvimento da resisténcia a insulina, como por exemplos: diminui¢do na
concentracdo do IR e seus substratos (IRS), diminui¢do na atividade cinase dos receptores,
aumento nas fosfatases que desfosforilam o IR e demais proteinas da via de sinalizacdo. Tanto
fatores genéticos quanto ambientais contribuem para o aparecimento do quadro de resisténcia
a insulina [20, 21]. Clinica e experimentalmente ¢ observada uma forte correlagdo entre

obesidade, disturbios no metabolismo lipidico, resisténcia a insulina e desenvolvimento do

diabetes mellitus do tipo II. [22-24].

2. O diabetes mellitus

As células B pancredticas secretam insulina em resposta ao aumento da concentracio
de glicose sanguinea. Em circunstincias normais, a glicose liberada na corrente sanguinea €
rapidamente captada pelos tecidos através da ac@o da insulina [25]. O Diabetes Mellitus (DM)
¢ uma doenca metabdlica caracterizada por defeitos na secrecdo e ou a¢do da insulina, com
consequente aumento da glicemia [26].

O DM € considerado um grave problema de Satde Publica que, segundo estimativas da
Organizacdo Mundial de Satde, atingird mais de 300 milhdes de pessoas ao redor do mundo
até 2030 [27]. O DM se divide em dois tipos principais: o Tipo I e o Tipo II. O DM tipo 1
(DM1), corresponde a 5% a 10% dos casos, resulta da destruicio das células beta
pancredticas com conseqiiente deficiéncia de insulina. Na maioria dos casos, a destrui¢ao
destas células € mediada por auto-imunidade, porém existem casos em que ndo ha evidéncias
de processo auto-imune, sendo, portanto, referida como forma idiopéatica do DM1 [26, 28]. O
DM tipo 2 (DM2), forma mais comum da doenga (90% a 95% dos casos), € uma patologia
complexa determinada pela interacdo de fatores genéticos e ambientais, caracterizada por

defeitos na acdo e na secrecdo da insulina [26, 28, 29]. Além das alteracdes glicémicas,
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pacientes DM2 apresentam, com freqiiéncia, modificagdes no perfil lipidico, quadro

clinicamente denominado como dislipidemia diabética [30].

3. A dislipidemia diabética

A dislipidemia diabética caracteriza-se por aumento na concentracdo plasmatica de
triglicerideos (TG) [31], diminuicdo das lipoproteinas de alta densidade (HDL) e aumento e
modificagdes quimicas nas lipoproteinas de baixa densidade (LDL) [32-34]. Durante muitos
anos a dislipidemia diabética foi considerada apenas como uma conseqii€éncia da resisténcia a
acdo da insulina, no entanto, estudos epidemiolégicos véem demonstrando que alteracdes nos
lipideos plasméticos precedem as manifestacdes clinicas do DM2 [35, 36]. Deste modo, a
dislipidemia passou a ser considerada também como uma causa da patogénese do DM2.
Estudos mais recentes em diferentes modelos experimentais, células beta pancreaticas isoladas
de camundongos e ilhotas humanas indicam uma funcdo importante das lipoproteinas na
patogénese da resisténcia a insulina assim como na sobrevivéncia e funcdo secretora das
células beta [37-39].

Ilhotas isoladas e incubadas com LDL apresentam uma redu¢do na secrecao de insulina
estimulada por glicose sem alteracdo do conteido de RNAm e de insulina [39]. No entanto, a
exposicao prolongada de células beta a LDL oxidadas diminui a transcri¢ao da preproinsulina,
por ativagdo da C-Junc-N-terminal kinase (JNK). A ativagdo da JNK pelas LDL oxidadas
também induzem apoptose em células beta. Ambos os efeitos podem ser revertidos pela adi¢ao
das HDL [40]. Além disso, a adi¢do de HDL em culturas de células beta diminui a apoptose
induzida por privacdo de nutrientes, altas concentracio de glicose e citocinas pro-inflamatdrias
[38, 39, 41]. Estes efeitos estdo relacionados a diminuicdo da clivagem da caspase-3 e a
dowregulation do receptor de TNF e da enzima Oxido nitrico sintase induzivel (AINOS) [38].
Além disso, as HDL aumentam a proliferacdo das células beta por ativar a AKT [14]. Estes
resultados sugerem que tanto aumento das LDL oxidadas quanto diminui¢do nas
concentracdes de HDL, observados em pacientes com DM2, podem contribuir para piora no

funcionamento das células beta.
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4. O modelo animal knockout para o receptor de LDL

Os modelos animais geneticamente modificados para superexpressar ou ndo expressar
(knockout) genes especificos envolvidos no transporte intravascular de lipideos tem sido muito
uteis para as investigagdes das repercussdes metabdlicas e patoldgicas das dislipidemias
genéticas [42, 43]. Animais knockout para o LDLR [44] apresentam o fendtipo de
hipercolesterolemia familiar, uma doenca genética com alta frequéncia na forma
heterozigética (1:500) na populagdo ocidental, caracterizada por altos niveis de LDL-
colesterol [45].

Camundongos que ndo expressam receptor de LDL alimentados com dieta pobre em
gordura apresentam concentracdo de colesterol plasmdtico 2 a 4 vezes maior quando
comparados aos camundongos selvagens. Quando submetidos a dieta rica em gordura, estes
camundongos desenvolvem aterosclerose e xantomatose severas [46, 47], hipertrigliceridemia
[48] obesidade e hiperglicemia [49].

Foi demonstrado que mitocondrias dos camundongos LDLR” produzem maior
quantidade de espécies reativas de oxigénio (EROS) e desenvolvem mais transi¢cdo de
permeabilidade de membrana, um processo que desencadeia morte celular, seja por necrose ou
por apoptose [50]. Este aumento na producdo de EROS ndo foi relacionado a alteracdes de
conteddo de colesterol na membrana, fluidez da membrana ou atividade da superdxido
dismutase mitocondrial, mas sim a um menor contedido de NADPH, que corresponde a
principal fonte de equivalentes redutores para o sistema enzimético antioxidante mitocondrial.
Foi proposto que a maior lipogénese e esteroidogénese verificadas nestes animais (para
compensar a menor captacdo de LDL) seriam responsdveis pela menor disponibilidade de
NADPH, levando a condi¢do de estresse oxidativo nas células destes animais [51].

Em relagdo ao metabolismo glicémico, nosso grupo demonstrou que na auséncia de
dieta rica em gordura, os camundongos LDLR™ apresentaram reducao na tolerancia a glicose
associada a reduc@o na secrecdo de insulina em resposta a concentracdo pds-prandial de
glicose [52]. As ilhotas destes camundongos também apresentam maior contetido de colesterol
[52] e producdo reduzida de CO, derivado da glicose, possivelmente devido ao aumento da

demanda do substrato para sustentar a esteroidogénese [51].
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5. Concentracoes celulares de colesterol e secreciao de insulina

As concentragdes celulares de colesterol sdo controladas por um balanco entre a sintese
intracelular e captagao de colesterol do plasma, de um lado, versus o efluxo de colesterol dos
tecidos, de outro. O colesterol € fornecido para as células através de duas rotas: uma via de
biossintese “de novo” colesterol a partir de acetil-coenzima A (CoA) e, outra via extracelular,
mediada pela endocitose de lipoproteinas (LDL) via LDLR [53].

Todas as células nucleadas sdo capazes de sintetizar colesterol a partir da acetil-
coenzima A, através de um processo multi-enzimatico que ocorre no reticulo endoplasmaético,
0 qual tem como passo limitante a conversio da HMG-CoA em mevalonato pela acdo da
enzima HMG-CoA redutase (figura 1). Todas as células de mamiferos também sao capazes de
captar colesterol exdgeno através da internalizagdo das LDL via LDLR [54]. Por outro lado, o
efluxo do colesterol dos tecidos, chamado transporte reverso de colesterol, € mediado pelos
receptores ABCA-1 e ABCG-1, localizadas nas membranas celulares. Os receptores ABC
interagem com as Apolipoproteinas A-1 das HDLs transferindo o colesterol celular para esta
lipoproteina. As HDLs, por sua vez, transportam o colesterol novamente para o figado onde
este é captado pelos receptores SR-B1 [55].

Os processos de sintese, captacdo e processamento do colesterol sdo regulados por dois
sistemas de receptores nucleares: os Sterol Regulatory Element Binding Protein (SRBPs) e os
Liver-X-receptors (LXR). A familia dos fatores de transcricdio SREBPs regulam a expressao
de genes relacionados ao metabolismo lipidico, € o SREBP-2 € o principal regulador dos
genes relacionados a metabolismo de colesterol, como HMG-CoA redutase e LDLR. Quando
as concentragdes intracelulares de colesterol estdo altas uma proteina de membrana do reticulo
endoplasmatico, denominada SREBP, encontra-se inativa e ligada a outra proteina chamada
SCAP (SREBP cleavage-activating protein) que atua como um sensor da quantidade de
colesterol nas membranas. Quando a concentragdo de colesterol nas membranas diminui
ocorre uma mudanca conformacional na proteina SCAP que permite que o complexo SCAP-
SREBP se desligue da proteina INSIG (insulin-induced gene) e se associe a vesiculas
contendo COPII, as quais migram para o complexo de Golgi. No complexo de Golgi, a
SREBP ¢ clivada seqiiencialmente por duas diferentes proteases. A primeira clivagem ¢é
catalisada por uma serina-protease (S1P) ligada a membrana que cliva a SREBP no lado

luminal. Em seguida, uma metaloprotease, também ligada a membrana (S2P), cliva o primeiro
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dominio transmembrana da SREBP préximo a interface com o citoplasma, liberando a porcao
amino-terminal da SREBP que pertence a familia de fatores de transcricdo bHLH (basic helix-
loop-helix). Esse dominio constitui a SREBP ativa que transloca-se para o nicleo e estimula a
transcricdo dos genes que aumentam a sintese e a captacdo de colesterol, como do receptor da

LDL, da HMG-CoA redutase e outros genes responsivos ao colesterol [57-59].
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Figura 1. Sintese de colesterol. Resumo das etapas principais da sintese de colesterol a partir

da acetil-coenzima-A. (adaptado de Lehninger, Nelson e Cox, 2006) [56].

A expressdao dos transportadores ABCA1 e ABCGI1 (responsaveis pelo efluxo de
colesterol das células), por sua vez, é regulada positivamente por mecanismos transcricionais e
pos-transcricionais. A entrada do colesterol advindo das LDL gera 6xidos de colesterol que
sdo ligantes naturais dos LXR. O LXR se acopla ao receptor de acido retindico RXR, e o

complexo LXR/RXR liga-se diretamente ao ABCA1. Quando o conteudo celular de esterdides
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¢ baixo, o complexo ABCA1-LXR/RXR permanece ligado a membrana; porém com o
acuimulo de colesterol os 6xidos de colesterol se ligam ao LXR, com dissociacdo do ABCA-1,
o qual passa a intermediar o efluxo de colesterol para as Apo-1 [60]. O rompimento de
qualquer componente destas vias pode levar a drasticas mudangas nas concentragdes celulares
de colesterol e, consequentemente, nas fungdes das células.

O colesterol constitui aproximadamente 20% do total dos lipideos das células beta e é
essencial para a manutencio da estrutura e organizacao da membrana destas células [61, 62].
Devido a sua estrutura quimica o colesterol se associa aos esfingolipideos e formam regides
nas membranas conhecidas como balsas lipidicas (lipid rafts) [63]. Numerosas proteinas de
membrana estdo associadas a estes microdominios como, por exemplo, os canais de cdlcio e
de potassio [64-66]. Nestes dominios também se associam proteinas que estdo envolvidas no
processo de exocitose dos granulos de insulina como, por exemplo, as proteinas membros da
superfamilia das SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) [67, 68]. O contetido de colesterol nestes microdominios € essencial para manter a
associacdo entre o estimulo secretorio, que ocorre com a entrada de cdlcio pelos canais de
calcio voltagem dependentes, e as proteinas SNARE que medeiam a exocitose do granulo e
consequentemente secre¢ao de insulina [66-68].

Camundongos transgénicos que superexpressam o SREBP-2 especificamente em
células beta desenvolvem diabetes severo com reducdo da massa e funcionalidade destas
células. Comparados aos animais controle (C57B16) estes camundongos apresentam um
pancreas de tamanho reduzido e com menor nimero de ilhotas. Estas mudancas nas
caracteristicas fenotipicas dos animais se devem ao acimulo de colesterol nas células beta, o
qual leva a uma diminui¢@o na expressdo de fatores de transcricdo como o PDX-1 e BETA-2,
ambos importantes para o desenvolvimento e sobrevivéncia celulares [69].

O acumulo de colesterol nas células beta pancredticas interfere diretamente no
processo de secre¢do de insulina, estimulada pela glicose. Camundongos deficientes de
apolipoproteina-E (Apo-E) apresentam maior teor de colesterol nas ilhotas e secretam menos
insulina tanto em condi¢Oes basais quanto estimulatorias [70]. Além disso, camundongos
knockout-especificos para o receptor ABCA-1 em células beta apresentam reducdo nas

concentracdes plasmdticas de insulina e s3o intolerantes a glicose [71]. Estes animais
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apresentam diminui¢do em ambas primeira e segunda fase de secrecdo, sem reducdo no
conteddo total de insulina e na massa de células beta [72].

Se de um lado o aumento na concentracdo de colesterol interfere na secrecdo de
insulina, por outro a lado a redu¢do no contetido de colesterol também influencia no processo
secretorio. O bloqueio da sintese de colesterol pelo inibidor da esqualeno epoxidase, NB598,
reduz o contetido de colesterol em aproximadamente 50%, tanto em ilhotas de camundongos
quanto de humanos. Este tratamento também reduz a secre¢do de insulina estimulada por
concentragdes sub- e supra-estimulatérias de glicose [73]. Além disso, o tratamento de células
com metil-b-ciclodextrina reduz a secre¢dao de insulina por alteragdes na distribuicdo das

proteinas responséveis pela fusdo do granulo a membrana [74].

JUSTIFICATIVA

A homeostasia glicémica depende da adequada secrecdo de insulina pelas células 3
pancredticas assim como da acdo deste hormonio nos tecidos periféricos [19, 75]. Tanto
clinica quanto experimentalmente se observa uma forte relagdo entre distirbios no
metabolismo lipidico, obesidade induzida pela dieta, resisténcia a insulina e desenvolvimento
de DM2 [22, 76, 77].

Resultados recentes obtidos pelo nosso grupo de pesquisa demonstraram que
camundongos LDLR ™ alimentados com dieta padrio sdo intolerantes a glicose e apresentam
alteracdes no processo de secre¢do de insulina [52]. As ilhotas pancredticas destes
camundongos mostram diminui¢do na captacdo de glicose, menor expressao da PKA e menor
secrecdo de insulina frente a diferentes secretagogos [52, 78]. No entanto, outros mecanismos
que levam a diminuicdo da secrecdo da insulina nas ilhotas dos LDLR™ ainda precisam ser
elucidados. Além disso, ainda nao se dispde de dados na literatura sobre a sinalizacdo da
insulina nos tecidos periféricos destes camundongos. Assim, decidimos avaliar neste estudo a
relac@o entre o contetido de colesterol, a movimentagdo de célcio e a secrecdo de insulina em
ilhotas de camundongos LDLR™". Adicionalmente, buscamos investigar a acdo da insulina nos
tecidos periféricos dos LDLR™", assim como avaliar o efeito da dieta hiperlipidica na secrecdo

e acao deste hormonio nestes camundongos.
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OBJETIVOS
GERAL

Avaliar a relacdo entre o conteido de colesterol, movimentacdo de célcio
citoplasmadtico e secre¢ao de insulina em ilhotas pancredticas de camundongos LDLR™. Além
disso, analisar o efeito da dieta rica em gordura (HFD) sobre a homeostasia glicémica,

secrecdo e acdo da insulina nestes camundongos.
ESPECIFICOS

- Investigar o efeito da reducio do conteudo de colesterol, pelo tratamento das ilhotas
com Metil-beta-ciclodextrina, na movimentacdo de célcio intracelular e na secrecdao de

insulina;

- Investigar os efeitos do tratamento com dieta hiperlipidica na homeostasia glicémica

e na secrecdo e acdo da insulina nestes camundongos.
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RESULTADOS

Os resultados obtidos durante a realizacio deste estudo estdo apresentados a seguir sob

a forma de dois artigos cientificos:

Artigo 1- Cholesterol reduction ameliorates glucose-induced Ca®* handling and insulin

secretion in islets from low-density lipoprotein receptor knockout mice (LDLR™) (artigo

submetido)

Artigo 2- Insulin action in LDL receptor knockout mice (LDLR™)
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Abstract

Aims/hypothesis: Changes in cellular cholesterol levels may contribute to beta cell
dysfunction. Islets from LDL receptor knockout (LDLR™) possess higher cholesterol content
and secrete less insulin than wild type (WT) mice. Here, we investigated the association
between cholesterol content, insulin secretion and Ca** handling in these islets.

Methods: Isolated islets from both mice were used for measurements of insulin secretion
(radioimmunoassay); cholesterol content (fluorimetric assay); cytosolic Ca®" levels (fura-
2AM) and SNARE protein expression (VAMP-2, SNAP-25 and Sintaxin-1A). Cholesterol
depletion was done by incubating the islets with increasing concentrations (0-10 mmol/l) of
methyl-beta-cyclodextrin (MBCD).

Results: Both first and second phase glucose-stimulated insulin secretion (GSIS) was lower in
LDLR” than in WT islets, paralleled by an impairment of Ca** handling in these islets. The
SNAP-25 and VAMP-2, but not Syntaxin-1A, protein contents were reduced in LDLR‘/',
compared with WT islets. Removal of the excess of cholesterol in LDLR™ islets normalized
glucose- and tolbutamide-induced insulin release. Glucose stimulated Ca** handling was also
normalized in cholesterol-depleted LDLR™ islets. Cholesterol removal from WT islets by 0.1
and 1.0 mmol/l MBCD impaired both GSIS and Ca** handling. However, 10 mmol/l MBCD
markedly increased insulin secretion induced by glucose or tolbutamide in WT islets, despite a
significant reduction in Ca®* handling in the presence of tolbutamide.

Conclusion: Abnormal high (LDLR'/’ islets) or low (WT islets treated with MBCD)
cholesterol content alters both GSIS and Ca** handling. Normalization of cholesterol improves
Ca® handling and insulin secretion in LDLR™ islets, despite lowering the expression of

SNAP-25 and VAMP-2 proteins.

Keywords: calcium handling, cholesterol, glucose, insulin secretion, LDLR™” mice, SNARE

proteins, tolbutamide
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Introduction

Type 2 diabetes is a complex disease characterized by reduced insulin secretion and
development of insulin resistance [79]. Frequently, diabetic patients exhibit dyslipidemia with
low levels of high-density lipoprotein [31], hypertriglyceridemia [32, 33], and increased and
abnormal (glycated and/or oxidized) small dense LDL particles [34]. It is known that chronic
influx of fatty acids into beta cells impairs insulin secretion [80, 81]; however, emerging
evidence also suggests that changes in cellular cholesterol levels may contribute to beta cell
dysfunction [52, 69-71, 82].

Cholesterol constitutes about 20% of the total membrane lipids and is involved in
several subcellular membrane properties such as thickness and fluidity [61, 62]. Disturbance in
cholesterol metabolism results in changes in the membrane lipid raft microdomains. Numerous
membrane proteins are associated with lipid rafts, including the ion channels (CaV1.2, KV2.1)
[65, 66]. Additionally, SNARE proteins (Syntaxin 1A, SNAP-25, and VAMP-2) that play an
essential role in the fusion of insulin-containing granules to the plasma membrane are linked
to these raft microdomains in pancreatic beta cells [73, 74].

High beta cell cholesterol levels reduce the effectiveness of the insulin secretory
apparatus and also interfere with glucose metabolism by inhibiting glucokinase activity [70,
83]. In the absence of a high-fat diet, islets from hypercholesterolemic LDLR” show higher
cholesterol content and reduced insulin secretion in response to glucose [52]. This was
associated with decreased glucose uptake and oxidation and lower expression of protein kinase
A alpha [52, 78]. In this study, we investigated the involvement of Ca** handling and SNARE
protein expression in the reduced insulin response in LDLR™ mice islets. We also investigated
the effects of cholesterol depletion in both LDLR™ and WT islets and their relationship with

Ca®* handling and insulin secretion.
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Materials and Methods

Animals

LDLR™ mice founders were purchased from the Jackson Laboratory (Bar Harbor,
ME). Control wild-type (WT) mice (C57BL/6 background) were obtained from the breeding
colony of the State University of Campinas (UNICAMP). Animal experiments were approved
by the University’s Committee for Ethics in Animal Experimentation (CEUA/UNICAMP).
The mice
had free access to standard laboratory rodent chow diet (Nuvital CR1, Colombo, PR, Brazil)
and water ad libitum and were housed at 22 + 1°C on a 12 h light/dark cycle.

Pancreatic islet isolation and static insulin secretion

The pancreatic islets were isolated from fed mice (20 week-old) by collagenase
digestion and then selected with a microscope to exclude any contaminating tissues [84]. After
1solation, batches of 4 islets from each group were pre-incubated in Krebs-Ringer bicarbonate
buffer (KRBB) containing, in mmol/l: 115 NaCl, 5 KCl, 24 NaHCO3, 2.56 CaCl2, 1 MgCI2
and 25 HEPES, pH 7.4 plus 2.8 mmol/l glucose and 0.3% bovine serum albumin (BSA) for 30
min at 37°C. The islets were further incubated for 1 h in KRBB containing glucose (2.8 or
11.1 mmol/l) or tolbutamide 100 pumol/l. Aliquots of the supernatant at the end of the

incubation period were kept at -20°C for posterior insulin measurement by RIA [85].

Perifusion studies

Groups of 50 islets from WT and LDLR ™~ mice were placed on a Millipore SW 1300
filter (8 um pore) in a perifusion chamber (four chambers for each perfusion) and perifused in
a KRBB buffer for 100 min at a flow rate of 1 ml/min. Glucose (2.8 mmol/l) was present from
the onset of the experiment and was elevated to 11.1 mmol/l glucose from the 60th min
onward. Solutions were gassed with 95% 0,/5% CO, and maintained at 37°C. Insulin released

into the medium was measured by RIA [20].



35

Islet cholesterol measurement and depletion

Cholesterol content was quantified by a fluorometric method using an enzyme-coupled
reaction provided by the Amplex Red Cholesterol Assay kit (Molecular Probes), as previously
described [70]. Lipid extraction from groups of 10 islets per mice of each group were
performed with chloroform/methanol (2:1 vol/vol), dried down under a N, stream, and diluted
in 60 pl of working solution (Amplex Red Cholesterol Assay kit) supplemented with 0.1%
Triton X- 100. Of this sample, 50 pl were used for the cholesterol assay. For cholesterol
depletion, islets were pre-incubated with 0.1, 1 or 10 mmol/l of methyl-B-cyclodextrin
(MBCD) (Sigma-Aldrich) at 37°C for 1 h. Islets were then washed in KRBB (5.6 mmol/l) and

used in the experiments.

Cytoplasmatic Ca’* Oscillations

Fresh pancreatic islets were incubated in KRBB plus 5.6 mmol/l glucose and 5 pmol/l
Fura-2/AM for 1 h at 37°C. Islets previously incubated with MBCD were washed three times
with KRBB and incubated with Fura-2/AM, as described above. Islets were then transferred to
a thermostatically-regulated open chamber (37°C), placed on the stage of an inverted
microscope (Nikon UK, Kingston, UK), and perifused with KRBB at a flow rate of 1.5
ml/min. Islets were then perifused with KRBB continuously gassed with 95% O,/5% CO,, pH
7.4 containing 2.8 mmol/l with or without 100pmol/l tolbutamide or 11.1 mmol/l glucose. A
ratio image was acquired at approximately every 5s with an ORCA-100 CCD camera
(Hammamatsu Photonics Iberica, Barcelona, Spain), in conjunction with a Lambda-10- CS
dual filter wheel (Sutter Instrument Company, CA, USA), equipped with 340 and 380 nm, 10
nm bandpass filters and a range of neutral density filters (Omega opticals, Stanmore, UK).
Data were obtained using the ImageMaster3 software (Photon Technology International, NJ,
USA). The area under the curve was calculated during the period that the stimulus was present

in the medium, after subtracting the basal values (2.8 mmol/l glucose).

Western blotting

Isolated islets from LDLR™ and WT mice were homogenized in a buffer containing (in
mmol/l): 100 Tris pH 7.5, 10 sodium pyrophosphate, 100 sodium fluoride, 10 EDTA, 10
sodium vanadate, 2 PMSF and 1% Triton-X 100). The islets were disrupted using a Polytron
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PT 1200 C homogenizer (Brinkmann Instruments, NY, USA), employing three 10s pulses.
The extracts were then centrifuged at 12,600g at 4°C for 5 min to remove insoluble material.
The protein concentration in the supernatants was assayed using the Bradford dye method
[86], using BSA as a standard curve and Bradford reagent (Bio-Agency Lab., Sdo Paulo, SP,
BRA). For SDS gel electrophoresis and Western blot analysis, the samples were treated with a
Laemmli sample buffer containing dithiothreitol. After heating to 95°C for 5 min, the proteins
were separated by electrophoresis (50 pg protein/lane, 8% gels) and, afterwards, transferred to
nitrocellulose membranes. The nitrocellulose filters were treated overnight with a blocking
buffer (5% non-fatdried milk, 10 mmol/l Tris, 150 mmol/l NaCl, and 0.02% Tween 20) and
were subsequently incubated with an antibody against SNAP-25 [S-5187; mouse monoclonal;
Sigma (St. Louis, MO)], VAMP-2 [627724; rabbit polyclonal; Calbiochem (La Jolla, CA)],
Sintaxin-1A[sc-12736; mouse monoclonal; Santa Cruz Biotechnology (Santa Cruz, CA)].
Specific protein bands were visualized by incubating the membranes for 1 h with a
peroxidase-conjugated secondary antibody (1:10.000; Zymed Laboratories, Inc., San
Francisco, CA, USA), followed by detection with enhanced 151 chemiluminescence reagents
(Pierce Biotechnology, USA) and exposure to X-ray film (Kodak, AM, Brazil). The band
intensities were quantified by optical densitometry (Un-Scan-It gel, version 6.1, Orem, Utah,
USA). After assaying the target proteins, Western blotting was repeated using rabbit
polyclonal antibody to GAPDH [1:1.000; cat. (FL-335): sc-25778], used as an internal control

for proteins.

Statistical analysis

Results are presented as means = SEM for the number of determinations (n) indicated.
The data were analyzed by unpaired Student's t-test for two mean comparisons and two-way
ANOVA (with Neuman—Keuls post-hoc test) for dose-response experiments. The level of
significance was set at p<0.05 and analyses were performed using Statistica version 7.0 for

Windows (Stat Soft Inc, Tulsa, OK, USA).
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Results

Glucose-stimulated insulin release and [ Ca’* Ji rise were reduced in LDLR islets

As previously reported [52], LDLR™ release less insulin in both the first and second
phase, when compared with WT mice (p< 0.05) (Fig.1). Since the increase in [Ca2+]i is a key
step in insulin secretion, we examined the glucose-stimulated Ca®* handling in islets from
LDLR™. A representative example of the Ca’* response is shown in Figure 2 (A). Elevation of
glucose from 2.8 to 11.1mmol/l induced a [Ca?*]i rise in both groups; however, the amplitude
of oscillations was significantly smaller in LDLR™ than WT islets. As shown in Figure 2 (B),
the area under the curve (AUC) of the glucose-evoked [Ca2+]i rise was significantly reduced in
the islets of LDLR™ mice. During the first 6 min of exposure to high glucose (first phase
release) as well as between min 6 and 20 (second phase release), the AUCs of glucose-evoked
[Ca®™]i rise were significantly diminished in LDLR” islets (D). The insulin secretion in the
presence of tolbutamide was also markedly reduced in LDLR™ islets (1.22+0.16 vs.
0.50£0.11, respectively; p< 0.05). Accordingly, the AUC of the tolbutamide-evoked [Ca™]i
rise was also reduced in LDLR™ islets (Fig 3 A-B).

Reduced expression of SNARE proteins in LDLR”

Insulin granule exocytosis is a multiple-step process that depends upon the elevation of
[Ca™]i. Since the alterations in Ca®* handling induced by glucose and tolbutamide were
attenuated in LDLR™", compared with WT islets, especially during the second phase release
(Fig 1D), it is conceivable that the exocytotic process could also be hampered in the former
islets. In fact, the expressions of SNAP-25 and VAMP-2, but not Syntaxin-1A, were reduced
by 30% in LDLR, compared with WT islets (p< 0.05) (Fig 4).

Reduction in the intra-islet cholesterol ameliorates the glucose-stimulated Ca®* rise and

insulin secretion in LDLR™ mice

We have previously shown that cholesterol content is higher in LDLR” than in WT
islets [11]. Therefore, we analyzed whether the reduction of islet cholesterol content modifies

Ca” handling. For this purpose, islets from both groups were previously treated with MBCD.
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Cholesterol content in LDLR™ islets, treated with 0.1 mmol/l MBCD, was reduced to similar
levels found in WT islets (Fig 5), and MBCD-treated WT islets showed a marginal decrease in
cholesterol content. Figure 6 shows that treatment reduced glucose-induced Ca®* oscillations
in WT islets. The [Ca**]; AUC of MBCD treated islets were diminished compared WT islets.
Glucose-induced [Ca2+]i modifications in islets from LDLR” treated with increasing
concentrations of MBCD showed a different behavior when compared with WT islets (Fig 6).
In these islets, the [Ca®*]; AUC were progressively augmented with increasing MBCD
concentrations. At 0.1 and 1.0 mmol/l MBCD, the [Ca2+]i rise resulted in levels similar to
those observed in WT islets without MBCD. At 10 mmol/l MBCD, the AUC was significantly
higher (2-fold) than LDLR™ islets without MBCD (Fig 6C).

We also examined the relationship between islet cholesterol content and beta cell
function. For this purpose, glucose-stimulated insulin secretion was measured in islets from
WT and LDLR™ treated with different concentrations of MBCD. Glucose-induced insulin
secretion was increased with increasing concentrations of MBCD only in LDLR ™ islets (Fig 7).
In WT islets, there was a significant reduction in glucose-stimulated insulin secretion at 1.0
mmol/l, but a marked increase at 10 mmol/l MBCD.

A significant increase in tolbutamide-stimulated insulin release was also observed in
WT islets treated with 10 mmol/l MBCD (Fig 9). In addition, 10 mmol/l MBCD significantly
decreased the AUC of the tolbutamide-induced [Ca2+]i rise in WT islets (Fig 8). In LDLR,
tolbutamide-induced insulin secretion (Fig 9), but not [Ca2+]i (Fig 8), was increased, although

to a lesser extent than in WT islets.
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Discussion

It has been recently shown that cholesterol content in LDLR is higher than in WT
islets [52]. Since glucose-induced insulin secretion is lower in LDLR™, we investigated the
relationship between cholesterol content, insulin secretion and Ca*t handling in these islets.
Higher cholesterol content is associated with a decrease in fluidity [87], as well as an increase
in the stiffness [88] of the membrane, and these alterations may cause an inappropriate
distribution or functioning of membrane proteins. In this respect, alterations in the distribution
and activity of ion channels and modifications of the distribution of SNARE proteins, linked
to cholesterol clusters in the membrane, were previously observed in pancreatic beta cells [64,
89]. In addition, increased islet cholesterol levels by selective deletion of ABCA1 gene in
apoE knockout mice resulted in reduced glucose-stimulated insulin secretion [90].
Furthermore, INS-1 cells overloaded with cholesterol secrete less insulin in response to
glucose, possibly due to a reduction in glucokinase activity [70] that, ultimately, reflects
alterations in membrane depolarization [91]. Here, we observed that glucose- and tolbutamide-
induced insulin secretion as well as Ca®* handling in LDLR™ was lower than in WT islets
(Figs. 1, 2, 3 and 5). Moreover, SNAP-25 and VAMP-2 expressions were also reduced in
LDLR™. The lower expressions of these two proteins, which participate in the traffic of
insulin-containing vesicles, could explain the lower insulin secretion observed during the
second phase release in LDLR™ islets. Cellular cholesterol also influences the trafficking of
proteins from cytosolic to membrane rafts microdomains [67] and is important in coordinating
the assembly of calcium channels with SNARE proteins during the exocytotic process [68,
73]. Thus, the excess of cholesterol observed in islets from LDLR™ may be responsible for the
impairment of Ca® handling and insulin secretion.

While results from the literature indicate that high levels of cellular cholesterol impair
glucose-induced insulin secretion, information concerning the reduction of cellular cholesterol
is contradictory [66, 70, 73, 91]. Here, we confirm that removal of the excess of cholesterol
from islets of LDLR” by increasing concentrations of MBCD improved glucose-induced
insulin secretion and that this improvement is linked to a better Ca®* handling by these islets.
Recently, it was demonstrated that cholesterol-enriched mouse beta cells show a lower voltage
gated calcium channel (VGCC) density, which diminishes Ca®" influx and, in turn, triggers a

lower insulin secretion. Since, in the presence of MBCD, tolbutamide increased insulin
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secretion, but did not modify the Ca®* signal in LDLR™ islets, cholesterol normalization could
improve components of the Ca**-induced release process, other than VGCC density (not
addressed in this study).

In contrast to observations in LDLR” ", when cholesterol was removed from WT islets
with low concentrations of MBCD (0.1 and 1 mmol/l), the glucose-induced [Ca2+]i increase
was lower and insulin secretion was significantly reduced. However, at 10 mmol/l MBCD, a

>*1, was lower than in WT

significant increase in insulin secretion was noticed, while [Ca
without MBCD. Furthermore, in WT islets, the tolbutamide-induced Ca** signal was also
lowered by 10 mmol/l MBCD, whereas insulin secretion was increased. Reduction of
cholesterol levels in rodent islets with a squalene epoxidase inhibitor (NB598) reduced insulin
secretion, whole-cell delayed Ca** currents, and granule mobilization. In MING6 cells, NB598
also provoked a redistribution of membrane proteins such as Kv2.1, Cavl.2, syntaxin-1A,
SNAP-25, and VAMP [73]. We hypothesize that, in the presence of lower concentrations of
MPBCD, several of the above-mentioned alterations obtained with NB598 may occur in our
experiments, thus justifying the lower Ca®™ handling and insulin secretion. However, the
marked increase in insulin secretion induced by tolbutamide with low Ca®, in the presence of
10 mmol/l MBCD, is more difficult to explain. It may be postulated that excessive removal of
cholesterol from the membrane is toxic and provoke insulin release from damaged cells by a
Ca”*-independent mechanism.

In conclusion, the ability of glucose-induced insulin secretion, as well as Ca®*
handling, are impaired in LDLR™, compared with WT islets. In addition, the SNAP-25 and
VAMP-2, but not Syntaxin-1A, protein contents were also reduced in LDLR™ islets. An
adequate reduction in the excess of cholesterol normalized insulin secretion and Ca** handling.
However, a decrease in cholesterol in WT islets impaired Ca® handling and insulin secretion.
These data indicate that both excess and deficiency of cholesterol concentration in islets alter

. 2 . . . . .
glucose-induced Ca”* oscillations and, consequently, insulin secretion.
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Fig.1. Effects of 11.1 mmol/l glucose on the dynamics of insulin release from WT (open
squares and open bars) and LDLR ™ (solid circles and dark bars) mice islets. Groups of 50
freshly isolated islets were perifused for 80 min (A). Glucose at 2.8 mmol/l was present from
the onset of the experiment and was increased to 11.1 mmol/l from min 16 until the end of the
perifusion period. Cumulative insulin release during the first phase (B), measured as AUCI1
between time points t=16 and 22 min, and summed insulin release during the second phase
(AUC2), measured between time points t= 23 and 80min (C). Values are means+SEM of four

distinct experiments. * p<0.05 vs. WT.
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Fig. 2. Representative curves of changes in intracellular Ca® concentrations in response to
11.1 mmol/l glucose in WT (solid line and open bars) and LDLR (dotted lines and dark
bars) mice islets (A). The Area Under the Curves (AUC) was calculated for 3 different periods
at 11.1 mmol/l glucose: B (1-15 min), C (1-6 min), and D 6-15 min of perifusion. Values are
the ratios of F340/F380 registered for each group. Data are means + SEM of 4 independent

experiments. *p<0.05 indicates significant difference vs WT.
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Fig. 3 — Tolbutamide (100 pmol/l) induced Ca®' rise in WT (solid line and open bar) and
LDLR "~ (dotted line and dark bar) mice islets (A). The Area Under the Curves (AUC) was
calculated when tolbutamide was present in the perifusion period (B). Values are the ratios of
F340/F380 registered for each group. Data are means + SEM from 7 independent

experiments. *p<0.05 indicates significant difference vs WT.
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Fig. 4 — SNAP-25 (A), VAMP-2 (B) and Sintaxin-1A (C), protein expression in isolated islets
from WT (open bars) and LDLR ™ (dark bars) mice. Protein extracts were processed for
Western blotting. The bars represent the means + SEM of the values, determined by optical

densitometry. n = (3-5). *p<0.05 vs WT.
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Fig. 5 Cholesterol levels from WT (open bars) and LDLR™" (dark bars) mice islets. Cholesterol
depletion was done by incubating the islets in the presence of increasing concentrations of
MBCD for 1 h at 37°C. Values represent means=SEM *p<0.05 compared WT (without
MBCD); * p<0.05 compared LDLR ™ (without MBCD).
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Fig. 6 Effects of MBCD treatment on glucose induced [Ca2+]i rise in WT and LDLR-/- mice
islets. (A) Representative curves of changes in intracellular Ca2+ concentrations in response to
11.1 mmol/l glucose in WT islets; WT (line with solid squares), WT+0.1mmol/l MBCD (line
with open circles), WT+1mmol/l MBCD (dotted line), and WT+10mmol/l MBCD (solid line).
(B) Representative curves of changes in intracellular Ca2+ concentrations in response to 11.1
mmol/l glucose in LDLR—/— islets/; LDLR-/- (line with solid squares), LDLR—/—+0.1mmol/I
MBCD (line with open circles), LDLR—/— +1mmol/l MBCD (dotted line), and LDLR—/—
+10mmol/l MBCD (solid line). (C) AUC from glucose induced calcium rise. Values are the
ratios of F340/F380 registered for each group. Data are means £+ SEM for 4-9 independent
experiments. = P < 0.05 compared WT (without MBCD); * P < 0.05 compared LDLR-/-
(without MBCD); P <005 compared WT (without MBCD) by one-way ANOVA; < 0.05
compared LDLR-/- (without MBCD) by one-way ANOVA.
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Fig. 7 Effects of cholesterol depletion on the glucose-induced insulin secretion by WT (open
bars) and LDLR ™~ (dark bars) mice islets. Cholesterol depletion was done by incubating the
islets in the presence of increasing concentrations of MPBCD for 1 h at 37°C. Each bar
represents mean + SEM of 12-20 groups of islets from 6 different mice. *p<0.05 vs. WT;
#%p<0.01 vs WT; 'p<0.05, vs LDLR™".
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Fig. 8 Effects of MBCD treatment on tolbutamide-induced [Ca™]i rise in WT and LDLR”
mice islets. (A) Representative curves of changes in intracellular Ca®* concentrations in
response to tolbutamide in WT islets; WT (solid line), WT+1mmol/l MBCD (dotted line), and
WT+10mmol/l MBCD (line with open circles), and LDLR™ islets (B): LDLR™” (solid line),
LDLR™ +Immol/l MBCD (dotted line), and LDLR” +10mmol/l MBCD (line with open
circles). (C) Area under de curve (AUC) from tolbutamide induced calcium rise. Values are
the ratios of F340/F380 registered for each group. Data are means+SEM from 5-7 independent
experiments. *p<0.05 vs WT (without MBCD); **p<0.01 vs WT (without MBCD); * p<0.05
compared LDLR ™ (without MBCD).
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Fig. 9 — Effects of cholesterol depletion on the tolbutamide-induced insulin secretion in WT
(open bars) and LDLR™” (dark bars) mice islets. Cholesterol depletion was done by incubating
the islets in the presence of increasing concentrations of MBCD for 1 h at 37°C. Each bar
represents mean = SEM of 10-16 groups of islets from 6 different mice. *p<0.05 vs. WT
(without MBCD); **p<0.01 vs WT (without MBCD); *p<0.05, vs LDLR™ (without MBCD).
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Abstract

Aims/hypothesis: Changes in body fat mass and in serum lipids are associated with the
development of insulin resistance. Here, we investigated the insulin signaling in liver, muscle
and adipose tissue of LDLR™ mice, fed a chow or a high-fat diet (HFD).

Methods: Male LDLR™ and wild-type (WT) mice, 4 months of age, were fed with HFD
(western-type, 40% Kcal by fat) or a chow-diet for 30 days. Glucose homeostasis was
analyzed using oral glucose tolerance test (0GTT) (1.5 g/ Kg body weight); total cholesterol
(CHOL), triglycerides (TG), non-esterified fatty acids (NEFA) and plasma insulin by standard
commercial kits; Insulin secretion by isolated islets, by RIA; Insulin signaling by
immunopreciptation and immunoblotting of IR and pAKT and Insulin Degrading Enzyme
(IDE) expression by western-blot.

Results: LDLR” showed high plasma levels of CHOL, TG, glucose and increased mass of
epididymal fat depot compared with WT. These mice were glucose intolerants but more
sensitive to insulin than WT, especially in muscle and liver. The IDE protein expression was
lower in LDLR™ than in WT mice. HFD promoted a higher body weight gain and worsened
the glucose tolerance and insulin signaling LDLR”H mice. In WTH mice HFD induced an
increase in plasma insulin levels while the insulin signaling was only altered in muscle.
Conclusion: The results indicate that LDLR” mice fed a chow diet are more sensitive to
insulin probably due to adaptive mechanisms that compensate lower insulin secretion.
However, these changes are not sufficient to maintain glucose homeostasis since these mice
were glucose intolerants. When fed a high-fat diet, they became also insulin resistant probably

due to an increase in visceral adipose tissue mass.

Keywords: High-fat diet, Insulin Degrading Enzyme (IDE), insulin resistance, insulin

signaling, LDLR™ mice.
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Introduction

Type 2 diabetes mellitus is a complex metabolic disease which onset and development
dependent on environmental and genetic components. This syndrome affects over 5% of the
individuals in Western populations [27]. The pathogenesis of Type 2 diabetes involves
abnormalities in both insulin secretion by pancreatic beta cells and peripheral insulin action
[28].

The insulin action in target tissues involves a cascade of events initiated by insulin
binding to its a subunit of cell surface receptor (IR) [92]. The interaction between insulin and
IR results in conformational changes that stimulates the tyrosine autophosphorylation in IR 3
subunits which result in tyrosine phosphorylation of insulin receptor substrates (IRSs)
including IRS1, IRS2 IRS3, IRS4, Gabl, and Shc [18]. Binding of IRSs to the regulatory
subunit of phosphoinositide 3-kinase (PI3K) via Src homology 2 (SH2) domains results in
activation of PI3K, which phosphorylates membrane phospholipids and phosphatidylinositol
4,5-bisphosphate (PIP2) on the 3’ position. This complex activates the 3-phosphoinositide-
dependent protein kinases (PDK-1 and PDK-2) resulting in activation of Akt/protein kinase B
(PKB) and atypical protein kinase C A and {, (PKCA/C), each of which are serine/threonine
kinases which in turn stimulates the glucose transport in the muscle and adipose tissue,
glycogen synthesis in the liver and muscle, and lipogenesis in the adipose tissue [17, 19, 92].

Several mechanisms may contribute to the deregulation of the insulin-signaling
pathway in metabolic disorders, including reduction in: receptor kinase activity, concentration
and phosphorylation of IRS proteins, PIK3 activity and glucose transporters (GLUTs)
translocation [21]. Changes in body fat mass and in serum lipids are linked to development of
insulin resistance [20, 24, 77]. Here, we investigated the insulin signaling in liver, muscle and

adipose tissue of LDLR” mice fed a chow or a high-fat diet.
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Material and methods
Animals

Animal experiments were approved by the university's Committee for Ethics in Animal
Experimentation (CEUA/Unicamp). C57B16 wild type (WT) control and LDL receptor
deficient mice (LDLR'/'), originally from Jackson Laboratory, Bar Harbor, ME) were obtained
locally from colonies maintained at the University Multidisciplinary Center for Biological
Research in Laboratory Animals (CEMIB/ Unicamp). The mice were housed at 22+1 °C on a
12 h light/ dark cycle. The mice had access to standard laboratory rodent chow diet (Nuvital
CR1, Colombo, Parand, Brazil) and water ad libitum during 4 months. At the end of this
period the mice were distributed in 4 groups: Control (WT), Control hyperlipidic (WTH),
Knockout (LDLR™) and Knockout hyperlipidic (LDLR”H). WT and LDLR” mice received
chow diet and WTH and LDLR”H were fed a high-fat-diet (Western-type, 40% Kcal by fat)
[49] during 30 days (table 1).

Oral glucose tolerance test (0GTT)

Mice were submitted to an oGTT 3 days before the end of experimental period. Mice
were fasted for 12 h and a basal blood sample was harvested from the tail tip (t=0 min). A
glucose load of 1.5 g/kg body weight was then administered by oral gavage and additional
blood samples were collected at 15, 30, 60 and 90 min. Glucose levels were measured using a
glucose analyzer (Accu-Chek Advantage, Roche Diagnostic®, Switzerland). The area under

the curve was calculated for each mouse usin the software GraphPadPrism 5.0 .

Plasma biochemical analysis

Mice were anesthetized using ketamine (50 mg/kg, i.p., Parke-Davis, Sdo Paulo,
Brazil) and xylazine (16 mg/kg, i.p., Bayer S.A., Sdo Paulo, Brazil) and blood samples were
collected from either the retro-orbital plexus or the tail tip. Blood samples were centrifuged at
15.000 x g at 4°C for 15 min. Aliquots of plasma were stored at -80°C until analyses. Total
cholesterol (CHOL), triglycerides (TG) and non-esterified fatty acids (NEFA) were measured
in fresh plasma in the fasting state (12 h) using standard commercial kits, according to the

manufacturer's instructions (Boehringer Mannhein®, Germany; Merck®, Germany and
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Wako®, Germany, respectively). Plasma insulin was measured by radioimmunoassay (RIA)

using rat insulin standard.

Pancreatic islet isolation and static insulin secretion

The pancreatic islets were isolated from fed mice (20 week-old) by collagenase
digestion of pancreases and then selected under a microscope to exclude any contaminating
tissues [84]. After isolation, batches of 5 islets from each group were pre-incubated in Krebs-
Ringer bicarbonate buffer (KRBB) containing, in mmol/l: 115 NaCl, 5 KCl, 24 NaHCO3, 2.56
CaCl2, 1 MgCl2 and 25 HEPES, pH 7.4 plus 5.6 mmol/l glucose and 0.3% bovine serum
albumin (BSA) for 30 min at 37°C. The islets were further incubated for 1 h in KRBB
containing 2.8 or 11.1 mmol/l glucose. Aliquots of the supernatant, at the end of the
incubation period, were kept at -20°C for posterior insulin measurement by RIA. The total
islet insulin content was assessed and no differences between all groups were observed (not

shown).

Tissue extraction and immunoprecipitation

Mice were anesthetized with sodium thiopental and used 10—15 min later. As soon as
anesthesia was assured by the loss of pedal and corneal reflexes, the abdominal cavity was
opened, the portal vein was exposed, and 0.1 ml normal saline with or without insulin
(0.6mmol/L) was injected. At 30 sec after the insulin injection, the liver was removed, and 90
sec later, gastrocnemius muscle and adipose tissue were removed, minced coarsely, and
homogenized immediately in extraction buffer, as described elsewhere [93]. Extracts were
then centrifuged at 15,000 rpm and 4 C for 40 min to remove insoluble material, and the
supernatants were used for immunoprecipitation with o-IRB and protein A-Sepharose 6MB

(Pharmacia, Uppsala, Sweden).

Protein analysis by immunoblotting

The precipitated proteins and/or whole-tissue extracts were treated with Laemmli
sample buffer [94] containing 100 mmol/l 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). For total extracts, 100 pg of proteins were subjected to SDS-PAGE.
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Electrotransfer of proteins from the gel to nitrocellulose was performed for 120 min at 120 V
in a Bio-Rad Mini-Protean transfer apparatus [95]. 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
with specific antibodies overnight at 4 C and then incubated with a horseradish peroxidase-
conjugated secondary antibody. Immunoreactive bands were revealed using
chemiluminescence (SuperSignal West Pico, Pierce) detected using a LAS-3000 CCD camera

and quantified with the Aida Analysis software (Fujifilm).

Statistical analysis

Results are presented as means + SEM for the number of determinations (n) indicated.
The data were analyzed by two-way ANOVA (with Neuman—Keuls post-hoc test). The level
of significance was set at p<0.05 and analyses were performed using Statistica version 7.0 for

Windows (Stat Soft Inc, Tulsa, OK, USA).

Results

Animal features

Body weight was lower whereas the adipose epididymal fat depot was higher in
LDLR™ compared to WT mice (Table 2). The cumulative food consumption during 30 days
was similar in LDLR”H and WTH, however, the body weight gain was significantly higher in
LDLR™H fed a high-fat-diet (6,2 + 0,4 vs 4,4 + 0,5) p<0,05.

Plasma lipids, glucose, insulin levels

LDLR” mice showed high levels of CHOL, TG and glucose in fasted state compared
to WT mice. High-fat-diet increased CHOL and glucose levels in both groups (WTH and
LDLR”H). WTH mice showed an increase in fasted plasma insulin levels. The TG levels
were increased by high-fat-diet only in LDLR”H. Non-esterified-fatty-acids (NEFA) levels
did not differ between groups (Tab. 3).
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Oral glucose tolerance test (0GTT)

The increase in blood glucose concentrations induced by an oral glucose load was
higher in LDLR™ compared to WT mice, as demonstrated previously [52] (Fig. 1A). The
high-fat diet worsened the glucose tolerance in these mice (LDLR'/'H) (Fig. 1A). The
incremental area under the curve (AUC) in LDLR” was significantly higher than that of WT
mice and high-fat-diet further increased the AUC in these mice (Fig 1. B).

Insulin secretion in isolated islets

Basal insulin secretion (2.8 mmol/l glucose) was similar in all groups of islets. At a
stimulatory glucose concentrations (11.1 mmol/l), the insulin secretion was significantly lower
in LDLR™ compared with WT islets (p<0.05). High-fat diet provoked a marginal increase in
the insulin secretion in WTH compared with WT islets, whereas the secretion was similar in

LDLR™” and LDLR”H islets (Fig. 2).

Insulin signaling in liver, gastrocnemius muscle and epidymal fat tissue

The liver from LDLR” mice showed a significant increase in insulin-induced IR
tyrosin and AKT serine phosphorylation compared with WT mice. High-fat-diet significantly
reduced insulin-induced IR tyrosin and AKT serine phosphorylation in LDLR”H, (p<0.05).
No differences between insulin-stimulated IR tyrosin and AKT serine phosphorylation were
observed in WTH, compared to WT mice (Fig. 3A and 3B).

In muscle, insulin-induced IR tyrosin and AKT serine phosphorylation were
significantly higher in LDLR” than WT mice. Insulin-stimulated IR tyrosin phosphorylation
was decreased in both WTH and LDLR”H, however only LDLR”H showed a tendency to
reduce AKT serine phosphorylation (27%), compared with LDLR” (Fig. 4A and 4B).

Finally, in adipose tissue there were no differences in insulin-induced IR tyrosin and
AKT serine phosphorylation in LDLR” and WT mice (Fig. 5A and 5B). However, IR tyrosin
phosphorylation in basal conditions (vehicle) was higher in LDLR” compared with all the
other groups (Fig. 5A). Insulin-induced IR tyrosin and AKT Serine phosphorylation was
significantly decreased in LDLR"H compared with LDLR” (p<0.05). No differences in
insulin-stimulated IR tyrosin and AKT serine phosphorylation was observed in WTH

compared with WT mice (Fig. 5A-5B).
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Insulin-degrading-enzyme (IDE) protein expression in liver

We also investigated the protein expression of the IDE in liver of all groups of mice.
LDLR™ showed lower expression of IDE in liver compared with WT mice (P<0.05). The
high-fat diet promoted a significant reduction in IDE content in both WTH e LDLR”H (Fig.
6).

Discussion

Our results showed that LDLR” mice, fed a chow diet, exhibit higher epydidimal-fat
depot, glucose intolerance, and lower insulin secretion, compared to WT mice (Fig. 1, Tables
1-2). Since higher mass of adipose tissue impairs the insulin signaling in rodents and humans
peripheral tissues [22, 76], we analyzed the insulin signaling in liver, gastrocnemius muscle
and adipose tissue in these mice. Contrary to what was expected, LDLR™ showed higher
insulin sensitivity, represented by higher IR tyrosine and AKT serine phosphorylation
especially in muscle and liver compared with WT mice. In adipose tissue, where the fat depot
was significantly increased, IR tyrosine and AKT serine phosphorylation were only marginally
increased, after insulin stimulus. However, at basal condition (absence of insulin stimulus), a
higher IR tyrosin phosphorylation compared with WT, was observed in LDLR” mice. Since in
adipose tissue insulin stimulates lipogenesis it is conceivable that the higher IR tyrosin
phosphorylation may explain the higher epydidimal fat pad mass in LDLR™ mice.

It is well accepted that glucose homeostasis depends on adequate insulin secretion by
pancreatic beta-cells and action of this hormone in target tissues [19, 75]. As example of this
orchestration, it is known that under physical training there is an increase in insulin sensitivity
with a concomitant and adaptive reduction in insulin secretion [96]. Also, malnourished mice
that secrete less insulin in response to fuel secretagogues have their peripheral tissues more
sensitive to the insulin [97, 98]. Thus, the increase in insulin signaling observed in muscle and
liver, associated with low IDE expression in LDLR™ mice, can be an adaptation to the lower
insulin secretion observed in these mice. An inverse relationship between IDE activity and
cholesterol content was recently proposed based on the observation that lovastatin (cholesterol
synthesis inhibitor) increases the degradation of amyloid depots by activation of IDE in

microglia cells [99]. Since LDLR™ mice showed increased cholesterol synthesis in various



62

tissues, this could be linked to a lower expression of IDE in these mice. However, this
hypothesis needs to be confirmed.

High-fat fed LDLR”H mice present a marked deterioration in the lipid plasma profile,
as well as in the glucose tolerance. The use of HFD induced an increase in fat depot and
marked attenuation in the insulin signaling in liver, muscle and adipose tissue in those mice. It
is recognized that a higher fat depots is related to increased insulin resistance mainly because
of the action of pro-inflammatory adipokines [100-102]. Also, insulin resistance induced by
obesity may be due to the sequential activation of both protein kinase C (PKC) and kinase
inhibitor of nuclear factor kB (IKkB) [103, 104]. In addition, in obesity the action of insulin is
also attenuated by protein tyrosine phosphatases, for example, PTP1B, which catalyze the
rapid dephosphorylation of the insulin receptor and their substrates [105].

In WTH mice the effects of high fat diet on insulin signaling was very mild than in
LDLR™. In the former mice, HFD reduced only the IR phosphorylation in muscle. Prada et al
[77] demonstrated that rats fed a western type diet showed increase in insulin resistance in a
tissue-specific manner that occurred first in muscle and hypothalamus, and later in the liver.
However, these authors noticed that hyperinsulinemia was observed only after the increase in
insulin resistance in the liver. On the contrary, in our WTH mice, hyperinsulinemia is already
present before the onset of insulin resistance in the liver. In LDLR”H mice, although there is
insulin resistance in liver, these mice are unable to secrete more insulin in response to fuel
secretagogues, thus a more marked hyperglycemia occurs in these mice. The hampered insulin
secretion in the islets of these mice is probably due to alterations in calcium handling, as a
consequence of the excess of cholesterol in these islets (data not published).

In conclusion, our results indicate that LDLR™ mice fed a chow diet are more sensitive
to insulin probably due to adaptive mechanisms that compensate lower insulin secretion.
However, these changes are not sufficient to maintain glucose homeostasis since these mice
were glucose intolerants. However, when fed a high-fat diet, they became also insulin resistant
probably due increase adipokine levels as a consequence of increase in visceral adipose tissue

mass.
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TABLES

Table 1 — Composition of high-fat diet.

Components g/Kg
Casein 195.0
Cornstarch 320.7
Dextrinized cornstarch 79.6
Lard 50.0
Butter 204.0
Cellulose 50.0
Mineral mix AIN-93M 35.0
Vitamin mix AIN-93M 10.0
L-Cystine 1.8
Choline bitartrate 2.5
Sucrose 514

Table 2. Body weight, epididymal and retroperitoneal fat depot in mice fed with chow diet
(WT e LDLR™) and high-fat diet (WTH e LDLR"H).

Group Body weight Epididymal fat Retroperitoneal fat n
(2) (% body weight) (% body weight)
WT 28,0 +0,8 0,8+0,1 0,5 +0,03 14
WTH 32,7+1,0 3,1+03" 1,5+0,14" 11
LDLR” 253+0,7" 12+0,1° 0,6 + 0,09 16
LDLR"H 30,9 +0,8"" 4,0+0,27"% 1,8+0,217" 16

Values are means + SEM; n (mice number). : p<0,05 vs WT; # p<0,05 vs LDLR‘/'; ¥ ys WTH.
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Table 3. Glucose, insulin and plasma lipids in mice fed with chow diet (WT e LDLR™) and

high-fat diet (WTH e LDLR”H).

Parameters Group n
WT WTH LDLR” LDLR"H

Glucose Fasted  75+32 88,0+34 864426  106,6+44" 14-17
(mg/dL)

Fed 118,749 142,9+54" 1423+6,7 161,1+7,5" 12-15

Insulin Fasted  133,0+5,7 194,8+7,1° 954+13"  101,8+3,5" 6-7
(pg/mL)

Cholesterol Fasted  108,1+5,6 170,6+7,5° 2943+11,6° 906,0+350% 13-16
(mg/dL)

Triglycerides Fasted  56,9#2,9  70,8+2,9  127,7¢7,8° 201,5£9,7" 12-18
(mg/dL)

NEFA Fasted  0,81+0,09 1,00£0,12  0,79+0,04  1,06+0,05 8
(mmol/L)

Values are means + SEM; n (mice number). ~ p<0.05 vs WT; * p<0.05 vs LDLR™",
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Figure 1. (A) — Blood glucose during a glucose tolerance test (0GTT) in WT (solid squares),
WTH (open squares), LDLR™” (solid circles) e LDLR"H (open circles). (B) - Area under the
curve (AUC) during the oGTT test. The bars represent means + SEM of the AUC of each
mice, n=8-10. 'p<0.05 compared WT; * p<0.05 compared LDLR™".
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Figure 2. Insulin secretion stimulated by 2.8mmol/L and 11.1 mmol/L of glucose. Bars

represent means + SEM of the 12-20 groups of islets of 6 different mice. “vs WT p <0,05.
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Figure 3. Insulin signaling in liver of mice fed chow diet (WT e LDLR™) and high-fat-diet
(WTH e LDLR” "H). A. Imunoprecipitation (IP) with a-IR3 (IRf) and imunoblotting (IB) with
o-phosphorylated-tyrosine (pTyr) or a-IRf antibodies. B. Imunoblotting with o-
phosphorylated-AKT (pAKT). C. Imunoblotting with a.-AKT1/2/3 (AKT). The bars represent
means + SEM of the values determined by optical densitometry. n = (4-5). " p<0.05 compared
WT stimulated with exogenous insulin; ¥ p<0.05 compared LDLR” stimulated with exogenous

insulin.
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Figure 4. Insulin signaling in gastrocnemius muscle of mice fed chow diet (WT e LDLR™)
and high-fat diet (WTH e LDLR"H). A. Imunoprecipitation (IP) with a-IRB (IRPB) and
imunoblotting (IB) with a-phosphorylated-tyrosine (pTyr) or o-IRB antibodies. B.
Imunoblotting with o-phosphorylated-AKT (pAKT). C. Imunoblotting with a-AKT1/2/3
(AKT). The bars represent means + SEM of the values determined by optical densitometry. n
= (3-5). " p<0.05 compared WT stimulated with exogenous insulin; * p<0.05 compared LDLR"

" stimulated with exogenous insulin.
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Figure 5. Insulin signaling in adipose tissue of mice fed chow diet (WT e LDLR™) and high-
fat-diet (WTH e LDLR'/‘H). A. Imunoprecipitation (IP) with a-IR3 (IRPB) and imunoblotting
(IB) with a-phosphorylated-tyrosine (pTyr) or a-IRB antibodies. B. Imunoblotting with o-
phosphorylated-AKT (pAKT). C. Imunoblotting with a.-AKT1/2/3 (AKT). The bars represent
means + SEM of the values determined by optical densitometry. n = (4-5). & p<0.05 compared
WT without exogenous insulin stimulus; * p<0.05 compared LDLR” stimulated with

exogenous insulin.
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Figure 6. Insulin-degrading-enzime (IDE) protein expression in liver from WT (open bars) and
LDLR (dark bars), WTH (bars with horizontal lines) and LDLR”H (bars with vertical lines)
mice. Protein extracts were processed for Western blotting. The bars represent means + SEM
of the values determined by optical densitometry. n = (5). *p<0.05 compared WT; # p<0.05
compared LDLR ™",
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CONCLUSAO GERAL

A andlise conjunta dos resultados nos permitiu concluir que:

- Tanto o aumento quanto a diminui¢do excessiva do contetido de colesterol nas ilhotas
alteram a movimentacdo de cdlcio e conseqiientemente a secrecdo de insulina. A

reduc¢ao do colesterol nas ilhotas dos LDLR™ reverteu estas alteragoes.

- Camundongos LDLR™, alimentados com dieta padrdo, sdo mais sensiveis a insulina,
provavelmente como um mecanismo adaptativo a menor secre¢do deste hormonio. No
entanto, estas adaptacdes nao sao suficientes para manter a homeostase glicémica visto

que estes animais sdo intolerantes a glicose.

- Quando alimentados com dieta hiperlipidica camundongos LDLR™” se tornam
resistentes a insulina. O desenvolvimento da resisténcia nestes camundongos se deve,
provavelmente, ao aumento do tecido adiposo visceral provocado pela dieta

hiperlipidica.
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26 de maio de 2008,

Prof, Dr. EVERARDO MAGALHAES CARNEIRO
Chefe do Depariamanto de Fisiclogia & Blodfsica
Imstibuto de Biologia

Unicamp

Frezadu Professor:

Informammos que o projéto abaixo relacionado, envolvendo OGM do tipo |, sob
responsablidade da Profa. Dra. Helena C. F. Oliveira, profocolada sob o ndmers
2008/02 fol aprovade pela ClBio-IB/Unicamp em Reunifio Ordindria realizada no dia
28 de maio de 2008 o pare w deserwolvido s dependéneias 9o Departamants de
Fisiologia & Biofisica do Instituto de Biclogla da Unicamp:

No. Projeto Datade | Nome do Projeto Prazo para
(data da recepgao gnvio de
aprovacao) | relatdrio a CIBIo

ClBio 2008702 22042008 | Repercuss8o de modificaches da!  Feversiro de
(2B/05/2008) expressao de protefnas 2009 (ref |
envalvidas no transporie de perioda 17172008

lipides sobre o metabolismo de | a 31/12/2008)
lipides & carbokdratos, astresss
cxidative e adipesidade am
camundongos geneticameante

. medificados

Recomendamos gue sefam observadas as instrugdes normativas refarentes a
fransporte & contencdo da OQGMs, disponiveis na webpage da CTNBio
<www, cinbio, gov_bre-

Atenciosamente,

Cordiais Saudages, C O P I
Profa. Dra, ;Tnii sﬁﬁﬁﬁgm A

ClBi/B-Lnicamp

Coplas: Profa. Dra. Helena C. F. Olivaira

Gl 1B Linicam g
Comissia Inlema de Biod segursncs
Inshiuia e BEdegia - Linicamp
Caixa Fosla B100 - 13043-570 Casgmas 5P
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